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The optical properties of porous silicon �PSi� photoetched in aqueous HF/I2 solution are
investigated using spectroellipsomety �SE�, electroreflectance �ER�, photovoltage �PV�,
photoconductivity �PC�, photoluminescence �PL�, and Fourier transform infrared �FTIR�
spectroscopy. The PSi layers were formed in a HF/I2 solution on n-Si substrates under Xe lamp
illumination. The SE ��E� and related data show an interference oscillation in the region below
E�3 eV, where the PSi material is nearly transparent. The PV and PC spectra reveal three
individual peaks A, B, and C at �1.2, �1.7, and �2.5 eV, respectively, arising from the PSi layer
itself. Peak C is also observed in the ER spectrum, together with a broadened E1 peak at �3.4 eV.
Change in the fundamental-absorption-edge nature �Eg

X� from the indirect gap in crystalline silicon
to the quasidirect gap in PSi is found in the PV and PC spectra. The PL spectrum shows a broad
peak at �2.0 eV�B�. Peaks A, B, and C observed in the PSi layer may originate from the nondirect
optical transitions at and above the lowest absorption edges Eg

X �A and B� and Eg
L �C�. The

quantum-mechanical size effect, i.e., a relaxation of the momentum conservation, makes possible
the nondirect or quasidirect transitions at and above Eg

X and Eg
L in porous materials. The FTIR data

support that the PL emission is due to the surface-sensitive quantum confinement effect. © 2007
American Institute of Physics. �DOI: 10.1063/1.2778745�

I. INTRODUCTION

The optical properties of porous and nanocrystalline
silicon-based light-emitting structures have attracted particu-
lar interest both from scientific and technological points of
view.1 An important challenge pervading solid-state physics
is the problem of understanding the optical properties of a
material in terms of its fundamental properties. Quantum
confinement is the first model proposed to explain visible
photoluminescence �PL� from porous silicon �PSi�.2 After-
wards, many other alternative models were proposed: �1� hy-
drogenated amorphous silicon model, �2� surface hydride
model, �3� defect model, �4� siloxene model, and �5� surface
state model.1,3 Except for the quantum confinement model,
all the others assume an extrinsic origin for PSi lumines-
cence.

Most PSi layers have been formed by conventional an-
odic etching in a HF-based electrolyte.1,3 The requirements
of a backcontact electrode and electronic circuits are the de-
merits of anodic etching. The PSi layers can also be formed
by simply immersing a Si wafer in a HF-based solution with-
out �stain etching� or with light illumination �photoetching�.
The first report of a light-emitting PSi layer obtained by stain
etching came from Sarathy et al.4 who used an aqueous
HF/HNO3 solution. Some authors also demonstrated the for-
mation of a luminescent PSi by photoetching in HF-based
solutions under He�Ne laser illumination.5–9 More recently,
we reported the formation of luminescent PSi layers by pho-
toetching in a HF solution containing some oxidizing agents,
such as KIO3,10 I2,11 and FeCl3,12 and using an incoherent
light source �Xe lamp�. This method enabled to obtain a large
��20�20 mm2�, homogeneous PSi layer in a very short

time ��10 min�.10–12 The stain and photoetched PSi films
have been suggested as being similar in nature to the anodi-
cally etched PSi films.4–12

The purpose of this article is to make clear the optical
properties of PSi photoetched in aqueous HF/I2 solution. To
study the nanostructure properties of PSi, we perform spec-
troellipsomety �SE�, electroreflectance �ER�, photovoltage
�PV�, photoconductivity �PC�, and Fourier transform infrared
�FTIR� spectroscopy measurements. The quantum size or
nanostructure effect considered here makes possible the qua-
sidirect optical transitions in nanocrystallites via a relaxation
of the momentum conservation at and above the indirect
band edge, resulting in a supra-indirect-gap absorption and
emission at �2 �Eg

X� or �2.5 eV �Eg
L�. These results support

the hypothesis that the visible light emission in PSi is based
on surface-sensitive quantum confinement effect in Si nano-
crystallites.

II. EXPERIMENT

The wafers used were n-type Si�100� with a resistivity of
1−3 � cm. They were first degreased using organic solvents
in an ultrasonic bath, rinsed with deionized �DI� water,
etched in 50% HF solution for 1 h, and rinsed in DI water.
Before photoetching, the wafers were chemically cleaned in
a sulfuric peroxide mixture �SPM� at �80 °C for 5 min,
followed by etching of chemical oxides in 50% HF solution
for 1.5 h and rinsing with DI water. The SPM cleaning made
to stably and uniformly form PSi on the light irradiated
surfaces.13 Photoetching was then performed by illuminating
a 300 W Xe lamp onto the surfaces in a saturated solution of
I2 in 50% HF �see details in Ref. 11�. After photoetching,
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they were rinsed with DI water. The thickness of the PSi film
was �360 nm determined using a Talystep profilometer af-
ter a part of the film was removed by 2% NaOH solution.

