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Raman scattering and photoluminescence measurements performed on porous silicon at high hydrostatic
pressures up to 21 GPa indicate that the phase-transition pressure in this material is porosity dependent and
much higher than in bulk crystalline silicon. For porosities higher than 80% the phase transition occurs at 18
GPa followed by unrecoverable suppression of both Raman and luminescence activity. The obtained results are
consistent with the quantum-confinement model.@S0163-1829~98!02745-3#
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Highly porous silicon, prepared by anodic oxidation
bulk crystalline silicon, has been the subject of intense
search since the discovery of its light emitting properties
1990.1 Technological interest in porous silicon and silico
nanostructures arises from their potential applications in
based optoelectronics.2–4 Different mechanisms have bee
proposed to explain light emission.5 In the quantum-
confinement model the photoluminescence is assumed t
due to electron-hole recombination across the nanostruc
fundamental band gap. In the present work, we try to inv
tigate the photoluminescence emission mechanism an
test the validity of the quantum-confinement model by e
periments under high hydrostatic pressure up to 21 G
Structural phase-transitions accompanied by changes of
tronic band structure constitute an excellent tool for the st
of the photoluminescence emission properties. Bulk silic
undergoes a first-order phase transition towards a met
b-Sn phase at 12.3 GPa.6 Porous silicon is, however, ex
pected to show different behavior, due to its nanostructu
nature.7 Raman scattering is an excellent indicator of stru
tural changes. Previous high-pressure studies done by o
authors8–10 gave rise to controversies. To shed more light
this subject, we have studied systematically the pressure
pendence of photoluminescence~PL! and Raman scatterin
~RS! in porous silicon as a function of porosity. We obtain
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values of the Raman-shift and the PL-energy and inten
which are well reproducible for all measured porosities at
pressures up to a maximum of 21 GPa.

Free-standing porous silicon samples with porosities
55, 65, 75, 85, and 90 % were fabricated as descri
elsewhere.11 Highly porous silicon samples~85–90 %! were
especially used in order to obtain nanometer-size crystal
and to reduce size dispersion. The samples were placed
diamond-anvil cell of the Syassen-Holzapfel type12 with a
sapphire backing plate for Raman scattering.13 A 4:1 metha-
nol:ethanol mixture was used as pressure transmitting
dium. The influence of the pressure transmitting medium
porous silicon has been investigated by other authors9,14 and
no qualitative difference was found between a~4:1! metha-
nol:ethanol solution, an inert gas or an inert liquid. Furth
more, in Ref. 14 it was explicitly shown that the blue-to-r
energy shift reversal is also observed when liquid Xe is us
This point will be discussed in detail in the experimen
results. Nonhydrostaticity for pressures above 10.5 GPa~so-
lidification of the pressure medium! was not large enough to
cause broadening of the ruby lines and it is, therefore,
expected to significantly affect the PL and Raman spec
Luminescence and Raman emission was excited by the
nm line of an Ar1 laser, analyzed by a double Spex mon
chromator, and recorded with a photon counting syste
14 089 ©1998 The American Physical Society
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Both Raman and PL spectra were recorded from the s
sample spot.

Representative Raman spectra for 85 and 90 % poro
samples at various pressures during a full pressure cycle
shown in Figs. 1 and 2, respectively. At ambient pressure
Raman frequency of porous siliconvporous-Si5510.5 cm21 is

FIG. 1. Raman spectra measured during a pressure cycle
sample of 85% porosity compressed up to 17.2 GPa. The na
peaks at 380, 420, and 575 cm21 ~markedS! originate from the
sapphire windows of the diamond-anvil cell.

FIG. 2. Raman spectra measured during a pressure cycle
sample of 90% porosity compressed to a maximum pressure of
GPa.
e

ity
re
e

lower than the frequency of crystalline siliconvc-Si
5520.5 cm21. The redshift as well as the broadening a
asymmetry of the peak, are typical characteristics of por
silicon and are attributed to spatial correlation effects. T
Raman shift with pressure was found to be independen
porosity for porosities in the range 55–90 % and it was up
20% higher than that of crystalline silicon.15 PL spectra mea-
sured on 90% porous samples during fine scanning of
low-pressure region~<1 GPa! or after pressure release fo
lowing compression to high hydrostatic pressures are p
sented in Figs. 3 and 4, respectively. Figure 5 shows
pressure dependence of the mean energy position of the
band@M15*EI(E)dE/* I (E)dE# for 85 and 90 % porosity.
In the range up to 1 GPa, the PL intensity increases w
pressure by almost one order of magnitude~Fig. 3! and the
PL band is shifted to higher energies~Figs. 3 and 5!. In the
same pressure range the intensity of the Raman peak is
enhanced while the peak becomes narrower and the p
position is shifted to a higher frequency~Figs. 1 and 2!. The
increase in PL energy and efficiency could be indicative o
reduction and redistribution of sizes in the porous structu
while the narrowing of the Raman peak is characteristic of
increase in typical sizes. The absence of correlation betw
the PL energy and the porous-Si nanoparticle size de
mined from Raman spectra has been already pointed ou
Lockwood et al.16 This apparent contradiction can be e
plained by the following phenomenological model, which
fully supported by our experimental results and observatio
We assume that within the porous material thin nanowi
and nanocrystallites with considerable size dispersion co
ist. We then attribute the Raman and PL spectra to differ
classes of particles of different typical sizes. The estimat
of particle sizes was based on a line-shape analysis of Ra
spectra according to the spatial correlation model.17 Nano-
particle sizes were obtained after the phase transformatio
large size crystallites~see below!. Nanocrystallites with typi-
cal sizes below 3 nm build a well-confined system and

