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Abstract

We propose an analytical description of the role of local depolarization ﬁelds in
the terahertz conductivity of nanostructured samples and demonstrate this
approach in a sample composed of silicon nanocrystals. This helps to uncover
the nature of charge carrier transport at nanoscale. Time-resolved terahertz
conductivity is investigated in an ensemble of silicon nanocrystals fabricated by
electrochemical etching of silicon wafer followed by an H2O2 oxidizing treatment. The post-etching treatment leads to a decrease in the average nanocrystalline Si core size which enhances luminescence in the visible range. We show
that the dominating microscopic photoconductive response of photocarriers is
essentially Drude-like owing to the presence of a very small amount of large
nanocrystals; the macroscopic character of the response is, however, deeply
modiﬁed by the depolarization ﬁelds. Smaller nanocrystals appreciably contribute to the terahertz conductivity only at high photoexcitation densities where
the screening due to depolarization ﬁelds suppresses the response of the large
particles.
Keywords: ultrafast photoconductivity, Si nanocrystals, charge carrier transport,
terahertz spectroscopy
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1. Introduction

The electronic and optical properties of semiconductors can be tailored nowadays according to
requirements using the relevant materials in the form of nanostructures. In particular, silicon
nanocrystals (Si NCs) with a size of several nanometers are of fundamental importance for
many prospective applications, including photovoltaic devices [1], ﬂuorescence labeling of live
cells, cancer tumors and targeted drug delivery [1, 2], light sources and waveguides for silicon
photonics [1–3] and Si NCs-based memories [1–3]. While steady-state radiative [4, 5] and
nonradiative [6] recombination of optically or electrically injected electrons and holes in Si NCs
has been given a great deal of attention in the last two decades, ultrafast electronic excited state
relaxation and charge transport ranks among phenomena that have been insufﬁciently
understood until now.
Focusing on Si NCs with oxidized surfaces, it is generally accepted nowadays that upon
photo-creating a hot electron–hole pair, ﬁrst of all energy relaxation (thermalization) of both
free electrons and holes on femtosecond time scale sets in; this may be followed, or even
accompanied, by ultrafast luminescence, observable using special optical techniques only [7–9].
This light emission can be exploited for optical ampliﬁcation by stimulated emission on the subpicosecond time scale [10]. Subsequently, the localization of photocarriers in surface-related
states usually takes place. Radiative recombination of these trapped electrons and holes results
in long-lived (10–100 μs) orange-red luminescence radiation [11], which represents the
principal luminescence feature of Si NCs, denoted as the S(slow)-band.
Of no less importance is the issue of exchanging elementary excitations in large ensembles
of closely spaced Si NCs, where they may even be ‘in touch’ with each other [12]. This can be
regarded as an important effect underlying the photoconductivity and/or charge separation in
photovoltaic applications of Si NCs. A long-lasting fundamental question of a relation between
the charge conﬁnement and the medium- and long-range transport in nanoscaled materials is
still awaiting a detailed answer. On the one hand, spectral shifts and characteristic ﬁngerprints
in the optical absorption or luminescence spectra indicate a conﬁnement of charge carrier wave
functions in NCs; on the other hand, a long range charge transport is clearly observed by
classical conductivity measurements and used in various electronic devices such as Grätzel
cells [13].
Time-resolved terahertz (THz) spectroscopy appears a very suitable tool to study the initial
photocarrier intra- and inter-NC travel without side effects of electrical contacts. Indeed, the
probing length of this method, driven basically by the carrier diffusion constant and by the time
period of the terahertz wave, is typically of the order of units to tens of nanometers. At the same
time, the picosecond length of the terahertz pulses allows one to probe THz photoconductivity
spectra at the very initial stage of the carrier transport. By probing relatively large volumes the
technique characterizes statistically signiﬁcant ensembles of nanostructures [14].
Various Si NC ﬁlms embedded in a SiOx matrix were previously studied by optical
pump–THz probe experiments and the interpretation of the results was based on the
phenomenological Drude–Smith model [15–17]. Analysis of time-resolved THz spectra on a
microscopic level going beyond phenomenological models is still a challenging task in the case
of any NC samples [18, 19]. On top of that, more or less broad distribution of the NC sizes
usually exists in real samples and, in many cases, these NCs may be connected by rather
complex conductive percolation pathways. In our opinion, the truly microscopic interpretation
should explicitly deal with two phenomena [20]: (1) the interaction of mobile carriers with NC
2
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borders [21] and the formation of excitons due to carrier conﬁnement (the strength of these
interactions depends on the NC size) and (2) the existence of depolarization ﬁelds which screen
the incident THz ﬁeld (these effects depend on the sample morphology and percolation
[19, 22]). Both these phenomena lead to the deviation of the measured response from the
Drude-like behavior; however, simple ﬁtting of the data e.g. by the phenomenological
Drude–Smith model [23] cannot distinguish between their roles in the estimated ‘degree’ of
carrier localization and its origin then remains hidden [24].
In this paper we study carrier transport on a picosecond time scale in silicon NC powder as
a function of photoexcitation intensity and as a function of temperature. We develop a method
which allows one to distinguish and retrieve the static part (depolarization ﬁelds) and dynamical
part (microscopic mobility) of the response from the measured THz spectra for both optically
thin and thick inhomogeneous samples. The measurements versus photoexcitation density allow
us to determine, namely, the sample morphology through the inﬂuence of depolarization ﬁelds
while the temperature dependence provides further hints on the character of the carrier transport
at nanoscale.
The paper is organized as follows. In part 2, we recall the relation between the transient
THz signal and charge carrier microscopic mobility in inhomogeneous thin ﬁlms. In part 3, we
provide details on sample preparation and characterization and on the THz spectroscopic
technique. In part 4, we present the results and discuss them. First we develop a theoretical
framework describing the THz signal in optically thick inhomogeneous samples (section 4(A)).
Subsequently, in section 4(B), we carry out a qualitative discussion of the measured spectra.
Finally, in section 4(C) we propose models of the charge transport and discuss in detail the
results of ﬁtting and their relation to the distribution of NC sizes obtained by AFM.
2. Terahertz conductivity in inhomogeneous systems

