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Stable ultraviolet (UV) photoluminescence (PL) has been observed at room temperature in porous
silicon (PSi) fabricated by photoetching in aqueous alkali fluoride solutions. The aqueous solutions
used are I M NaF and 1 M KF. They give an alkaline reaction caused by partial hydrolysis. The PL
peaks at ~3.3 eV have a full width at half maximum of ~0.1 eV, which is much smaller than those
reported previously (=0.5 eV). Spectral analyses suggest that both quantum confinement and
surface passivation effects enable the observation of UV emission in NaF- and KF-prepared PSi
samples. © 2006 American Institute of Physics. [DOIL: 10.1063/1.2208914]

I. INTRODUCTION

Many studies have been carried out on porous silicon
(PSi), because it shows not only efficient photoluminescence
(PL) but also injection-type electroluminescence in the vis-
ible region at room temperature.l’2 Most light-emitting PSi
layers are prepared by conventional anodic etching. Alumi-
num is evaporated on the back surface of a p-type silicon
wafer for use as the Ohmic back contact. Anodic etching is
then performed in an aqueous HF solution or an ethanol/HF
solution with an applied electrical bias. The requirement for
a back-contact electrode and electronic circuits is a weakness
of the anodic etching.

To overcome this, several authors” "~ carried out the stain
etching of silicon wafers in HF/HNOs-based solutions and
fabricated PSi layers similar to those obtained by anodic
etching. All the layers obtained emitted light in the red spec-
tral region. The photoetching of silicon in aqueous HF
solution®® or a HF/ H,0, solution mixture'™"" under He—Ne
laser illumination has also been proposed. Such photosynthe-
sized PSi showed a red®’ or yellow emission at room
temperature.'""!

We have recently shown that an aqueous NaF or KF
solution causes the removal of the native oxide on a silicon
wafer immersed in it at room light.lz’13 Note that these solu-
tions are less toxic and easier to handle than HF. Indeed, NaF
is commonly used in dental clinics for the prevention of
tooth decay. The etching rate of the native oxide was deter-
mined to be ~0.02-0.05 nm/min.'*" X-ray photoelectron
spectroscopy suggested that NaF- and KF-treated silicon sur-
faces are as clean as silicon surfaces etched in a HF solution.
An as-degreased silicon surface is hydrophilic (contact
angle: #~35°), whereas silicon surfaces cleaned in NaF and
KF solutions are hydrophobic (6~70°-80°).

The purpose of this study is to show that the photoetch-
ing of silicon in aqueous alkali fluoride solutions enables the
fabrication of light-emitting PSi in the ultraviolet (UV) spec-
tral region. The fabricated PSi emits light at ~3.3 eV with a
full width at half maximum (FWHM) of ~0.1 eV."* For
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comparison, photosynthesized PSi in aqueous HF solution is
also prepared. Atomic force microscopy (AFM) and Fourier
transform infrared (FTIR) spectroscopy are used to assess the
surface morphology and chemistry of photosynthesized PSi
samples. Chemical dissociation and the mechanism of UV
emission in such photosynthesized PSi are discussed. The
preliminary result of long-term PL emission stability is pre-
sented.

Il. EXPERIMENT

The wafers used in this study were n-type Si(111) with a
resistivity range of 13—-20 () cm. They were first degreased
using organic solvents in an ultrasonic bath, rinsed in de-
ionized (DI) water, etched in 46% HF solution for 1 min, and
finally rinsed in DI water. Photochemical etching was per-
formed by illuminating a 5 mW He—Ne laser (A
=632.8 nm) onto the sample surface in 1 M NaF or 1 M KF
solution for 3 h. The pH range of these solutions was
~7.3-7.5. The laser beam was expanded to approximately
1.5-2 mm in diameter. For comparison, we fabricated a PSi
sample using the same method, but immersed in 23%
(12.5 M) HF solution for 3 h. After photoetching, the
samples were rinsed in DI water.