a
w

a
.8

FIG. 3. Photoluminescence spectra measured in the l
pressure region~<1 GPa! during the increase~below arrow! and
decrease~above arrow! of pressure on a sample of 90% porosity
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responsible for the photoluminescence emission, while t
Raman activity is relatively low. This assumption is in agre
ment with the results of Schuppleret al.,18 that the optically
active structures in porous silicon responsible for the lu

FIG. 4. Photoluminescence spectra of 90 % porous sili
samples recovered at atmospheric pressure after compressi
12.8, 17.4, and 20.8 GPa. Comparison with a reference spec
measured at ambient pressure before pressure increase, and w
most intense PL signal observed at 0.27 GPa in the directio
increasing pressure. The sharp peaks at 2.38 and 1.78 eV an
structures superimposed to the spectra are interferences from
diamond anvils and the sapphire windows of the cell and from
ruby sensor.

FIG. 5. Pressure dependence of the energy of the porous si
photoluminescence during the increase~full symbols! and decrease
~open symbols! of pressure for two different porosities:~a! 85% and
~b! 90%. Different symbols correspond to different samples.
ir
-

i-

nescence in the visible range~1.68 eV/740 nm! are particles
with sizes between 1.5 and 2 nm. Crystallites or clusters
crystallites with sizes larger than 3 nm and material prop
ties similar to those of bulk silicon (c-Si), have no effective
contribution to photoluminescence, but contribute effectiv
to Raman scattering, since the Raman intensity increa
with increasing crystallite size. With increasing pressure,
terconnecting nanowires are probably broken. The size
tribution of nanocrystallites~,3 nm! is so changed and a
increase in the number of nanocrystallites or a decreas
nanocrystallite sizes may occur. The PL blueshift in the lo
pressure range could be attributed, therefore, to either a
or a pressure effect, or to the combination of both. Chan
in nanocrystal surface chemistry induced by the press
transmitting medium can be ruled out, since the observed
blueshift on a 90% porosity sample compressed to a m
mum pressure of 0.9 GPa~Fig. 3! is reversible though the
intensity enhancement is nonreversible. After the comp
release of pressure, the PL intensity at ambient pressure
enhanced by almost one order of magnitude compared to
intensity before compression, while the PL frequency w
reestablished to its initial value. If surface reactions ha
taken place, they would have caused permanent en
changes. This has been also pointed out by Cheonget al.,19

