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The result of a combined study of the absorption and photoluminescence (PL) from high-optical-
quality free-standing porous Si films is presented. These films, which have a scattering loss less than
10%, allow unambiguous, detailed study of the system’s absorption edge and, in addition enable us to
correlate the absorption and emission behavior on the same sample. H-ion scattering and H forward
recoil data are used to accurately determine the bulk equivalent thickness to allow extraction of the ab-
sorption coefficient. X-ray diffraction, in conjunction with transmission electron microscopy, are uti-
lized to measure the lattice constant and to confirm the crystalline nature of the structure. The com-
bined photoluminescence and absorption studies are used to examine the relative energy shift of the
luminescence peak with respect to that of the absorption edge. It is shown that the absorption begins
coincident in energy with the photoluminescence peak, rising smoothly over a range of 1-2 eV. More
importantly, the absorption is very weak in the region of the PL in comparison to a direct-gap semicon-
ductor, indicative of the intrinsically weak oscillator strength. An effective-mass-based model for an en-
semble of Si nanocrystallites is compared to the experimental results. Phonon-assisted transitions dom-
inate the optical processes. The results support the picture that the absorption derives primarily from
the interior states of nanocrystalline Si particles of characteristic dimension below 100 A. The dynamics
of the photoluminescence are reexamined and found to be consistent either with recombination between
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interior electron and hole states, of the Si nanocrystallites, or involving shallow trap states.

I. INTRODUCTION

The observation of visible luminescence with a few per-
cent quantum efficiency at room temperature from
porous Si (PS) (Ref. 1) prompted renewed hope for the
possible development of Si-based light-emitted devices.
The question of whether the material offers realistic po-
tential for such an electronically injected emission device,
however, cannot be answered without a thorough under-
standing of the band structure and the luminescence
mechanism of this material. Of the several luminescence
schemes that have been proposed to date, the quantum
confined Si-nanocluster model appears to be the most
consistent based on two sets of experiments that
effectively rule out siloxene hypothesis.>® Experiments
showing signatures of Si phonons have provided evidence
that the luminescence involves regions of nanocrystalline
Si.*® In addition, recent photoluminescence (PL) with
characteristics similar to those of porous Si have been ob-
served from artificially synthesized Si nanoclusters.®’

Despite these experimental results, controversies still
exist. Models of luminescence from hydride Si (Ref. 8)
and from an amorphous phase Si (Ref. 9) that are backed
by self-consistent experimental evidence have been pro-
posed. Questions naturally arise from such controversies
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as to whether there is more than one luminescence mech-
anism, or if some of the experimental results are subject
to alternative interpretations. The fact that the lumines-
cence process probes mainly relaxed energy states and is
subject to strong influence from nonradiative recombina-
tion paths is one of the major reasons for the confusion.
It has become more apparent that in order to obtain a
clear understanding of the band structure of porous Si,
absorption properties that relate directly to the oscillator
strength will have to be studied in conjunction with
luminescence. Understanding this correlation is also
quite important for evaluating recent proposals for the
role of trap states in the luminescence process. '

Here we report the results of combined direct absorp-
tion and luminescence studies in an effort to probe the en-
ergy band structure as well as the luminescence mecha-
nism. The present samples are free-standing PS films
with the good optical quality (scattering loss less than
10%) which exhibit visible photoluminescence upon UV
excitation. The bulk equivalent thickness and the density
of the films are determined by the combination of H-ion
scattering, H forward recoil, and cross-sectional scanning
electron microscopy (XSEM). X-ray diffraction is used in
conjunction with transmission electron microscopy to
measure the lattice constant and to determine if the
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structures are crystalline. Combined photoluminescence
and absorption measurements are used to examine the
relative energy shift of the luminescence peak with
respect to that of the absorption edge.

Direct absorption experiments on PS have been report-
ed in the literature.!°~ !> However, the combination of
absorption and photoluminescence measurements here al-
low examination of the correlation between the two on
samples of high optical uniformity. This increases the
probability that the observed absorption and lumines-
cence are indeed from the same microstructures. We dis-
cuss the degree to which the nanocrystallite model can
coherently explain the available data and explore the
ramifications of this picture. Despite the complexity of
the luminescence dynamics, which may well be due to the
role of shallow traps,' this model is a consistent frame-
work to describe the optical properties of porous Si. On
this basis, we can foresee potential, fundamental limita-
tions on the application of porous Si for optoelectronic
applications.

II. EXPERIMENTS

The PS samples were prepared from Si(100) wafers
with p-type doping of 0.08-0.1 Qcm resistivity. The
wafer is placed in an electrochemical cell with a portion
of the polished surface exposed to the electrolyte of 20
wt.% HF (mixture of three portions of methyl alcohol
with two portions of concentrated, 50 wt.%, HF). The
Si wafer was biased as the anode and a Pt electrode was
used as the cathode. At the end of the porous film forma-
tion, the anodization current density was quickly in-
creased to 300 mA/cm? and the reaction turned into elec-
trochemical polishing which separated the PS film from
the substrate. All the samples were fabricated in the
dark. We are only able to find a fairly narrow parameter
window for the fabrication. Outside this window, the
films either break up into thin shreds upon drying, or
have extremely low luminescence yield. This is the main
reason why we could not get transparent films with
higher quantum efficiency (as will be seen later). Details
of the preparation and physical properties of the films are
given in Table I. The films show an amber color as
prepared, and are very transparent to the eye. The films
do break up upon separation from the substrate, and the
typical sizes are on the order of 1 cm?.

