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Optical absorption cross sections of Si nanocrystals

D. Kovalev, J. Diener, H. Heckler, G. Polisski, N. Ku¨nzner, and F. Koch
Physik Department E16, Technische Universita¨t München, D-85747 Garching, Germany

~Received 18 May 1999!

Using the photoluminescence Auger saturation phenomenon, we deduce the values of the absorption cross
section of silicon nanocrystals in a wide range of energies. The very large variation of their values versus
energy of the absorbed light is attributed to the enhanced optical transition oscillator strength but reduced
density of electronic states towards higher confinement energies. The overall spectral behavior of the absorp-
tion cross section reflects the indirect-gap nature of silicon nanocrystals.
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The influence of quantum confinement on the opti
properties of semiconductor nanocrystals has been in
sively investigated in recent years~see the articles in Ref. 1!.
Spectroscopic studies have revealed an increase of the
gap and the oscillator strength of optical transitions with
creasing size of nanocrystals. Absorption and photolumin
cence excitation experiments~PLE! have shown that the ab
sorbing states of most of these systems have a disc
character in the vicinity of the ground luminescing state a
merge to a quasicontinuum at higher energies.2 However,
despite the good qualitative understanding of the opt
properties of nanocrystal assemblies, quantitative data
frequently lacking.

One of the most fundamental parameters describing
interaction of light with nanocrystals is their absorption cro
sections. It plays an essential role in modeling of the int
gral absorption or luminescence properties of nanocrysta
semblies. This value is a product of the density of electro
states and the oscillator strength of the optical transitio
Direct measurement ofs by absorption techniques is almo
not possible because of the residual size distribution and
known number of absorbing nanoparticles. The PLE te
nique, having the advantage of size~emission energy! selec-
tion, gives only qualitative information about the ener
dependence ofs as well.

In this paper we report on a direct measurement ofs for
silicon nanocrystals in a wide range of energies. We fou
an extremely large variation of their values versus both
sorbed and emitted light energies. A comparison of th
values with the spectral dependence of the bulk silicon
sorption coefficient shows an indirect-band-gap nature
silicon nanocrystals and a reduction of the density of el
tronic states towards higher confinement energies.

The measurement technique is based on the Auger ph
luminescence~PL! saturation phenomenon. Due to extreme
long radiative lifetimes3 of excitons localized in Si nanocrys
tals at He temperatures~;milliseconds!, an occupation of Si
nanocrystals by two electron-hole (e-h) pairs can be
achieved at very low excitation intensities. During a fast A
ger recombination process4,5 one of the pairs recombine
nonradiatively what leads to a reduction of the quantum yi
of the PL. The key point of these experiments is that
power law of the PL~the dependence of the PL intensity o
the optical excitation intensity! from optically thin samples is
independent either of the number of nanocrystals lumine
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ing at a certain energy or of their size distribution. Since
generation rate ofe-h pairs is proportional tos, a study of
the PL saturation regime gives quantitative informati
about their values.

To ensure that the nanocrystal-containing layers are o
cally thin at all excitation energies used, a set of hydrog
passivated or naturally oxidized porous silicon layers hav
a thickness from 0.05 to 20mm has been prepared accor
ing to the conventional procedure described in Ref. 6. D
ferent lines of cw Ar1, dye, and Ti:sapphire lasers have be
used to cover the entire optical excitation and emiss
ranges of Si nanocrystals. To avoid persistent PL fatig
phenomena7 all PL power laws have been measured in a tim
domain of seconds using a single spectrometer comb
with a Si charge-coupled device. The PL lifetime is me
sured with a fast photomultiplier and a storage oscillosco
All experiments are performed atT54.2 K.

Assuming that under optical excitation the only possib
nanocrystal occupation states areN0 ~the number of unoccu-
pied nanocrystals!, N1 ~containing onee-h pair! and N2
~containing twoe-h pairs!, we obtain the system of state
filling equations:

Ṅ052N0I exs~\vex,\vdet!1
N1

tR~\vdet!
,

Ṅ15N0I exs~\vex,\vdet!2N1I exs~\vex,\vdet!

2
N1

tR~\vdet!
1

N2

tA
, ~1!

Ṅ25N1I exs~\vex,\vdet!2
N2

tA
,

NT5N01N11N2 .

