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We have recorded bleaching bands in the nonlinear transmission spectra of porous silicon which
were obtained at different times after excitation with an ultrashort laser pulse. The increase

in transmission at discrete frequencies is explained by saturation of optical transitions between
size-quantization levels in the system of charge carriers which are spatially localized in
quasi-one-dimensional structures (quantum wires) and quasi-zero-dimensional structures (quantum
dots). The results of independent measurements performed with a transmission electron
microscope confirm that quantum wires and quantum dots with the corresponding sizes are present
in the samples. Carriers were observed to pass from the upper to the lower size-quantization
energy levels more slowly than intraband relaxation in a single crystal. © 1994 American Institute

of Physics.
1. INTRODUCTION

Silicon, which is widely employed in microelectronics,
has been attracting attention in recent years because of its
potential applications in optoelectronics—primarily the pos-
sibility of obtaining visible-range radiation at room tempera-
ture from a porous structure prepared from crystalline silicon
by electrochemical etching.! In spite of much experimenta-
tion, the nature of this luminescence is still not completely
understood. Essentially only two alternative mechanisms
have been proposed for the efficient luminescence of porous
silicon (PS): a) the displacement of the luminescence spec-
trum into the visible region and the high luminescence effi-
ciency are associated with a quantum-size effect (optical
transitions in nanometer size structures) and b) the lumines-
cence source is silicon compounds, for example, siloxane,
which are present on the extended surface of porous silicon.
The results of the latest experiments®>~’ apparently support
the quantum-size model, but a number of experiments still
cannot be satisfactorily explained. At the present time there
are virtually no data which would permit determining for
porous silicon the discrete energy spectrum associated with
size quantization. Lamentably, the linear optical absorption
spectra of porous silicon, which are shifted to shorter wave-
lengths than those of bulk silicon, have no features associ-
ated with the discrete energy spectrum of nanostructures.
This is also true of optical excitation and reflection spectra.
The absence of discrete structure in the spectra could be due
to inhomogeneous broadening of optical transitions as a re-
sult of large size dispersion and different shapes of the nano-
structures which comprise the porous silicon.

In the present work, we employed the method of pico-
second laser saturation spectroscopy to determine the energy
spectrum of samples of porous silicon.” The recorded in-
crease of transmission at discrete frequencies suggested that
the experimental samples of porous silicon contain two types
of nanostructures: quantum wires and quantum dots. This
was confirmed by additional measurements performed with a
transmission electron microscope. Analysis of the changes in
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the nonlinear transmission spectra of cooled (80 K) samples
of porous silicon as a function of time made it possible to
observe a transition from the upper to the lower size-
quantization levels which is slow compared to intraband car-
rier relaxation in bulk semiconductors.

2. EXPERIMENTAL RESULTS

We used free films of porous silicon, which make it pos-
sible to perform measurements in transmitted radiation. Stan-
dard low-resistance KES0.01 (111) silicon (n-type,
antimony-doped, resistivity 0.01 {)-cm) substrates were used
to prepare the films. The films were formed by anodic etch-
ing in a two-chamber teflon cell with platinum electrodes and
a transmission window for additional irradiation. An electro-
lyte, based on a 1:1 (by volume) solution of 49% hydrofluo-
ric acid in ethanol, was used. The anodization was conducted
in two stages: a) formation of a film in the dark during a
period of 30 min—current density of 7 mA/cm? and b) re-
moval of the film from the substrate—the current density
increased briefly to 100 mA/cm? under illumination by scat-
tered light from an incandescent lamp. The irradiation con-
ditions were chosen so as to reduce the scattering in the film
to a minimum and still obtain luminescence from the films.
The samples obtained consisted of 20—30 wm thick transpar-
ent plane-parallel films.

Besides nonlinear picosecond saturation spectroscopy,
we employed electron microscopy, Raman scattering (RS),
and photoluminescence (PL).

Images were obtained with a Philips CM30/STEM trans-
mission electron microscope operating at a voltage of 300
keV.

The Raman-scattering and photoluminescence spectra
were obtained with excitation by the 457.9 nm line of an
argon laser with a power density of 1-10 W/cm?. At these
power densities the thermal shift of the Raman-scattering
spectra was below the resolution of the spectral system em-
ployed for recording the spectra.

