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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 mo@i80163-18208)02745-3

Highly porous silicon, prepared by anodic oxidation of values of the Raman-shift and the PL-energy and intensity
bulk crystalline silicon, has been the subject of intense rewhich are well reproducible for all measured porosities at all
search since the discovery of its light emitting properties inpressures up to a maximum of 21 GPa.

1990 Technological interest in porous silicon and silicon  Free-standing porous silicon samples with porosities of
nanostructures arises from their potential applications in Sis5, 65, 75, 85, and 90% were fabricated as described
based optoelectroniés? Different mechanisms have been elsewheré?! Highly porous silicon sample@5-90 % were
proposed to explain light emissidnin the quantum- especially used in order to obtain nanometer-size crystallites
confinement model the photoluminescence is assumed to l@nd to reduce size dispersion. The samples were placed in a
due to electron-hole recombination across the nanostructudiamond-anvil cell of the Syassen-Holzapfel typaith a
fundamental band gap. In the present work, we try to invessapphire backing plate for Raman scatterifig. 4:1 metha-
tigate the photoluminescence emission mechanism and twol:ethanol mixture was used as pressure transmitting me-
test the validity of the quantum-confinement model by ex-dium. The influence of the pressure transmitting medium on
periments under high hydrostatic pressure up to 21 GPagorous silicon has been investigated by other auttmnd
Structural phase-transitions accompanied by changes of elene qualitative difference was found betweeridal) metha-
tronic band structure constitute an excellent tool for the studyol:ethanol solution, an inert gas or an inert liquid. Further-
of the photoluminescence emission properties. Bulk silicormore, in Ref. 14 it was explicitly shown that the blue-to-red
undergoes a first-order phase transition towards a metallienergy shift reversal is also observed when liquid Xe is used.
B-Sn phase at 12.3 GPaPorous silicon is, however, ex- This point will be discussed in detail in the experimental
pected to show different behavior, due to its nanostructuredesults. Nonhydrostaticity for pressures above 10.5 GBa
nature’ Raman scattering is an excellent indicator of struc-lidification of the pressure mediumwas not large enough to
tural changes. Previous high-pressure studies done by otheause broadening of the ruby lines and it is, therefore, not
author§~1° gave rise to controversies. To shed more light onexpected to significantly affect the PL and Raman spectra.
this subject, we have studied systematically the pressure déuminescence and Raman emission was excited by the 488
pendence of photoluminescen@@l) and Raman scattering nm line of an Af" laser, analyzed by a double Spex mono-
(RS in porous silicon as a function of porosity. We obtainedchromator, and recorded with a photon counting system.
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FIG. 3. Photoluminescence spectra measured in the low-
pressure regiorf<1 GPa during the increas¢below arrow and
decreasdabove arrow of pressure on a sample of 90% porosity.
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FIG. 1. Raman spectra measured during a pressure cycle on a
sample of 85% porosity compressed up to 17.2 GPa. The naro\hwer than the frequency of crystalline silicom,.g;
peaks at 380, 420, and 575 ci(marked) originate from the  _ 50 5 oyl The redshift as well as the broadening and
sapphire windows of the diamond-anvil cell. asymmetry of the peak, are typical characteristics of porous
silicon and are attributed to spatial correlation effects. The
Both Raman and PL spectra were recorded from the samgaman shift with pressure was found to be independent of
sample spot. _porosity for porosities in the range 55—90 % and it was up to
Representative Raman spectra for 85 and 90 % porositygo, higher than that of crystalline silicdAPL spectra mea-
samples at various pressures during a full pressure cycle atgred on 90% porous samples during fine scanning of the
shown in Figs. 1 and 2, respectively. At ambient pressure thgy.pressure regioi<1 GPa or after pressure release fol-
Raman frequency of porous silic@soous s+ 510.5 €M™ is  owing compression to high hydrostatic pressures are pre-
sented in Figs. 3 and 4, respectively. Figure 5 shows the
T " T ) pressure dependence of the mean energy position of the PL
WLMWMN\MWW atm. p. band[M,=[EI(E)dE/[1(E)dE] for 85 and 90 % porosity.
0. In the range up to 1 GPa, the PL intensity increases with
pressure by almost one order of magnityffeg. 3 and the
179 PL band is shifted to higher energiésigs. 3 and b In the
same pressure range the intensity of the Raman peak is also
14.1 enhanced while the peak becomes narrower and the peak

position is shifted to a higher frequendyigs. 1 and 2 The
104 increase in PL energy and efficiency could be indicative of a
W ' reduction and redistribution of sizes in the porous structure,

while the narrowing of the Raman peak is characteristic of an
increase in typical sizes. The absence of correlation between
the PL energy and the porous-Si nanoparticle size deter-
mined from Raman spectra has been already pointed out by
22 Lockwood et al*® This apparent contradiction can be ex-
plained by the following phenomenological model, which is
fully supported by our experimental results and observations:
1GPa We assume that within the porous material thin nanowires
and nanocrystallites with considerable size dispersion coex-
; . ,_atm.p. ist. We then attribute the Raman and PL spectra to different
400 600 800 classes of particles of different typical sizes. The estimation
of particle sizes was based on a line-shape analysis of Raman
spectra according to the spatial correlation mddeMano-