The SE instrument was of the rotating-analyzer type
�DVA-36VW-A, Mizojiri Optical, Co., Ltd.�. The SE data
were measured at room temperature in the 1.2–5.2 eV photon
energy range with the angles of incidence 70° and polarizer
azimuth 45°, respectively. PL measurements were performed
at room temperature 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 PL emission from crystalline sili-
con �c-Si� was also recorded using the 488 nm line of an Ar+

laser as the excitation light source and a liquid-N2-cooled Ge
photodiode �Hamamatsu B6175–05� at room temperature.

In fabricating ER, PV, and PC devices, the reverse side
of the wafer was first soldered by In electrode. Then, a semi-
transparent Au contact, 10 nm in thickness, was deposited by
vacuum evaporation onto the PSi layer. Finally, the Au lead
wires were taken from these electrodes. The ER measure-
ments were performed at a bias voltage of −3 V with a
modulation voltage of ±1 V. A lock-in-amp detection
method was used to obtain ER, PV, and PC spectra. A 50 W
tungsten lamp was used as the white light source. All the ER,
PV, and PC spectra were recorded at room temperature using
a grating spectrometer �JASCO CT-25C� and a Peltier-
device-cooled photomultiplier tube �Hamamatsu R375�.

The surface chemistry of the PSi samples was monitored
by FTIR. The FTIR spectra were recorded in transmission
mode at room temperature using a Nicolet Magna 560 spec-
trometer in the 400−2300 cm−1. All the FTIR spectra were
recorded with a resolution of 4 cm−1 using room air data as
a reference.

III. RESULTS

A. SE measurement

Optical spectroscopy in the visible and UV regions has
been an important tool in the investigation of electronic
energy-band structure, as optical transitions can contribute as
significant structures to the dielectric functions and their re-
lated optical spectra.14 We used SE to study the relation be-
tween the structural and optical properties of c-Si and PSi
materials. In Fig. 1�a�, we show the experimental dielectric-
function spectrum ��E�=�1�E�+ i�2�E� for c-Si. The domi-
nant peaks found in Fig. 1�a� are due to the E1 and E2

transitions.15,16

The E1 transitions in c-Si take place along the �111�
directions of the Brillouin zone ��3

v→�1
c�. Note that the

lowest direct gap in c-Si corresponds to the E0� transitions
taking place at the � point, �25�

v →�15
c . These transitions are

nearly degenerate with the E1 transitions. The spin�orbit
splitting energies, 	0, 	0�, and 	1, in Si are very small and
are usually not clearly resolved in optical spectra of this
material.16

The more pronounced structure found in c-Si at energies
higher than E1 is labeled E2.15,16 The nature of the E2 tran-
sitions in Si is more complicated, as it does not correspond to

a single, well-defined critical point �CP�. Indeed, the precise
low-filed ER analysis17 revealed that the structure consists of
three CPs, E2�1�, E2�2�, and E2�3�, of type M1, M1, and M2,
respectively. The degenerating nature of the E2�1� and E2�2�
CPs are due to an accidental coincidence of the M1 saddle
point in the �110� directions �
2

v→
3
c� and an M2 saddle

point near the X point �X4
v→X1

c�.
Plotted in Fig. 1�b� is the normal-incidence reflectivity

spectrum R for c-Si obtained from the experimental ��E�
data using

R =
��1

2 + �2
2�1/2 − �2�1 + 2��1

2 + �2
2�1/2�1/2 + 1

��1
2 + �2

2�1/2 + �2�1 + 2��1
2 + �2

2�1/2�1/2 + 1
. �1�

The dominant peaks seen in Fig. 1�b� are due to the E1 and
E2 transitions.

The corresponding SE ��E� and R data for our PSi
sample are shown in Figs. 2�a� and 2�b�, respectively. It is
evident from Fig. 2�a� that the PSi ��E� spectrum is quite
different from that of c-Si �Fig. 1�a��. The weakened � nature
in the PSi sample is due to a density deficit, i.e., the presence

FIG. 1. �, R, 	R /R, and PL spectra of c-Si sample at T=300 K.