The surface morphology of the PSi samples was deter-
mined by ex situ AFM, using Digital Instruments Nanoscope
III. AFM images were acquired in the tapping mode and
repulsive force regime with a contact force on the ~1 nN
order between the cantilever and sample surface. PL mea-
surement was performed using a grating spectrometer (Jasco
CT-25C) and a Peltier-device-cooled photomultiplier tube
(Hamamatsu R375). The 325 nm line of a He—Cd laser
(Kimmon IK3302R-E) chopped at 328 Hz was used as the
excitation light source. The surface chemistry of the PSi
samples was examined by FTIR spectroscopy. FTIR spectra
were recorded using a Nicolet Magna 560 spectrometer in

the 400-4000 cm™! region at a resolution of 8 cm™.
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FIG. 1. Room-temperature PL spectra of PSi photosynthesized in (a) 1 M
NaF, (b) 1 M KF, and (c) 23% HF solutions for 3 h, together with that of

(d) anodically deposited oxide film on silicon in ~40% NaOH solution
(Ref. 15).

lll. RESULTS

A. PL measurement

Figure 1 shows the room-temperature PL spectra of PSi
samples prepared in (a) I M NaF and (b) 1 M KF solutions,
together with that prepared in (c) 23% HF solution. The HF-
prepared PSi sample exhibits a very broad emission band at
~1.9 eV, which is typically observed in PSi fabricated by
electrochemical or stain etching in HF-based solutions."* On
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the other hand, the NaF- and KF-prepared PSi samples show
a distinct UV peak at ~3.3 eV, together with a broad emis-
sion band peaking at ~2.6—2.7 eV. The UV peaks observed
at ~3.3 eV in the NaF- and KF-prepared samples are very
narrow, yielding a FWHM of ~0.1 eV.

Recently, Yang et al. ' have observed UV emission from
an anodic film deposited on silicon in 40 wt % NaOH solu-
tion at a current density of 30 mA/cm? for 30 min. We re-
produce in Fig. 1(d) their obtained PL spectrum."”” We can
see that the anodic film shows a broad peak at ~3.35 eV
with a FWHM of ~0.5 eV. Such a broad UV emission band
has been typically observed in silicon-based porous
materials.'®™"

B. AFM image

The quantum confinement model explained visible lumi-
nescence from PSi. Afterwards, many other alternative mod-
els have been proposed.l’2 Except for the quantum confine-
ment model, all the others assume an extrinsic origin of PSi
luminescence. To determine whether the UV emission ob-
served in the NaF- and KF-prepared PSi samples is due to
quantum confinement effects, we used ex situ AFM. Figure 2
shows large-scale AFM images of the PSi samples prepared
in 1 M NaF [Fig. 2(b)], 1 M KF [Fig. 2(c)], and 23% HF
[Fig. 2(d)] solutions. For comparison, an AFM image of a
Si(111) surface immersed in 1 M NaF solution for 3 h with-
out light illumination is shown in Fig. 2(a).

The AFM images in Figs. 2(b)-2(d) reveal many irregu-
larly shaped pores and voids distributed randomly over the
entire surface. The rms roughnesses obtained from these im-
ages are 3.4 nm [Fig. 2(b)], 3.2 nm [Fig. 2(c)], and 3.6 nm
[Fig. 2(d)]. The lateral microstructure sizes in Figs. 2(b)-2(d)

FIG. 2. Large-scale AFM images of
(a) Si(111) wafer immersed in 1 M
NaF solution for 3 h in the dark, (b)
PSi photosynthesized in 1 M NaF so-
lution for 3 h, (c) PSi photosynthe-
sized in 1 M KF solution for 3 h, and
(d) PSi photosynthesized in 23% HF
solution for 3 h. The rms roughnesses
obtained are (a) ~0.2, (b) 3.4, (¢) 3.2,
and (d) 3.6 nm, respectively.
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FIG. 3. Schematic energy band structure at NaF solution/silicon interface
(a) immediately after immersing silicon wafer in NaF solution and (b) after
photoetching in NaF solution under He—Ne laser illumination. CB
=conduction band; VB=valence band; Er=Fermi energy; eV ,=band bend-
ing; and E,=band-gap energy.

are also found to be in the range of 20—50 nm. On the other
hand, the rms roughness of the sample immersed in the 1 M
NaF solution without light illumination is ~0.2 nm [Fig.
2(a)], which is comparable to those of polished, HF-etched
Si(111) wafers measured by scanning tunneling microscopy
(0.12-0.18 nm).%° No PL emission was observed from such
shiny flat sample surfaces prepared without light illumina-
tion.