The absorption measurements were performed on a
HP8452A diode array spectrophotometer. In order to
deduce the physically meaningful absorption coefficient a
from the absorption data, the bulk equivalent thickness
of the PS film needs to be determined accurately. The
combination of H-ion scattering and H forward recoil

TABLE 1. Parameters characterizing the two samples dis-
cussed in this paper: anodization current density J; anodization
time ¢; film thickness dj; effective film thickness d.g; and fraction
of Si in film f.

J t d dogr
Sample mA/cm? min um um f
1 10 30 18.3 5.5 0.30
2 20 7 7.9 2.1 0.27
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were used to measure the sheet density of Si in the PS
samples and, hence, yield the fraction f of the sample oc-
cupied by Si. The reason that a H forward recoil experi-
ment is needed is that as-fabricated samples contain up to
30% H which, if not included, can cause a significant
misinterpretation of the Si sheet density. The H-ion
scattering experiment was done using 1.4 MeV H ions in
place of He ions in an otherwise conventional Rutherford
backscattering setup. The increased penetration depth of
H ions over that of He ions enables measurements at
these large sample thicknesses.

The luminescence properties of these PS films were
studied using both steady-state as well as temporally and
spatially resolved emission techniques. The steady-state
PL measurements at 300 K were performed on a SPEX
Flourolog spectrometer with a Hg arc lamp as the excita-
tion source and a photon-counting photomultiplier tube
as the detector. Both the excitation and the emission
spectrometers in this instrument are 0.5 m with 1200
line/mm gratings. All data were corrected to compen-
sate for the spectrometer response. The excitation wave-
length was 350 nm for the steady-state PL studies. For
temperature-dependent data, the films were mounted be-
tween single-crystal sapphire flats in an Air Products
continuous-flow liquid-helium cryostat that was equipped
with variable temperature electronics. The time-resolved
emission data were taken using a Continuum model
RGAS500 Nd YAG regenerative amplifier as an excitation
source. The laser’s output pulses were 60 ps in duration
at 1064 nm. The amplifier output was frequency tripled
using a 3 barium borate crystal, attenuated and focused
to a 1 mm spot on the film. The broad emission was col-
lected and imaged through a 0.25-m monochrometer
onto a fast photomultiplier tube. The system time resolu-
tion was 10 ns with a 6-nm spectral bandpass. The tran-
sients were averaged on a LeCroy 7200, 500 MHz, pre-
cision digital oscilloscope. The spatially resolved PL
(SRPL) (Ref. 14) scans were taken by pumping the sam-
ple with a 514-nm argon laser beam focused to a 1-um
spot. The spot is raster scanned over a 250X200 um?
field. Broadband luminescence is collected at wave-
lengths longer than 700 nm, and detected by a Ge photo-
diode. Signals are then digitized and displayed on a video
monitor. Scans were taken in both plan and edge views.

X-ray diffraction was utilized to determine whether the
PS samples are crystalline. The x-ray analysis was done
on a 12 kW rotating anode generator equipped with a
triple-axis goniometer monochromator in single-crystal
geometry with a resolution of 103 A ~!. Transmission
electron microscopy (TEM) was used in conjunction with
the x-ray diffraction to examine the microstructure of the
PS samples. The TEM analysis was carried out using the
free-standing films without further sample preparation.
Both the phase-contrast image and the diffraction pattern
were taken with the electron beam penetrating the thin
portion at the edges of a tilted PS film.

A majority of the analyses were performed within
hours of the sample preparation to minimize oxidation.
One noticeable exception was the TEM analysis, which
was done after the sample was exposed to air for about a
month. This point should be kept in mind when inter-
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preting the TEM result, in which an oxide layer appeared
to exist, especially in the discussion section.

III. THEORETICAL MODEL
We consider the predictions of the nanocrystallite
model for porous Si which is modeled by an ensemble of
nanocrystallites or quantum dots. In general terms, ab-
sorption and emission will take place both through pseu-
J

87’

£ (w) 55N 3 {IpAI*8(E, +E, +E, —#iw)+ 3 |p

m,w eh Aq

where N, is the density of crystallites in the sample. The
labels e,h index the low-lying empty and occupied states
of the crystallite, which have energies E, , relative to the
respective bulk band edges. The bulk band gap is E,.
The zero-phonon or pseudodirect transitions are de-
scribed by the matrix element p!!’ which includes the
selection rules. The phonon degrees of freedom are in-
dexed by Aq and the second-order matrix element p.;),
must include the relevant electron-phonon coupling. At
finite temperature, there is both a phonon emission and a
phonon absorption term, governed by the phonon occu-
pancy n,,.

To analyze the absorption and emission, we adopt an
effective-mass model to represent the electron valleys in
Si, located along the x, y, and z orientations in momen-
tum space, near the zone edges, as well as the hole states
near the zone center. The crystallites are modeled by
near-cubic quantum boxes with faces of (001) symmetry.
This assumed shape should not alter our general con-
clusions, but does simplify the analysis. The quantum
boxes are generally terminated by hydride or oxide which
we model by a finite barrier for electrons or holes. De-
tails of the model and calculations are given in the Ap-
pendix. It is difficult to quantify the limitations, but one
in general expects that such an effective-mass model will
lose accuracy as the length scale becomes as small as
15-20 A. The model does provide a reliable, semiquanti-
tative guide.

The ensemble of crystallites is described by a size dis-
tribution

—(L—Ly)?/8L2

P(L)xLZ% )

The expected size distribution is often analyzed on the
basis of the photoluminescence spectrum. However,
given the rather low efficiencies observed in the lumines-
cence, this could be misleading. The goal is to compare
the luminescence and absorption for the same distribu-
tion. Usually, the efficiency is given by the ratio
Wiaa/(Wea+ W, ). Given uncertainties about the
mechanism for the time domain decay of the lumines-
cence, we adopt a simpler model to get the radiative frac-
tion. If there is, on average, one fast trap per unit volume
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dodirect terms, allowed because the finite size of the crys-
tallites breaks the bulk-crystal momentum selection rule,
and also through the usual phonon-assisted processes. A
unified model including both contributions in an
effective-mass approach has been given.!