The photoluminescence and Raman scattering spectra of
the experimental porous-silicon film are displayed in Figs. 1
and 2. For comparison, the Raman-scattering spectrum of the
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FIG. 1. Luminescence spectra of a porous-silicon sample. The spectral reso-
lution is 2 nm.

initial substrate is also displayed in Fig. 2. The photolumi-
nescence spectrum has the standard form, as in most pub-
lished works (see, for example, Refs. 2 and 6). The maxi-
mum of the wide photoluminescence band lies near 660 nm.
The Raman-scattering spectrum of porous silicon is appre-
ciably broadened (the width is 11 cm™?) and shifted toward
lower frequencies (the maximum lies at 517 cm™!) compared
to the spectrum of the initial bulk silicon substrate (4.5 cm ™!
and 521 cm™}, respectively). We note that there is no contri-
bution from the amorphous phase (usually a wide band with
a maximum at 480 cm™!). Most authors associate the shift
and the broadening of the Raman-scattering spectrum of po-
rous silicon to size limitation of the phonons in the crystal-
line structural elements comprising the porous-silicon frame-
work. The magnitudes of the shift and the broadening are
related to one another and are determined by the sizes and
shape of the structural elements as well as the form of the
correlation function and the boundary conditions, whose
choice is not strictly determined.® Our results can be ex-
plained (see Ref. 10, Fig. 3) by assuming that the sample
contains both spherical particles 5-7 nm in diameter and
cylindrical fibers 2.0-2.5 nm in diameter.

No features indicating discrete optical transitions were
observed, even at liquid-nitrogen temperatures, in the shifted
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FIG. 2. Raman-scattering spectrum of a porous-silicon film (Z) and the

initial substrate (2). The spectral resolution is 2 cm ™.
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FIG. 3. Linear transmission spectra of a porous-silicon sample at 300 K (1)
and 80 K (2).

(toward shorter wavelengths compared to the transmission
spectra of bulk silicon) linear transmission spectra of the
experimental porous-silicon films (Fig. 3). The distances be-
tween the maxima in the interference structure (the faces of
the films are plane-parallel) made it possible to determine the
linear index of refraction of the porous-silicon samples:
ny=~1.9 (for bulk silicon n,~3.44 is found"").

We note that the linear transmission spectrum of cooled
porous-silicon samples (80 K) is shifted toward shorter
wavelengths compared to the 300 K spectrum (Fig. 3).
This shift can apparently be explained by the tempera-
ture-dependence of the band gap (in bulk silicon AE g
~0.03 eV 12,

To investigate the dynamics of nonlinear absorption, the
porous silicon samples were excited with ultrashort pulses
(USPs) of the second harmonic radiation of a Nd:YAG laser
(the pulse duration is about 20 ps and the photon energy is
2.33 eV) and probed with an ultrashort pulse of “white”
light at different times after the action of the pump pulse (an
optical delay line was employed). The differential transmis-
sion spectra were calculated from the measurements of the
nonlinear transmission:®

T(N)—Ty(M)
To(N) 7

where T(\) and Ty(\) are the transmission spectra of the
excited and unexcited sample. The measurements were per-
formed at both room and liquid-nitrogen temperatures.

Figures 4 and 5 display the DT(\) spectra for different
delays At between the ultrashort excitation and probe pulses
for sample temperatures of 300 K and 80 K. The distinctive
features of the DT(\) spectra is that they manifest discrete
structure which does not occur in the linear transmission
spectra. '

Three bleaching bands were recorded at room tempera-
ture in the differential transmission spectra DT(N\): A ;=760
m, \,=680 nm, and \;=570 nm. The A\, band vanished and
the amplitude of the A, and \, bands decreased considerably
30 ps after the USP.

The DT(\) spectra of cooled samples of porous silicon
(80 K) contained bleaching bands with maxima at the fol-

DT(\)= 1)

Gushchina et al. 995



TR | +
0.25/ \ \ /\

o 1 1 1 1 1 1
\ b
) \/\\/\//\
ot 1 Il h 1 Il 1
0.25 r'/ C
o L."‘T‘v——./\,/\ 1
520 60 680 760

FIG. 4. Differential transmission spectra of a porous-silicon sample (at 300
K) for different delays At between the ultrashort excitation and sounding
pulses: At=0 (a), 20 (b), and 27 ps (c).

lowing wavelengths: A{ =730 nm, ;=670 nm, A3=630 nm,
A4=590 nm, A5=565 nm.

The amplitudes of the A5, N3, and A5 bands decreased
monotonically as the delay between the ultrashort excitation
and sounding pulses increased. The amplitudes of the A; and
A4 bands with delay times At<10 ps increased and then
also decreased. All bleaching bands vanished almost com-
pletely after 30 psec.