HereNT is the total number of luminescing nanocrysta
tR(\vdet) is the radiative lifetime of an e-h pair,
s(\vex,\vdet) is the cross section for absorption of photo
with an energy\vex in a nanocrystal with a ‘‘gap’’\vdet,
and I ex is the intensity of the exciting light expressed in a
areal flux of incident photons. We assume that the Au
recombination timetA is much shorter4,5 thantR(\vdet) and
that the presence of onee-h pair in a nanocrystal does no
significantly modify the absorption of the second one. W
4485 ©2000 The American Physical Society
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4486 PRB 61BRIEF REPORTS
neglect here the fact that light emission at\vdet originates
from crystallites with gaps\vdet ~via a no–phonon process!
and\vdet1\Vphonon~via a phonon-assisted emission!.3,8

The PL intensity power law according to these equatio
is

I PL5
N1

tR~\vdet!
5

NTs~\vex,\vdet!I ex

11s~\vex,\vdet!I extR~\vdet!
. ~2!

One can see that at low excitation intensities, wh
s(\vex,\vdet)I extR(\vdet)!1 the PL intensity is a linea
function of the excitation intensity while at high excitatio
levels the PL saturation behavior is expected. The maxi
emissivity of nanocrystals is limited by one photon per na
crystal pere-h pair lifetime. Since the areal photon flux an
the radiative time ofe-h pairs can be experimentally mea
sured, there is only one parameter that defines the PL po
dependence: the absorption cross sections(\vex,\vdet).

In Fig. 1 we show some examples of the measured
intensities at different excitation and detection energies a
function of the excitation intensity. At low excitation leve
the PL intensity is a linear function of the exciting ligh
power while at higher intensities the PL saturation regi
occurs. The excitation levels at which a transition to the
saturation is observed is extremely sensitive to the excita
energy. The solid lines represent fits according to the stea
state solution of equations with only one adjustable para
eters(\vex,\vdet). We found that all experimental curve
can be fitted very precisely at all excitation and detect
energies used.

The verification of our model comes from studies of t
PL kinetics under a steplike excitation function. The temp
ral solution of the state-filling equations

I PL~ t !5I cwH 12expF2tS 1

tR~\vdet!
1s~\vex,\vdet!I exD G J

~3!

predicts that the transient time to the PL steady-state co
tions (I cw) has to be extremely excitation power depend
and is smaller for higher pumping rate.

In Fig. 2 we show the temporal kinetics of the PL

FIG. 1. The dependencies of the PL intensity versus excita
intensity. Excitation and detection energies are indicated. S
lines are fits according to Eq.~2!. Dashed lines are linear powe
laws. The data sets are arbitrarily scaled for clarity.
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different excitation intensities. The onset of the excitati
step is at the timet50. At very high intensity the time evo
lution of the PL practically coincides with the excitation o
set while at low excitation level the rise time is identical
the PL decay time. The decay time is found to be alm
independent on the excitation intensity. This arises from
fact that all Auger events take place only during the illum
nation period while after switching off the exciting light th
remaininge-h pairs recombine with the constant decay tim
tR(\vdet). In inset of Fig. 2 we show the values of the ris
time versus excitation intensity. The dashed line is a theo
ical fit according to Eq. ~3! with the same value of
s(\vex,\vdet) that has been used to fit the PL power law
the same excitation and detection energies. We found tha
using only one fitting parameters(\vex,\vdet), it is pos-
sible to describe very accurately both the PL power law a
transient time dependence at any excitation and detec
energy used.

In general, the absorption cross sections(\vex,\vdet) is
a function of\vex2\vdet and \vex. In indirect semicon-
ductors the density of electronic states is proportional
(\vex2\vgap)

2, where\vgap is the fundamental band-ga
energy.9 PLE studies have shown that this is the case for
nanocrystals.6,10 Therefore at each specific detection ener
\vdet5\vgap the magnitude ofs has to be a strong function
of \vex2\vgap. At the same time at larger\vex the oscil-
lator strength of the optical transitions is strongly enhanc
mainly due to the breakdown of thek-conservation rule.11,8

Finally, s(\vex,\vdet) is affected by the reduction of th
density of electronic states towards higher confinement
ergy.

