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We report on investigations of optical generation of carriers in Si nanocrystals embedded in SiO2

matrix by time-resolved induced absorption technique. Results obtained for excitation below and

above twice the bandgap energy hm< 2Eg and hm> 2Eg show very similar decay characteristics

(within sresolution � 100 fs). When intensity of the signal is correlated to number of generated

excitons, it is found that for the high photon energy excitation, carrier generation rate is

considerably enhanced. These results are discussed in terms of carrier multiplication reported

previously for semiconductor nanocrystals and photoluminescence quantum yield measurements

for similar materials. VC 2011 American Institute of Physics. [doi:10.1063/1.3622308]

In the last two decades, silicon nanocrystals (Si-NCs)

have been frequently investigated. Following intensive stud-

ies, exciting application prospects for Si-NCs have been

identified in photonics,1 medicine,2 and in photovoltaics

(PV).3 A particularly interesting feature of semiconductor

NCs relates to the effect of quantum confinement on the

impact excitation—a process in which a high energy free

carrier relaxes by inducing band-to-band transitions. In that

way, additional electron-hole pairs are created, and the pro-

cess is frequently termed carrier multiplication (CM). For

PV applications, generation of multiple electron-hole pairs

by absorption of a single high-energy photon enables more

efficient light-to-electricity conversion, as part of the energy

otherwise lost to heat is converted into free carrier popula-

tion.4 It has been suggested that in NCs, the CM rate could

be enhanced and its threshold energy reduced due to (1)

increased Coulomb interaction between carriers, (2) relaxa-

tion of momentum conservation, and (3) possible reduction

of the carrier-phonon scattering rate.5 In line with these

expectations, enhanced CM has been reported for NCs of dif-

ferent semiconducting materials6–8 including colloidal Si-

NCs.9 These results were typically obtained from investiga-

tions of carrier dynamics by induced absorption (IA), where

the CM effect was identified by a fast decay component

appearing due to Auger interaction of multiple excitons nigh

within the same NC.

Here, we report on investigations of carrier generation

rate upon optical absorption in dense solid-state dispersions

of small Si-NCs of high crystalline quality in a SiO2-matrix

with average diameters dNC¼ 2.5, 3, 4, and 5.5 nm. The

samples were prepared by radio-frequency co-sputtering fol-

lowed by high-temperature annealing. Details of sample

preparation can be found in Ref. 10. Samples were optically

characterized by photoluminescence (PL), using a standard

configuration featuring tunable pulsed (5 ns) excitation in the

visible and time-resolved detection with a photomultiplier

tube. For IA experiments, a conventional pump-probe setup

was employed, comprising an optical parametric amplifier,

pumped by a chirped-pulse amplified Ti:Sapphire laser, with

a repetition rate of f¼ 1 kHz and �100 fs resolution. IA dy-

namics recorded at the two available different probing pho-

ton energies (Edet¼ 1.8 eV and Edet¼ 0.95 eV) showed

similar characteristics. Dimensions of the pump spot size

were chosen to be considerably larger than those of the sec-

ondary pulse to assure complete overlap during the entire

experiment. For excitation, pump photon energies of

Eexc¼ 2.48 eV and Eexc¼ 4.66 eV were used. For all the

investigated samples, this corresponds to below and above

twice the optical bandgap energy, respectively (see Table I).

Based on results reported previously for other materials, we

expect that the chosen pumping energies provide excitation

below (2.48 eV) and above (4.66 eV) CM-threshold, for all

samples. The experiments were performed at room

temperature.

Figure 1 illustrates optical properties of the sample with

average diameter of dNC¼ 5.5 nm. In Fig. 1(a), the steady-

state PL spectrum is shown, centered around Emax¼ 1.26 eV.

The PL decay dynamics, recorded at the maximum intensity

of the PL spectrum—panel (b)—reveals a characteristic

decay time of sPL � 230 ls, typical for Si-NCs of this size

TABLE I. Sample characteristics. In the first column, the average NC diam-

eter of the different samples are shown, with their corresponding optical

energy bandgap (second column). The third and fourth columns display the

two excitation photon energies relative to the NC bandgap.

dNC [nm] Egap [eV] Eexc¼ 2.48 eV N�Egap Eexc¼ 4.66 eV n�Egap

2.5 1.65 1.50 2.8

3.0 1.59 1.56 2.9

4.0 1.44 1.77 3.2

5.5 1.26 1.97 3.7
a)Electronic mail: W.D.A.M.deBoer@uva.nl. Tel.: þ31-(0)20-525-6646.