The lack of a clear difference in lateral sizes between the
alkali-fluoride-prepared and HF-prepared PSi samples sug-
gests that the strong UV emission observed only in the
alkali-fluoride-prepared samples is not due to quantum size
effects. Note, however, that a careful study is needed to de-
tect nanocrystalline size as small as 3 nm. Indeed, the AFM
rms roughness and lateral microstructure size obtained by
Vinod and Lal®' for anodic PSi in ethanolic HF solution were
2.5-5 and ~80 nm, respectively. It is very hard to expect UV
(or visible) emission from such PSi samples with lateral mi-
crostructure sizes as large as 20—80 nm as observed by AFM
(Fig. 2 and Ref. 21). A transmission electron microscopy
(TEM) image of anodized PSi (Ref. 2 and 22) showed undu-
lating silicon columns with diameters less than 3 nm that
were crystalline in nature. For stain-etched PSi samples,6 the
dimensions of most pits were on the order of
~2000-4000 10%, which are much larger than the sizes re-
quired to induce quantum confinement effects. However, a
careful comparison with a micrograph of a conventionally
anodized sample revealed that the surface morphologies are
similar, suggesting that the stain etching can produce a light-
emitting PSi layer on the surface.*® Furthermore, the AFM
and TEM of conventionally anodized, laterally anodized, and
stain-etched silicon layers showed that these porous layers
have a “fractal-type” surface morphology.23

The schematic energy band configurations in the vicinity
of the surface of a n-type silicon before and after photoetch-
ing in 1 M NaF solution are shown in Fig. 3. Note that the
use of an aqueous NaF solution resulted in an alkaline reac-
tion induced by partial hydrolysis:

J. Appl. Phys. 100, 014301 (2006)

NaF(S) + HZO(I) — Naz—aq) + OH(_aq) + HF(aq) . (1)

HF in Eq. (1) can be used to etch-remove the native oxide
film on a Si(111) surface:

SiOz(s) + 4HF(aq) — SiF4(aq) + 2H2O(1) (2)

The etching rate of the native silicon oxide in 1 M NaF
solution was determined to be ~0.02 nm/min."

The illumination of a He—Ne laser produces free electron
(e7)-hole (h™) pairs in the silicon substrate, as shown in Fig.
3(b). Photoexcited carriers are then separated by the electric
field in the surface space-charge layer, with electrons and
holes drifting into opposite directions. Excess minority holes
in n-type silicon that move toward the surface may lead to
the redistribution of the equilibrium space charge and conse-
quently to a decrease in the degree of band bending eV,. The
existence of a broad range of silicon pore sizes results in the
distribution of the PSi band-gap energy, as schematically il-
lustrated in Fig. 3(b) by dashed lines.

In anodic etching, as porous silicon is formed, hydrogen
gas is evolved at the electrode surface. This is also the case
in photoetching. This dissolution reaction can be written as #

Si(y) + 6HF o) + xh* — SiFg(—aq) +(6 = 2y)H{,) + yHa () + 27,
(3)

where x+2y+z=4. Note that the above reaction can be ex-
pected in both aqueous NaF and HF solutions. Equation (3)
supports the hypothesis that the oxidation of a surface silicon
atom occurs via three routes: (i) hole capture, (ii) electron
injection, and (iii) hydrogen evolution.

OH" in Eq. (1) enables another etching mechanism, i.e.,
an alkaline etching of silicon written as

Si(y) + 20H(,,) + 2H,0() — SiO,(OH)3j,) + 2Hy).  (4)

Hydrogen is evolved during silicon etching in alkaline solu-
tions (e.g., NaOH and KOH).”

C. FTIR spectroscopy

Yang et al."” suggested that the UV (~3.35 eV) emis-
sion observed in Fig. 1(d) occurs at the interface between
bulk silicon and its oxide, which is closely associated with a
characteristic infrared absorption band at ~1250 cm™. This
characteristic band may originate from the “-SiO3;” group,
which bonds to the silicon surface structure. Finally, the
~1250 cm™ absorption band is considered to be a good in-
dicator of UV emission in silicon-based nanostructured
materials."’

