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Carrier dynamics in Si nanocrystals

investigated with ultrafast

transient induced absorption

Zonder inzicht geen uitzicht op wijsheid

Zonder wijsheid geen uitzicht op vooruitgang

Ellen de Boer-van Wechem

Carrier relaxation and/or recombination mechanisms in Si NCs in an O-rich en-

vironment are still a matter of debate. Especially in view of the limited PL QE,

it is evident that non-radiative relaxation channels play an important role as the

majority of carriers relaxes via such channels. Therefore, characterization and iden-

ti�cation of these channels are needed in order to be able to possibly increase the

optical performance of these systems. In order to get more insight into these carrier

relaxation mechanisms, ultrafast IA technique has been employed in con�guration

of a conventional pump-probe setup, as described in Chapter 2 Section 2.3.2, with

a multi-color probe to obtain spectral information in a broad spectral range. In

this way, information on possible defect-related relaxation channels as well as the

IA cross section as function of di�erent excitation photon energies can be extracted.

Conclusive correlation between the ultrafast IA, with carrier decay dynamics at sub-

nanosecond time scales as opposed to the excitonic PL results, with typical carrier

recombination characteristics of the order of microseconds, is still missing.
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4.1 Induced absorption cross section

The exact determination of the absorption cross section for NCs, both linear and

free carrier, has been a topic of debate as a result of the fact that this parame-

ter cannot be measured directly and has therefore to be inferred from theoretical

models or deduced indirectly from other experimentally obtained parameters. Fre-

quently, its value is extrapolated from the bulk, and scaled down to the appropriate

dimensions (with the required correction factors [32,103]). This method has turned

out to be inaccurate and has in the past led to misinterpretation of results on, for

example, the so-called MEG e�ect (see Chapter 1 Section 1.2.1), which then had

to be recti�ed afterwards [31]. In case of Si NCs, the linear absorption shows a

slight increase for above bandgap photon energies compared to the bulk [104]. In-

terestingly, experiments in a narrow spectral range indicated that IA or free carrier

cross section enhances as much as by a factor of 10 compared to the bulk [105].

This has been investigated in more detail in the current study in a broader spectral

regime, from high photon energies in the UV extending to photon energies below

the NC bandgap. With this property, incorporation of Si NCs in photovoltaic de-

vices would become incredibly attractive, as it opens perspectives for utilization of

photons in the (N)IR regime of the solar spectrum, which are normally lost in the

conventional Si-based solar cell. In this way, conversion e�ciency of solar cells could

be signi�cantly enhanced (see Chapter 7 for more details).

4.1.1 Experimentals

The study has been performed on Si NCs embedded in a SiO2-matrix, which were

prepared by radio-frequency co-sputtering method, with NC density of the order

of NNC ≈ 10−17 � 10−18 cm−3 and typical average NC sizes ranging from dNC =

2.5 � 5.5 nm (with σ ≈ 19 %), as described in Section 2.1, in Chapter 2. For the IA

experiments, a conventional pump-probe setup was employed, as described in Section

2.3.2, in Chapter 2. All experiments were performed under excitation condition of

multiple excitons per NC and at room temperature.

In Fig. 4.1(a), the IA spectra are shown (in probing photon energy range Eprobe =

1.6 � 3.25 eV) for the sample with average NC diameter of dNC = 3 nm obtained

under di�erent excitation photon energies and for the maximum temporal overlap

between the pump and probe pulses. The spectra are shifted on the vertical scale

compared to each other in order to illustrate the similarities for the di�erent ex-

citations: in all cases, a gradual decrease in the intensity toward higher probing
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photon energies is observed, followed by a slight increase for the highest range. A

practical independence on excitation photon energy was also observed for the NIR

probing regime (Eprobe = 0.95 � 1.35 eV � not shown). In Fig. 4.1(b), IA spectra

are shown for the visible probing regime for excitation photon energy of Eexc = 3.8

eV for samples with di�erent NC sizes. Similarly as is the case for di�erent exci-

tation photon energies, the spectral structure shows practically no dependence on

NC diameter. Recently, it has been found that the threshold value for which the

IA signal shifts toward higher values for smaller NCs [73]. This was proposed to be

related to ioniziation of carriers from a self-trapped state localized at the surface of

the NC into the higher lying NC core-related levels. Further details on this can be

found in the Section 4.2.

Figure 4.1: a) IA spectra in the 1.6 � 3.25 eV detection regime for the sample with
an average diameter dNC = 3 nm under di�erent excitation photon energies and
for the maximum temporal overlap between the pump and probe pulses. Here, the
di�erent traces correspond to excitation at Eexc = 3.8 eV, 3.44 eV, 3.26 eV, and
3.1 eV (from black to light gray, respectively). The spectra have been shifted on
the vertical scale. Similar spectral structure was observed regardless of excitation
photon energy. b) The IA spectra in the 1.6 � 3.25 eV detection range obtained upon
Eexc = 3.8 eV excitation for the maximum temporal overlap between the pump and
probe pulse for samples with di�erent average NC sizes: dNC = 2.5 nm, 3 nm, 4 nm,
and 5 nm, from black to light gray, respectively. The spectral structure appears to
be independent of NC size.