The imaginary part of the dielectric function, which
describes the light-induced electronic transitions in a
homogeneous array of crystallites has several terms:

(2) lz
eh,Aq

[14n,)8(E, +E, +E, + o, — o)

tny,8(E, +E, +E; —fiw,g—fiw)] | , (1

l
L}, then the probability that a given crystallite of volume
L* will have no traps, and hence radiate, is simply given
by Poisson statistics
—L*/L]

P (L)=e (3)

From this model, the optical properties of the ensemble
can be calculated as an average and the luminescence
spectrum as a function of energy can be obtained. Since
we consider T =300 K, subtleties associated with the
low-energy exciton manifold are not important, and the
details, which can lead to the very slow luminescence at
low temperature,* can be ignored. The phonon-assisted
transitions dominate in the energy range of the red emis-
sion seen in the present samples, as discussed in detail
elsewhere.!”

In order to compare with the data, the dielectric-
function characteristic of the crystallites must be related
to a macroscopic dielectric function €,,. This depends on
the porosity, or relative fraction f of the sample occupied
by crystallites. We use the effective medium theory de-
scribed by Bottcher and Bordewijk,'® assuming that the
balance of the sample is vacuum. Then the relationship
used is just

Emhlz e—1
3e 2g,, +e

(4)

m

The local field inside a crystallite differs substantially
from the average, macroscopic field. Near the threshold
g <<¢', so it is straightforward to correct the absorption
and emission. This introduces a local-field correction fac-
tor for both the calculated absorption, and the spontane-
ous emission rate:

A (@)=—"=F (g€, )fe" (@), (5a)
n,c
: 1ol
W (w)=n, Flee,) >0l Peh (5b)

Zo—
3 ﬁc m(z)(:2

Here, the spontaneous emission rate is indicated for a
particular recombination channel, which may or may not
involve phonons. Expressions for the matrix element,



49 ABSORPTION AND LUMINESCENCE STUDIES OF FREE- . ..

Porous Si Transmission Spectrum
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FIG. 1. Transmittance versus photon energy for sample 2 at
300K.

pYf, in different cases appear in the Appendix. The cal-
culated absorption coefficients and radiative recombina-
tion times presented here include the local field factor
based on €'(w) for bulk Si and the measured fraction f.
The factor F takes values in the range 0.2-0.3 for
f=0.25-0.30 appropriate to many porous Si samples.
Note that the effective absorption presented experimen-
tally corresponds to dividing out f in Eq. (5a), which is
also done for the calculated absorption.

IV. RESULTS

Figure 1 illustrates the high optical quality of the films
studied. There is very low optical loss due to minimal
scattering in the film. Aside from the fact that the ab-
sorption edge is noticeably blueshifted from that of bulk
Si, the important feature to notice in Fig. 1 is that the
transmittance is over 90% at the long-wavelength end of

®
20 um

FIG. 2. Spatially resolved photoluminescence (SRPL) scans
of sample 1, (a) surface scan, and (b) edge scan.
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POROUS
Si

(b)

20 um
FIG. 3. Spatially resolved photoluminescence (SRPL) scans

of a typical porous Si sample which is to lifted off from the sub-
strate; (a) surface scan and (b) edge scan.

the spectrum which puts the upper limit on the combined
scattering and reflection loss at less than 10%.

In addition to the low scattering loss, the films are very
uniform to the eye when viewed in transmission. Since
uniformity is such an important issue when interpreting
the result of a combined study using various experimental
techniques, we utilize SRPL to examine the uniformity of
the luminescence relative to the transmission measure-
ments. The SRPL results of sample 1 are presented in
Fig. 2 with the surface and edge scans shown in Figs. 2(a)
and 2(b), respectively. Aside from some debris, both
scans show that the luminescence is very uniform
throughout the volume of the porous Si film. In compar-
ison, the same surface and edge scans of a more typical
porous Si film (not lifted off from the substrate in this

T T
BULK Si -

POROUS Si

(x50) H
aps. =5.4372A

N ag; =5.4307A ]
£ =0.12%
[ ¢c 21000 A

INTENSITY (arb. units)

L 1 1 v
61.4 61.5 61.6 61.7 61.8 61.9 62.0
26 (degree)
FIG. 4. X-ray 6-20 scan of sample 1. A scan of the Si sub-
strate from which sample 1 is prepared is also shown for refer-
ence.
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case) are shown in Figs. 3(a) and 3(b). Figure 3(a) shows
an extremely nonuniform luminescence under the surface
scan. For the edge scan, Fig. 3(b) shows that most of the
emission originates within the top 3—5 um of the PS lay-
er. SRPL images similar to those in Fig. 3 are quite typi-
cal among PS samples prepared with various recipes.!” It
is clear that a combined study of a nonuniform sample
with a variety of experimental techniques could lead to
erroneous conclusions if the nonuniformity is not taken
into consideration. By the same token, the observed uni-
formity in the present samples gives confidence that the
various techniques we use to examine the PS films are
most likely to be probing the same microscopic mecha-
nism that is related to the light emission.

With the above points in mind, we examined the crys-
tallinity of the films. Figure 4 shows the x-ray 6-260
scans of sample 1. There are two important features to
notice: the position and the full width at half maximum
(FWHM) of the sample 1 peak relative to that of the bulk
Si crystal. From the peak position shift, a lattice dilation
of =0.12% in the direction perpendicular to the sample
surface is obtained. The 0.12% strain, however, is too
small to make any significant contribution to the position
of the energy levels. From the FWHM of the porous Si
peak, we obtain a correlation length of =1000 A, a num-
ber that is too large to account for the blueshift of the ab-
sorption edge of the films. This discrepancy is resolved
using TEM as shown below.