It is well-known that the optical pump–terahertz (THz) probe experiments can access the
response of delocalized or weakly bound charge carriers in photoexcited semiconductors.
Usually, the aim is to determine a single-carrier response function represented by the spectrum
of microscopic mobility μ(ω). However, since the THz radiation probes a macroscopic volume
of a (possibly inhomogeneous) sample, the relation between the measured photoconductivity
spectrum and the microscopic mobility may be nontrivial.
In the case of a homogeneous bulk semiconductor the microscopic response of carriers is
usually band-like, i.e., it is described either directly by the Drude formula or by some of its
modiﬁcations due to the scattering time distribution [25, 26]. In all these cases the real part of
the conductivity decreases with increasing frequency and the imaginary part is positive and
exhibits a maximum. Nanoscaled materials are inherently inhomogeneous and the macroscopic
response (photoconductivity) usually signiﬁcantly differs from the above described case [20].
The reason for this behavior can be twofold:
(1) The microscopic mobility spectrum μ(ω) of individual charge carriers may show a
signiﬁcant deviation from the Drude-like behavior in the THz spectral range due to their
interactions with nanocrystal boundaries [21].
(2) The macroscopic photoconductivity reﬂects an effective response of charge carriers to an
external (THz) electric ﬁeld and the transformation between the photoconductivity and the
microscopic mobility is nonlinear. As a consequence, the spectral shape of the measured
3
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conductivity Δσ(ω) differs from that of the microscopic mobility μ(ω) [22]. In particular,
THz spectra of carriers in non-percolated inclusions which are incorporated in an
insulating or weakly conducting matrix show a plasmon resonance due to local
depolarization ﬁelds [27]. In this regime the effective conductive response in the THz
spectral range of a macroscopic sample saturates above a certain density of charge carriers.
In contrast, the effective THz response of carriers in a percolated component scales linearly
with charge carrier density (as long as carrier–carrier interaction is negligible and the
percolation path is not too complex) [22].
The THz signal transmitted through a photoexcited sample depends on the response of all
excited carriers within the sample thickness (along the z-axis). Let us assume that the sample is
excited with a pump pulse with the photon ﬂuence ϕ creating an excitation density Nexc = ϕα,
where α is the effective absorption coefﬁcient of the inhomogeneous sample. The incident
ﬂuence ϕ and the excitation densities are extremely important experimental parameters which
determine the strength of depolarization ﬁelds. Due to the above mentioned nonlinearities, it is
convenient to characterize the measured effective response of the inhomogeneous photoexcited
sample by transient sheet conductivity [22, 28]:

ΔΣ (ω) =

∫0

L

Δσ (ω ; z )dz .

(1)

In [22], the so called normalized transient sheet conductivity Xσ was introduced:

Xσ (ω) =

ΔΣ (ω)
α
=
ΔΣ (ω)
eϕ
eNexc

(2)

where e is the elementary charge, L is the sample thickness, and Δσ(z) is the macroscopic inplane conductivity at a given depth z below the photoexcited sample surface. It has been shown
[22, 24] that the macroscopic conductivity can be written as:

Δσmic (z ; ω)
1 + φΔσmic (z ; ω)
≡ Δσ P (z ; ω) + Δσ NP (z ; ω)

Δσ (z ; ω) = VΔσmic (z ; ω) + B

(3)

with4

φ=

D
.
iωε0

The microscopic (local) conductivity of photoexcited parts of the sample was denoted as Δσmic
and ε0 stands for the vacuum permittivity. The coefﬁcients V, B, and D are determined by the
effective medium model of the sample structure and they depend only on the geometry of the
percolated and non-percolated parts (i.e. they do not depend on temperature, frequency and
excitation density). The ﬁrst right-hand side term in (3), which is linear in Δσmic, stands for the
contribution of the percolated photoconductive part of the sample ΔσP and the second righthand side (nonlinear) term represents the contribution of its non-percolated part ΔσNP [24]. This
expression follows from the Bergman representation of effective medium with a single
4

Note that in this paper we use the same convention of the Fourier transformation and of the complex quantities
as in [31] (i.e., ε = ε′ − iε″) which is complex conjugated to that used in [20, 22, 24].
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dominant depolarization factor [24] and it is able to describe a large number of morphologies
including complex percolation pathways [22]. Expression (3) with particular values of the
morphology parameters V, B, and D directly leads e.g. to the Maxwell–Garnett model, which
can be used in the case of sparse well-isolated photoconductive inclusions. The values of V, B,
and D are then related to each other by speciﬁc expressions which depend on the ﬁlling fraction
and shape factor of inclusions.
By comparing (3) with equation (13) in [20] we ﬁnd for the Maxwell–Garnett model:

V=0

(4)

B=

εm (1 + sK ) − εeff (1 − s )
,
εm (s + K ) + εb (1 − s )

(5)

D=

(1 − s )
,
εm (s + K ) + εb (1 − s )

(6)

where εm is the permittivity of the matrix, εb is the background (ground-state) permittivity of the
photoconductive inclusions, and εeff is the effective permittivity of the sample in the ground
state; s is the volume fraction of the inclusions and K is their shape factor [20]. In this way the
percolation is excluded and both coefﬁcients B and D are explicitly related to the volume ﬁlling
factor of the inclusions.
Generalization of this framework to multiple kinds of non-percolated components with
different microsopic responses Δσmic,j (e.g. several types of NCs) leads to extensive formulae.
Nevertheless, for low ﬁlling fractions and for the components’ permittivity values which are not
close to −Kεm (usually purely real and negative) (see appendix A), the contributions of
individual non-percolated components j are approximately additive, i.e.,

Δσ NP (ω ; z ) =

∑B j
j

Δσmic, j (ω ; z )
1 + φ j Δσmic, j (ω ; z )

(7)

where the parameters Bj, Dj and φj are deﬁned using (5) and (6) with appropriate volume
fractions sj.
The local conductivities Δσmic,j are proportional to the density of carriers and to their
microscopic mobility in the inclusions. The carrier density decays inside the sample following
the Lambert–Beer extinction law; the local conductivities then read:

Δσmic, j (ω ; z ) = eξ j μ j (ω)

αj
α

Nexc exp (− αz ),

(8)

where ξj and μj, are the quantum yield and the mobility of photo-carriers, respectively, in the jth
component. The local absorption coefﬁcients αj in the jth component may differ from each other
in some cases, resulting in different excitation densities in individual components: Nj = αjNexc/
α ≡ ϕαj then stands for the excitation density in the jth component at the surface of the sample.
The expressions for the transient sheet conductivity (1) and (2) involve integration over the
sample thickness which allows one to take into account the interaction of the THz pulse with all
the carriers in the sample and the different impact of the depolarization ﬁelds at different depths:
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ΔXσ , j =

(

)

ln 1 + φ eξ j μ j Nexc α j / α
α
Vξ j μ j + B
.
αj
φ eNexc

(9)

It follows that the contribution of the percolated part (ﬁrst right-hand side term) to the
normalized sheet conductivity is carrier density independent. This means that the depolarization
ﬁelds do not inﬂuence the conductivity originating in the percolated parts of the sample (except
for a constant multiplication factor given by the percolation strength V). In contrast, the
contribution of the non-percolated part (second right-hand side term in (9)) depends on Nexc in a
well-deﬁned nonlinear manner. This term is proportional to the mobility μj for small values of
Nexc while it vanishes in the strong excitation limit.
It follows from (9) that it is crucial to carry out experiments in a broad range of pump
intensities to evaluate the suitable effective medium model (coefﬁcients V, B, and D) and,
subsequently, to determine the temperature and frequency dependent response functions μj.
3. Experimental