In order to obtain temporal behavior of the IA signal, the spectra have been recorded

for di�erent time delays between the pump and probe (with a maximum of ∼ 3.5

ns). In this way, insight in the carrier relaxation mechanisms in Si NCs can be

obtained. Past investigations revealed that carrier dynamics in Si NCs always

exhibit a fast multi-exponential decay [36, 74, 106�108]. This illustrates a variety

of carrier relaxation pathways, with the individual components assigned to trap-

ping [107], carrier-carrier scattering, Auger energy transfer between electrons and
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holes [109], phonon-assisted cooling, and no-phonon radiative recombination [110].

For O-passivated Si NCs, it has been shown that the e�ective carrier cooling can

be slowed down by three orders of magnitude in comparison to bulk Si [110], thus

e�ectively enhancing the role of trapping processes.

In Fig. 4.2, the IA spectra are shown for both detection regimes, NIR (Eprobe =

0.95 � 1.35 eV � panel (a)) and visible (Eprobe = 1.6 � 3.25 eV � panel (b)) for the

sample with an average NC diameter of dNC = 5 nm under excitation of Eexc = 3.6

eV for di�erent delay times between pump and probe. Compared to the IA spectrum

in the NIR regime, the amplitude of the IA signal for the visible range is about a

factor ∼ 10 lower. For both detection ranges, the IA amplitude shows a rapid initial

decrease on a picosecond timescale, with the IA signal in the NIR regime practically

vanishing within ∼ 500 ps. A similar e�ect can be observed in panel (b) but only up

to a certain threshold of probing energy Eth ≈2.25 eV: for photon energies exceeding

this threshold, the IA signal remains even after nanoseconds of delay.

Di�erence in temporal characteristics for below and above the threshold is further

demonstrated in panels (c) and (d) for IA dynamics recorded at Eprobe = 1 eV and

Eprobe = 3 eV, respectively. In both cases, the dynamics feature fast decay on the 1 �

100 ps timescale. Since the experiment in this study is conducted under high photon

�ux, such that multiple carriers are created per single NC, the decay dynamics are

initially dominated by Auger recombination of multiple excitons con�ned in the same

NC, which is known to proceed on a picosecond time scale [36,74,111]. Here, in both

panels the IA dynamics are shown for Eexc = 3.6 eV (black) and Eexc = 2.48 eV

(gray): in case of the low photon probing energy, the IA signal for both excitations

is decaying on a subnanosecond timescale, whereas for the above-threshold probing

photon energy, the signal exhibits a long-living absorption, extending to outside of

the detection window of 3.5 ns. The ratio of ∼ 1.5 between the initial amplitudes

of the dynamics for the high and low excitation photon energy can be explained by

the di�erence in the number of absorbed photons Nabs for these two excitations:

N3.6 eV
abs /N2.48 eV

abs ≈1.5. From the similarities in the IA dynamics in both panels, we

can conclude that these are fairly independent of excitation photon energy, with

the initial fastly decaying components and a long (ns � ms) component for above-

threshold probing photon energies.

In order to verify the experimentally found dependence of the IA signal on detec-

tion photon energy, theoretical modeling of the IA cross section is performed. The

di�erence in decay dynamics for the below and above Eth detection conditions has

been proposed to be related to the formation of a self-trapped exciton (STE) at the

surface of a NC and will be discussed in more detail in Section 4.2. First, we will
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Figure 4.2: IA spectra in the NIR and visible regimes for the sample with an aver-
age NC diameter dNC = 5 nm under excitation of Eexc = 3.6 eV for di�erent time
delays between the pump and probe. a) For the NIR regime, the IA signal decays
practically to zero within 500 ps. b) In this detection window, the IA signal in the
low photon energy regime decays in a similar way as shown in panel (a), whereas for
photon energies exceeding Eprobe ≈ 2.25 eV also a long-living absorption component
can be observed. IA dynamics recorded at Eprobe = 1 eV (panel c) and Eprobe = 3
eV (panel d) for two di�erent excitation photon energies of Eexc = 3.6 eV (black)
and Eexc = 2.48 eV (gray) in a detection time window of ∼ 3.5 ns. For both exci-
tations the dynamics show similar characteristics, with intial fast components, and
with amplitudes related to di�erence in the number of absorbed photons for these
particular excitation photon energies, and an additional nanosecond component for
the high detection photon energy of Eprobe = 3 eV.

present an interpretation of the IA spectrum in the di�erent detection regimes by

correlation with theoretical modeling.

4.1.2 Theoretical modeling of induced absorption cross sec-

tion

4.1.2.1 Drude model

Conventionally for bulk systems, the (photon energy-dependent) free carrier absorp-

tion cross section can be obtained using the Drude model [105, 112]. The develop-

ment of the free carrier (or IA) signal for a given probing photon energy for di�erent

time delay between the pump and probe pulses can be described with the relation

IIA (Eprobe, t) = σIA(Eprobe) × nexc(t), where σIA is the free carrier absorption cross
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section and nexc the concentration of free carriers (or excitons) as a function of time;

nexc decreases in time due to relaxation of the generated carriers. The free carrier

absorption cross section σIA is the sum of the free carrier absorption of electrons

and holes: σIA = σe + σh. The absorption by free carriers in case of bulk Si is

always accompanied by scattering (with acoustic phonons or at impurity centers)

due to momentum compensation between the initial and �nal state. Within the

Drude model, in a simple parabolic energy dispersion, the free carriers absorption

cross section is given by the following relation [112]:

σIA(Eprobe) =
e2h2

4πε0c(Eprobe)2m∗n

1

τs
, (4.1)

where e is the electron charge, c and ε0 are the velocity of light in vacuum and

the permittivity of the free space, respectively, n is the refractive index, m∗ is the

carrier e�ective mass, and τs is the average scattering time of charge carriers in the

semiconductor. The mean scattering time for carriers in the bulk can be estimated

from their mobility µ as τ bulks = µ m∗/e. In case of Si, with its complex band

structure, we take for m∗ the conductivity e�ective mass value, which for electrons

is m∗e = 0.26m0 and for holes m∗h = 0.5m0 [113]. This then results in the scattering

time τ bulks ≈ 4 × 10−13 s for both electrons and holes. The (Eprobe)
−2-dependence

of the IA cross section gives a gradual decrease as a function of photon energy,

with free carrier cross sections being of the order of ∼10−18 � 10−16 cm2 at room

temperature for the investigated probing photon energy range. In the past, this

approach has been applied to �nd the free carrier cross section for excitons con�ned

in Si NCs, where it was found that the experimentally observed dependence could be

well described with the formula 4.1 [112]. The values for the cross section in case of

NCs were increased by a factor ∼ 10 compared to bulk Si, which was considered to

be a consequence of the decreased mean-free path limited by the diameter of the NC.

However, due to discretization of energy levels in NCs, the absorption of light can

proceed without phonon scattering, making this theoretical approach unsuitable for

an exact determination of the IA cross section. Therefore, it is necessary to apply

a new approach taking into account the discretization of the energy levels under

quantum con�nement. The absorption of free carriers has been modeled previously

applying a pseudopotential technique for small photon energies in a narrow region,

and with the con�ned carriers in an equilibrium thermal distribution. In the next

section, we present modeling of the spectral behavior of the IA cross section for the

condition corresponding to the performed experiment.
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4.1.2.2 Tight-binding technique

An empirical sp3d5s∗ tight-binding technique is applied, including spin-orbit inter-

action, as used before in similar systems, in the past for a more limited spectral

regime [25]. The states of con�ned carriers were calculated for hydrogen-passivated

Si clusters [114,115], � H-bonding parameters have been taken from Ref. [115]. Gen-

erally, the initial distribution of hot carriers after photon absorption mainly consists

of �hot� electrons and �cold� holes [26]. Subsequently, due to very high rates of

Auger-like energy exchange between the carriers inside the NC (with characteristic

times τ . 10−13 s), the energy is redistributed between holes and electrons [26],

such that the hot carriers are homogeneously dispersed through all energy levels in

the NCs. Therefore, distribution of carriers in NCs needs to be described by a joint

two-particle distribution function. The (re-)distributed �hot free excitons� have en-

ergy Eexc = Eexc = Egap + |Ee| + |Eh|, Egap the NC bandgap, Ee and Eh electron

and hole energy, respectively � illustrated in the Fig. 4.3(a).

The IA cross section σIA was modeled (averaged over the ensemble of NCs) as

function of probing photon energy ~ω for various exciton energies Eexc at the moment

of maximum overlap between pump and probe pulse:

< σIA(~ω) >=
∑

e,e′,h,h′

fe,h(Eexc)~ω0[σ̃ee′Sδ(Ee′ � Ee � ~ω) + σ̃hh′Sδ(Eh � Eh′ � ~ω)].

(4.2)

The equation considers transitions between di�erent intraband states, where sum-

mation over all electron (e, e′) and hole states (h, h′) is performed. The correspond-

ing energies of the initial and �nal electron states are Ee, and Ee′ , and for holes

Eh, and Eh′ , respectively. The energy of the �nal electron and hole states Ee′

and Eh′ is determined by the probing photon energy Eprobe = ~ω. The distri-

bution function fe,h(Eexc) gives the probability of an exciton with an electron in

state e and a hole in state h for which total energy (including Egap) adds up to

Eexc. The function fe,h(Eexc) was chosen as a Gaussian distribution fe,h(Eexc) =

N e−(Ee+Egap−Eh−Eexc)2/∆2
, with ∆ = 100 meV, which accounts for the NC size distri-

bution in these samples. The quantity N is a normalization factor found from the

condition ∑
e,hfe,h(Eexc) = 1, corresponding to one exciton per NC. Further, the intra-

band absorption cross sections σ̃ee′ and σ̃hh′ are given by σ̃ii′ = 4π2αF2/(3nout)|ri,i′ |2,
where i, i′ corresponds to e, e′ or h, h′ for transitions between (initial and �nal) elec-

tron or holes states, respectively. α is the �ne structure constant (α ' 1/137), nout
the refractive index of the media outside the NC, and |ri,i′ | the coordinate matrix
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element. The (corrective) �eld factor F = 3εout/(εin + 2εout) accounts for the di�er-

ence between the dielectric constants of the surrounding matrix (εout) and the NC

(εin). The dielectric constant and refractive index of the SiO2-matrix are εout ≈ 2

and nout ≈ 1.4, respectively; for the NCs, the bulk static value of the dielectric

constant εin ≈ 12 was used, which yields F2 ≈ 0.14 [114]. The coordinate ma-

trix element |ri,i′ | was calculated including only interatomic matrix elements, which

is reasonable for Si [116]. Finally, the normalized Lorentzian function Sδ(x) with

halfwidth δ is used in Eq.4.2 for energy conservation consideration. δ was chosen

as δ ≈ 10 meV to account for the level broadening in NCs due to energy relaxation

and for the spectral linewidth of the absorbed photon pulse.