To further analyze our PSi samples, we performed FTIR
spectroscopy at room temperature. Figure 4 shows FTIR
spectra of (a) as-degreased silicon, (b) HF-prepared PSi, and
(c) KF-prepared PSi, together with that of (d) UV-emitting
oxide film deposited anodically on bulk silicon in ~40%
NaOH solution (Ref. 15).

The FTIR spectrum of the as-degreased silicon [Fig.
4(a)] exhibits strong absorption bands near 613 and
~1107 cm™'. The most distinct peak at ~613 cm™' can be
assigned to the summation band of the transverse optical
(TO) and transverse acoustic (TA) phonons at the
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FIG. 4. FTIR spectra of (a) as-degreased silicon, (b) red-emitting PSi pre-
pared by photoetching in 23% HF solution, (c) UV-emitting PSi prepared by
photoetching in 1 M KF solution, and (d) UV-emitting oxide film deposited
anodically on bulk silicon in ~40% NaOH solution (Ref. 15).

X(610.6 cm™) or L(603.9 cm™!) point.?® The distinct peak at
~1107 cm™! may also be due to a multiphonon band.” Note,
however, that the 1040—1240 cm™! spectral region is largely
obscured by residual impurities. In fact, the relatively dis-
tinct peak observed at ~1107 cm™! has been assigned to the
bulk Si-O-Si mode.””*® The distinct peak observed at
~668 cm™! in the FTIR spectrum of HF-prepared PSi [Fig.
4(b)] can be assigned to the Si—H, wagging vibration of
SiH, surface species.29

The significant difference in FTIR spectra between HF-
prepared PSi [Fig. 4(b)] and KF-prepared PSi [Fig. 4(c)] is
the new absorption peak near the bulk Si—O-Si peak at
~1107 cm™'. This new absorption peak is observed at
~1065 cm™! and is assigned to the surface Si—O-Si stretch-
ing mode ¥(Si—0O-Si).”

We also performed the passive etching of KF-prepared
PSi in HF solution and found that the ~3.3 eV emission
peak disappears, whereas the red-emission peak grows at
~1.95 eV." This etching led to the removal of the surface
¥(Si—0-Si) stretching peak at ~1065 cm™'. The resultant
PL and FTIR spectra resembled those of photosynthesized
PSi in aqueous HF solution. These results support the notion
that a thin surface oxide layer (~1065 cm™') is necessary in
observing strong UV emission from PSi samples.

On the other hand, the anodic oxide film deposited in
NaOH solution displays three typical Si—-O-Si rocking and
stretching vibration bands at ~460, 800, and 1070 cm™, to-
gether with an additional absorption band at ~1250 cm™!
[Fig. 4(d)]. Yang er al.’® found that this additional band is
frequently observed in oxidized PSi and silicon oxide films,
usually accompanied with an UV emission peak [see Fig.
1(d)]. They concluded that the broad UV emission at
~370 nm (~3.35 eV) originates from the “~SiO;” group,
which bonds to the silicon structural surface.

J. Appl. Phys. 100, 014301 (2006)
IV. DISCUSSION

Several authors have reported UV emission in PL spectra
of porous silicon."®™ Qin er al..'® studied thermally oxi-
dized anodic PSi samples and observed almost the same UV
emissions as those seen in the PL spectrum of SiO, powders.
They concluded that the luminescence centers in silicon ox-
ide are responsible for UV emission in both PSi and SiO,
powders. Mizuno et al."” also observed UV emission from
anodic and subsequently photo-oxidized PSi in an ethanolic
HF solution under the open-circuit condition. After photo-
oxidation, the PL emission shifted from red (~1.8 eV) to
blue (~3.1 eV), with a decrease in its strength from 1 to
approximately 1/200. Mizuno et al. considered that the blue-
shift in the PL spectrum is promoted by photochemical etch-
ing and by a consequent size reduction of the silicon crystal-
lite. On the other hand, Wolkin et al. 18 demonstrated that the
PL of silicon quantum dots present in PSi can be tuned from
near infrared to ultraviolet when the surface is passivated
with Si—H bonds. After exposure to oxygen, the PL spectrum
shifted to red by as much as 1 eV. They concluded that both
quantum confinement and surface passivation determine the
electronic states of silicon quantum dots.