We measured the transient THz conductivity of a powder of silicon NCs prepared by
electrochemical etching from a B-doped Si wafer [29]. Previous photoluminescence [29],
HRTEM and Raman [30] measurements indicate that most of the crystalline phase is etched
down to nanocrystals. The histogram of the NC size distribution measured by atomic force
microscopy (AFM) is shown in ﬁgure 1(a) and it peaks at a diameter of about 2.8 nm, but it
clearly has a non-negligible large-size tail. Since many physical phenomena do not scale with a
particle’s diameter linearly, this tail might play an important role. This is evident from
ﬁgure 1(b), presenting the AFM-measured size distribution recalculated to volumic fraction,
where the most frequently encountered size (3 nm) has already only a negligible contribution.
Thus, this large-size tail was investigated by dynamic light scattering (Zetasizer Nano S V by
Malvern) and, in ﬁgure 1(c), we plot the number-of-particles weighted distribution function
measured by this technique. The results conﬁrm the large-size tail in the range ∼50–400 nm.
However, since the scattered light intensity for particles with sizes close to 100 nm and less
decreases with the sixth power of the particle’s diameter, d6, the possible signal from small NCs
is completely screened off by larger particles, producing a false zero signal at small sizes. The
large-size tail is made up by very large NCs and/or aggregates, which develop as the crystalline
cores oxidize, forming silica shells. It is important to note here that a broad size distribution
with a small fraction of NCs with a much larger size is not exclusive to our sample, but can be
encountered in many types of nanostructures.
From x-ray photoelectron spectroscopy [9] we estimate that isolated crystalline silicon
cores occupy about 5% of the aggregate volume in the Si NC powder, the rest being ﬁlled by
SiO2 and SiOx matrix. The question of possible conductive contact between adjacent NCs and
charge transport among them has remained unanswered in previous studies of silicon
nanocrystals fabricated by electrochemical etching of Si wafers.
The fabricated NC powder was put, and very gently compressed, in a cuvette made of two
1 mm thick c-cut quartz plates separated by a teﬂon spacer with a 4 mm diameter circular hole in
the centre. In our experiment the hole in the spacer was completely ﬁlled with the sample
powder providing 220–260 μm thick samples. The cuvette was ﬁxed to a 3 mm aperture to limit
the measuring area to the central part of the sample and placed in a cryostat with sapphire
6

V Zajac et al

New J. Phys. 16 (2014) 093013

Figure 1. Histograms depicting (a) distribution of nanoparticle sizes measured by AFM

(after [9], reproduced by permission of The Royal Society of Chemistry); (b)
distribution of volume fraction of particles in a sample with unit volume (2.5% of Si,
47.5% of SiO2/SiOx, 50% of air) calculated from (a) assuming spherical particles.
Histogram bins: 0.5 nm. Note that AFM cannot distinguish between individual Si NC
cores: some larger particles may be composed of smaller NCs. (c) Distribution of sizes
measured by dynamic light scattering. Note that the measurement is completely
insensitive to small particles as the light scattering signal for particles with sizes close to
100 nm or less is proportional to d6 and thus just a very small fraction of larger particles
screens off the signal of small NCs. This makes the dynamic light scattering
measurement complimentary to AFM, enabling the study of a large-size tail. (d)
Photoluminescence spectrum of the sample powder dispersed in ethanol (excitation at
325 nm, 0.6 mW).

windows. Two samples named A and B were prepared from the same dose of etched NC
powder; the NC powder for sample A was, in addition, left in a high power ultrasonic bath with
ethanol (absorbed energy 400 kJ). This procedure is assumed to split larger agglomerates of
NCs into smaller pieces; this could possibly also break narrow conductive channels between
NCs if there were any.
The sample used for the AFM measurements in ﬁgure 1 was prepared by the same etching
procedure, but it underwent a longer ultrasonic treatment in methanol with low concentration of
nanocrystals, which led to successful breaking of the agglomerates. This procedure was
necessary to enable the measurement of the sizes of nanocrystals; however, this particular
sample could not be used for THz measurements due to the low concentration of nanocrystals
present.

7
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The measured effective THz refractive index is about 1.45 for sample A and 1.33 for
sample B which means, following the Bruggeman effective medium model, that the ﬁlling
fraction of the Si/SiO2/SiOx phases in the air is of the order of 45–50% (sample A) and 35–40%
(sample B).
Transient THz conductivity spectra were measured at 20 K, 100 K, 200 K and 300 K in a
usual setup for time-resolved THz spectroscopy [33] driven by a Ti:sapphire laser ampliﬁer
(Spitﬁre ACE, central wavelength 800 nm, 1 mJ pulse energy, 5 kHz repetition rate). A part of
the laser beam was frequency doubled to 400 nm (3.10 eV) and defocused to generate
photocarriers homogeneously across the sample (less than 25% of the pump beam power was
transmitted through the 3 mm aperture placed in the sample position). The experiments were
carefully performed as a function of the photocarrier density: the intensity of the pump beam
was gradually decreased by neutral density ﬁlters down to ∼1/400 of the maximum intensity
(1.4 × 1015 photons cm−2). The pump pulse delay in individual ﬁlters was calibrated using a ﬁlm
of CdS NCs [18] where the transient THz signal was sufﬁciently strong even at low
photoexcitation densities and allowed us to set the zero pump–probe delay for each experiment.
4. Results and discussion
4.1. Theoretical analysis: experimentally accessible quantities

In this section, we develop a theoretical framework describing the THz signal in optically thick
inhomogeneous samples. Similarly to [31], we consider here the limit of small photoinduced
change of the THz ﬁeld (ΔEt ≪ Einc), where Einc is the incident THz ﬁeld. In the case of an
exponential decrease of Δσ(z) with z, which occurs when Δσ(z) follows the spatial variation of
the excitation density, the transient THz ﬁeld ΔEt transmitted through the sample reads:
iΔσ (z = 0)
Ξ Einc,
ΔEt = −
ωε0
where Einc is the THz ﬁeld incident on the sample and Ξ is the transfer function introduced in
[32] and further discussed and speciﬁed for the most common experimental geometries in [31].
This is strictly true for homogeneous samples and this relation is also valid for percolated
components where the linear equation between the microscopic and macroscopic conductivity
holds [24]. In these cases the measured signal ΔEt/E (where E is the transmitted signal through
the sample without excitation) reads:
ΔEt
iΔσ (z = 0) Ξ
=−
,
(10)
E
ωε0
t0
where t0 is the complex transmittance of the sample in the ground state. It is easy to show that in
the case of a thin ﬁlm (i.e. optically thin with respect to the THz wavelength), in which the
pump power is entirely absorbed, equation (10) reads in agreement with [27]
(n1 + n 2 ) 1 ΔEt
ΔXσ = −
(11)
z0
eϕ E
which simply relates the normalized transient sheet conductivity to the measured transient THz
spectra. Here z0 is the vacuum wave impedance and n1 and n2 are THz refractive indices of the
media surrounding the sample.
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The macroscopic conductivity of the system with non-percolated component ΔσNP is
related to the microscopic response by a nonlinear equation which means that it does not
decrease exponentially with z for high pump ﬂuences. Nevertheless, in [22] we argued that (11)
is also valid for a general inhomogeneous thin ﬁlm sample. However, a more rigorous
justiﬁcation of (11) and its generalization for thicker samples is lacking. Such a relation must be
derived from the wave equation for the transient THz ﬁeld (equation (2) in [31]):

d2ΔE
+ k 2ΔE = U ω , ω p ; z
dz 2

(

)