FIG. 2. Raman spectra measured during a pressure cycle on @I’tide sizes were obtained after the phase transformation of

sample of 90% porosity compressed to a maximum pressure of 20Jarge size crystalliteésee below. Nanocrystallites with typi-
GPa. cal sizes below 3 nm build a well-confined system and are
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nescence in the visible range.68 eV/740 nmhare particles
with sizes between 1.5 and 2 nm. Crystallites or clusters of
crystallites with sizes larger than 3 nm and material proper-
ties similar to those of bulk siliconc Si), have no effective
contribution to photoluminescence, but contribute effectively
to Raman scattering, since the Raman intensity increases
with increasing crystallite size. With increasing pressure, in-
terconnecting nanowires are probably broken. The size dis-
tribution of nanocrystallite§<<3 nm) is so changed and an
increase in the number of nanocrystallites or a decrease in
nanocrystallite sizes may occur. The PL blueshift in the low-
pressure range could be attributed, therefore, to either a size
or a pressure effect, or to the combination of both. Changes
in nanocrystal surface chemistry induced by the pressure
027 GPa transmitting medium can be ruled out, since the observed PL
blueshift on a 90% porosity sample compressed to a maxi-
L . 1 i mum pressure of 0.9 GP&ig. 3 is reversible though the
15 20 25 intensity enhancement is nonreversible. After the complete
Energy (eV) release of pressure, the PL intensity at ambient pressure was
FIG. 4. Photoluminescence spectra of 90% porous silicorenhanced by almost one order of magnitude compared to PL
samples recovered at atmospheric pressure after compression jitensity before compression, while the PL frequency was
12.8, 17.4, and 20.8 GPa. Comparison with a reference spectrupgestablished to its initial value. If surface reactions have
measured at ambient pressure before pressure increase, and with thgen place, they would have caused permanent energy
_most in_tense PL signal observed at 0.27 GPa in the direction O(f:hanges. This has been also pointed out by Chemnaag.,lg
increasing pressure. The sharp peaks at 2.38 and 1.78 eV and tgﬁhough in their high-pressure study on porous silicon using

structures superimposed to the spectra are interferences from ﬂﬁauid helium as the pressure medium only a red PL energy

?LETZZ?}S?V”S and the sapphire windows of the cell and from theshift has been observed due to the fact that no measure-

ments were done at ambient pressure or in the low-pressure
range (<0.5 GPa where the PL blueshift appears. We

responsible for the photoluminescence emission, while theig i te the PL blueshift at pressured GPa to a pressure-
Raman activity is relatively low. This assumption is in agree-genendent reversible deformation of electronic bands,

ment with the results of Schupplet al,’® that the optically  \yhile for the nonreversible PL intensity increase we assume
active structures in porous silicon responsible for the lumi-, permanent increase of nanoparticle density through
breaking of larger particles to particles with sizes comparable
' j ' ) ' ' o to the average typical nanoparticle size for this pressure
b) porosity: 90% range. Further increase in pressure between 1 and 12 GPa
o . _ results in a reduction in PL efficiend¥ig. 4 and shifts the
@ﬁ nﬁ photoluminescence from blue to réfligs. 5a) and 3b)].
LR & ] The pressure required for the reversal of the shift is lower
A than 2 GPa. The pressure coefficient of the red energy shift is
* similar to that of the indirect gap of crystalline silicon of
] —17 meV GPa.? In the same pressure range large crystal-
lites with low surface-to-volume ratio and the same orienta-
, ] tion form (probably clusters with larger typical sizes. With
] increasing size the Raman peak becomes narrower, ap-
a) porosity: 85%_' proaching a more “crystalline’(ordered structure. Above
12 GPa large crystallites and clusters retaining the properties
of bulk silicon undergo a phase transition from the crystal-
] line to a Raman-inefficient metallic phase. Consequently, the
. contribution of smaller crystallites to Raman scattering be-
L] | comes important, and the Raman peak is broadened while its
intensity decreases as the phase-transformed large particles
no longer contribute. The Raman spectra we detect at ambi-
ent pressure and their evolution with increasing pressure are
o 5 10 15 20 significantly different than those published by Zeman
et al®1° This is possibly due to the fact that our samples
(especially the highly porous samples of 85 and 90 % poros-
FIG. 5. Pressure dependence of the energy of the porous silicaiy) contain nanocrystallites with narrow size dispersion and
photoluminescence during the increddl symbolg and decrease Smaller typical sizes than those of the spectra presented in
(open symbolsof pressure for two different porositie&) 85% and  Refs. 9, 10 as is evident through a comparison of the relevant
(b) 90%. Different symbols correspond to different samples. Raman results. Our observation, that the photoluminescence
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persists above the pressure-induced transformation of largeence activity(Fig. 4) is observed during compression be-
particles at 12 GPa, is in agreement with the observations dfveen 18 and 21 GPa or after pressure release. This is a
Zeman et alX® However, our interpretation based on the strong evidence that the luminescence emission is related to
gradual evolution of Raman and PL bands between 12 anthe nanocrystallites present in porous silicon. A successive
18 GPa is that PL and RS can be assigned to different classégduction of the PL efficiency between atmospheric pressure
of particles(nanosize crystallites and crystallite clusters, re-and 14 GPa and a collapse of the photoluminescence inten-
spectively and, that the PL emission above 12 GPa can béity of porous silicon above 18 GPa has been also registered
explained through the phase transformation of nanocrystay Zemanet al,™ while Ryanet al.” and EmSJtA have quali-
lites at pressures higher than 12 GPa. Moreover, we obsenglively observed a continuous decrease in luminescence in-
that photoluminescence spectral changes are reversible f§Sity With pressure and complete quenching at high pres-
maximum pressuress12 GPa[Figs. §b), open symbolk sures|~17 GPa(Ref. § ~18 GPa(Ref. 14].