Figure 4.3: a) A schematic illustration of the redistribution of exciton energy Eexc
by Auger energy transfer for carriers in Si NCs with bandgap energy Egap. CB
and VB indicate conduction and valance bands of the NC, respectively. The right
panel shows the absorption of photons by �free� electrons and holes in an initial
state Ee and Eh to a �nal state Ee′ and Eh′ , respectively. b) The drude model with
(Eprobe)

−2-dependence as described by Eq. 4.1 for electrons (light green) and holes
(dark green) in bulk Si in the photon energy range of Eprobe = 0.5 � 3.5 eV plotted
together with simulations obtained by the tight-binding calculations for di�erent
average sizes of NCs, dNC = 3 nm (black), dNC = 4 nm (red), and dNC = 5 nm
(blue). c) The IA cross sections obtained from experimental results compared with
the theoretical modeling for the maximum temporal overlap between pump and
probe pulse for the sample with an average diameter dNC = 5 nm for a probing
photon range of Eprobe = 0.5 � 3.5 eV. Di�erent colors represent various exciton
energies Eexc. The black dashed lines are the experimental data scaled down by a
factor 10.

The IA cross sections found by the tight-binding procedure show a similar spectral

dependence for di�erent sizes of NCs (Fig. 4.3(b) for Eexc = 3.5 eV). In this NC size

range, values of the order of σIA ≈ 10−16 cm2 in the low photon energy regime are
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found, followed by a decrease of the absorption cross sections by about one order of

magnitude toward higher photon energies. This dependence can be interpreted as a

result of competition between the growing density of �nal states and the decrease of

the value of the matrix element |ri,i′ | with the energy di�erence Ei′ �Ei. For com-

parison, the theoretical dependence as obtained by the Drude model (formula 4.1)

is shown for electrons and holes in bulk Si. Evidently, the results of this calculations

show a very similar spectral behavior, slightly diverging from the curves obtained

by the tight-binding approach toward higher photon energies. The amplitude of the

IA cross sections for the NC systems is somewhat higher than found for free carriers

in bulk Si.

4.1.3 Theoretical model vs. experimental data

In Fig. 4.3(b), the theoretically obtained IA cross sections for NCs with an average

size of dNC = 5 nm are shown for di�erent exciton energies, ranging Eexc = 2.0 � 4.0

eV compared with the experimental results. According to the model, the dependence

of the IA cross section on Eexc is rather marginal, in particular for low probing

photon energies, but diverges in the higher photon energy regime, with a maximum

di�erence of a factor ∼ 5 between high (4.0 eV) and low (2.0 eV) Eexc. In order to

directly compare these �ndings with the experimental results, the IA cross section

has been extracted from the IA spectra (for the maximum temporal overlap between

pump and probe, thus prior to carrier relaxation � black dashed lines). The values

of the IA cross section were evaluated using σIA = αIA/(NexcNNC), where NNC is

the NC density � derived from atomic percentage of excess Si in the sputtered

layer and average diameter dNC � and αIA the IA coe�cient, obtained from the

IA data. The parameter Nexc is the average number of excitons created per NC by

the excitation pulse, which for this evaluation is set to unity. Since measurements

were conducted under high photon �ux excitation � by which multiple excitons are

generated per NC, resulting in a higher IA �, the experimentally extracted values

for σIA will be overestimated (this has been corrected for by down-scaling of the

experimental results in both detection regimes by a factor of ∼ 10). With this in

mind, we can conclude that the values for σIA in the visible probing photon energy

range extracted from experimental data can be well described by the simulation

(i.e. up to a certain threshold value Eth). For detection photon energies above

Eth the simulations and observations diverge, with the model predicting a gradual

decrease for higher photon energies, while the opposite is observed in experiments.

This observation will be further discussed in Section 4.2. For the NIR probing

regime, the dependence of the IA cross section as found by theoretical modeling is
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in rather good agreement with the experimental results, however the amplitude is

considerably higher. Since the excitation conditions for both detection ranges are

more or less identical by which experimental artifacts can be excluded, the di�erence

in the intensity between the theoretical model and experimentally obtained values

are likely to appear due to a physical property of the material.

The analysis of the IA cross section for decreasing value of Eexc can be interpreted

as relaxation of carriers to lower states in the conduction and/or valence band. The

practical independence of the IA cross section on Eexc con�rms the similarities in

the carrier dynamics obtained for di�erent excitation photon energies, recorded for a

certain probing photon energy, as presented in Fig. 4.2(c) and (d). In case of probing

with high photon energies (panel (d)), the (temporal) decay of the IA intensity could

be (partially) explained in terms of a decreasing IA cross section for smaller Eexc. On
the other hand, according to the theoretical model, the �full� relaxation of the IA

signal in the low probing photon energy regime � suggesting the complete depletion

of carriers � (Fig. 4.2 (c)) cannot be related to this e�ect. Evidently, the model

does not include other possible relaxation mechanisms, such as trapping, Auger

recombination and other fast (non-radiative) processes, which also lead to reduction

of the IA signal. One or more of these e�ects should then be responsible for the

behavior of the IA signal observed for probing photon energies below the threshold

value Eth. As previously mentioned in this chapter, this behavior could be explained

in terms of the formation of a STE at the surface of the NC; details will be discussed

in the next Section.