(12)

where ΔE is the transient ﬁeld inside the sample, k is its wave vector, and the appropriately
deﬁned right-hand side U accounts for the dependence of Δσ on z.
We assume picosecond or slower dynamics of the photoexcited system which can then be
analyzed within the so-called quasi-steady state approximation [31, 33]: the photoexcited state
of the sample is assumed not to evolve during the duration of the probing THz pulse. This is
equivalent to the condition that the frequency ωp conjugated to the pump–probe delay τp is set
to 0. The right-hand side U of (12) is given by equations (5) or (15) in [31]; for non-percolated
photoconductive components we then obtain:

U (ω ; z ) = −k 02

Δσ NP (z )
iωε0

× Einc t1 a [exp (− ikz ) + r2 exp (ik (z − 2L ) ) ],

(13)

where k0 = ω/c and L is the sample thickness. The parameter a describes multiple internal
reﬂections of the THz beam inside the sample:
−1

a = [1 − r1 r2 exp (− 2ikL ) ]

(14)

and r1, r2 are the internal reﬂection coefﬁcients at the two sample surfaces and t1 is the
transmission coefﬁcient of the input sample surface.
The wave equation is linear; therefore its partial solutions corresponding to individual
additive source terms appearing at its right-hand side can be found separately and the ﬁnal
solution is then given by the sum of these partial solutions. In this sense, contributions from the
percolated and non-percolated parts given by (3) can be treated separately and various
components characterized by different conductivity mechanisms denoted by index j in section 2
can be also treated separately. The solution for the percolated part corresponds to that provided
in [31]. In this paper we solve the equation for the non-percolated part. Note that all these
solutions are summarized in the review [24].
We show in appendix B that the solution of the wave equation can be expressed in terms of
the Gaussian hypergeometric function (B5 and B6). In the case of thin ﬁlm samples the
hypergeometric function terms simplify and tend to the logarithmic function given as the
second right-hand side term in (9); the transient THz ﬁeld then satisﬁes (11), which means that
the transient sheet conductivity ΔΣ and normalized transient sheet conductivity ΔXσ have a
good physical sense for photoexcited thin ﬁlms and that they are simply related to the raw
experimental data by means of (11). For thick samples (several tens or hundreds of
micrometers), the transient THz ﬁeld is described by (B8) or (B9) and the presence of the
hypergeometric function in this expression is related to the interferences of transient THz waves
9
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Figure 2. Real part of transient THz transmission spectra of sample A measured at 20 K

with various pump ﬂuences ϕ (NNP ≡ N is the excitation density inside NCs).

generated backwards and forwards at different depths inside the sample, and of partial
reﬂections at the excited/non-excited interface.
As suggested by the form of (B10), even in the most general case, the expression on the
right-hand side of (11) has a convenient dimension and magnitude to characterize qualitatively
the measured response. We will call this quantity normalized transient transmission ΔTnorm:

ΔTnorm = −

(n1 + n 2 ) 1 ΔEt
;
z0
eϕ E

(15)

it is expressed in the units of mobility (cm2 V−1 s−1) and in the thin ﬁlm limit ΔTnorm = ΔXσ.
4.2. Experimental results

The decay of the transient signal at various temperatures can be described by a single
exponential curve with a characteristic lifetime of a few hundreds of picoseconds. This decay
probably corresponds to the trapping of carriers in the states at nanocrystal boundaries, as the
prevailing part of radiative recombination occurs on much longer time scales [7]. In this paper
we do not focus on the carrier trapping and therefore we do not discuss these results in detail.
We can simply state that the decay is much slower than the THz pulse length and we can
calculate transient THz spectra by using the quasi-steady state approximation [33].
The transient THz spectra of Si NC samples were measured ∼20 ps after photoexcitation.
Figure 2 shows the frequency dependence of the real part of measured transient THz spectra at
20 K in the full range of excitation densities in sample A. Accumulating the transient THz
spectra at the lowest excitation density (signal level below 10–4 with respect to the steady state
transmission) took up to 17 h. The effective absorption coefﬁcient α at 400 nm was measured to
be 590 cm−1 and 500 cm−1 in sample A and B, respectively (penetration depths 17 and 20 μm,
respectively). All measured transient spectra contain an interference pattern which is described
by the general equation (B8) and taken into account in our ﬁts. A ﬁrst insight into the measured
processes can be obtained by a qualitative analysis of the trends of the measured ΔTnorm from
(15) which would be directly connected to the sheet conductivity in the thin ﬁlm limit.
A qualitative inspection of the raw spectra in ﬁgure 2 clearly shows a change in the regime
of the conductivity behaviour which accompanies the decrease of the photocarrier density: the
10
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Figure 3. Examples of normalized transient THz transmission spectra in Si NC, sample

A at 20 K (a) and 300 K (b). For each temperature, data obtained with high (black),
medium (blue) and low (red) pump ﬂuence are shown. Real part: closed symbols,
imaginary part: open symbols; lines: ﬁts. Sample thickness: 220 μm. Error bars (not
shown for all points) correspond to the standard deviation of the average value obtained
from data accumulations within a single experiment.

real part of ΔEt/E increases with frequency for the highest pump power while its spectral
decrease was recorded for the lowest pump powers. Selected normalized spectra ΔTnorm are
shown as symbols in ﬁgures 3 and 4. This simple normalization of the raw signal deﬁned by
(15) reveals that the magnitude of the response per single absorbed photon increases with
decreasing excitation density. Such a behavior indicates that a signiﬁcant part of the THz
photoconductivity originates in a non-percolated (NP) component of the sample which is
strongly affected by depolarization ﬁelds.
4.3. Discussion

For the lowest excitation densities the depolarization ﬁelds are the weakest and the effective
response of the NP component enters the linear regime. Under these experimental conditions
the observed spectrum of ΔΤnorm does not depend on the pump power upon its further decrease
and it is most similar to the microscopic mobility of carriers. Indeed, the effective medium
model does not transform the spectral shape any more as the denominator in (3) equals 1 in the
THz range. Notably, in sample A at 20 K at the lowest excitation density (see ﬁgure 3(a)) the
response shows characteristic features of the band-like transport of free carriers; if we disregard
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Figure 4. Examples of normalized transient THz transmission spectra in Si NC, sample