Figure 5 is the phase-contrast TEM micrograph of
sample 1 with the inset showmg the restricted beam
diffraction. No clusters with size larger than 100 A are
observed. The average size is around 60 A. The
diffraction pattern shows that these nanoclusters are Si
crystallites with long-range coherency (single crystal
versus polycrystal diffraction patterns). The coherency

range is given by the sampling volume of the electron

beam which is composed of an area of ~400X400 A in
cross section, and a sample thickness of ~600 A. This
result agrees qualitatively with the 1000- A x- ray correla-
tion length.

The bulk equivalent thicknesses and the densities of the
films are measured with a combination of H forward
recoil, H-ion scattering, and XSEM. The result shows
that sample 1 has a bulk equivalent thickness of 5.5 um
and a density of 30% of bulk Si; the corresponding values
for sample 2 are 2.1 um and 27%.

The measured density is closely related to the dielectric
properties of the porous Si film. The Fabry-Perot oscilla-
tions in the spectrum shown in Fig. 1 can be used to
deduce the effective index of refraction of the film. For
sample 2, for example, the physical thickness of the film
is 7.9 pm, and we obtain n =1.6%0.2 for A in the range
~7200 A to A~8000 A. This can be compared to the
macroscopic refractive index calculated from the effective
medium theory, Eq. (4). For A=800 nm, &¢'=13.5 for
bulk Si.!® Using f =0.27 for sample 2, this implies
n, =1.51, in very good agreement with the value in-
ferred from the interference oscillations.

The PL spectra for our samples (Fig. 6) are very similar
in shape to those found in the literature. The peaks are
somewhat to the red of those frequently reported. We
have also measured the quantum efficiency of sample 1.
The result is =0.13%, about one order of magnitude
lower than the commonly quoted value of a few percent.

The quantitative measurement of the bulk equivalent
thickness enables us to deduce the bulk equivalent ab-
sorption coefficient. The bulk equivalent absorption
coefficient relates closely to the absorption mechanism
and is a better measurement of the oscillator strength
than the apparent absorption coefficient. The cluster-size
distribution would have to be known before a cluster-
size-dependent absorption coefficient could be deduced.

FIG. S. Phase-contrast
transmission electron micro-
graph of sample 1. The inset

shows the diffraction pattern ob-
tained when the beam is restrict-
ed to the thin portion of the
sample, and its axis is rotated
with respect to the micrograph
as the result of the electron mi-
croscope “lens twist.”
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FIG. 6. Photoluminescence and absorption coefficient for
samples 1 and 2 measured at 300 K. The excitation wavelength
for the photoluminescence is 350 nm.

Figure 6 shows the bulk equivalent absorption data (Fig.
1 replotted on energy axis) for samples 1 and 2. Also
plotted is the absorption coefficient for bulk Si.'* The
high-energy plateau in the absorption curves is unphysi-
cal, representing the region where the transmitted light
intensity fell below the detector limit of the diode array
spectrometer. To facilitate the quantitative discussion of
the energy shift in absorption, we arbitrarily draw a hor-
izontal line at @=0.4 um ™! and the intersections of this
line with the absorption curves (as marked by the arrows)
are used to measure the energy shift. Both the PL peak
position and the absorption edge are blueshifted by =400
meV from that of bulk Si. This result qualitatively agrees
with the quantum-confined Si cluster model in which
luminescence is band to band or through localized states
close to band edges. The fact that both the PL peak posi-
tion and the absorption edge of sample 2 (higher porosity)
are further blueshifted from that of sample 1 lends added

10x10°2

8x102
6x102 |

W 4x102 |

2x102 |

E (eV)

FIG. 7. Calculated imaginary part of the dielectric function
as a function of energy for Si nanocrystallite of dimension 30 A
(dash-dotted line), 40 A (dashed line) and 60 A (solid line). The
curves include a broadening with a 0.08-eV Gaussian, full width
at half maximum.
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support to this model, and agrees with the observation by
Kanemitsu, Uto, and Masumoto.!> In addition to the
blueshift of both the PL and the absorption edge, it is im-
portant to notice that the absorption coefficient at the PL
peak position is small but nonzero. The absorption rises
smoothly and there is no absorption threshold at energies
above the PL peak position. The shape of the absorption
curves fits well to an exponential, being quite close to a
straight line on a semilogarithmic plot. This is similar to
the results from photothermal displacement spectrosco-
py, consistent with band-tail-type absorption.'® The
characteristic energy scale depends on the sample and the
degree of blueshift, but is generally around 0.3 eV.

The calculated crystallite size dependence of the opti-
cal response is illustrated in Fig. 7. The imaginary part
of the dielectric function is shown for essentially a single
size of crystallite in each case. The calculation is done
for a dense set of crystallites, e.g., N.=1/Q in Eq. (1)
where (Q is the crystallite volume. The crystallites are cu-
bic with a Gaussian distribution of size L which allows
only for t1-A variations. For the smallest size 30 A,
there is clear evidence for some of the discrete transitions
expected from the confinement. As the size is increased,
the curves systematically redshift, and become smoother.
The large size limit reproduces the bulk response (Appen-
dix). The signatures of the quantization due to finite size
are the shift in threshold and the smaller overall magni-
tude as compared to the bulk limit. This also comes
about from the discrete energy levels caused by
confinement. The joint density of states in the low-energy
range is reduced, or more correctly, has been shifted to
higher energy.