FIG. 2. �, R, 	R /R, and PL spectra of PSi sample at T=300 K.
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of voids in the PSi layer. The large peaks both in �1 and �2

for E�3 eV originate from a multiple internal reflection in
the PSi layer where the material is nearly transparent. The E1

structure can also be easily identified as a weak, but clear
peak in the R spectrum at E�3.3 eV. Note that R values
��0.1� for E�3 eV in PSi are much smaller than those in
c-Si. The Bruggeman effective medium approximation14 sug-
gests that the porosity of our PSi sample �R�0.1� is approxi-
mately 70%.

B. ER measurement

ER technique can strongly enhance the changes in re-
flectivity R. The effect on R of the changes 	�1 and 	�2

induced by an external modulation parameter �M� can be
given by18

	R

R
= �	�1 + 	�2, �2�

where the fractional coefficients � and  are functions of the
photon energy E and their sign and relative magnitude deter-
mine the results of analysis in the different spectral regions.18

In ER, the modulating electric field M =� destroys the trans-
lational symmetry and then the low-field ER spectrum can be
related to the third derivative of �:

	� =
����3

3E2

d3

dE3 �E2�� , �3�

with

����3 = e2�2�2/8� , �4�

where � is the reduced interband effective mass. The third-
derivative nature represented by Eq. �3� is the reason why
ER spectrum is sharper and more richly structured than the
conventional reflectivity spectrum R.

The experimental ER spectra for c-Si and PSi are shown
in Figs. 1�c� and 2�c�, respectively. In Fig. 1�c�, the bulk c-Si
sample has at least three CPs, E1�3.4 eV, E2�X��4.3 eV,
and E2�
��4.5 eV. There is no additional structure in Fig.
1�c�, particularly for E�3 eV where no strong optical tran-
sitions occur at the indirect absorption edges Eg

X��v→Xc�
and Eg

L��v→Lc�.
In Fig. 2�c�, the PSi spectrum reveals the E1 and E2

structures at �3.4 and �4.3 eV, respectively. However,
these structures are much broader than those in c-Si. For
example, the E1 structure width for c-Si is �90 meV,
whereas that for PSi is �140 meV �cf. Figs. 1�c� and 2�c��.
The most noticeable feature found in the PSi spectrum is the
appearance of the broad peak at energies below the lowest
direct gap E1 ��3 eV�. The ER studies on anodic PSi
samples have also been extensively carried out by Toyama
and Okamoto.19–21 Their measured linearly polarized ER
spectra suggest three main structures at �1.3, �1.5−2.2, and
�2.3−2.7 eV in glancing-angle incident geometry. These
structures are considered to arise from the optical transitions
associated with the confined electron�hole pairs in Si nano-
crystallites. Note that our observed ER structure at �2.5 eV
resembles that obtained by Toyama et al. ��2.3−2.7 eV�.21

C. PV and PC measurements

PV and PC are important techniques for the study of
photogenerated carrier transport properties and also of carrier
recombination mechanisms in semiconductors. There have
been many reports on the PV and PC properties of anodic
PSi samples.22–34 However, no study has been carried out on
photoetched porous materials up to date.

We present in Figs. 3�a� and 3�b� our measured PV spec-
tra for Au/n-type Si Schottky and Au/n-type PSi/n-type Si
devices, respectively. In Fig. 3�a�, the Au/n-Si Schottky de-
vice shows a weak maximum at �1.2 eV�Eg

X� and a plateau-
like sensitivity for E�1.2 eV. This spectral feature is simi-
lar to those of commercial Si photodiodes. The
Au/n-PSi/n-Si device, on the other hand, provides three in-
dividual peaks at �1.2 �A�, �1.6 �B�, and �2.6 eV �C�.

By performing Gaussian line-shape fit, our measured PV
spectrum can be resolved into several peaks. The results of
this fit are shown in Fig. 3�b� by heavy and light solid lines.
The lowest peak at �1.2 eV is nearly the same as that la-
beled Eg

X in Fig. 3�a�. It should be noted, however, that the
fundamental absorption edge observed in the Au/n-PSi/n-Si
device is steeper than that in the Au/n-Si Schottky device, as
clearly seen in the inset of Fig. 3.