4.2 Formation of self-trapped exciton in Si nanocrys-

tals

For O-terminated Si NCs a peculiarity in the NC-size dependent position of the

PL spectrum was found: for smaller diameters dNC . 2.5 nm the blueshift in PL

spectrum could not be observed, with PL energy stabilizing in the visible range. This

has been explained in terms of the formation of O-related defects at the surface of

NCs, with levels appearing in the bandgap and participating in recombination of

carriers [22]. Speci�c microscopic details of these defects are not known, but oxygen

is well-known to form electrically active defects in bulk Si [117, 118]; among other

possibilities, formation of a STE has been proposed [119]. Support for the existence

of the STE state facilitating photon emission in small O-terminated Si NCs was

inferred only indirectly from steady-state PL experiments � predominantly from
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the afore-mentioned stabilization of the quantum con�nement-induced blueshift of

PL and also from the temperature dependence of PL intensity and lifetime [120].

It is fair to say that an experimental evidence directly con�rming formation of the

STE is still missing.

4.2.1 Results

For investigation of the STE state, we focus on the detection in the visible, Eprobe =

1.6 � 3.25 eV, where the experimental results deviate from the theoretical models

for the higher photon energies. This is shown in Fig. 4.4 for the sample with an

average NC diameter of dNC = 4 nm, with the IA spectrum as obtained under exci-

tation at Eexc = 3.6 eV and for the maximum temporal overlap between pump and

probe pulses. The experimental results are plotted together with two curves ob-

tained by the two di�erent theoretical approaches for the IA cross section described

in Section 4.1.2: the Drude model � with a (Eprobe)
−2-dependence [105, 112] (red

dashed curve) � and the semi-empirical sp3d5s∗ tight-binding calculations (black

dashed curve) [25,121]. As also shown in Fig. 4.3(b) for the sample with an average

diameter of dNC = 5 nm, the amplitude of the IA signal decreases gradually toward

higher probing photon energies, which is indeed observed in the experiment for low

detection photon energies, up to the threshold value Eth ≈ 2.4 eV. For photon ener-

gies exceeding this threshold, the experimental results diverge from the theoretical

modeling, with the measured IA spectrum increasing with probing photon energy.

The inset of Fig. 4.4 displays the IA transients recorded for two probing photon

energies, below (Eprobe = 1.8 eV � black) and above (Eprobe = 3 eV � grey) the

threshold, indicated by the arrows in the main panel, featuring a multi-exponential

decay. Whereas the IA signal practically vanishes within 1 ns for the low probing

photon energy, the transient taken for Eprobe = 3 eV also shows a �slow� component

corresponding to a decay process taking place on the nanosecond to microsecond

time scale.

In case of low probing photon energies (inset of Fig. 4.4), the IA signal practi-

cally decays entirely on sub-ns time scale (as far as can be concluded within the

experimental resolution), which can be interpreted as total depletion of free car-

riers. However, this conclusion is contradicted by the second trace in the inset,

which shows that free carriers (excitons) are still present when probing is carried

out at higher photon energies, above the threshold. Moreover, a total depletion of

carriers on the fast nanosecond time scale is in direct contradiction with PL results

concerning band-to-band radiative recombination. The Si NC samples investigated
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Figure 4.4: The IA spectra and dynamics in the visible probing regime (Eprobe =
1.6 � 3.25 eV) for the sample with NCs of the average diameter of dNC = 4 nm under
excitation of Eexc = 3.6 eV at the maximum temporal overlap between the pump and
probe pulses. The decrease in the IA intensity for small photon energies is followed
by an increase in the high photon energy range, starting from the threshold value
Eth ≈ 2.4 eV. The two arrows indicate the photon energies for which the transients
are displayed in the inset. The dashed curves show the simulations of the probing
photon energy dependent IA signal obtained by the semi-empirical sp3d5s∗ tight-
binding (black) and Drude (red) models. Inset: the (normalized) IA transient for
Eprobe = 1.8 eV (black) and Eprobe = 3 eV (grey) in a 3 ns time window (plotted on
logarithmic scale), with initial fast decay (1 � 100 ps) and a component extending
to the ns � ms-range for the trace recorded for the high photon energy excitation.

in this study are characterized by a PL spectrum blueshifting for smaller NC sizes

and decaying within 10−6 � 10−4 s [122] (in agreement with theoretical modeling

for O-passivated Si NCs in this size regime [123] � see also Fig. 3.3(a), in Chap-

ter 3, Section 3.2). Excitons populating the NC-core related levels and undergoing

radiative recombination must also be available for probing. At the same time, the

practical independence of the IA cross-section on exciton energy Eexc as found by the
semi-empirical tight-binding approach discussed in Section 4.1.2.2 cannot account

for the decrease of the IA signal by relaxation of free carriers toward lower energy

states.

The fact that for long delay times between the pump and probe (∆t & 0.5 ns),

carriers are not available for detection by photons in the lower energy range of the

probe spectrum, and are �visible� only for photons whose energy exceeds a certain

threshold, suggests e�cient trapping of free carriers. The initial rapid decrease of

the absorption observed at all probing energies then re�ects reduction of the free

carrier concentration due to e�cient trapping. The nature of the trap state has to

ful�ll two conditions: the trapped carriers (i) need to be able to return to the free
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exciton (FE) state from where they can recombine radiatively, and (ii) they need

to be available for probing with photons of su�cient energy Eprobe > Eth . This

suggests that carriers are not captured at a charge-mediated trap state, but rather

by means of dipole-dipole interaction between the exciton and surface state, or by

Coulombic interaction between the hole and electron, with one of them initially

being localized at the surface state. With such a STE scenario, the absorption for

low photon energy range vanishes, but remains possible for above-threshold energies,

for as long as the carriers are trapped in the STE state.