We do not get an explicit size distribution from the ex-
perimental data. However, it is very interesting to see the
predictions of a simple, plausible distribution. Using the
model described by Egs. (2) and (3) in Sec. III, the ab-
sorption and PL have been calculated for two different
distributions designed to roughly reproduce the experi-
mental situation for the two samples. The results are

PL (arb units)
(,.wo) ()0

FIG. 8. Calculated effective absorption and luminescence as
a function of energy for 2 Gaussian ensembles of Si nanocrystal-
lite described in the text: average size of 34 A (solid lines) and
41 A (dashed lines).



5392 Y. H. XIE et al. 49

shown inoFig‘ 8. The solid line is for the case L,=41 A,
8L=11 A, and L,=20 A with £=0.30. This yields a
peak in the luminescence near 1.45 eV and an efficiency
of about 0.5%. The calculated absorption near 2 eV is
approximately 1600 cn}’_l. The dashed line corresponds
to Lo=34 A, 8L=8 A, and L,=18 A with f=0.25.
The calculated absorption near 2 eV is reduced to about
1000 cm~!. The peak in the luminescence shifts upward
by about 0.1 eV and the absorption curve also shifts to
the blue. About half of the apparent blueshift of the ab-
sorption curve traces to the change in the local field fac-
tor Fin Eq. (5a) according to the reduced density of crys-
tallites, f. In both cases, the absorption smoothly rises
from the region of the luminescence, with no significant
features in the spectrum, and is close to the magnitude
observed in Fig. 6 for E =2 eV. The present choice of a
Gaussian size distribution does not reproduce the ob-
served exponential shape of the absorption. The calculat-
ed absorption is too small by about a factor of 2 at
E =1.5 eV. A different distribution, e.g., a simple ex-
ponential, which includes a tail with more larger scale
crystallites can give more absorption at lower energy.

In the present model, the small luminescence efficiency
implies that only a small fraction of the distribution can
emit, according to Eq. (3). This is illustrated in Fig. 9
where it is seen that the emitting particles are only those
in the extreme small size tail of the distribution. Thus, in
this model, the luminescence lineshape on the blue side is
related to the size distribution, and the luminescence
lineshape on the red side is determined by the assump-
tions concerning the radiative fraction of the Si nanoclus-
ters.

The temperature dependence of the PL of sample 1 is
shown in Fig. 10. Figure 10(a) shows the PL spectra at
10 and 295 K, and Fig. 10(b) shows the detailed tempera-
ture dependence of the intensity at four wavelength win-
dows on the PL spectrum. The temperature change
causes the intensity, but not the spectral shape, to vary.
The intensity increases with decreasing temperature, and

05 r

Probability

0.0

L (A)

FIG. 9. The size distribution for an ensemble of crystallites
of average size 41 A following Eq. (2), normalized to number
per 10 A (solid circles) and the probability of radiating for
L.=20 A, following Eq. (3) (line).
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FIG. 10. (a) Photoluminescence spectra of sample 1 at 295
and 10 K. (b) The temperature dependence of the photo-
luminescence intensity at 1.43, 1.50, 1.65, and 1.84 eV of the
spectrum.
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FIG. 11. The measured decay time at 700 nm (1.77 eV) is
shown versus inverse sample temperature for sample 1. The in-
set shows the same data on a logarithmic scale.
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FIG. 12. The measured luminescence decay times are plotted
as a function of the blueshift (in eV) for sample 1. The data are
shown for T =8 K (solid circles), T =130 K (solid squares), and
T =300 K (solid triangles). The solid line is the calculated radi-
ative time due to TO-phonon-assisted transitions at 7 =300 K
for nearly cubic crystallites with f =0.30.

levels off at =50 K. The integrated intensity increases by
approximately a factor of 10 when the temperature is
lowered from 295 to 10 K. The intensity increase is ac-
companied by about a factor-of-10 decrease in PL decay
time, as shown in Fig. 11. We adopt an average method"
to define a single characteristic time for these generally
nonexponential decays'*?°

= [dt 1(1)/1(t=0) . (©6)
0

The implications of the temperature dependence in Fig.
11 for the radiative versus nonradiative channels is dis-
cussed below.

For comparison, the radiative rates have been calculat-
ed, using Eq. (5b). For the present size range, the TO-
phonon-assisted channel dominates'® and yields radiative
decay times in the 10—100 us range. One should be cau-
tioned that the fine structure in the exciton manifold has
not been considered. Therefore, the possibility of slow
channels has not been explicitly included.* The experi-
mental decay times for several temperatures are com-
pared to the calculated radiative times?! in Fig. 12. The
decay times are from narrow spectra windows, and the
horizontal axis is the blueshift relative to the bulk band
gap, Ep -E;. The agreement between the calculated ra-
diative times, and the measured decay times at room tem-
perature, is not significant. The latter include parallel
nonradiative channels. The situation will be discussed
below, but one should note the order-of-magnitude agree-
ment, as well as the general similarity in the shapes of the
curves.

V. DISCUSSION

From the combined studies of optical transmission,
SRPL, x ray, and TEM, it is clear that the samples used
in this work are composed of an ensemble of Si crystal-

lites with maximum diameter in the range of ~60 A. In
addition, the structure and the optical properties are very
uniform throughout the film, which makes this type of
film ideal for carrying out combined studies with various
experimental techniques. These observations show that
the luminescence and the absorption properties are inti-
mately related to the nanometer-size Si clusters. Howev-
er, because the luminescence efficiency is much less than
unity, no conclusion can be made as to the detailed
luminescence mechanism involved, e.g., within the crys-
tallite, at the surface, or some minority species such as
SiH,. For example, it is difficult to determine quantita-
tively the amount of the noncrystalline material present.
However, the combined data and model do form a
coherent picture based on the model of nanometer-scale
Si crystallites.