Optical absorption coefficient � in the interband transi-
tion region is dependent on photon energy E approximately
as35

� � �E − Eg�m, �5�

where Eg is the band-gap energy and m is dependent on
various interband transition processes, i.e., m=1/2 for
dipole-allowed direct transitions, m=3/2 for dipole-
forbidden direct transitions, m=2 for dipole-allowed indirect
transitions, and m=3 for dipole-forbidden indirect transi-
tions. Note that steep optical absorption is a characteristic of
m=1/2. In Fig. 3�c�, we plot �1/m versus E for c-Si �m=2�

FIG. 3. PV spectra for �a� Au/n-Si Schottky and �b� Au/n-PSi/n-Si devices.
The light solid lines in �b� represent the deconvolution of the experimental
PV spectrum into several Gaussian peaks. �c� �1/m vs E are plotted for c-Si
�m=2� and PSi �m=1/2�. The Eg values obtained in �c� are �1.00 and
�1.09 eV for c-Si and PSi, respectively.
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and PSi samples �m=1/2�, respectively. Here, we simply
assumed that our obtained PV signal is proportional to �. As
expected, the fundamental absorption edge of c-Si is a
dipole-allowed indirect band gap �m=2�, whereas that of PSi
is well fit by assuming m=1/2. As we will see later �Sec.
IV�, the absorption mechanism of m=1/2 observed in PSi is
considered to be due to the quasidirect transitions at the
nanocrystalline band gap. The Eg values obtained in Fig. 3�c�
are �1.00 eV �c-Si� and �1.09 eV �PSi�, respectively.

The full width at half maximum �FWHM� values of
peaks B at �1.6 eV and C at �2.6 eV are about 1 eV.
These peaks can be considered to stem from the PSi layer
itself, but not from the bulk n-type silicon substrate. Indeed,
such broader peaks have been sometimes observed in the
1�3 eV region of PV and PC spectra of anodically and stain-
etched PSi devices.22–34

The same analysis results, but for PC spectra obtained at
the V=−1 V biased condition, are shown in Fig. 4. All the
peaks identified in the PV spectra can be clearly found in the
PC spectra. The band-gap and peak energies fit determined in
Fig. 4 are Eg

X�1.00 eV �c-Si�, Eg
X�1.12 eV �PSi�,

�1.75 eV �B peak�, and �2.40 eV �C peak�, respectively.
The blueshift in the fundamental absorption edge Eg

X of PSi
from c-Si value has also been confirmed in the PC spectra
�Fig. 4�c��.

D. PL measurement

Figures 1�d� and 2�d� show the room-temperature PL
spectra obtained for c-Si and PSi samples, respectively. Be-
cause of lower luminescence efficiencies and higher absorp-
tion coefficients, no stronger PL has usually been observed in
c-Si at or above the fundamental absorption edge. Indeed,
our observed c-Si spectrum gives only a weak PL peak at
�1.1 eV, just below the lowest indirect absorption edge Eg

X

�Fig. 1�d��. The PSi sample, on the other hand, provides a PL

emission at �2.0 eV �Fig. 2�d��. The FWHM of this PL
peak is about 0.4 eV. The PL peak is also found to locate in
energy slightly smaller than that obtained in the ER spectrum
�2.5 eV �Fig. 2�c��. As we discuss in Sec. IV, the mecha-
nism of the PL emission is considered to be due to the supra-
Eg

X emission, characteristic of nanocrystalline or porous ma-
terials.

E. FTIR measurement

To further survey the properties of photoetched PSi, we
carried out FTIR measurements at room temperature. The
results of �a� as-degreased c-Si, �b� HF-etched c-Si, and �c�
HF/I2-prepared PSi for t=10 min are shown in Fig. 5. The
FTIR spectrum of the as-degreased c-Si sample exhibits
strong absorption bands near 614 and 1107 cm−1 �Fig. 5�a��.
The most distinct peak at �614 cm−1 is assigned to the sum-
mation band of the transverse optical and transverse acoustic
phonons at the X �610.6 cm−1� or L �603.9 cm−1� point.36

The relatively distinct peak at �1107 cm−1 may also be due
to a multiphonon band.36 Note, however, that the 1040
−1240 cm−1 spectral region is largely obscured by residual
impurities. In fact, the peak at �1107 cm−1 has been as-
signed to the bulk Si�O�Si mode.37,38 Several FTIR peaks
are also observed at around 2100 cm−1 on the HF/I2-etched
surface. These peaks correspond to the Si−Hn stretching
modes at �2090 �Si−H2�, �2100 �Si−H2�, and
�2140 cm−1 �Si−H3�, respectively.

