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Time-dependent change in the visible luminescence of porous Si immersed in HF aqueous solution
was measured in a short acquisition time (5. s) with a charge coupled device detector. Under Ar*
laser light (514.5 nm) irradiation, the photoluminescence band of the porous Si shifted to shorter
wavelength accompanying a reduction of the peak intensity. The result suggests that the size of the
Si nanostructure is closely related to the gap energy of the porous Si.

Since the first reported observation® of room-temperatiire
visible photoluminescence (PL) from porous silicon (PS), a
large number of investigations”® have been reported on the
mechanisms responsible for the visible PL as well as on its
application to optoelectronic devices. To date, the visible PL
from PS samples has been explained on the basis of quantum
confinement effects™*~7 in Si nanostructures or the formation
of wide-gap materials such as hydrogenated species at the PS
surface,® ! silicon oxide,'? siloxene,’® and amorphous sili-
con including Si—H and Si—O bonds.*

It is well known that PL spectra of PS samples depend
strongly upon both anodization conditions and post-
treatments including, for example, oxidation in air,"! anodic
oxidation,” boiling in tap water' and further immersion in
dilute KOH solution,16 etc. However, most of the PL spectra
thus far reported were recorded in air after anodization. Such
ex situ measurements present a problem as atmospheric oxy-
gen and water both probably affect the characteristics of the
sample. Thus, dynamic changes in the PL spectra of PS in
electrolytes are yet to be further elucidated: in situ PL analy-
sis of the samples in electrolytes would provide us with an
important clue to understand the mechanisms of the visible
PL.

In the present work, we investigated the time-dependent
PL spectral change of PS in HF:H,0=1:1 solution with a
charge coupled device (CCD) detector. The results show that
the peak position of the PL band of the PS immersed in the
electrolyte shifts to shorter wavelength during the PL mea-
surements. The quantum confinement effect in Si nanostruc-
tures is proposed to account for the blue shift.

We used p-type Si (100) (8.5 ) cm) wafers with opti-
cally polished faces. Aluminum was evaporated in vacuum
on the back side of the wafer to form a good Ohmic contact.
The wafers were anodized in HF:H,0=1:1 solution for 30
min using a power supply. A current density was kept con-
stant at 10 mA/cm? during the anodization. A schematic ex-
perimental setup for in situ PL measurements is depicted in
Fig. 1. The PS was excited by 514.5 nm light from an Ar*
laser (50 mW). Luminescence from the sample was dis-
persed by a polychrometer (JASCO CT25TP) and detected
with a liquid N, cooled CCD detector (Princeton ST130).
The detection system was interfaced to a personal computer
(NEC PC-9801) for data acquisition and storage. The cylin-
drical cell for the ir situ PS measurements was made of
polyvinyl chloride resin.
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Figure 2 shows the PL spectra of two PS on the Si wa-
fers subjected to 30 min anodization. In this figure, (A) and
(B) were measured in situ and ex situ (i.e., in air), respec-
tively. The PS samples displayed a transtucent dark brown
hue. Because of the limited use of our grating (600 gr/mm),
the wavelength of radiation projected at the CCD detector
was restricted within about 80 nm. Thus, the whole spectrum
for each shown in Fig. 2 was obtained as the composition of
seven divided measurements. The data acquisitions were car-
ried out from longer to shorter wavelength region and the
total time for obtaining the whole spectrum was about 210 s.

Our visible spectrophotometer used in the in situ PL
measurement is of course useful for Raman spectroscopy
and, thus, Raman light scattered from the electrolyte as well
as the Si wafer can simultaneously be detected in principle.
Actually, however, the Raman bands of both H,O (Ref. 17)
in the electrolyte and Si,! which might be expected to ap-
pear at about 3400 cm™! (625 nm in wavelength) and 520
cm™! (528 nm), are not located in the PL spectra shown in
Fig. 2. In general, Raman bands are extremely weak in com-
parison to luminescence bands and hence the Raman bands
from the solution and the Si wafer are probably buried in the
strong PL. band.

As shown in Fig. 2(B), the PL band of the PS measured
in air peaks at 660 nm. On the contrary, the PL band re-
corded in the solution [Fig. 2(A)] shows its peak at 630 nm.
It is most likely that the PL peak of the sample in the solution
just after beginning the PL measurement was located at a
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FIG. 1. Experimental set up for the in situ photoluminescence measurement.
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FIG. 2. Photoluminescence spectra of the porous Si recorded (A) in the
electrolyte solution (X5) and (B) in air. Excitation: Ar* laser 514.5 nm,
power 50 mW.

somewhat longer wavelength with a stronger intensity. These
changes in peak position and intensity arises from the rather
long data acquisition time (210 s). In fact, at the second data
acquisition of the sample in the solution, the PL band inten-
sity decreased miore significantly. Thus, we attempted to
measure the PL change with another PS sample immersed in
the solution in a shorter acquisition time.