The model calculation accounts accurately for the
magnitude of the absorption with a plausible size distri-
bution, oi.e., with diameters of the crystallites around
40-50 A, plus a thin oxide coating as the sample had
been exposed to air for about a month before the TEM
study. Furthermore, the blueshift of the absorption be-
tween the two samples is indicative of a shift of the entire
distribution of crystallites to smaller size. The fact that
the absorption coefficient rises smoothly with photon en-
ergy (without sharp features) and that the absorption
coefficient is small but not zero at the emission peak, is
also consistent with emission by the lowest states in the
absorbing species. However, the small luminescence
efficiency implies emission by a small fraction of the dis-
tribution, as illustrated in Fig. 9. This requires most of
the crystallites to be dark, e.g., contain defects which lead
to rapid nonradiative recombination of the carriers.

The small absorption coefficient at the PL peak energy
implies, in this picture, that the oscillator strength associ-
ated with the light-emitting states is small. The data on
the time decay of the luminescence also contain informa-
tion on the oscillator strength, or can at least be used to
set some bounds. In simple terms, the measured
10-100 pus range at room temperature sets an upper
bound on the oscillator strength. Thus, it must be several
orders of magnitude smaller than for a conventional
dipole-allowed transition (typical radiative decay time of
order nanoseconds), e.g., in GaAs material.

The measured decay rate is, of course, the sum of the
radiative and parallel nonradiative channels. The temper-
ature dependence of the efficiency places some bounds on
the nonradiative fraction, at least that which is strongly
sensitive to temperature (the usual assumption). We find
that the decay time and intensity have correlated depen-
dence on temperature, with the saturation of both occur-
ring for T <50 K. They also exhibit an overall change of
about the same factor, five to ten depending on emission
energy. Thus, in a conventional picture of the dynamics
of photoluminescence, the low-temperature decay times
should be representative of the radiative decay times.

Returning to consider Fig. 12, the correct comparison
to the model, in this interpretation, is between the solid
circles and the solid line. The model predicts an approxi-
mate AE ~3/2 dependence for the phonon-assisted transi-
tions. This traces to the matrix element for phonon-
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assisted transitions in Eq. (A1lb) of the Appendix, the
square of which has a net inverse crystallite volume
dependence. Physically, the phonon-assisted transitions
are faster for more localized electrons and holes. This
shape is in reasonable agreement with the present data,
although the calculations suggest a rate that is about five
times faster than measured low-temperature decay rates.

To summarize, the basic nanocrystallite model yields
the following picture. The red emission is ascribed to ra-
diative recombination of electrons and holes in the lowest
“bulk” states of those crystallites which are not poisoned
by a fast nonradiative channel. The transition involved
has weak oscillator strength and predominantly proceeds
with the assistance of a phonon. The agreement of the
model, within a factor of 5, for the radiative time is ade-
quate given the crudity of the model. However, some as-
pects of this simple picture must be examined more criti-
cally.

There is a noticeable difference between the present
samples and other samples for which low-temperature de-
cays are published in the literature. The low-temperature
decay is reported to be anomalously slow. That is, the
decay rate slows down by an amount that is more than
can be accounted for by changes in efficiency, i.e.,
quenching of nonradiative channels. This is also reported
for dispersed Si nanocrystallites.® We have observed simi-
lar behavior for other preparations of porous Si. One
model for this anomalous slowing down invokes a low-
energy splitting of the exciton manifold, with a magni-
tude of order 100 K and with the lowest-lying exciton
having even weaker oscillator strength.* This has not
been explicitly treated here, but it is a plausible model.
One reason for not observing this here may relate to a
different sample morphology. Our samples show a con-
sistently redder emission and lower efficiency. It is also
possible that there is a temperature-independent nonradi-
ative pathway which shorts out any slow radiative chan-
nel. One candidate is a tunneling mechanism. '

Another aspect concerns the possibility of traps which
could lead to real space separation of electrons and holes.
For example, the fast trapping of holes on the surface of
CdSe crystallites leads to slower than expected radiative
recombination and other complexities in the radiative dy-
namics.??> A similar scenario has been extensively dis-
cussed for porous Si.!® This could explain the fact that
the measured decay times are slower than those calculat-
ed for the bulk recombination in the crystallites. The re-
duced overlap in Eq. (A4) of the Appendix leads to
slower radiative recombination. Given that the difference
is less than one order of magnitude, we suggest that the
trapping is quite shallow, involving carrier localization
on a length scale not too much smaller than the crystal-
lite dimension. Therefore, this need not involve a
significant Stokes shift, because reduced electron-hole at-
traction could compensate the trapping energy to some
degree. It is difficult to search for evidence of a Stokes
shift or excess absorption (sharp features in the absorp-
tion spectrum) due to the surface trap species given the
inhomogeneous distribution of crystallite sizes and shapes
in a typical sample. More homogeneous samples, with
larger-scale crystallites, show evidence for subband gap
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absorption which has been attributed to a distribution of
surface traps.!® Our measurements also yield an ex-
ponential dependence of absorption on energy. The form
of the large-size tail of the distribution of sizes can
strongly influence the low-energy portion of the absorp-
tion. This makes it difficult to draw definitive con-
clusions. However, our results are not inconsistent with
some excess low energy absorption.

It is also unlikely that the slow luminescence decay can
be attributed to diffusion of carriers prior to recombina-
tion, at least not fully. There is no observable rise time
for the luminescence (scale of nanoseconds). However,
this could play some role in the longer time tails (nonex-
ponential decay profiles). There are two more possibili-
ties for the observed small absorption coefficient at the
PL peak energy. First, there could be a genuine Stokes
shift as in some molecular systems.?* Because of the rela-
tively large size of the clusters as compared to that of the
typical molecules, we do not believe that this is a likely
scenario. Second, the PL could be due to a small minori-
ty phase with strong oscillator strength. However, the
slow luminescence decay times argue against such a
species having strongly allowed transitions.