It is interesting to point out that no clear difference in the
FTIR spectra can be found in Fig. 5 between the as-
degreased �or HF-etched c-Si� and photoetched PSi samples.
It means that the light emission in porous materials, at least
in the HF/I2-prepared samples, are not caused by any extrin-
sic origins or effects, such as hydrogenated amorphous Si,
surface hydrides, defects in Si or SiOx, siloxene, or surface
states.1,3

We compare in Fig. 6 the FTIR spectrum of
HF/I2-prepared PSi sample to those obtained from samples
photoetched in some HF/KIO3 �Ref. 10� and HF/FeCl3
mixed solutions �Ref. 12�. As mentioned previously, we can-
not find any characteristic PSi feature in the FTIR spectra of
the HF/I2-etched sample. We can see, however, a weak ab-
sorption shoulder in the HF/KIO3-prepared PSi sample at
�1064 cm−1 �Fig. 6�b��. It is assigned to the surface
Si–O–Si stretching mode ��Si−O−Si�.36

FIG. 4. PC spectra for �a� Au/n-Si Schottky and �b� Au/n-PSi/n-Si devices,
The light solid lines in �b� represent the deconvolution of the experimental
PC spectrum into several Gaussian peaks. �c� �1/m vs E are plotted for c-Si
�m=2� and PSi �m=1/2�. The Eg values obtained in �c� are �1.00 and
�1.12 eV for c-Si and PSi, respectively.

FIG. 5. FTIR spectra of �a� as-degreased c-Si, �b� HF-etched c-Si, and �c�
HF/I2-prepared PSi samples.
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The FTIR spectrum of the HF/FeCl3 sample in Fig. 6�c�
exhibits the strong absorption peak at �1107 cm−1, together
with several absorption shoulders at �1067 and
�1150 cm−1. These absorption shoulders grew large as the
photoetching time t increased. The absorption at �1067 and
�1150 cm−1 can be assigned to the transverse optical
phonons in thin SiOx layer and to the Si–O stretching mode,
respectively.

IV. DISCUSSION

A. Interference oscillation

There have been many reports on PSi formation by pho-
toetching under He�Ne laser illumination. An incoherent
light source �Xe lamp� used in this study made possible a
large ��20�20 mm2�, homogeneous PSi layer formation.
Addition of oxidant I2 in HF solution also made possible
reproducible formation of PSi layers in very short time. The
resultant large-area PSi samples enabled to determine the
��E� spectrum and its related optical constants by using SE.
Note that the usual SE measurement requires surface area of
larger than 5�5 mm2.

Figure 7 presents SE ��E� data, together with PC and PL
spectra, obtained for c-Si and PSi samples. As seen in Figs.
1, 2, and 7, the optical spectra of PSi are quite different from
those of c-Si. The weakened optical strength observed in the
PSi sample is due to a density deficit. The effective medium
approximation suggests porosity �70% of our PSi sample.14

It is very difficult to determine the lowest indirect-gap
energy in an indirect-gap semiconductor as in c-Si by SE.
This is because of the very weak optical density at the lowest
indirect gap of c-Si. Indeed, our measured SE spectra
showed an interference oscillation at the PSi layer, i.e., be-
tween the PSi surface and n-Si substrate. Observation of an
interference oscillation promises that the porous layer thick-
ness is thin and the porous material is nearly transparent. The

thickness of our studied PSi layer is �0.36 �m. The absorp-
tion coefficient of c-Si is less than 1�105 cm−1 for E�E1

and is on the order of 106 cm−1 for E�E1 �Fig. 7�a��. The
absorption coefficient of our PSi sample is much less than
106 cm−1 even for E�E1 �Fig. 7�b��. The 1�105 cm−1 �1
�106 cm−1� absorption coefficient corresponds to the light
penetration depth of �−1�1 �m ��0.1 �m�. Thus, the
peaks in ��E� �Fig. 2�a��, R�E� �Fig. 2�b��, and ��E� �Fig.
7�b�� for E�3 eV can be concluded to arise from the inter-
ference oscillations in the PSi layer. On the other hand, an
interference oscillation cannot be principally expected on ER
spectra, even if samples have epitaxial layers or any quantum
structures, such as quantum wells and superlattices. Simi-
larly, interference oscillation has never been found in neither
PV nor PC spectrum up to date.

It should be noted that the multiple interference oscilla-
tion is often observed in PL spectra of PSi samples. We show
in Fig. 8�a�, as an example, PL spectra for anodic PSi
samples measured at 300 K. Here, the anodization was car-
ried out on p-type Si�100� substrates with a resistivity of
10−15 � cm in a HF/C2H5OH solution at 10 mA/cm2 for
t=1, 3, 5, and 10 min. The corresponding SE ��E� spectra
for t=5 min are plotted in Fig. 8�b�.

In Fig. 8�a�, the interference oscillations can be clearly
seen for the anodic PSi samples for t=3 and 5 min. The
oscillations in the SE ��E� data �Fig. 8�b�� have the same
pitch in wavelength as in Fig. 8�a�. However, no interference
oscillation has been observed in neither PL nor ��E� spectra
of the t=1 and 10 min samples. It should be noted that the
interference oscillations were observed not only in anodic
PSi samples but also in another nanocrystallite materials and
amorphous Si films.39–41 As the layer thickness �0.36 �m
of our studied PSi sample is much smaller than that for the
t=3 min anodic sample ��1 �m� in Fig. 8, we never ob-
serve an interference oscillation in our PL spectrum �see Fig.
2�d��.