Fax: þ31-(0)20-525-5788.
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embedded in SiO2.11 In panel (c), IA transients obtained

under Eexc¼ 2.48 eV pumping, below the expected CM

threshold, with various photon fluences are shown in a 1 ns

time window. These feature a multi-exponential picosecond

decay, superimposed on a slower background, which can be

related to radiative recombination of excitons. As can be

seen, the relative contribution of the fastly decaying compo-

nent of the IA signal increases with the pump power; this

can be predominantly attributed to Auger interaction of mul-

tiple excitons appearing in the same NCs at higher pump flu-

ence, as a consequence of absorption of several photons. In

order to avoid such non-linear effects and to establish dy-

namics characteristic for a single exciton per NC, the meas-

urements need to be conducted under low excitation photon

fluence, where the average number of absorbed photons per

NC is much smaller than 1 (i.e., Nabs � 1). (We note that

even for the case of Nabs¼ 0.5, still �23% of excited NCs

have absorbed 2 or more photons, as a result of Poissonian

statistics of excitation). In the present study, rather than rely-

ing on imprecise estimation of number of absorbed photons

per NC by estimating the absorption cross-section of individ-

ual NCs, the low excitation fluence regime is established

experimentally by gradually lowering the pump power. This

is demonstrated in Fig. 2(a); Here, the lowest transient corre-

sponds to the fluence range in which only the amplitude of

the IA signal changes, and not its decay characteristics.12 As

can be seen, the single exciton dynamics in Si-NCs investi-

gated here features a multi-exponential decay. This is char-

acteristic for these materials and originates from the

simultaneous presence of different relaxation channels, such

as efficient trapping and other fast (non-radiative) processes

inherent for Si in view of its indirect bandgap.13

In order to find the effect of excitation photon energy on

carrier generation, we compare IA signals for sub- and

super-CM-threshold excitation, normalized to equal number

of absorbed photons. The IA signal is proportional to the

number of excitons generated by the pump pulse and avail-

able in the sample at a particular moment of probing. The

total number of pump photons per pulse absorbed in the sam-

ple, Ntot
abs, can be expressed as the difference between the

photon fluence before and after passing through the sample

of thickness L, j(0) � j(L)—see Eq. (1). Using Lambert-Beer

law, describing the exponential decrease of the number of

photons with penetration depth and the notion that excitation

photon fluence (or flux) follows the same dependence, the

relation can be rewritten as function of the initial photon flu-

ence before the sample, j(0), and the optical density (OD):

Ntot
abs / jð0Þ � jðLÞ ¼ jð0Þð1� eð�ODln½10�ÞÞ: (1)

In the usual approach, the number of excitons generated by

the pump pulse, and, therefore, the amplitude of the IA sig-

nal, is correlated with the (average) number of absorbed pho-

tons per NC, Nabs. This is evaluated by taking the product of

the excitation photon fluence and the absorption cross sec-

tion rabs. The latter is derived from the linear absorption,

applying various scaling factors which either cannot be accu-

rately or directly measured (e.g., NC diameter or field

FIG. 1. (Color online) Characteristics of the sample with an average NC di-

ameter of dNC¼ 5.5 nm. (a) (Normalized) steady-state PL spectrum, cen-

tered around Emax¼ 1.26 eV, obtained under pulsed excitation of

Eexc¼ 2.75 eV. (b) PL dynamics recorded at Emax, with a characteristic

decay time of sPL � 230 ls. (c) IA transient under increasing excitation pho-

ton fluences (Eexc¼ 2.48 eV), resulting in average number of excitons per

NC Nabs � 1 (blue), Nabs � 1 (red), and Nabs > 1 (black), in a 200 ps time

window.

FIG. 2. (Color online) (a) IA transients for the sample with average diame-

ter of (a) dNC¼ 3 nm under pumping of j¼ 120 lJ cm�2 in a 1 ns time win-

dow. Inset: A1 and A2, the amplitudes of the two time constants found with a

bi-exponential fitting procedure, are plotted vs. photon fluence. (b) OD for

two different samples with average NC diameter of dNC¼ 2.5 nm and

dNC¼ 4 nm, in the range of 1.25-5 eV. (c) IA transients for two excitation

photon energies of Eexc¼ 2.48 eV (red) and Eexc¼ 4.66 eV (black), under

excitation condition of Nabs � 1 and scaled for the same number of

absorbed (pump) photons Nabs for sample with average diameter of

dNC¼ 2.5 nm. (d) IA transients for two excitation photon energies of

Eexc¼ 2.48 eV (red) and Eexc¼ 4.66 eV (black), under excitation condition

of Nabs � 1 and scaled for the same number of absorbed (pump) photons

Nabs for sample with average diameter of dNC¼ 4 nm. In the inset, the first

15 ps are shown, indicating similar build up characteristics for both

excitations.
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factor). As a result, Nabs is frequently over- or underesti-

mated. To avoid these hurdles, in the present approach, we

base our analysis on parameters which can be determined

directly and independently: j(0) and OD. The latter is meas-

ured using a UV-VIS Lambda 900 spectrometer in combina-

tion with an integrating sphere, so that scattering effects are

accounted for. In Fig. 2(b), the OD is shown for two samples,

with average diameter of dNC¼ 2.5 nm (light grey) and

dNC¼ 4 nm (dark grey), corrected for the (separately meas-

ured) possible absorption in the substrate layer.