A qualitative description of the STE scenario can be achieved in the Huang-Rhys

model within a con�guration coordinate diagram (see Fig. 4.5 for a schematic

illustration). Here the adiabatic potentials correspond to the exciton state of NC in

the ground state (E ′) and the exciton trapped at a defect state (STE). The potentials

depend on the displacement coordinate Q, where the position of the minimum of

the STE parabola Q0 represents the exciton-phonon interaction strength [109,113].

Generally, it can be assumed that the energy position of the STE state is marginally

dependent on NC size [22]. On the other hand, the FE adiabatic potential shifts up

in energy when the NC size is reduced, as a result of opening of the NC bandgap.

This is illustrated by the two parabolas, where E ′1 represents the adiabatic potential

for a larger NC (black) and E ′2 for a smaller one (blue). The minimal energy required

to release the carriers from the STE state into a FE by means of photon absorption,

Eth, is indicated by the red arrows. It should be noted that the carriers which

return or remain in the FE state should also be available for probing with high

photon energies, although their contribution to the IA signal will be signi�cantly

lower, as a consequence of a smaller IA cross section (see Fig. 4.4). As can be seen,

the energy required to release an exciton from the self-trapped state increases for

smaller NCs due to quantum con�nement. In order to validate this scenario, the

IA spectra for Si NCs of di�erent sizes need to be compared, so that the NC size

dependence of the threshold energy Eth can be established.

Figure 4.6(a) displays the IA spectra obtained for Si NCs with an average diameters

of dNC = 2.5 nm (black), 4 nm (green), and 5 nm (red) for a long delay time

between the pump and probe pulse (∆t ≈ 1 ns). Within the STE scenario, after

such a time interval carrier trapping should be completed and absorption of the probe

can proceed practically exclusively by optical ionization of the STE state. Indeed, a

clear shift of the threshold energy marking the onset of the higher absorption toward

higher photon energies is observed: for the largest NC size Eth ≈ 2.25 eV is found,

shifting to Eth ≈ 2.45 eV for dNC = 4 nm and to Eth ≈ 2.75 eV for the 2.5 nm-sized

NCs. The value of this blueshift � about 0.5 eV for the investigated size range
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Figure 4.5: A con�guration coordinate diagram with the adiabatic potentials for
FE (E ′), and STE. The black (E ′1) and blue parabolas (E ′2) represent the FE states
for �large� and �small� NC sizes, respectively. The minimum of the parabola for
the STE is shifted to Q0 compared to the FE adiabatic potential. The red arrows
correspond to the energy required for optical re-excitation from the STE to the FE
state � Eth. This can also be achieved by thermally stimulated tunneling ionization
� shown by the black horizontal arrow. ∆E corresponds to the energy di�erence
between the bottom of the FE and the STE adiabatic potentials, and ∆ε to the sum
of ∆E and Eth, respectively.

� agrees reasonably well with the blueshift of the indirect bandgap (∼ 0.45 eV),

concluded from the excitonic PL for the same materials [110] (illustrated in Fig.

4.6(b), showing the maximum of the PL spectrum of each sample). This similarity

evidences the afore-mentioned practical independence of the STE energy position on

NC size. Since PL should be dominated by band-to-band recombination from the

lower lying FE state, we can assume that in that case the STE state is metastable,

with its energy being positioned (at least) ∆E ≈ 0.5 eV above the FE ground state

of Si NCs with dNC= 5 nm. This value agrees reasonably well with the one found

in Ref. [22], taking into account the energy shift due to Coulombic interaction for

an exciton [9, 124]. This results in the binding energy of STE ∆ε = ∆E + Eth ≈
2.75 eV � see Fig. 4.5.
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Figure 4.6: The IA and PL results for samples with di�erent average NC sizes.
a) The IA spectra in the visible regime recorded for 1 ns delay time between the
pump and probe pulse for di�erent average sizes of NCs, dNC = 2.5 nm (black),
4 nm (green) and 5 nm (red), respectively. The threshold value Eth shifts from
Eth ≈ 2.25 eV for the 5 nm-sized NC to Eth ≈ 2.45 eV for the 4 nm-sized NCs, and
Eth ≈ 2.75 eV for the smallest NC size used in this study. Similar data have been
obtained for NCs of the same size, prepared by di�erent technique � not shown. b)
The maximum of the PL spectrum for the same samples as presented in panel (a).
c) IA transient for the 5 nm-sized NCs recorded at Eexc = 3 eV. In addition to fast
components in the 1 � 100 ps range, also a ns component is found.

Following the proposed model, the decay dynamics for the above-threshold absorp-

tion will re�ect the STE lifetime and will correspond to the slow component of the

IA in the high photon energy regime � see the transient (grey) in the inset of Fig.