FIG. 6. FTIR spectra of PSi samples photoetched in �a� HF/I2, �b� HF/KIO3

�Ref. 10�, and HF/FeCl3 solutions �Ref. 12�.

FIG. 7. �Color online� Electronic energy-band structure and density of state
at the conduction �CB� and valence bands �VB�, together with experimental
PL, PC, and ��E� spectra for �a� c-Si and �b� PSi sample photoetched in
HF/I2 solution.
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B. PV, PC, and ER spectra

Figure 9 shows a schematic representation of the energy-
band diagram of our prepared PV device. Note that the PV
device shown in Fig. 9 involves two junctions connected to
each other in series: a “Schottky junction” between the trans-
parent Au metal and n-PSi and a “heterojunction” between
the n-PSi and n-Si substrate. Therefore, the PV effect can be
considered as arising from both junctions as well as from
optical absorption in the PSi layer itself. For comparison, we
fabricated a Au/n-Si Schottky device by directly evaporating
semitransparent Au film on the n-Si substrate. These two
devices showed a clear rectifying behavior in the I−V char-
acteristics.

The highest PV and PC photoresponses in the 1�2 eV
spectral region can be considered to stem from the Au/n-PSi
Schottky junction and the n-PSi layer itself. Because of the
large absorption coefficients for E�3 eV, no PV or PC sig-
nal can be observed in the region above E1�3.4 eV �Figs. 3
and 4�. Using a 100 W Xe lamp, instead of the 50 W tung-
sten lamp, we observed the PV signal up to 4.5 eV. Figure 10

shows the result of this experiment. Many fine structures
seen in the �2.5 eV region and below �2 eV correspond to
the xenon line spectra. As in Figs. 3 and 4, peaks B
��1.7 eV� and C ��2.5 eV� can be identified in the PV
spectrum of the Au/n-PSi/n-Si device. Further, the
E1-related structure can be found at E�3.5 eV. Neither
such a peak nor a structure can be observed in the Au/n-Si
Schottky device spectrum. From a technological point of
view, it is interesting to point out that the photosensitivity
of the Au/n-PSi/n-Si device shifts to the higher energy
range up to �4.5 eV, promising it as future high-
performance photonic devices.

At the open-circuit condition �Fig. 9�a��, photoexcited
carriers especially holes in the n-PSi layer have a chance of
contribution to the PV effect. As the reverse bias increases,
the Au/n-Si Schottky device has the dominant contribution
to the PC effect. In Fig. 9�b�, the photoexcited holes and
electrons drift into the opposite directions. Because of the
appropriate light penetration depth �−1�1 �m ���1
�105 cm−1, see Fig. 8�b��, we can expect an efficient ab-
sorption of the light in the PSi layer, resulting in the obser-
vation of peaks B and C in the PSi layer �Fig. 4�b��.

The change in the lowest indirect gap Eg
X �m=2� to the

lowest quasidirect gap �m=1/2� observed in Figs. 3 and 4
may be due to nanocrystallization-enhanced relaxation of the
momentum conservation at the lowest absorption edge Eg

X in
the PSi layer. It is well known that nanocrystallization leads
to its electronic states blue-shifted. Indeed, the Eg

X energy
�peak A� in Figs. 3 and 4 slightly blue-shifted from �1.0 eV
�c-Si� to �1.1 eV �PSi�, supporting an appearance of the
quantum size effect. The smaller blueshifted value observed
in PSi may be due to the larger electron and hole effective
masses in the X minima and � maximum, respectively.35

In 	R /R spectra, we observed only the single, broad
peak at �2.5 eV as the porous originated peak. On the other
hand, Toyama and Okamoto42,43 observed a few sharp ER
peaks in anodic PSi samples, which were considered to be
due to the optical transitions associated with the confined
electron�hole pairs in the sample, together with a very
broad peak at �2.5 eV.19–21 However, such “sharp” peaks
were not observed in their measured PL emission spectra. We
consider that the broad E1 peak seen in Fig. 2�c� is also as a
result of the nanocrystallite-induced broadening of the E1 CP
in the porous sample.

FIG. 8. �a� Room-temperature PL spectra for anodic PSi samples formed in
a HF/C2H5OH solution for t=1, 3, 5, and 10 min. �b� SE ��E� spectra for
anodic PSi sample formed in a HF/C2H5OH solution at 10 mA/cm2 for t
=5 min.