B at 20 K (a) and 300 K (b). For each temperature, data obtained with high (black),
medium (blue) and low (red) pump ﬂuence are shown. Real part: closed symbols,
imaginary part: open symbols; lines: ﬁts. Sample thickness: 260 μm. Error bars
correspond to the standard deviation of the average value obtained from data
accumulations within a single experiment.

the interference effects, which will be discussed later, the real part of ΔΤnorm decreases and its
imaginary part is positive. Based on these observations, we apply a simple Drude model for the
microscopic mobility to describe the observed spectra:
ξD μD
ξD μ D (ω) =
(16)
1 + iωτS
At each temperature, spectra of the normalized transient transmittance measured at
different excitation densities were ﬁtted together by excitation density-dependent analytic
solution (B8) of the wave equation with the microscopic mobility spectrum described by the
Drude model. Fitting parameters were s (ﬁlling fraction of the Si NC in the whole sample within
the Maxwell–Garnett model), τS (scattering time) and the yield-mobility product ξDμD. The
shape factor K in (5) and (6) describing the Maxwell–Garnett effective medium approximation
was set to 2 which represents particles with low anisotropy and aspect ratio close to 1. These ﬁts
revealed two remarkable features:
(1) The major part of the photoconductive response originates in an NP component that
occupies only a very small volume fraction of the sample: s converged to values in the
order of 2 × 10−4. Later we will show that this Drude response is associated with the
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electron motion in relatively large NCs. In ﬁgure 1(a) we plot a histogram showing the
distribution of the nanoparticle diameters characteristic of our sample, obtained by
analyzing images of AFM. It indicates the presence of large particles in the samples
through the existence of a tail of the distribution towards larger sizes. The complimentary
dynamic light scattering experiments (ﬁgure 1(c)) clearly demonstrate the existence of a
broad tail of large particles. The photoluminescence of Si NC samples is proportional to the
number of very small NCs. However, the THz conductivity does not scale with the number
of NCs possessing a given size but rather with the total volume that the highly
photoconductive NCs occupy in the sample. In fact, the THz mobility of carriers
signiﬁcantly decreases with decreasing size of NCs [21, 34]. In connection with these ideas
we calculated the volume fraction (in the whole sample) of each bin from ﬁgure 1(a); the
result is plotted in ﬁgure 1(b). We observe that, even if the experimental error is quite high
for NCs larger than 25 nm, there is evidence that the total volume occupied by very large
NCs will not be negligible.
(2) The single-component model ﬁts the photoconductivity well for lower excitation densities
(typically low and medium pump level in ﬁgures 3 and 4) but an additional term must be
added to ﬁt satisfactorily the data for all measured excitation densities within a single
model. As this component comes out only for high pump ﬂuences, it must be described by
a term which does not suffer from substantial weakening owing to the depolarization ﬁelds.
This condition is fulﬁlled in two cases: either the component is percolated, or it is nonpercolated but characterized by such a low microscopic mobility that the macroscopic
conductivity still scales linearly with the microscopic one [24]. However, the existence of
percolation pathways in our samples is highly improbable; the volume fraction of Si NCs is
rather low (2.5%), and moreover, the NCs are surrounded by an insulating oxide layer
formed during the post-etching treatment.
As the nature of the carrier transport corresponding to the second component is unclear, we
formally described it using the phenomenological Drude–Smith model [23]. We choose this
model at this stage namely for practical reasons: to be able to perform a global ﬁt of the data.
Later on we will show Monte Carlo simulations describing the motion of the charges inside
NCs and this will help us to understand the nature of this additional component. The
Drude–Smith (DS) component reads as follows:

ξDS μ DS (ω) =

⎤
ξDS μ DS ⎡
c1
⎥
⎢1 +
1 + iωτDS ⎣
1 + iωτDS ⎦

(17)

τDS is the Drude–Smith relaxation time and c1 is the Smith parameter which characterizes the
probability of electron backscattering at the boundaries of nanoparticles [21]. The ﬁtting was
then performed using the prescription:

ΔTnorm = −

⎛ ΔEt ⎞ ⎤
(n1 + n 2 ) 1 ⎡⎛ ΔEt ⎞
⎢⎜
⎟ +⎜
⎟ ⎥;
z0
eϕ ⎢⎣⎝ E ⎠DS ⎝ E ⎠D ⎥⎦

the transient signals (ΔEt/E)DS and (ΔEt/E)D are in principle both given by (B8). Assuming that
the effect of depolarization ﬁelds is marginal for the Drude–Smith component, the ﬁrst term
simpliﬁes to equations (21) and (22) in [31] (with ωp = 0) where we substitute for
Δσ = BDSΔσmic,DS(ω;0).
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The absorption coefﬁcient of Si NCs is signiﬁcantly modiﬁed with respect to its bulk value
only in the smallest NCs, which are not expected to contribute signiﬁcantly to the THz
conductivity spectra. Therefore we assume that local absorption coefﬁcients in the D and DS
components are the same: αD = αDS, and consequently the excitation densities are also equal:
ND = NDS ≡ N.
The ﬁtting parameters were s, c1, τS, τDS and the products ξDμD and BDSξDSμDS.. Results of
these complex ﬁts are shown in lines in ﬁgures 3 and 4. The contribution of the Drude–Smith
part to ΔTnorm is signiﬁcant mostly at the highest excitation density when the conductivity peak
of the Drude part is shifted to higher frequencies by the effect of depolarization ﬁelds. We
clearly observe that, while the raw transmission (ΔEt/E) decreases with the photocarrier
concentration (ﬁgure 2), the normalized transmission ΔTnorm exhibits a signiﬁcant increase upon
the decrease of Nexc and a qualitative change of the spectral shape. This change is marked
namely for sample A at 20 K (ﬁgure 3). A global ﬁt of the whole set of measurements (with
variable N) was performed at each temperature; in these ﬁts the least squares were weighted by
the statistical error of the data (shown in ﬁgures 3 and 4). A very good match was achieved for
all spectra (ﬁgures 3 and 4). The Drude component of our ﬁts is shown in ﬁgure 5 for various
carrier densities. We clearly observe a peak which shifts to high frequencies upon an increase of
the carrier density. The peak in the real part is accompanied by a change of the sign in the
imaginary part. This peak corresponds to a localized plasmon resonance and it is entirely due to
the effect of the depolarization ﬁelds.
The oscillations in the spectra are due to the process of the transient signal build-up in a
thick sample (dephasing between waves generated in backwards and forwards directions and
their reﬂection on the excited/unexcited interface) which is described in detail in appendix B.
The role of these effects is demonstrated in ﬁgure 6 where they are ‘switched off’ by neglecting
the hypergeometric function in (B8). This is compared with the hypothetical signal obtained by
neglecting the Fabry–Pérot reﬂections on the walls of the cuvette. It is clear that the oscillations
in the spectra are caused dominantly by the former (i.e. transient) contribution while the
interference due to the multiple reﬂections on the cuvette walls has only a negligible effect on
the spectra.
In ﬁgures 3 and 4 the real and imaginary parts of the data evolve in a quite complex
manner when the photoexcitation density is varied over more than two orders of magnitude. For
example, we obtain an excellent agreement between the data and ﬁt for sample A at 20 K. At
high pump ﬂuence (black plots) ΔTnorm (translating an ‘effective conductivity per single
absorbed photon’) is rather low: the depolarization ﬁelds shift the conductivity peak to much
higher frequency than the available spectral range as seen in ﬁgure 5(a). A decrease of the
photoexcited carriers density (blue plot in ﬁgures 3(a) and 5(a)) ﬁrst leads to an increase of both
real and imaginary parts of ΔΤnorm in absolute value; the imaginary part remains clearly
negative and approaches zero slightly above 2 THz. By further lowering the photoexitation
density the depolarization ﬁelds become weak and the conductivity peak passes through THz
into the microwave range: in the red plot the band-like (Drude) transport is qualitatively
apparent with the imaginary part positive and the real part showing a decrease with increasing
frequency.
To illustrate this spectacular behavior even more clearly we calculated the expected
normalized transient sheet conductivity of a thin sample (see ﬁgure 5(b)). In this plot we
considered a sample with nominally the same properties as sample A (based on the ﬁt results for
sample A at 20 K) but with much smaller thickness of L = 1 μm. For such a model sample the
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Figure 5. (a) Calculated Drude part of the normalized transient THz transmission
spectra ΔTnorm in Si NC, sample A at 20 K over 8 THz for various carrier
concentrations. (b) Normalized transient sheet conductivity of a model thin sample
with nominally the same properties as the sample A at 20 K; sample thickness L = 1 μm
(in this case ΔXσ = ΔTnorm). Closed symbols: real part, open symbols: imaginary part.
The Drude-like character of the response becomes apparent at low photoexcitation
densities (red curve). The spectra in (a) and (b) show the spectral displacement of the
localized plasmon peak towards higher frequency upon an increase of the carrier
concentration. This phenomenon is in agreement with our experimental data; however,
it is not so clearly visible in ﬁgure 3. Note also that the curves for the two lowest carrier
densities in (a) are virtually the same.
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Figure 6. Spectra of ΔTnorm following (B8); black solid line: ﬁt to the data (sample A,
T = 20 K, moderate excitation density Nexc = 47 × 1017 cm−3), dotted red line: spectra
with the same parameters but with a = 1 (equilibrium Fabry–Pérot internal reﬂections
are neglected), dash-dotted blue line: spectra with the same parameters but terms where
the hypergeometric function explicitly appears in (B8) are neglected (these terms
describe interferences of various mutually dephased transient partial waves due to the
generation process in the thick sample and due to reﬂections on the interface between
the photoexcited and non-excited part of the sample).

thin ﬁlm limit is valid (ΔTnorm = ΔXσ) and the response of the Drude part is described simply by
(B16). The plot shows the basic behavior of the macroscopic conductivity characterized by the
normalized transient sheet conductivity ΔXσ without complicated interference effects which
were unavoidably encoded into the experimental data. We clearly observe in ﬁgure 5(b) that,
due to the build-up of the depolarization ﬁelds upon increasing the photocarrier density, the
conductivity peak exhibits a large blue shift through the THz range and the THz response
progressively weakens.
A similar but less pronounced trend is shown in ﬁgure 3(b) for T = 300 K. At higher
temperature the Drude scattering time τS is signiﬁcantly decreased due to additional scattering
processes (namely scattering on longitudinal optical phonons); it follows that the THz
photoconductive signal decreases and, under these conditions, we were not able to measure
spectra at such low pump ﬂuences to enter completely into the depolarization-free regime.
Sample B (ﬁgure 4) then shows a qualitatively similar behavior, however, we obtained a
somewhat lower absolute signal for this sample and a somewhat shorter carrier scattering time.
Let us discuss the converged values of ﬁtting parameters in both samples. The Smith
coefﬁcient c1 was found, in general, to be close to −1 with the exception of sample B at 300 K
where its value converged to −0.93. NP ﬁlling fraction s and the yield-mobility product
BDSξDSμDS are mostly temperature independent. These two parameters are three times larger in
sample A than in sample B; s ≈ 2 × 10−4 and BDSξDSμDS is of the order of 0.15 cm2 V−1 s−1 for
sample A. The scattering time τS and the relaxation time τDS follow similar temperature
dependences both in sample A and in sample B, see ﬁgure 7. This suggests that τDS may be of
similar origin, i.e. the DS component may arise from a conﬁnement of the Drude-like motion
inside smaller NCs. This process was described in [21], where the Drude–Smith relaxation time
was shown to decrease progressively from the Drude scattering time value upon a decrease of
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Figure 7. Temperature dependence of the ﬁt parameters. NP component related to large

NCs: Drude scattering time (τS) and yield-mobility product (ξNPμNP); DS component
related to small grains: Drude–Smith scattering time (τDS).

the NC size; exactly this behavior is observed in ﬁgure 7, τDS is comparable to or smaller
than τS.
In order to quantify the origin of the Drude component, we carried out Monte Carlo
calculations of the THz mobility spectrum [21] of isolated Si NCs with various sizes. We focus
mainly on the sample A at low temperatures where the longest scattering time was observed as
this situation provides the best opportunity for correlating the THz spectra with some
characteristic size of nanoparticles. The results of simulations are shown in ﬁgure 8. Based on
these results we can state that the Drude-like response is expected to entirely govern the
microscopic mobility down to about 60 nm sized NCs. The shape of the mobility spectrum of
such nanoparticles qualitatively corresponds to the observed spectrum (ﬁgure 3(a)). This
implies that sample A must contain a small fraction of large (>60 nm) Si NCs which dominate
the THz response at low to medium excitation densities.
Note, however, that the distribution of the NC size in our samples is very broad. The exact
photoconductive response is then given by a sum of partial contributions over all NC sizes
(weighted by their volume). It is not possible to infer such complete information from the
experimental data. For this reason we approximate the real situation by two contributions (each
describing a broader distribution of sizes) related to larger and smaller NCs. The amplitude of
the signal due to smaller NCs is much lower than for the Drude component hence the role of
depolarization ﬁelds should be weaker, in agreement with observations. We were unable to
develop a more quantitative model, as the observed Drude–Smith component is rather weak;
moreover, phenomena such as carrier–carrier scattering may already come into play for the
highest excitation densities.
The temperature variation of the yield-mobility product of the Drude component in sample
A correlates with the corresponding variation of the Drude scattering time. This is in agreement
with the Drude-like picture of the motion where the amplitude of the mobility μD is proportional
to the scattering time τS. From this we conclude that the quantum yield ξD is temperature
independent. However, we deduce from the experimental data that its value reaches only about
10%; this indicates that a large fraction of photons creates carriers which are very rapidly
trapped (<500 fs) or it is absorbed in surface-related defect states which do not interact with
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Figure 8. Spectra of microscopic mobility in Si NCs with various sizes at temperature

20 K (the Drude scattering time employed in the calculations was τS = 300 fs) obtained
by Monte Carlo simulations of carrier motion [21]. Solid lines: real part, dashed lines:
imaginary part. The grayed part of the spectrum is not accessible experimentally.