Next, in order to remove the proportionality in expres-

sion (1), we evaluate the ratio of the total number of

absorbed photons Ntot
abs for the two excitation conditions,

above (Eexc¼ 4.66 eV) and below (Eexc¼ 2.48 eV) the

CM-threshold,
Ntot

absð466eVÞ
Ntot

abs
ð248eVÞ:

Ntot
absð466eVÞ

Ntot
absð248eVÞ ¼

jð0Þ4:66eVð1� eð�ODð4:66eVÞln½10�ÞÞ
jð0Þ2:48eVð1� eð�ODð2:48eVÞln½10�ÞÞ : (2)

Subsequently, the measured IA signal is scaled with the cor-

rection factor given by Eq. (2); This is done for the samples

with average NC diameters of dNC¼ 2.5 nm and dNC¼ 4 nm,

shown in Figs. 2(c) and 2(d). Here, the red trace is the data

recorded under excitation photon energy of Eexc¼ 2.48 eV

and the black for the high photon energy condition of

Eexc¼ 4.66 eV, respectively. First, we note that the IA transi-

ents taken at different pumping photon energies are very sim-

ilar, with no evidence of a component related to Auger

interaction between multiple excitons in the same NC for the

high photon energy excitation. In addition, it can also be

inferred that the possible effect of photocharging is either

negligible or occurs with the same rate for below and above

CM-threshold pumping. The photocharging effect could give

rise to an additional ps component (or increase of the ampli-

tude of the initial fast component), by which CM-rates can

easily be overestimated.12 After scaling of the IA signals to

equal number of absorbed photons in the sample, the IA am-

plitude for the high photon energy excitation (for both sam-

ples) is a factor �1.5 higher. Similar enhancement is

observed for all samples investigated in this study. It should

be noted that possible difference in scattering for the two

excitations will only increase this number. These findings—

increase of IA signal intensity, in combination with the ab-

sence of Auger-related components in dynamics, evidence

that CM occurs at high pumping photon energy but does not

lead to strong interaction between generated carriers. This

would happen if multiple carriers generated by a high-energy

photon separate before efficient Auger interaction sets in, pos-

sibly into different neighboring NCs, either during or right af-

ter photon absorption. A similar conclusion has been reached

from investigations of PL quantum yield (QY) on similar

samples;3 In that case, a threshold enhancement of QY at

higher pumping photon energies has been concluded, suggest-

ing increase of concentration of singly excited NCs. (We note

that for PL measurements, the lifetime of generated excitons

has to be sufficiently long in order to allow for their radiative

recombination).

While microscopic models of CM are still under dispute,

it follows from the available experimental results (and theo-

retical assessments) that the process occurs on an ultrafast

(instantaneous) timescale.14 The current study confirms that:

within the �100 fs resolution of the IA experiment, no dif-

ference in carrier dynamics is found between below- and

above-threshold excitation. This is demonstrated in Fig. 2(d),

where the corrected IA transients are shown for the sample

with the average diameter of dNC¼ 4 nm in a 15 ps time win-

dow, revealing no apparent difference in rise time for the

two excitation conditions. The ultrafast buildup of signal is

consistent with previous reports on transient IA (Ref. 15)

and also PL (Refs. 16 and 17) investigations of Si-NC sys-

tems. From high resolution IA transients, we conclude that

the CM process takes place on the time scale shorter than

�100 fs, which explains why it can compete with carrier

cooling proceeding on picosecond time scale.18

In conclusion, using time-resolved IA, we have obtained

evidence for enhancement of carrier generation rate at high

pumping photon energy in dense solid state dispersions of

Si-NCs in SiO2. In comparison to the previous report on CM

in colloidal Si-NCs9 in the materials investigated in this

study, the multiple excitons generated by high energy pho-

tons (hm> 2Eg) do not undergo fast Auger recombination.

We suggest that this is related to close proximity of Si-NC

allowing for a possible separation of multiple excitons cre-

ated in the CM process
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