FIG. 9. Energy-band diagram of a Au/n-PSi/n-Si PV device at �a� open-
circuit and �b� reverse-biased conditions.

FIG. 10. PV spectra for Au/n-Si Schottky and Au/n-PSi/n-Si devices mea-
sured at the open-circuit condition using a Xe lamp, instead of a tungsten
lamp. The fine structures seen in the �2.5 eV region and below �2 eV
correspond to the xenon line spectra.
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C. Supra-Eg
X emission

As the PSi nanocrystalline size observed by atomic force
microscopy �AFM� is of the order of 20�100 nm,10,44 we
adopt a concept of the Brillouin zone not only about c-Si but
also about PSi. The corresponding energy-band structures
and density-of-states spectra are schematically shown on the
left-hand side of Fig. 7.

In c-Si �Fig. 7�a��, the fundamental absorption edge cor-
responds to the indirect optical transitions from the highest
valence band at the � point to the lowest conduction band
near X. The direct optical transitions at or near L, X, and �

have also been observed as the E1, E2, and E0� CPs in optical
spectra of c-Si. Note that the CPs in c-Si are primarily a
result of the Bragg gaps at the Brillouin-zone boundaries,
i.e., a consequence of the long-range order.

If the nanocrystalline size is actually on the order of
20�100 nm, we cannot expect a large energy shift of the
quantum states enabling visible light emission from the PSi
material. It should be noted, however, that a careful study is
needed to determine nanocrystalline sizes as small as 10
nm.1 It is, thus, proposed that the porous surfaces have a
“fractal-type” morphology.45 The AFM equipment used had
silicon tips on 125-�m-wide-legged cantilever and tip radii
in the range of 10�20 nm.10,43 As the porous sizes are com-
parable to the tip radii, those radii should be taken as upper
limits of the AFM true value.

Let us suppose that the supra-Eg
X emission observed at

�2 eV in PSi is a result of the quantum confinement in the
PSi nanocrystallites. The indirect transitions in c-Si can be
interpreted by the second-order perturbation, whereas the di-
rect transitions are a first-order perturbation process. The
higher order process at the indirect absorption edge is a result
of the requirement of momentum conservation with emitting
and/or absorbing phonons. Therefore, the transition probabil-
ity is usually much smaller at the indirect absorption edge
than at the direct edge.

It is possible to consider that the �2 eV PL emission
observed in PSi is due to nanocrystallite-enhanced relaxation
of the momentum conservation at and above the lowest ab-
sorption edge Eg

X in the PSi layer �Fig. 7�b��. The absence of
long-range order in an amorphous material renders the Bloch
theorem inapplicable and leaves the crystalline momentum
�k undefined. The optical transitions in such case can be
described, to a first approximation, by the “quasidirect” or
“nondirect” transition model in which conservation of the
energy, but not the wave vector, is significant.46,47 The result-
ing optical transitions provide a single, broad emission or
absorption band in optical spectra, as typically observed in
amorphous materials.48 Thus, the quantum confinement ef-
fect considered here makes possible the quasidirect transi-
tions at and above the indirect absorption edge, where many
electronic states participated in the quasidirect transitions
�Fig. 7�b�� may arise from the enhanced momentum fluctua-
tion 	k due to the uncertainty principle in nanocrystallites.
Similarly, ultrathin Si�100� film with thickness of d
�1.3 nm on a silicon-on-insulator substrate emitted light at

�1.46 eV and considered its emission mechanism as the
quasidirect transitions caused by the quantum-mechanical
momentum relaxation.49

Toyama et al.50 also observed the direct-gap-like ER sig-
nals at �1.20−1.37 eV arising from the fundamental ab-
sorption edge Eg

X of Si nanocrystallites deposited on glass
substrates by radio frequency �rf� plasma chemical vapor
deposition. They observed that by decreasing the mean crys-
tallite size from �3 nm to below 2 nm the fundamental
energy gap is increased, i.e., blueshifted, and the 	R /R sig-
nal is intensified. They considered that the increase in the Eg

X

energy is due to the quantum confinement in Si nanocrystal-
lites and the increased 	R /R intensity as a result of the direct
optical transitions. Some reports51–53 also support the possi-
bility of the quasidirect transitions in PSi.

