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Optical absorption cross sections of Si nanocrystals
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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.

The influence of quantum confinement on the opticaling at a certain energy or of their size distribution. Since the
properties of semiconductor nanocrystals has been intergeneration rate oé-h pairs is proportional tar, a study of
sively investigated in recent yeaisee the articles in Ref)1 the PL saturation regime gives quantitative information
Spectroscopic studies have revealed an increase of the baabout their values.
gap and the oscillator strength of optical transitions with de- To ensure that the nanocrystal-containing layers are opti-
creasing size of nanocrystals. Absorption and photoluminessally thin at all excitation energies used, a set of hydrogen-
cence excitation experimentBLE) have shown that the ab- passivated or naturally oxidized porous silicon layers having
sorbing states of most of these systems have a discregthickness from 0.05 to 2wm has been prepared accord-
character in the vicinity of the ground luminescing state andng to the conventional procedure described in Ref. 6. Dif-
merge to a quasicontinuum at higher enerdi¢towever, ferentlines of cw At dye, and Ti:sapphire lasers have been
despite the good qualitative understanding of the opticalsed to cover the entire optical excitation and emission
properties of nanocrystal assemblies, quantitative data ar@nges of Si nanocrystals. To avoid persistent PL fatigue
frequently lacking. phenomenAall PL power laws have been measured in a time

One of the most fundamental parameters describing thdomain of seconds using a single spectrometer combined
interaction of light with nanocrystals is their absorption crosswith a Si charge-coupled device. The PL lifetime is mea-
sectiono. It plays an essential role in modeling of the inte- sured with a fast photomultiplier and a storage oscilloscope.
gral absorption or luminescence properties of nanocrystal agll experiments are performed at=4.2 K.
semblies. This value is a product of the density of electronic Assuming that under optical excitation the only possible
states and the oscillator strength of the optical transitionsnanocrystal occupation states &g (the number of unoccu-
Direct measurement af by absorption techniques is almost pied nanocrystajs N; (containing onee-h pair) and N,
not possible because of the residual size distribution and urtcontaining twoe-h pairg, we obtain the system of states
known number of absorbing nanoparticles. The PLE techfilling equations:
nigue, having the advantage of si@mission energyselec- N
tion, gives only qualitative information about the energy N — 1
dependence of as well. No=—Nolexo (A wex, i wge) + TR(Awge)’

In this paper we report on a direct measuremendr ¢or _
silicon nanocrystals in a wide range of energies. We found N1=Ngl ex0 (A wey, i 0ge) — Nl ey (A 0oy, i 0 gey)
an extremely large variation of their values versus both ab-
sorbed and emitted light energies. A comparison of these _ N1 " & (1)
values with the spectral dependence of the bulk silicon ab- TR(ARwge) Ta'
sorption coefficient shows an indirect-band-gap nature of

silicon nanocrystals and a reduction of the density of elec- : N3
tronic states towards higher confinement energies. N2= Nyl exo (A ey, i 0 ger) — .
The measurement technique is based on the Auger photo-
luminescencéPL) saturation phenomenon. Due to extremely Nt=Ng+N;+N,.
long radiative lifetime3of excitons localized in Si nanocrys-
tals at He temperaturés-milliseconds, an occupation of Si Here N+ is the total number of luminescing nanocrystals,

nanocrystals by two electron-holee-h) pairs can be 7r(hwge) is the radiative lifetime of ane-h pair,
achieved at very low excitation intensities. During a fast Au-o (% wey,fi wge) is the cross section for absorption of photons
ger recombination procesdone of the pairs recombines Wwith an energyi we, in @ nanocrystal with a “gap’% wger,
nonradiatively what leads to a reduction of the quantum yieldand | ., is the intensity of the exciting light expressed in an
of the PL. The key point of these experiments is that theareal flux of incident photons. We assume that the Auger
power law of the PL(the dependence of the PL intensity on recombination timer, is much shortéf® than 7g(% wqe) and