4.4. The STE lifetime could be controlled by direct recombination (radiative and

nonradiative) and/or by thermally stimulated tunneling ionization. The probability

of the latter process is W t ≡ τ−1
t = weJ(SHR, T, p), where we is the pure electron

transition probability, J(SHR, T, p) the overlap integral of the oscillator wavefunc-

tions which depends on temperature T, SHR = ∆ε/~ω0 the Huang-Rhys factor, and

the parameter p ≈ ∆E /~ω0 the number of phonons involved in the transition. The

precise expression for J(SHR, T, p) = Ip(
SHR
sinh(θ)

)e−(
SHR
tanh(θ)

+pθ) , where θ = ~ω0

2kT
and

was obtained by Huang and Rhys [125]. In �rst approximation we is independent

of the vibration coordinate, and can be treated as a parameter. For the phonon we

take the Si-O vibrational mode ~ω0 = 140 meV [126], resulting in the Huang-Rhys

factor SHR ≈ 20.1. We note that this value is similarly large as obtained in the

past for the DX center in AlGaSb:Te [127]. The value of we can be estimated from

the capture probability W c; according to our model this can be extracted from the
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initial IA dynamics for small probing energy. Since it can be concluded from ex-

periments that trapping time does not dramatically dependent on NC size, we use

an average value of τc = 10−12�10−11 s [47]. Following the same approximation, we

determine the overlap integral for capturing of hot carriers, using excitation energy

Eexc = 3.6 eV for which we get W c = we · 2 × 10−2 s−1. For the NC sizes used in

this study, we �nd an average value of we = 1013 � 1014 s−1. The overlap integral for

thermally activated tunneling from the STE state to the NC core-related levels for

Si NCs with dNC = 5 nm is J = 1.5× 10−5 at room temperature, yielding the STE

lifetime of τt = 1.2 × (10−9 � 10−8) s. This can be observed as the decay of the tail

in IA decay dynamics recorded at Eprobe = 3 eV for the 5 nm-sized sample (4.6(c)).

Although accuracy with which the �slow� component can be determined is limited

by the fairly low signal-to-noise-ratio and the time window being relatively short

compared to the expected tunneling time, the value τtail ≈ 5.2 × 10−9 s extracted

from �tting is in good agreement with the theoretically predicted one. Using the

same value for the Huang-Rhys parameter for the other Si NCs investigated in this

study, we get τt = 3.3 × (10−8 � 10−7) s and τt = 3.4 × (10−6 � 10−5) s for dNC = 4

nm and dNC = 2.5 nm, respectively. The increase of the STE lifetime for smaller

sizes is demonstrated in the inset of Fig. 4.4, showing the absence of a component

decaying on the ns timescale in the transient recorded at high photon energy (grey)

for the 4 nm-sized NCs. Moreover, according to the Huang-Rhys model the STE

lifetime should be dependent on temperature, and is expected to decrease signi�-

cantly for lower temperatures; this aspect is currently under investigation. For NCs

with diameters dNC . 2.5 nm, the space quantization induced shift of the FE state

exceeds that of the the STE, i.e. we arrive to a stable STE state. In this case, PL

would be realized by recombination from this state rather than from the con�ned

FE state, which corresponds to the well-documented stabilization of PL energy for

small NC clusters [22].

4.2.2 Characteristics of the self-trapped exciton state

The value for the parameter ∆E has been deduced from experimental parameters,

but determination its exact value cannot be achieved in the current experimental

con�guration. Therefore we simulated the spreading in tunneling time τt for NCs

with diameter of dNC = 5 nm with di�erent values of ∆E within energy range

∆E = 0.4 � 0.8 eV. In this calculation, excitation photon energy has been �xed

at Eexc = 3.6 eV, phonon energy at ~ω0 = 140 meV, and the capture time at

τc = (10−12 � 10−11) s.
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∆E (eV) SHR J(SHR, T, p) τt (s)
0.4 18.93 8.3× 10−6 5× (10−9�10−8)
0.6 20.36 1.2× 10−5 7.5× (10−10�10−9)
0.7 21.1 1.7× 10−6 4× (10−9�10−8)
0.8 21.8 5.7× 10−5 4.2× (10−11�10−10)

Table 4.1: Table with di�erent values for energy di�erence ∆E and �xed the phonon
energy of ~ω0= 140 meV with corresponding values for overlap integral J(SHR, T, p)
and tunneling time τt for NCs with a diameter of dNC = 5 nm.

As a result, (shown in Table 4.1, last column), the tunneling time ranges from

τt ≈ 5 × 10−8 s for ∆E = 0.4 eV to τt ≈ 4.2 × 10−11 s for the energy di�erence of

0.8 eV. As evident from the Table, the value for the tunneling time is quite variable

as a consequence of the strong relation between the phonon energy ~ω0 and the

energy di�erence ∆E, which de�ne the value for the overlap integral J(SHR, T, p).

Nevertheless, from the results it can be inferred that as ∆E increases, i.e. when

the adiabatic potential describing the STE state (Fig. 4.5) shifts to higher energies,

the thermally induced tunneling time decreases. This can be interpreted as a result

of a gradual increase of the Huang-Rhys factor, which de�nes the electron-phonon

coupling.

Next to the afore-mentioned variation of ∆E, the phonon energy ~ω0 is another

parameter which is not well-de�ned and has not been experimentally obtained for

the samples used in this study. In the past, spreading of the phonon energy has

been observed in similar O-passivated Si NCs by means of single NC spectroscopy

between ~ω0 ≈ 130 � 170 meV. As a result, the thermally induced tunneling time

can vary, as shown in Table 4.2 for NCs with diameter of dNC = 5 nm and �xed

∆E = 0.5 eV. In general, τt becomes faster for larger phonon energy, as less phonons

are required to overcome the energy di�erence. It should be noted that the values

as presented in Table 4.1 and Table 4.2 are obtained for mono-sized NCs, thus size

distribution has not been accounted for. Evidently, the spread in NC sizes will cause

both parameters to broaden in value and the tunneling time will also spread.