More recently, Chen et al.”® observed a strong, stable
UV emission at ~3.4 eV in manganese-passivated PSi pre-
pared by the hydrothermal technique. The Mn-passivated
silicon nanocrystallite was considered to consist of three re-
gions: the core, interfacial (the OH group and Mn?* ion co-
passivation of silicon dangling bonds), and outer MnO,
layer. Note that all these UV emission bands reported in
Refs. 16-19 had a FWHM =0.5 eV. Strong UV emissions at
~3.7-3.8 eV have also been observed in porous silica
samples;so’31 however, their spectral widths =0.5 eV are also
much larger than that observed in this study (~0.1 eV).

The very narrow spectral width observed in our alkali-
fluoride-prepared PSi samples suggests that the origin of this
emission is very unique. We can, however, omit the possibil-
ity of silica being the origin. This is because no strong silica
absorption band was observed in our FTIR spectra at ~460,
800, or 1100 cm™. Note that the bulk Si—O-Si peak ob-
served at ~1107 cm™! in Figs. 4(a)-4(c) is due to surface
native oxide, where its thickness is determined to be
~1-2 nm or less.'>"? This is in direct contrast to the case of
the heavily oxidized PSi layer in Fig. 4(d). The weaker ab-
sorption peak ¥(Si—O-Si) at ~1065 cm™' in Fig. 4(c) may
support the result that its volume or layer thickness is too
small to produce an efficient PL emission. Thus, we omit the
possibility of the ~3.3 eV emission arising from silica or
silicon oxide. Yamamoto and Takai’* also observed the rela-
tively distinct »(Si—O-Si) peak in a blue-emitting PSi layer
fabricated by photoetching in a HF/H,0, solution and the
subsequent dipping in an ethanol/H,O solution for 148 h,
and concluded that their observed blue emission is caused by
the oxidized porous layer.

It is possible that our observed UV emission is caused by
the effects of quantum confinement. The smaller the particle
size, the larger the emission energy; the better the particle-
size homogeneity, the narrower the spectral width. The large
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FIG. 5. Long-term behavior of PL intensity of NaF-prepared PSi stored in
room ambient.

inner surface area of PSi leads to the proposal that it is
largely involved in luminescence. Indeed, surface oxide re-
duces surface recombination Velocity.33 Surface recombina-
tion velocity may be the only parameter required for charac-
terizing the surface;’ minority carriers produced by
photoexcitation are annihilated on the surface by recombina-
tion via surface states. The higher the surface recombination
velocity the smaller the degree of minority carrier accumu-
lation, or equivalently, the higher the surface recombination
velocity the lower the PL intensity. Note that a change in the
degree of surface passivation, as well as in that of dielectric
effects, can induce wavelength shifts.”

As mentioned in Sec. III B, however, no detailed
particle-size evaluation was performed in this study. Also,
the reason the aqueous NaF (KF) solution can enable the
production of such fine-structured materials is not clear at
present. Further study is, thus, needed to clarify the origin of
~3.3 eV emission in alkali-fluoride-prepared PSi samples.

Owing to its unstable structure, a porous material is sub-
ject to a significant evolution with time, which can directly
affect its luminescent properties. Because of its technological
importance, the stability of luminescence efficiency has been
extensively investigated.ﬁ_43 Finally, we show in Fig. 5 the
long-term behavior of the PL intensity of NaF-prepared PSi
stored in room ambient. A slight degradation in the PL inten-
sity can be recognized in Fig. 5, suggesting a slight change in
the chemical/physical properties of the PSi surface. We also
understand that our PSi sample is more stable than hydrogen-
passivated anodic PSi, but is less stable than oxygen-
stabilized PSi.*®

CONCLUSIONS

We have shown that photosynthesized PSi in aqueous
NaF (KF) solution can emit light in the UV region at room
temperature. The observed PL spectra exhibited a peak at
~3.3 eV with a FWHM of ~0.1 eV. The corresponding
spectra were clearly different from those observed in silicon
oxide (silica) and silicon nanostructures. It was considered
that quantum confinement and surface passivation effects en-
able the observation of stable UV emission at ~3.3 eV. Fur-
ther study is needed to clarify the microstructure and UV
emission mechanism in such unique UV-emitting PSi
samples.
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