the optical excitation intensiiyfrom optically thin samples is that the presence of oreh pair in a nanocrystal does not
independent either of the number of nanocrystals luminescsignificantly modify the absorption of the second one. We
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FIG. 1. The dependencies of the PL intensity versus excitation F!C: 2. Temporal response of the PL on a steplike optical exci-
intensity. Excitation and detection energies are indicated. Solid@ion-T=4.2K, fiwe,=2.41 €V, fiwge=1.74 V. Excitation inten-
lines are fits according to Ed2). Dashed lines are linear power Sities are 0.003, 0.7, 2, 4, 8, and 32 W/?(;_rrespectlvely. Dotted
laws. The data sets are arbitrarily scaled for clarity. line sho_ws_ the_ cw PI__ level. Insetg the PL rise tlm_e as a fu_nctlon of
the excitation intensity. Dashed line shows the fit according to the
time-dependent solution of the state-filling equations written in the

neglect here the fact that light emissionfaby originates text

from crystallites with gap# wge; (Via a no—phonon process

andfi gert i pnonon(Via @ phonon-assisted emissjort _different excitation intensities. The onset of the excitation
The PL intensity power law according to these equatlon§tep is at the timeé=0. At very high intensity the time evo-
lution of the PL practically coincides with the excitation on-
N, N0 (i @y, s 0ge))! set while at Iow excitation level the ris_e time is identical to
lp = - e delex . (2) the PL decay time. The decay time is found to be almost
TR(Awge) 1+ 0(hwefiwge)l extr(fi 0 ge) independent on the excitation intensity. This arises from the
fact that all Auger events take place only during the illumi-
Thation period while after switching off the exciting light the
remaininge-h pairs recombine with the constant decay time

. o - mr(hwge). In inset of Fig. 2 we show the values of the rise
Iev_els_the PL saturation b_ehz_iw_or is expected. The maxim me versus excitation intensity. The dashed line is a theoret-
emissivity of nanocrystals is limited by one photon per nano-

al h oair lifeti Si th | bhoton f q ical fit according to Eg.(3) with the same value of
crystal pere-h pair fitelime. Since the areal photon Tiux an o(hwey, hwye) that has been used to fit the PL power law at
the radiative time ofe-h pairs can be experimentally mea-

. . he same excitation an ion energies. We found th
sured, there is only one parameter that defines the PL powt e same excitation and detection energies. We found that by

. ) %rsing only one fitting parameter(f wey,fiwgey, it IS POS-
dependence: the absorption Cross secifhwey,fi we). sible to describe very accurately both the PL power law and

. In '.:'.g' 1 we show some _examples of the measqred Pltransient time dependence at any excitation and detection
intensities at different excitation and detection energies as ergy used

functon of e exciaion tersity. A o exctaon evels " i generl,the absorption cross sectith g, o) i
y 9 19 3 function Of i wgy— i wger aNd A wey. I indirect semicon-

power while at higher intensities the PL saturation regime . : : :
occurs. The excitation levels at which a transition to the PLEUCtors the density of electronic states is proportional to

is

One can see that at low excitation intensities, whe
0(hwex, i wge) | exTR(A wge) <1 the PL intensity is a linear
function of the excitation intensity while at high excitation

_ 2 i )
saturation is observed is extremely sensitive to the excitatio fr0ex= T wga)”, Wherefiwgqy IS the fundamental band-gap

DT 4 i nergy’ PLE studies have shown that this is the case for Si
energy. The solid lines represent fits according to the Stead)ﬁanocrystalé'lo Therefore at each specific detection energy
state solution of equations with only one adjustable param; '

; h wge=h wgapthe magnitude ofr has to be a strong function
eter o(fh wey,hwye) . We found that all experimental curves Of fiwex—h sy At the same time at largdra,, the oscil-

can be fitted very precisely at all excitation and deteCt'oqator strength of the optical transitions is strongly enhanced

enﬁ'rr?ée\?eﬁieci.tion of our model comes from studies of themainly due to the breakdown of theconservation rulé:®
Finally, o(fwey, hwye) is affected by the reduction of the