whi changes occutng ater compression to 17 Gea arg T0 SUTITATe, Remarscaterng and protominescence
irreversible[Fig. 5(a) open symbolkin consistency with the P b

: : . gous hydrostatic pressures up to 21 GPa for porosities be-
proposed transformation of nanosize crystallites at pressur Seen 55 and 90%. Above 55%, the Raman frequency in-

above 12 GPa. After release of pressure the PL intensity o ; X )

g 2. .Ccreases with pressure independently of porosity. Spectral
samples compressed up to 17.4 GPa is higher than the InItIgeratures of botr?l the Raman gnd PL b)zlinds Féthibityalmf))st the
values at ambient conditionig. 4) indicating permanent

changes in particle sizes. This “hysteresis effect” is ox.Same transition pressures. The PL band exhibits a blueshift

pected for nanocrystallites that have undergone compressia to =2 GPa followed by a redshift up t&12 GPa. The

: : . : served rates in the redshift of the PL energy are similar to
at high hydrostatic pressures. In addition, the PL signal 0%—Si rates. In the direction of decreasing pressure both the

samples recovered after compression (o 17.4 GPa is low aman and PL spectra recover their initial band shape, if the
than the signal after compression to 12.8 GPa, indicating that P Pe,

between 12.8 and 17.4 GPa a certain number of crystallite';n"’lxImurn pressure ach|¢ved is less _than 12 GPa. On the
gontrary, after compression to a maximum pressure of 18

has been gradually phase transformed and no longer contri pa, the spectral features of Raman bands indicate perma-

utes to the luminescence. Thus, reversibility of the pressur . .
dependence of the PL energy and intensity depends on t ent structural changes. The experimental results are inter-

maximum pressure achieved with an irreversibility thresholopre’[ecJ in terms of a porous material consisting of a variety of

found to be around 12 GPa. For irreversible paths and max'grystalhtes of different sizes. Nanocrystallites with dimen-

: : sions less than 3 nm are responsible for carrier localization
mum pressures slightly below 18 GPa, the PL endfgy. nd efficient photoluminescence, while larger size crystal-

not chan ring or r pr re rel WhiI?t . ; ;
S(@] does not change during or after pressure release, ites and clusters of crystallites contribute mainly to Raman

the intensity and band shape of the Raman spegig. 1) cattering. The phase-transition pressure increases with de-
confirm the occurrence of permanent structural changes. ThEaterng. phas np e
reasing crystallite sizes. In highly porous silicGr80%)

same observations regarding the reversibility of the proces e .
9 9 y b the phase transition is completed at almost 18 GPa resulting

have been made by ErfStand similar values have been in irreversibly diminishing Raman and luminescence activ-
reported. In porous silicon the phase transition is gradualljgy y 9

completed at pressures much higher than 12 GPa, since cr

tallites with different sizes transform at different pressures: alr:;r?gg:;?(le?ig’ agr?grdrT)(tJoﬁan?il#e:égr?crzlénsgtizls,isgz%(?i)rous
the smaller the crystallites, the higher the phase-trr:msitioﬁ2 9 P P

pressure. Our results are consistent with those published b licon are dominated by different size subsets of the nanoc-

Tolbertet al.’ for Si nanocrystals. The phase-transition pres- stallites present, an(b) t'he Iummescence. emission IS re-
sure of porous silicon depends obviously on porosity. Highlylateq to the nanometer sifec3 ””_‘) crystallites in evident
porous silicon(>80%) transforms at 18 GPa. Indicative of confirmation of the quantum-confinement model.

the phase transition is the change in color and transparency Dr. L. T. Canham is acknowledged for fruitful discussions
(the sample becomes totally opaque, almost blacid the and Professor P. M. Fauchet for his succinct suggestions re-
diminishing Raman and luminescence activity. For maxi-garding the experiment. G. Kaltsas is acknowledged for po-
mum pressures above 18 GRidter phase transformation of rous silicon sample preparation and Dr. S. Ursaki for gasket
all crystalliteg, no significant RamaiFig. 2) and lumines- readying.
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