The previous discussion promises that the �2 eV peak
observed in the PL spectrum is due to the supra-Eg

X emission.
Peak B observed in the PC and PV spectra may also be
caused by the supra-Eg

X absorption in the PSi sample. On the
other hand, peak C seen both in the PC and PV spectra can
be considered to be due to the supra-Eg

L absorption where it
occurs between the filled �-valence and empty L-conduction
bands in the first Brillouin zone �see Fig. 7�b��. The large,
broad peak observed at �2.5 eV in the 	R /R spectrum �Fig.
2�c�� may be due to the combined effect of the supra-Eg

X and
supra-Eg

L absorptions in the PSi layer. The supra-Eg
X emission

has also been clearly observed in anodic porous GaP
sample.54

We show in Fig. 6 the FTIR results obtained from PSi
samples formed in HF/I2, HF/KIO3, and HF/FeCl3 solu-
tions. The order of the PL intensity we obtained was
PSi�HF/I2��PSi�HF/FeCl3��PSi�HF/KIO3�. The main
reason for this order is that the thicker PSi gives the stronger
PL intensity.10 Unlike anodic etching, photoetched PSi
sample has a limited thickness value, �400 nm in the
present study �HF/I2� and �100 nm in Ref. 10 �HF/KIO3�,
which may be determined by several factors, such as the
solution composition and temperature. In stain-etched PSi,
the limited thickness is determined by balancing of the Si
dissolution rates of the bottom part and the top surface of the
porous layer. The same mechanism as in stain etching can be
easily expected in photoetching.

The enormous inner surface of PSi leads to the proposal
that it is largely involved in the luminescence process. The
surface recombination velocity is the only parameter re-
quired to characterize the surface.55,56 The larger the surface
recombination velocity, the smaller the minority carrier ac-
cumulation, or equivalently, the larger the surface recombi-
nation velocity, the weaker the PL intensity. The presence of
surface oxide is expected to reduce the surface recombina-
tion velocity.57

It is noted that the HF/I2-prepared PSi spectrum in Fig.
6 suggests no presence of surface oxides. This fact suggests
that any surface oxide is not the origin of visible light emis-
sion in PSi materials. The strongest PL intensity observed in
the HF/I2 sample is, thus, considered to be due to an effi-
cient surface passivation by atomic hydrogen �see Fig. 5�. It
is well known that the surface of freshly etched PSi is almost
totally covered by SiHx groups. The HF/KIO3- and
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HF/FeCl3-prepared PSi samples also showed a great reduc-
tion in their PL intensities after passively etching the surface
native oxide by aqueous HF solution. Further, the aged
HF/I2-prepared sample reduced its PL intensity by etching in
aqueous HF solution. Thus, we consider that the yellow light
emission observed in our PSi samples is due to surface-
sensitive quantum confinement effect in silicon nanocrystal-
lites. It is suggested that the surface oxide acts as a good
passivation film and gives rise to an efficient emission at the
PSi/oxide interface.58 It should be noted, however, that it is
difficult to establish a direct correlation between the visible
luminescence properties in PSi and any particular chemical
species or films on it.59

V. CONCLUSIONS

We investigated the optical properties of PSi photo-
etched in a HF/I2 solution using various spectroscopic tech-
niques. The addition of an oxidizing agent I2 in HF and use
of a incoherent light source �Xe lamp� made possible to ob-
tain large, uniform PSi samples in very short time
��10 min�. The SE ��E� and related optical spectra, such as
R�E� and ��E�, showed an interference oscillation below E
�3 eV where the PSi sample is nearly transparent. The PV
and PC spectra revealed three individual peaks at �1.2 �A�,
�1.7 �B�, and �2.5 eV �C�, in the almost transparent spec-
tral region, i.e., below �3 eV, of the PSi sample. The ER
spectrum provided peak, C, as a large, broad peak at
�2.5 eV, together with a broadened peak E1 at �3.4 eV.
The room-temperature PL spectrum revealed a yellow emis-
sion centered at �2.0 eV. This emission corresponds to that
found in the PV and PC spectra �peak B�. As the PSi crys-
tallite size determined by AFM was of the order of 20�100
nm, the porous sample was assumed to have the same
energy-band diagram as that of the bulk crystalline Si. Then,
absorption and/or emission peaks A, B, and C in the PSi
spectra were considered to arise from the quasidirect transi-
tions at and above the lowest absorption edges Eg

X �A and B�
and Eg

L �C� in the PSi layer. The quantum-mechanical size
effect, namely, a relaxation of the momentum conservation,
made possible the quasidirect or nondirect optical transitions
in such mesoscopic materials. Change in the optical transi-
tion nature from the indirect optical transitions characterized
by an expression �� �E−Eg

X�2 in c-Si to the direct optical
transitions given by �� �E−Eg

X�1/2 may be a result of the
quasidirect transitions at the Eg

X edge in the PSi material. The
FTIR data further suggested that the yellow light emission at
�2.0 eV is due to the surface-sensitive quantum confine-
ment effect, but is not originating from any extrinsic origins,
such as surface hydrides or oxides.
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