PL kinetics under a steplike excitation function. The tempo'densit of electronic states towards higher confinement en-
ral solution of the state-filling equations y 9

ergy.
1 In Fig. 3 we show the values @f(% ey, wye) deduced
IPL(t)zlcw[ 1—ex;{ —t(—+0(ﬁwexﬁwdet)|ex)H according to the procedure described above in a wide range
TR(h wge of fhwe and 7wy Depending on both values,
) o(hwey, hwye) varies over nearly 5 orders of magnitude
predicts that the transient time to the PL steady-state condfrom 10 '°® cn? under low-energy resonant excitation to
tions (I.,) has to be extremely excitation power dependentl0 '* cn? under excitation above the bulk Si direct band
and is smaller for higher pumping rate. gap. At resonant excitation the value @{% wqe) is a very
In Fig. 2 we show the temporal kinetics of the PL at strong function ofi we,—f wger The energy dependence of
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w0 L ] of the density of states is significantly smaller than in bulk
10°F W‘; 3 Si. From the comparison af (% we— A wqe) With the spec-
107 i _ tral dependence of the bulk Si absorption coefficient in the
— vicinity of the fundamental gap we estimate fdrwe,
E qovl ho =276V A =1.93 eV the reduction factor is of the order of 5. Only at
-~ F high excitation energyexcitation in a high density of states
° qok ] region does the spectral dependenceocofbecome almost
] ho, =193 eV identical to that of the absorption coefficient of bulk Si.
100" F  hw, =148eV Up to now we neglected the fact that light emission at
B “*'vl“w\ . . . ] certainf wqe Originates from crystallites with gapisn e (via
1077 = T T 2_'0 Yy a no—phonon procesand 7 wgert 7L pronon (Via @ phonon-

assisted emissior® This is a good approximation under
high excitation energy. For resonant excitation, however, the
Jeak structure of the PL spectreomplicates the evaluation
procedure described above. Each phonon-assisted PL replica
represents the contribution of phonon-assisted recombination
of excitons excited via electronic states having low density
o(hwex,hwge) reflects the increase in the density of elec-and a certain oscillator strength. These replicas are superim-
tronic states with increasing energy above the “gap” and, toposed on a background of the PL excited via no-phonon
a large extent, follows the spectral dependence of the absorgransitions between states having higher density and other
tion coefficient of bulk SfZ At high energy of excitation oscillator strengths. This results in a fine structure of the
(hwex=3.53 eV) these values vary significantly weaker duespectral dependence ofand therefore the evaluation proce-

Detection Energy (eV)

FIG. 3. Absorption cross sections of Si nanocrystals versus d
tection energy. Excitation energies are indicated in the figure.

to a large energetic distance betwdene, and7 wget. dure described above is not straightforwake Fig. 3,
To separate contributions of the oscillator strength of 0p+# we,=1.48 eV).
tical transitions and the density of states to the value df We believe that our measurements have important impli-

is necessary to compare those for differdni,., simulta- cations for the understanding of fundamental optical proper-
neously, keeping w.—f wqye fixed. The lifetime of the al-  ties of Si nanocrystals. First, a comparison between the po-
lowed exciton state and therefore its oscillator strength in theous Si “absorption edge” and PL peak position has been
considered emission range vary over one order ofyidely discussed in the literatufsee, for instance, Refs. 13
magnitude’ Nevertheless the values of(iwe=1.93 €V, and 14. An experimentally found variation of
hwex—hwge) are even higher than those forfidey  o(hweyfiwge) Within 5 orders of magnitude shows that for
=2.7eV, hwe—hiwge) under equal energetic distance be-indirect-gap nanocrystal assemblies such a correlation obvi-
tween excitation and detection. Combining these two obserusly can never be observed. Second, it shows that there is
vations we conclude that the density of electronic states ino Stokes shift between absorbing and luminescing states.
significantly reduced towards higher confinement energiesThe usually observed significant Stokes shift between the
We believe that the most natural reason for that is an in“absorption edge” and the PL band peak energy is an arti-
creased spacing between quantized energy levels in smallfi¢ial fact arising from a very small density of electronic
nanocrystals. states in the vicinity of the energy of the exciton ground
The variation ofo at fixed# we, is a very strong function state. Third, it naturally explains the inefficiency of reso-
of Awey—hwgye. It is similar to the spectral dependence of nantly excited PL from porous silicof.
the absorption coefficiettt of bulk Si and reflects the indi- Finally, the same studies could be successfully used to
rect nature of optical transitions in Si nanocrystals. Howeverexplore the optical properties of other nanocrystal assem-
the relative variation obr (% wey— i wge) due to a reduction blies.
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