although in their high-pressure study on porous silicon us
liquid helium as the pressure medium only a red PL ene
shift has been observed due to the fact that no meas
ments were done at ambient pressure or in the low-pres
range ~,0.5 GPa! where the PL blueshift appears. W
attribute the PL blueshift at pressures<1 GPa to a pressure
dependent reversible deformation of electronic ban
while for the nonreversible PL intensity increase we assu
a permanent increase of nanoparticle density thro
breaking of larger particles to particles with sizes compara
to the average typical nanoparticle size for this press
range. Further increase in pressure between 1 and 12
results in a reduction in PL efficiency~Fig. 4! and shifts the
photoluminescence from blue to red@Figs. 5~a! and 5~b!#.
The pressure required for the reversal of the shift is low
than 2 GPa. The pressure coefficient of the red energy sh
similar to that of the indirect gap of crystalline silicon o
217 meV GPa21.20 In the same pressure range large cryst
lites with low surface-to-volume ratio and the same orien
tion form ~probably! clusters with larger typical sizes. With
increasing size the Raman peak becomes narrower,
proaching a more ‘‘crystalline’’~ordered! structure. Above
12 GPa large crystallites and clusters retaining the prope
of bulk silicon undergo a phase transition from the cryst
line to a Raman-inefficient metallic phase. Consequently,
contribution of smaller crystallites to Raman scattering b
comes important, and the Raman peak is broadened whil
intensity decreases as the phase-transformed large par
no longer contribute. The Raman spectra we detect at am
ent pressure and their evolution with increasing pressure
significantly different than those published by Zem
et al.9,10 This is possibly due to the fact that our sampl
~especially the highly porous samples of 85 and 90 % por
ity! contain nanocrystallites with narrow size dispersion a
smaller typical sizes than those of the spectra presente
Refs. 9, 10 as is evident through a comparison of the relev
Raman results. Our observation, that the photoluminesce
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persists above the pressure-induced transformation of la
particles at 12 GPa, is in agreement with the observation
Zeman et al.10 However, our interpretation based on th
gradual evolution of Raman and PL bands between 12
18 GPa is that PL and RS can be assigned to different cla
of particles~nanosize crystallites and crystallite clusters,
spectively! and, that the PL emission above 12 GPa can
explained through the phase transformation of nanocrys
lites at pressures higher than 12 GPa. Moreover, we obs
that photoluminescence spectral changes are reversible
maximum pressures<12 GPa@Figs. 5~b!, open symbols#,
while changes occurring after compression to 17 GPa
irreversible@Fig. 5~a! open symbols# in consistency with the
proposed transformation of nanosize crystallites at press
above 12 GPa. After release of pressure the PL intensit
samples compressed up to 17.4 GPa is higher than the in
values at ambient conditions~Fig. 4! indicating permanen
changes in particle sizes. This ‘‘hysteresis effect’’ is e
pected for nanocrystallites that have undergone compres
at high hydrostatic pressures. In addition, the PL signa
samples recovered after compression to 17.4 GPa is lo
than the signal after compression to 12.8 GPa, indicating
between 12.8 and 17.4 GPa a certain number of crystal
has been gradually phase transformed and no longer con
utes to the luminescence. Thus, reversibility of the press
dependence of the PL energy and intensity depends on
maximum pressure achieved with an irreversibility thresh
found to be around 12 GPa. For irreversible paths and m
mum pressures slightly below 18 GPa, the PL energy@Fig.
5~a!# does not change during or after pressure release, w
the intensity and band shape of the Raman spectra~Fig. 1!
confirm the occurrence of permanent structural changes.
same observations regarding the reversibility of the proc
have been made by Ernst14 and similar values have bee
reported. In porous silicon the phase transition is gradu
completed at pressures much higher than 12 GPa, since
tallites with different sizes transform at different pressur
the smaller the crystallites, the higher the phase-transi
pressure. Our results are consistent with those publishe
Tolbertet al.7 for Si nanocrystals. The phase-transition pre
sure of porous silicon depends obviously on porosity. Hig
porous silicon~.80%! transforms at 18 GPa. Indicative o
the phase transition is the change in color and transpare
~the sample becomes totally opaque, almost black! and the
diminishing Raman and luminescence activity. For ma
mum pressures above 18 GPa~after phase transformation o
all crystallites!, no significant Raman~Fig. 2! and lumines-
.
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cence activity~Fig. 4! is observed during compression b
tween 18 and 21 GPa or after pressure release. This
strong evidence that the luminescence emission is relate
the nanocrystallites present in porous silicon. A success
reduction of the PL efficiency between atmospheric press
and 14 GPa and a collapse of the photoluminescence in
sity of porous silicon above 18 GPa has been also regist
by Zemanet al.,10 while Ryanet al.8 and Ernst14 have quali-
tatively observed a continuous decrease in luminescence
tensity with pressure and complete quenching at high p
sures@;17 GPa~Ref. 8! ;18 GPa~Ref. 14!#.

To summarize, Raman-scattering and photoluminesce
measurements have been performed in porous silicon at
ous hydrostatic pressures up to 21 GPa for porosities
tween 55 and 90%. Above 55%, the Raman frequency
creases with pressure independently of porosity. Spec
features of both the Raman and PL bands exhibit almost
same transition pressures. The PL band exhibits a blue
up to >2 GPa followed by a redshift up to>12 GPa. The
observed rates in the redshift of the PL energy are simila
c-Si rates. In the direction of decreasing pressure both
Raman and PL spectra recover their initial band shape, if
maximum pressure achieved is less than 12 GPa. On
contrary, after compression to a maximum pressure of
GPa, the spectral features of Raman bands indicate pe
nent structural changes. The experimental results are in
preted in terms of a porous material consisting of a variety
crystallites of different sizes. Nanocrystallites with dime
sions less than 3 nm are responsible for carrier localiza
and efficient photoluminescence, while larger size crys
lites and clusters of crystallites contribute mainly to Ram
scattering. The phase-transition pressure increases with
creasing crystallite sizes. In highly porous silicon~.80%!
the phase transition is completed at almost 18 GPa resu
in irreversibly diminishing Raman and luminescence act
ity.

In conclusion, according to our experimental studies:~a!
Raman scattering and photoluminescence emission of po
silicon are dominated by different size subsets of the nan
rystallites present, and~b! the luminescence emission is re
lated to the nanometer size~,3 nm! crystallites in evident
confirmation of the quantum-confinement model.
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and Professor P. M. Fauchet for his succinct suggestions
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rous silicon sample preparation and Dr. S. Ursaki for gas
readying.
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