THz radiation. Note that the large NCs probably have a spongy structure (due to etching)
characterized by a large surface area which enhances the absorption near the surface. Photonic
conﬁnement effects may also be responsible for the decrease in the effective absorption [35].
The low yield may also partially stem from the distribution of sizes of NCs: smaller NCs within
the given distribution exhibit lower amplitude of the electron mobility than in bulk; in turn, they
contribute less to the ξDμD product.
Finally, it should be stressed that the observation of better photoconductive properties in
the sample A (as compared with the sample B) is counter-intuitive and rather surprising (see
ﬁgures 3 and 4). The additional treatment in the ultrasonic bath that sample A had been
submitted to was expected to split large agglomerates (50–100 nm in diameter) of
interconnected NCs and, accordingly, to break narrow conductive channels between them.
The experiment did not conﬁrm this expectation. Several hypotheses may be put forward to
explain it:
(i) Under strong prolonged sonication, smaller aggregates of Si NCs approximately 20–30 nm
in diameter are created, indeed (see ﬁgure 1), but being subsequently compressed in the
measurement cuvette, the Si NCs cores may become connected to each other, giving rise to
a higher microscopic conductivity.
(ii) For some of the NCs or aggregates their oxidized shell might be damaged and partially
removed owing to sonication. This may favour the formation of Si NC aggregates with
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good electrical connection among the crystalline cores; such aggregates then behave as
effectively larger particles with higher microscopic conductivity.
(iii) An accidental presence of a few big 10-micrometer grains of bulk Si (as a reminder of the
silicon wafer on which the native porous silicon was prepared) can overwhelm the
contribution of Si NCs to the overall photoconductivity. In this respect, Si NCs samples
with narrower size distribution and free of possible quasi-macroscopic inclusions will be
needed for subsequent study.
On the one hand, this work demonstrates that THz spectroscopy is a tool capable of
diagnosing very small amounts of large particles polluting truly NC samples. On the other hand,
this ﬁnding shows that THz spectroscopic investigation of NC samples with small particle sizes
requires samples free of larger signal-polluting particles.
Conclusion

Silicon nanocrystals fabricated by electrochemical etching were investigated by time-resolved
THz spectroscopy. The spectroscopic technique provides data free of artifacts related to
contacts; however, the local-ﬁeld effects in NCs must be properly taken into account.
We solved the wave equation for THz pulse propagation in photoexcited inhomogeneous
samples where depolarization ﬁelds can play a signiﬁcant role. The proposed analysis retrieves
information from the experimental data beyond the phenomenological level; it uncovers the
photoconductive sample morphology and nanoscopic response of charge carriers in both thin
and thick nanostructured samples.
The response of investigated nanocrystals is dominated by a Drude-like transport of charge
carriers in a very small amount of large nanocrystals with characteristic size larger than ∼60 nm.
The presence of a large-size tail is conﬁrmed by dynamic light scattering measurements. For
large excitation densities, depolarization ﬁelds screen this strong response, revealing a much
weaker component that we described with the Drude–Smith term. Most likely, this component
is related to the presence of NCs with a distribution of sizes in the range 10–30 nm. These
nanocrystals are still too large to be responsible for the luminescence in the visible range.
The THz photoconductivity investigation turns out to be a complementary tool to
photoluminescence spectroscopy for investigating ensembles of Si NCs with a size distribution.
The photoluminescence intensity is proportional to the number of luminescent NCs, i.e., it
provides information about tiny Si NCs a few nanometres in size. The THz technique
essentially probes the sheet conductivity determined by the volume of structures with mobile
carriers, usually dominated by large Si NCs or aggregates of electrically interconnected NCs.
The optical spectra and electronic transport properties can thus be, in general, related to
different effective NC size distributions.
Acknowledgment

We acknowledge the Czech Science Foundation which supports the presented research within
projects 13-12386S and GPP204/12/P235. The work of VZ was supported by the grant 539612
of the Grant Agency of the Charles University and by the Speciﬁc University Research grant
SVV-2013-267306.
19

V Zajac et al

New J. Phys. 16 (2014) 093013

Appendix A

Effective permittivity εeff of a multi-component system within Maxwell–Garnett approximation
is given by
εeff − εm
εl − εm
= ∑sl ⋅
(A1)
εeff + Kεm
ε
ε
+
K
l
m
l
where εl are the permittivities of the components, sl are their volume fractions and εm is the
permittivity of the matrix in which the components are dispersed. Considering that upon
photoexcitation the permittivities change to
iΔσl
iΔσeff
εl → εl +
and εeff → εeff +
,
(A2)
ωε0
ωε0
it is obvious that the effective transient conductivity Δσeff must contain cross-terms (ΔσlΔσl′)
and, in the general case, equation (7) does not hold. If the volume fractions sl are low and if the
terms (εl − εm)/(εl + Kεm) are bounded (which comes true if the permittivities εl do not approach
real negative values, i.e. far from underdamped localized-plasmon resonances), the cross-terms
can be neglected and equation (7) becomes a good approximation.
Appendix B

To ﬁnd the transient THz ﬁeld transmitted through a photoexcited inhomogeneous sample with
non-percolated conductive parts we need ﬁrst to solve the differential equation (12) with the
right-hand side (13):

ΔE″ + k 2ΔE = [XF exp (− ikz ) + X B exp (ikz )]
exp (− αz )
×
1 + Y0 exp (− αz )

(B1)

with

XF = −

k 02 B
Δσ0 Einc t1 a
iωε0

(B2a )

k 02 B
XB = −
Δσ0 Einc t1 ar2 exp (− 2ikL )
iωε0

Y0 =

DΔσ0
iωε0

(B2b)

(B2c)

Y (z ) = Y0 exp (− αz )

(B2d )

where Δσ0 is a microscopic conductivity at the surface of the sample in the non-percolated
component, i.e. Δσ0 ≡ Δσmic,NP(ω;0) in (8). The particular solution of the wave equation is
found in terms of the logarithm which is at the origin of the non-percolated sheet conductivity
term in (9):
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exp (− αz )

∫ 1 + Y0 exp (−αz) dz = − Ln [1 α+Y0Y (z) ]

(B3)

(where Ln stands for the principal value of the logarithm function) and of the Gaussian
hypergeometric function 2F1 (see e.g. [36]):