The decrease in the number of bleaching bands at room
temperature can be attributed to thermal broadening and
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FIG. 5. Differential transmission spectra of a porous-silicon sample (at 80
K) with different delays At between the ultrashort excitation and sounding
pulses: At=0 (a), 10 (b), 13 (c), and 27 ps (d).
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merging of the A\ and A5 bands into the A3 band and of the
A and A3 bands into the \, band.

3. DISCUSSION OF THE EXPERIMENTAL RESULTS

The absence of discrete structure in the linear-
transmission spectra is probably explained by the strong in-
homogeneous broadening of the size-quantization levels as a
result of both the large spread of the sizes of the nanocrystals
and the transverse sizes of the thin filaments and the different
shapes of these structures. This broadening is probably
largely suppressed in the nonlinear transmission spectrum
because the carriers in structures of definite size are selec-
tively excited by the narrow-band pumping radiation. The
carriers are most efficiently excited in nanocrystals and fila-
ments whose transverse size is such that the energy of an
optical transition is close to the energy of a pump photon.
This effect was observed previously in Ref. 13 and analyzed
in Ref. 14. The features of the differential transmission spec-
tra (Figs. 4 and 5) can apparently be attributed to the satura-
tion of optical transitions in the system of carriers, which are
localized in quasi-one-dimensional and quasi-zero-
dimensional structures, under optical excitation.'

To estimate the energies of the optical transitions in po-
rous silicon, we assumed that the fibers are long parallelepi-
peds oriented in the [001] direction, which is assumed to be
the predominant direction during pore growth.!® The paral-
lelepipeds are assumed to have a square cross section with
faces perpendicular to the [110] and [110] directions.

To get an idea of the character of the optical transitions
in porous silicon, in Ref. 17 it was proposed to study the
projection of the band structure of the bulk material on the
one-dimensional Brillouin zone of a quantum wire. In this
case, two electronic valleys, lying in the [001] direction,
form an indirect minimum (with k=~0.47/a). Four elec-
tronic valleys are projected into the center of the Brillouin
zone and form a direct minimum.'®

In this case, the energies of the optical transitions can be
estimated according to the formula

h? 2, 2
E=E + Z;Lh(l)LZ(n1+n2)’ 2)
where E, is the band gap in ©bulk silicon;
Mpy=m°m h(l)/(m°+m2(l)) is the reduced mass of the carriers,
taking into account heavy (h) and light (1) holes; m°
=m{ mjj/(m{ +mf) is the reduced electron mass (m{=0.19m,
and m|‘|’=0.92m0 are, respectively, the transverse and longi-
tudinal electron masses.'!; L is the transverse size of a quan-
tum wire; and n; and n, are quantum numbers
(n1,=1,2,3,..).

The A\; and X\, bands in the 300 K differential transmis-
sion spectra DT(M\) can be explained by saturation of the
optical transitions between two lower size-quantization lev-
els E, and E!; in the quantum wires. Using the expression
(2) the transverse size of the wires was estimated from the
short-wavelength shift of the A, and A, bands relative to E,
to be 2.7-3.3 nm.

The positions of the A{ and \; bands in the T=80 K
differential transmission spectra can be explained by satura-
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tion of the optical transitions between two lower size-
quantization levels E%; and E}; in the quantum wires. The

transverse size of the wires in this case is 2.8—3.4 nm. The \3
transmission band probably also corresponds to the lower
optical transition E%,, but for wires with a transverse size of
2.5 nm. In this case, the transition energy E}; equals the
pump energy (2.33 eV).

It is clear from the foregoing discussion that wires with a
transverse size of 2.7-3.4 nm make the main contribution to
the optical nonlinearities. The reason for this is that appar-
ently the energy E,(ED,) of the third optical transition cor-
responding to this size is close to the energy of the laser
pump photon (fiw,=2.33 eV). It is because these energies are
so close that the interaction with the incident radiation is
highly efficient.
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FIG. 6. Image of the structure of different sections of a
porous-silicon film. The images were obtained with a
transmission electron microscope: a) thin filaments
(quantum wires) and b) nanocrystals (quantum dots).