In Fig. 3 we show the values ofs(\vex,\vdet) deduced
according to the procedure described above in a wide ra
of \vex and \vdet. Depending on both values
s(\vex,\vdet) varies over nearly 5 orders of magnitud
from 10219 cm2 under low-energy resonant excitation
10214 cm2 under excitation above the bulk Si direct ban
gap. At resonant excitation the value ofs(\vdet) is a very
strong function of\vex2\vdet. The energy dependence o

n
id

FIG. 2. Temporal response of the PL on a steplike optical ex
tation.T54.2 K, \vex52.41 eV,\vdet51.74 eV. Excitation inten-
sities are 0.003, 0.7, 2, 4, 8, and 32 W/cm2, respectively. Dotted
line shows the cw PL level. Inset: the PL rise time as a function
the excitation intensity. Dashed line shows the fit according to
time-dependent solution of the state-filling equations written in
text.
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s(\vex,\vdet) reflects the increase in the density of ele
tronic states with increasing energy above the ‘‘gap’’ and
a large extent, follows the spectral dependence of the abs
tion coefficient of bulk Si.12 At high energy of excitation
(\vex53.53 eV) these values vary significantly weaker d
to a large energetic distance between\vex and\vdet.

To separate contributions of the oscillator strength of
tical transitions and the density of states to the value ofs it
is necessary to compare those for different\vex simulta-
neously, keeping\vex2\vdet fixed. The lifetime of the al-
lowed exciton state and therefore its oscillator strength in
considered emission range vary over one order
magnitude.3 Nevertheless the values ofs(\vex51.93 eV,
\vex2\vdet) are even higher than those for (\vex
52.7 eV, \vex2\vdet) under equal energetic distance b
tween excitation and detection. Combining these two ob
vations we conclude that the density of electronic state
significantly reduced towards higher confinement energ
We believe that the most natural reason for that is an
creased spacing between quantized energy levels in sm
nanocrystals.

The variation ofs at fixed\vex is a very strong function
of \vex2\vdet. It is similar to the spectral dependence
the absorption coefficient12 of bulk Si and reflects the indi
rect nature of optical transitions in Si nanocrystals. Howev
the relative variation ofs(\vex2\vdet) due to a reduction

FIG. 3. Absorption cross sections of Si nanocrystals versus
tection energy. Excitation energies are indicated in the figure.
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of the density of states is significantly smaller than in bu
Si. From the comparison ofs(\vex2\vdet) with the spec-
tral dependence of the bulk Si absorption coefficient in
vicinity of the fundamental gap we estimate for\vex
51.93 eV the reduction factor is of the order of 5. Only
high excitation energy~excitation in a high density of state
region! does the spectral dependence ofs become almost
identical to that of the absorption coefficient of bulk Si.

Up to now we neglected the fact that light emission
certain\vdet originates from crystallites with gaps\vdet ~via
a no–phonon process! and \vdet1\Vphonon ~via a phonon-
assisted emission!.3,8 This is a good approximation unde
high excitation energy. For resonant excitation, however,
peak structure of the PL spectra8 complicates the evaluation
procedure described above. Each phonon-assisted PL re
represents the contribution of phonon-assisted recombina
of excitons excited via electronic states having low dens
and a certain oscillator strength. These replicas are supe
posed on a background of the PL excited via no-phon
transitions between states having higher density and o
oscillator strengths. This results in a fine structure of
spectral dependence ofs and therefore the evaluation proc
dure described above is not straightforward~see Fig. 3,
\vex51.48 eV).

We believe that our measurements have important im
cations for the understanding of fundamental optical prop
ties of Si nanocrystals. First, a comparison between the
rous Si ‘‘absorption edge’’ and PL peak position has be
widely discussed in the literature~see, for instance, Refs. 1
and 14!. An experimentally found variation o
s(\vex,\vdet) within 5 orders of magnitude shows that fo
indirect-gap nanocrystal assemblies such a correlation o
ously can never be observed. Second, it shows that the
no Stokes shift between absorbing and luminescing sta
The usually observed significant Stokes shift between
‘‘absorption edge’’ and the PL band peak energy is an a
ficial fact arising from a very small density of electron
states in the vicinity of the energy of the exciton grou
state. Third, it naturally explains the inefficiency of res
nantly excited PL from porous silicon.15

Finally, the same studies could be successfully used
explore the optical properties of other nanocrystal ass
blies.
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