Figure 3 shows the resultant PL spectra. The data acqui-
sition was started just after 30 min anodization in the solu-
tion. The acquisition fime required for each spectrum was 5
s. Since the wavelength range of radiation that can be de-
tected at a time was limited within 80 nm as described pre-
viously, our measurements were limited in the range from
610 to 690 nm, as indicated in Fig. 3. Nevertheless, the re-
sults clearly demonstrate distinct changes in the peak shift
and intensity of the PL band with passing time.

As can be seen in Fig. 3, the PL peak just after starting
Ar" laser irradiation is positioned at around 650670 nm.
However, after repeated measurements, i.e., with increasing
laser irradiation time, the peak position of the PL band shifts
to shorter wavelengths accompanying a decrease of the in-
tensity; after 180 s, for instance, the peak position is 650 nm.
After the in sii PL measurements, we could see a spot
(about 3 mm in diameter) on the PS surface at the very place
where the laser was irradiated, suggesting that Si atoms or
clusters of the PS were dissolved into the solution under Ar*
ion laser irradiation. :

Lehmann and Gosele® proposed the dissolution mecha-
nism of silicon electrodes in HF solution. According to their
mechanism, a Si surface saturated by bonded hydrogen is
virtually inert against attack of F~, as long as no electric
holes (£ 1) are available at the Si electrode. If a &¥ reaches
the surface of the PS with a nanostructure, F~ in the electro-
lyte can react with surface Si—H bonds. Through this reac-
tion, Si—F bonds can be formed on the PS surface. The
electron density inside the nanostructure should be lowered
because of the polarization induced by the Si—F bonds, re-
sulting in weakened Si—Si bonds. In the present experimen-
tal condition, Ar" laser irradiation to the sample should gen-
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FIG. 3. Time-dependent change of the in sifu photoluminescence spectrum
for the porous Si in the electrolyte solution (HF:H,0=1:1). The data acqui-
sition time for each spectrum was 5 s.

erate carriers (1) at the interface between the PS and the
electrolyte solution. If the generated 2™ reaches the inter-
face, the bond weakening mentioned above probably occurs.
As a result, dissolution of the Si would occur through the
electrochemical reaction,’

Si+2HF+nh* —SiF,+2H +(2—n)e". 1)

If Si atoms in the Si nanostructure responsible for the visible
PL light are dissolved into the electrolyte through reaction
(1), the size of the nanostructure should be reduced. The
quantum confinement effects result in an increase in the ef-
fective band-gap energy™~’ and, thus, the dissolution of the
Si atoms under the laser irradiation probably cause the peak
shift of the PL band during the PL measurements, as shown
in Fig. 3. Furthermore, the dissolution also decreases the
total amount of the Si atoms or clusters constituting the
nanostructure, resulting in the reduction of the PL band in-
tensity.

Li et al'® showed that the PL behavior of anodized
samples in electrolyte solutions depends upon the composi-
tion of the electrolytes in which the samples were immersed.
They also deduced that PL band shifts observed can be at-
tributed to electrolytically induced changes in the energy of
the surface states. However, there is a possibility in our case
that changes in energy of the surface states contributed to the
blue shift of the PL energy, since the dissolution of the Si
atoms may also lead to a change in the chemical structure of
the PS surface. Because it was difficult to observe dynamic
changes in chemical species at the PS surface in the
electrolyte,’”” we cannot draw a line definitely, at present,
between the contribution of the quantum confinement effect
and that of the changes in the surface states.

Several authors reported the relationship between the
size of Si nanostructure and the energy gap on the basis of
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the theoretical calculations.*>’ Qualitatively, the results re-
semble each other: the gap energy becomes larger with de-
creasing the size of Si cluster. For example, Proot et al.’
calculated optical band-gap energies for various Si crystal-
lites with respect to their diameter d, the results of which
revealed that the gap energy follows approximately a d 1%
law. If we assume the blue shift of the PL band to be ex-
plained by the quantum confinement effect alone, a2 20 nm
blue shift observed after 180 s (Fig. 3) corresponds to a
reduction less than 1 A of the Si cluster.

In summary, in sifu PL measurements of the PS in the
HF:H,0=1:1 solution have been carried out in a short ac-
quisition time (5 s) by using the CCD detector. The PL peak
position shifted to shorter wavelength during the PL mea-
surement. This shift was attributed to the quantum confine-
ment effect in Si nanostructures, i.e., the reduction of the Si
cluster size through electrochemical dissolution probably led
to the blue shift of the PL energy.

This work was partly supported by a Grant-in-Aid from
the Ministry of Education, Science and Culture of Japan.
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