Another interesting aspect of the luminescence from
porous Si is the recently emphasized blue band.?*?° It ex-
hibits much faster decay times, typically on the order of
nanoseconds. We have also observed such a band, al-
though it is quite weak. At the present time, it is not
clear what component of the sample is responsible for
this light emission. Also, the observed decay time has
not yet been related to the radiative time. The results of
Fig. 12 strongly suggest that the blue emission cannot re-
sult from recombination of states interior to Si nanocrys-
tallite with a radiative time faster than about 1 us.

VI. CONCLUSION

The uniformity of the present samples ensures that the
absorption measurement is characteristic of the observed
structure, which is composed of coated nanoscale Si crys-
tallites. The absorption rises smoothly from threshold.
This, together with the agreement with the model calcu-
lations, strongly supports the mechanism of absorption
being dominated by phonon-assisted transitions in the
bulk of the crystallites. The difference between the con-
clusion one can draw from PL and absorption experi-
ments should be emphasized. A blueshift in the PL spec-
trum shows that there are likely to be some Si nanoclus-
ters in the sample, whereas a blueshift in the absorption
edge shows that nearly the entire sample is composed of
nanometer-scale Si crystalalites. The precise lumines-
cence mechanism remains uncertain, although a con-
sistent picture between model and data can be based on
the bulk crystallite model. Details of the luminescence
dynamics are sufficiently complex, and sample dependent,
that a complete picture is not yet possible. However, the
absorption data, the luminescence decay data, and the
model calculations all point to an optical transition with
weak oscillator strength, with phonon-assisted transitions
dominant for red emission. The importance of phonon-
assisted transitions is consistent with recent observations
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of phonon-related fine structure in low-temperature PL.*
The weak oscillator strength imposes an upper limit on
how fast an incoherent light-emitting device based on this
material can operate. Based on the photoluminescence
decay rates, this suggests that a modulated device would
not extend beyond the MHz regime while retaining high
efficiency. This conclusion is broadly supported by the
observed optical properties of porous Si as it has been
prepared in many laboratories. However, we do not ex-
clude the possibility of finding a procedure which, for ex-
ample, results in a surface species with strong oscillator
strength for optical transitions in the visible range.
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APPENDIX: DETAILS
OF THE EFFECTIVE-MASS MODEL

The six electron valleys in Si are treated including the
anisotropy with longitudinal mass 0.92m, and transverse
mass 0.19m,. The hole manifold is replaced by a single
threefold degenerate effective band with mass 0.54m,.
The spin-orbit splitting is not explicitly included because
we are interested in an energy scale generally large com-
pared to A=0.044 eV. This also requires inclusion of
nonparabolicity which is modeled by an energy depen-
dent mass: m(E)=m*(1+qE) with E measured from
the relevant band edge. In order to assess the magnitude
of a, the density of states from the standard empirical
pseudopotential band structure for bulk Si (Ref. 26) has
been calculated, as shown in Fig. 13. By comparison
with the effective-mass model, we estimate @ =0.5 eV ™!
for the holes and @ =0.3 eV ™! for the electrons where
the mass increases with separation from the band edge in
both cases. The fit shown actually uses a density-of-states

1.0 T T T T T

DOS (states/eV)

E (eV)

FIG. 13. The calculated pseudopotential density of states for
the valence and conduction bands near the fundamental gap of
bulk Si (solid lines) is compared to an effective-mass fit of the
density of states which includes nonparabolicity (dashed lines).

mass for the electrons which is somewhat larger (0.4m, ).
We use the experimental masses, but take the nonpara-
bolicity from the fit. The barriers are modeled by a po-
tential step of 3 eV and assuming unit band mass, roughly
approximating the influence of an oxide coating. Includ-
ing the finite barrier does not significantly alter the ma-
trix elements, but is important to get the energy scale for
the transitions, particularly the excited states. In calcu-
lating the absorption, no explicit account will be taken of
excitonic effects. Electron-hole interactions will alter the
energy scale somewhat, but for small quantum boxes, the
oscillator strength will not be substantially changed.

The matrix elements in Eq. (1) have been analyzed for
the crystallite model'> and have the form

(Ala)
(A1b)

p;I})=pcuMeh(k0) ’
pe(I%,)Aq =pcleMeh(q—k0)/Nal/2 .

The dipole matrix element for vertical transitions in the
bulk crystal p,, enters, and was taken to be independent
of k. The electron-phonon interaction enters through the
ratio R, of the net interaction matrix element and energy
denominator, for phonon polarization A. The vector k; is
the position of the conduction band edge and q is the as-
sociated phonon wavevector. Confinement effects on the
phonon degrees of freedom are not explicitly included, as
they will be integrated out below. The number of atoms
per crystallite N, enters explicitly in the phonon-assisted
matrix element, but the detailed information about the
confined states in the crystallite is carried in

M, (@)= [dr XD, (r)e 197 . (A2)

The wave functions correspond to the envelope functions
for the electron and hole states.

The overlap factor in Eq. (A2) has been analyzed previ-
ously using an infinite barrier model.?”?® It is a strong
function of both the size and shape of the crystallite and
q with its maximum at q=0. Therefore, in Eq. (A1b), the
largest matrix elements are restricted to a range of q
which is close to k,. For realistic dimensions, that range
is less than about 20% of the Brillouin zone size. Then
phonon frequencies can be taken to be approximately
constant and the sum on q required in Eq. (1) can be done
explicitly:

3 [Ma@ [ =
9

2)3 [drlgnPly, P (A3

(2

with ( the crystallite volume. In this way, the details of
the phonon degrees of freedom have been approximately
integrated out of the problem.