~ω0 (meV) SHR J(SHR, T, p) τt (s)
130 21.2 6.8× 10−6 2.6× (10−9�10−8)
150 18.3 1.3× 10−5 9.1× (10−10�10−11)
160 17.2 3.1× 10−5 7× (10−9�10−10)
170 16.2 6.8× 10−6 4.6× (10−9�10−10)

Table 4.2: Table with the �xed energy di�erence of ∆E = 0.5 eV and varying phonon
energies and corresponding values for overlap integral J(SHR, T, p) and tunneling
time τt for NCs with a diameter of dNC = 5 nm.
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As mentioned previously, the overlap integral is a temperature dependent parameter.

In order to determine the temperature dependence of the tunneling time, this has

been simulated with �xed phonon energy ~ω0 = 140 meV and energy di�erence of

∆E = 0.5 eV for samples with NC diameters of dNC = 5 nm and dNC = 2.5 nm in

a temperature range of T = 150 � 300 K. The shaded areas in Fig. 4.7 indicate the

spreading as a result of variation in the capture time τc = 10−12 � 10−11 s. From

the simulations it can be seen that for lower temperatures, the thermally induced

tunneling slows down and exhibits an asymptotic behavior. For the 2.5 nm-sized NCs

times as slow as ∼ 10−4 � 10−5 s are obtained, which is of the order of the e�ective

PL lifetime observed in these samples (τPL ≈ 30 ms). It is therefore expected that

for the lower temperatures, the e�ective lifetime of excitonic emission will slow down

as it is governed by the thermally induced tunneling of excitons from the STE state

back to the NC core-related states. This has indeed been observed in the past in

temperature-dependent measurements of Si NCs in an O-rich environment [14].

Figure 4.7: The temperature dependence of the tunneling time for NCs with the
average diameters of dNC = 5 nm and dNC = 2.5 nm with a �xed energy di�erence
of ∆E = 0.5 eV and a phonon energy of ~ω0 = 140 meV plotted in a range of
T = 150 � 300 K).

In addition to the thermally induced tunneling, the exciton can also recombine

radiatively from the self-trapped state. In order to return to the ground state,

the recombination needs to be accompanied by phonons, rendering its probability

low and therefore the characteristic time long relative to the thermally induced

tunneling. The spectral dependence of this emission is fairly independent of the NC

size, but shows strong dependence on the energy of a phonon ~ω0 participating in

the recombination process.
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Conclusions

We have performed IA experiments with femtosecond resolution on Si NCs with

di�erent average diameters embedded in an SiO2-matrix in a broad detection energy

range for a maximum time window of∼ 3.5 ns. For all probing energies, the IA signal

decays on a timescale of τIA = 10−12 � 10−10 s, which is related to e�cient trapping

and Auger recombination of multiple carriers in the same NC. For probing photon

energies exceeding a certain threshold a long-living absorption remains, extending

outside of the detection window and being of the order of τIA = 10−7 � 10−4 s

(the latter being the PL e�ective lifetime). For the maximum temporal overlap

between the pump and probe pulse, the IA spectrum in the low photon energy

regime was found to be about one order of magnitude higher in intensity than for

high photon energies (in the visible regime). This behavior is succesfully modeled

using an empirical sp3d5s∗ tight-binding technique for probing photon energies up

to a certain threshold, where values for the IA cross section were obtained ranging

from σIA≈ 10−16�10−17 cm2. The dependence is found to be in good agreement

with values obtained directly from the experimental results. For the NIR probing

range, the intensity of the detected signal is about one order of magnitude higher

than the simulations. For higher probing energies, the mismatch between theory

and experiments in the above-treshold behavior can be explained by formation of a

STE at the surface of the NC. Together with the previously reported PL �ndings

for di�erent NC sizes these results support the STE model proposed in the past on

basis of theoretical arguments and supported indirectly by experiment. From the

results presented in the current study, we are able to conclude on the formation of

STEs directly from the (fast) disappearance of IA signal for low detection photon

energies in combination with the long-living absorption for probing energies Eexc &

Eth. The NC size-dependent shift of the threshold energy Eth necessary for optical

ionization of STE, represents an experimental �ngerprint of this state. Since the

defect level determining the energy of STE is independent of NC size while the

bandgap energy changes due to quantum con�nement, the energy barriers for both

processes increase for smaller NCs. The observed blueshift of Eth for smaller NC

sizes agrees well with the one found in PL experiments, directly supporting the STE

model. As shown by simulations using the Huang-Rhys model, formation of STE

does not in�uence the emission for large Si NCs for which the STE energy exceeds

the bandgap, and the thermally activated release is e�cient (τt = 1.2×(10−9 � 10−8)

s). The situation changes for small NCs, with STE state becoming more stable, and

therefore dominating the PL (τt = 3.4× (10−6 � 10−5) s). Moreover, a temperature

dependent modeling reveals slowing down of the thermally induced tunneling, which
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then should appear in low temperature time-dependent PL measurements for small

sized NCs.