The positions of the Ay and A5 bands in the spectrum
cannot be explained by saturation of the optical transitions
between the next size-quantization levels Ekl’g) and Eg(ll) of
quantum wires with transverse sizes of 2.5-3.0 nm. It is
natural to conjecture that these porous-silicon samples con-
tain, besides thin wires, nanocrystals (quantum dots). It can
then be conjectured that the \; and A\ bands are associated
with the saturation of the transitions between lower energy
levels of carriers located in the nanocrystals. In this case, the
energies of the optical transitions can be estimated (we ne-
glect the Coulomb interaction of the carriers and assume that
the nanocrystals are spherical) according to the formula'’

ﬁZ‘PZ
E;,=E =

+ 3, (3)
TR 2y R?
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where ¢, ,, is the nth root of a Bessel function of half-integer
order (I+1/2), [ is the angular momentum, )
=memﬂ(l)/(me+mﬂ(l)) is the reduced mass, and R is the aver-
age radius of the quantum dots. The average radius of the
nanocrystals in this case is 2.0 nm.

The existence of both types of nanostructures was con-
firmed by independent measurements performed with a
transmission electron microscope. Figures 6a and b display
images of different parts of the experimental porous-silicon
film. These images were obtained with the electron beam
transmitted perpendicularly through the surface of the film
(the initial substrate was oriented in the (111) direction).
Naturally, an image can be obtained only at the edges of the
films (in the region of thin slices). The structure of the
porous-silicon sample is similar to a sponge consisting of
thin filaments and small particles of different shape and sub-
stantial size variation. The filaments are oriented in different
directions and their transverse sizes range from 2 to 10 nm.
The spread in the sizes of the small particles is approxi-
mately the same as for the filaments.

As noted above, the amplitude of the \] and \; bleach-
ing bands in the cooled (80 K) porous-silicon samples in-
creases as the delay between the pump and sounding pulses
increases up to 10 ps. It is natural to associate the increase of
bleaching to an increase of the population of the lower size-
quantization levels of quantum wires and quantum dots as a
result of carrier-relaxation from the upper size-quantization
energy levels. This relaxation process is slower than intra-
band relaxation in bulk silicon. The slowing down of the
relaxation in quasi-one-dimensional and quasi-zero-
dimensional structures could be one reason why the
radiative-recombination efficiency decreases.?’ The decrease
in the amplitude of the transmission bands was apparently
determined by carrier recombination.

The imaginary part of the Kerr nonlinear cubic suscep-
tibility in the spectral range A=680-730 nm (region of the
absorption edge) can be estimated from the obtained experi-
mental data. In the case of relatively low carrier densities N,
when higher-order nonlinear susceptibilities can be ne-
glected, this quantity can be estimated from the expression

czn(z) Tap(w)Aa(w)
hoN ? @)

Im X®()= 7=

where 7is the characteristic carrier lifetime and Aa(w) is the
change in the absorption. Substituting the measured values of
Aa(w) and 7, we obtain Imy®~0.2-107% cgs (300 K) and
Im)((3)'~“~0.7-10_8 cgs (80 K). Therefore, the nonlinear sus-
ceptibility of porous silicon is higher than that of nanocrys-
talline materials with close relaxation times?! but much
lower than the resonance nonlinear susceptibilities of bulk
direct-band semiconductors.”” This latter circumstance is as-
sociated with the low content of the porous structure and
relaxation times substantially lower than those of the bulk
semiconductors. Moreover, apparently, the inhomogeneous
broadening of the energy levels has a considerable effect: As
a result of this homogeneous broadening, only a small frac-
tion of the nanostructures participates in the formation of the
nonlinear-optical response.
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In conclusion, we note that picosecond laser saturation
spectroscopy allowed us to record saturation of discrete op-
tical transitions in porous silicon and to determine the size-
quantization energy spectrum of two types of nanostructures:
nanocrystals (quantum dots) and thin filaments (quantum
wire). The quantum character of the optical transitions is
confirmed by the observed slowing down of the relaxation of
the energy of the photoexcited carriers in porous silicon
compared to intraband relaxation in a bulk semiconductor. In
addition, we were able to observe the existence of both types
of nanostructures with the corresponding sizes in the experi-
mental samples of porous silicon by performing measure-
ments with a transmission electron microscope. The obtained
high values of the rapidly relaxing nonlinear cubic suscepti-
bility of porous crystal show that such crystals are promising
for optical switching.
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UThe discrete nonlinear-transmission spectrum of porous silicon was dis-
covered by Dneprovskii et al.,® who explained it by saturation of optical
transitions between size-quantization levels in quasi-one-dimensional
structures.
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