For the assumed termination by (100)-symmetry sur-
faces, each electron and hole state decouples into a prod-
uct form and is labeled by three integers counting the
nodes in the envelope portion of the wave function, e.g.,
e=(n,,,n,,.,n,,), plus a valley index for the electrons.
The selection rules implied by Eq. (Ala), e.g., for the val-
ley along the x direction, requires n,,=n,, and
n,.=n,,. However, all combinations of n,, and n, ,
are allowed. This is a distinct difference from the usual
case of a direct band gap semiconductor, which would re-
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quire n, ,=n, , as well. In fact, the overlap factor is an
increasing function of the indices n, , and n, ,. The over-
lap factor as a function of size is illustrated in Ref. 26.
The finite barrier model used here has a relatively small
influence on the magnitude, so this effect is ignored. The
important feature is that the zero-phonon transitions are
allowed through the overlap factor Eq. (A2), which is
strongly size dependent. The oscillator strength |p}}’|?
scales overall roughly as 1/LS, with an oscillatory factor
that quenches transitions for certain linear dimensions.
Also, the only relevant dimension is the one correspond-
ing to the valley orientation. This implies that crystal-
lites of roughly the same volume, but different aspect ra-
tio, can have a rather different zero-phonon oscillator
strength for the lowest transition.

The matrix element for the phonon-assisted transitions
depends on the electron-phonon interaction. The deriva-
tion of Eq. (A1b) relates the needed matrix element to
that found in the bulk

(vk[&-plik) (ik|H2,, |ck+q)
pcvRA:

Eck+q—Eik_hwkq

i

(vk|H},,[jk+q) (jk+q[€-plck+q)
Evk—Ejk+q—ﬁa)kq .

(A4)

Here the interaction with the light field is proportional to
€:p, the valence state lvk) is near the zone center, and
the conduction state | ck+q) is near one of the
conduction-band minima at k,. The matrix element is
written for the case of phonon emission. The comple-
mentary phonon absorption processes have the same
form, with reverse sign for the phonon momentum and
energy. The intermediate states must be summed. Then
the square matrix element is averaged over the valence-

fio —fiw,

Ci
a(ﬁw)—% T |(1+nk)fE

g

where
— 327T2 ﬁ ‘ﬁz |pcui2
A n  fic 2m, Q. 2m,

IR, [? (A6)
with n the index of refraction and Q,, the crystal unit-
cell volume (per two atoms). Band-structure calculations
yield |p,,|>/2m,=4 eV. The convolved density of states
from Fig. 13 is used together with the value of
R1o=0.067 in Fig. 14. The agreement with the experi-
mental data!®3 up to #iw=2 eV, at room temperature, is
excellent. The agreement at T=77 K is similar. Note
that beyond about 2 eV, the next indirect absorption edge
near deriving form the L point in the band structure

dE D (E)D [E —(fio—#w,)]+n, [
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FIG. 14. The calculated absorption at 7=300 K is com-
pared to the experimental data for bulk Si (Refs. 18 and 30).
The solid line is calculated by explicitly convolving the density
of states from a pseudopotential band structure (Fig. 13). The
dashed line results from an effective-mass model for the density
of states, including nonparabolicity. Note that the TA-
phonon-assisted transitions are not included.

band degeneracy and the conduction-band valley degen-
eracy. Each phonon polarization gives a distinct channel
for absorption or emission with the transverse optic (TO)
modes dominant and smaller contributions from the
longitudinal-optic (LO) and transverse-acoustic (TA)
modes. The case of bulk Si has been extensively studied.
The relevant mode energies and corresponding relative
intensities are 57.5 meV (1.00), 55.3 meV (0.15), and 18.2
meV (0.03).%

We determine the oscillator strength for the TO-
assisted transitions by comparison to the measured ab-
sorption in bulk Si, assuming that the LO contributes
0.15 in intensity, and neglecting the small TA contribu-
tion. In terms of the density of states of the valence and
conduction band, per spin,

fiw + fiw,

E dE D(E)D [E —(fio+fiw,)] |, (A5)
g

r

enters. When the effective-mass approximation is used,
together with the nonparabolicity indicated above, a
slightly larger value of Ryo=0.08 is required, and also
gives an excellent account of the experimental data (Fig.
14). This value is used in subsequent crystallite calcula-
tions.

For the crystallites, the integral in Eq. (A3) also
separates into a product of three integrals for the x, y,
and z directions. For the infinite barrier model, each con-
tributes a factor of (2+5, ., )/2. The volume depen-

x

dence of the squared matrix element is 1/Q from the N,
dependence of the electron-phonon interaction. This
dominates in Fig. 12. For the case of finite barrier, the
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integral should be restricted to the interior Si region,
since it is the assumed to be the active portion for the
phonon-assisted transitions. The integrals are slightly
more complicated, but still can be performed. The quan-

titative differences are relatively small. One should note
that, in general, we have neglected any possible radiative
process deriving explicitly from the interface, e.g., due to
interface or oxide-derived phonons.
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FIG. 2. Spatially resolved photoluminescence (SRPL) scans
of sample 1, (a) surface scan, and (b) edge scan.
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FIG. 3. Spatially resolved photoluminescence (SRPL) scans
of a typical porous Si sample which is to lifted off from the sub-
strate; (a) surface scan and (b) edge scan.



FIG. 5. Phase-contrast
transmission electron micro-
graph of sample 1. The inset
shows the diffraction pattern ob-
tained when the beam is restrict-
ed to the thin portion of the
sample, and its axis is rotated
with respect to the micrograph
as the result of the electron mi-
croscope “lens twist.”