∫

exp [− (2ik + α ) z ]
exp [− (2ik + α ) z ]
dz = −
1 + Y exp (− αz )
α
F (1,2ik / α + 1,2ik / α + 2; − Y (z ) )
.
×2 1
2ik / α + 1

(B4)

For our speciﬁc arguments of the hypergeometric function we can simplify the notation by
introducing a new function F in the following way:

F (κ , Y ) =

2 F1 (1,

κ , 1 + κ; − Y )
,
κ

where κ = 1 + 2ik /α . The hypergeometric function can be expressed in a form of a series [36];
it then follows for the function F:

F (1 + 2 ik / α, Y ) =

2 F1

(2ik / α + 1)
∞

(−Y ) n
2ik / α + (n + 1)
n=0

=∑

(B5)

for |Y(z)| < 1 (see statement 15.1.1 in [36]), and

F (1 + 2 ik / α, Y ) =

2 F1

(2ik / α + 1)
∞

=∑
n=0

(− Y )−(n + 1)
Γ (− 2ik / α ) Γ (2 + 2 ik / α )
+
n − 2ik / α
2ik / α + 1

× exp { − (2ik / α + 1) Ln (− Y )}

(B6)

for |Y(z)| > 1 (calculated from the statement 15.3.7 in [36]). One then obtains

ΔE (z ) = δ exp (− ikz ) + γ exp (ikz )
⎫
XF ⎧ Ln [1 + Y (z ) ]
⎨
+
− exp (− αz ) F (1 + 2ik / α, Y ) ⎬ exp (− ikz )
2ikα ⎩
Y0
⎭
⎫
X B ⎧ Ln [1 + Y (z ) ]
⎨
−
− exp (− αz ) F (1 − 2ik / α, Y ) ⎬ exp (ikz ).
2ikα ⎩
Y0
⎭

(B7)

The magnetic ﬁeld is obtained as follows: −iμ0ω ΔH = dΔE/dz. Then the conditions of the
continuity of the tangential transient electric and magnetic ﬁelds at the sample boundaries [32]
(see also ﬁgure 9) lead to:
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Figure 9. Explanation of the terms contributing to the transient THz signal. The

physical meaning of the four terms in square brackets of (B9) is shown as secondary
waves coming out of the forwards or backwards propagating source wave packet E (EF
and EB, respectively). Equivalents of these four terms can be also easily identiﬁed
in (B8).

ΔEt = −i

k 0 Einc a 2t1 exp (− ikL ) B Y0
n + n2
D α

⎡
Ln (1 + Y0 ) − Ln (1 + Y (L ) )
⎢(1 + r1 r2 exp (− 2ikL ) )
⎢⎣
Y0
+ r1 {F (1 + 2ik / α, Y0 ) − exp (− 2ikL ) exp (− αL ) F (1 + 2ik / α, Y (L ) )}
+ r2 {F (1 − 2ik / α, Y0 ) exp (− 2ikL ) − exp (− αL ) F (1 − 2ik / α, Y (L ) ) } ⎤⎦ .

(B8)

In order to simplify the resulting expressions we may further assume that the whole pump
ﬂuence is absorbed within the semiconductor sample, i.e., exp(−αL) → 0, and the photocarrier
concentration at the output face of the sample is negligible compared to that at the input face.
However, we must keep in mind that we deal here with the non-percolated component where
the macroscopic response saturates close to the input surface for a heavily excited sample
following (3). In such a situation the transient signal coming from the region near the output
face can be appreciable even if the carrier density is small there. Strictly speaking, we require a
condition |Y0 exp(−αL)| < 0.1 to be fulﬁlled (i.e. not too strong photoexcitation ﬂuence) in order
to be able to safely neglect the terms with exp(−αL). We then obtain:

ΔEt = − i

k 0 Einc a 2t1 exp (− ikL ) B Y0
n + n2
D α

⎡
Ln (1 + Y0 )
⎢(1 + r1 r2 exp (− 2ikL ) )
⎢⎣
Y0
+ {F (1 + 2ik / α, Y0 ) r1
+ F (1 − 2ik / α, Y0 ) r2 exp (− 2ikL ) }⎤⎦

(B9)

where (B5) is substituted for F(Y0) if |Y0| < 1 and (B6) is used if |Y0| > 1. The physical meaning
of the terms in (B9) is shown in ﬁgure 9. Note that the reference wave form E can be expressed
as E = t1t2aexp(−ikL)Einc and, after this substitution, (B9) reads:
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−

α NP
n1 + n 2 1 ΔEt
(n + n1 ) (n + n 2 )
B
=
ξNP μ NP
2
z0
eϕ E
α
(2n)
⎡
Ln (1 + Y0 )
× ⎢(1 + r1 r2 exp (− 2ikL ) )
⎢⎣
Y0
+ {F (1 + 2ik / α, Y0 ) r1
+ F (1 − 2ik / α, Y0 ) r2 exp (− 2ikL ) }⎤⎦ ;

(B10)

in practice, the ﬁrst fraction on the right hand side does not differ much from unity and it
exactly cancels out with the terms issuing from the square brackets in the thin ﬁlm limit.
1. In the limit of a small photoexcitation (|Y0| → 0) the depolarization ﬁelds are negligible and
the non-percolated sample should behave linearly. Indeed, we obtain from (B9)
⎡ (1 + r1 r2 exp (− 2ikL ) )
⎛ BΔσ0 ⎞ k 0 t1
ΔEt ≈ − Einc ⎜
exp (− ikL ) a 2 ⎢
⎟
− iα
⎝ iωε0 ⎠ n + n 2
⎣

+

r1
r2 exp (− 2ikL ) ⎤
+
⎥
− 2k − iα ⎦
2k − iα

(B11)

which is exactly equivalent to equation (22) in [31] under appropriate conditions (ωp = 0,
exp[−αL] = 0).
2. In the thin ﬁlm limit (α ≫ k)

F (1+2ik / α → 1, Y0 ) →

Ln (1 + Y0 )
Y0

,

where we have used the identity [36]
Ln (1 + X )
2 F1 (1,1,2; − X ) =
X
and we obtain after some algebra
z0
B
ΔEt ≈ − iωε0 E
Ln (1 + Y0 ),
n1 + n 2 Dα

(B12)

(B13)

(B14)

which can be rewritten as:

−

Ln (1 + φ Δσ0 )
Ln (1 + φ Δσ0 )
α NP
(n1 + n 2 ) 1 ΔEt
,
ξNP μ NP
≈B
=B
z0
eφ E
φ eNexc
α
φ Δσ0

(B15)

an expression equivalent to (11), provided the principal value of the logarithm function is taken.
Note also that if we cannot neglect the contribution coming from the region close to the output
surface of the thin ﬁlm, we obtain:

−

Ln (1 + φ Δσ0 ) − Ln (1 + φ Δσ0 exp (− αL ) )
(n1 + n 2 ) 1 ΔEt
.
≈B
z0
eφ E
φ eNexc

23

(B16)
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