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Carrier dynamics in microcrystalline silicon studied
by time-resolved terahertz spectroscopy
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Abstract

We present results of optical pump – terahertz probe experiments applied to a set of thin film silicon samples on sapphire substrates.
Structure of the films varied from amorphous to fully microcrystalline. Picosecond time scale evolution of electrical transport properties
of photoexcited samples is investigated and discussed. Three different mechanisms are found to contribute to the dynamical conductivity
at terahertz frequencies.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microcrystalline silicon (lc-Si:H) has attracted consider-
able attention during the last years for use in photovoltaic
applications, as well as active matrix displays and other
opto-electronic elements [1]. This is due to the fact that it
combines the opto-electronic properties of crystalline sili-
con with those of low-cost thin-film technology. Indeed, sil-
icon can be grown on cheap substrates, like glass or plastic
materials, by various deposition methods including
PECVD and hot-wire deposition. The improvement of effi-
ciency of the layers suited for applications is critically
dependent on the detailed knowledge of charge carrier
dynamics. The deposition conditions of the thin films allow
for the tuning of such film characteristics as grain size, their
arrangement and degree of crystallinity, which are expected
to influence strongly the lifetime and mobility of carriers.
0022-3093/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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The time-domain terahertz (THz) spectroscopy is a con-
tact-free method highly sensitive to mobile charges, and,
consequently well suited for the dynamical investigation
of photo-excited semiconductors [2,3]. In this contribution
we report on optical pump – THz probe (OPTP) experi-
ments for a series of 1 lm-thick lc-Si:H layers with a var-
iable crystallinity deposited on sapphire substrates. The
experiment allows one to obtain broadband transient
THz spectra of the films as a function of the pump–probe
delay and, subsequently, to identify different contributing
mechanisms.
2. Experimental

All samples were prepared by plasma-enhanced chemi-
cal vapor deposition (PECVD) at 250 �C and 70 Pa. The
deposition parameters were adjusted to obtain samples
with different degree of crystallinity from amorphous
sample to a highly microcrystalline one. The sample thick-
nesses were determined by surface profile measuring. Crys-
tallinity of the samples was determined from the integrated
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Fig. 1. Pump–probe scans: maximum field amplitude of the transient THz
signal (DEmax) versus pump–probe delay.
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contributions of the amorphous and crystalline compo-
nents found by decomposition of the Raman scattering
spectra excited by Ar+ and He–Ne lasers (wavelengths
514 and 633 nm, respectively), taking into account the ratio
of back scattering cross sections of the phases [4]. The light
penetration depth in microcrystalline silicon for 514 nm
excitation is about 0.25 lm: the Raman spectra thus pro-
vide information on the crystallinity close to the film sur-
face which is usually higher than that close to the
substrate. The penetration depth for the light at 633 nm
is of about 1.5 lm: the experiment at this wavelength yields
an average crystallinity degree over the whole sample thick-
ness. The sample characteristics are summarized in Table 1.
The sample a-C0 is fully amorphous, the remaining ones
contain the microcrystalline phase. As substrates, 1�1 02-
oriented 10 · 5 · 0.5 mm3 sapphire plates, transparent for
both THz and optical radiation, were used.

For the THz time-domain experiments we used an
experimental scheme similar to that described in [3]. Ti:sap-
phire multipass amplifier was used as a femtosecond laser
source and the laser pulses were split into three branches,
all of them including delay lines for precise control of pulse
arrival times. The first (pump) branch of the laser beam
was used for optical excitation of the sample. The second
(probe) branch was used for generating THz radiation in
a 1 mm thick [011] ZnTe crystal via optical rectification
(probe branch). The radiation was focused onto the sample
using an ellipsoidal mirror such that the THz beam size was
smaller than that of the optical pump beam to ensure a
homogeneous excitation. The last (sampling) branch served
for an electro-optic detection of the transmitted THz elec-
tric field using another [011] ZnTe crystal [5]. The principal
axes of the birefringent substrates were carefully aligned
with the THz beam polarization using a pair of crossed
wire-grid polarizers.

A synchronous detection scheme used was locked to a
mechanical chopper at 166 Hz placed either in the pump
or probe branch. Let E(s) be a time profile of the electric
field transmitted through the sample in equilibrium, i.e.,
when the pump beam is blocked and the chopper is placed
into the probe branch (s, represents the real time; in the
experiment it is connected to the delay of the sampling
pulse). If the chopper is moved into the pump branch,
pump-induced changes in the THz waveform DE(s,sp)
can be directly measured (sp is the pump–probe time
delay). Two different types of experiments were performed
for all the samples:
Table 1
Characteristics of the samples

Sample
code

C633nm

[%]
C514nm

[%]
Thickness
[nm]

RF power
[W]

H2/SiH4

a-C0 0 0 890 ± 50 9.5 12.8
C20 20 59 920 ± 50 9.5 23.8
C47 47 71 770 ± 50 9.5 29.4
C72 72 73 770 ± 50 9.7 47.6
(i) Pump–probe scans where s was fixed at the maximum
of the transient waveform DEmax(s,sp) and sp was
varied (see Fig. 1).
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Fig. 2. Transient dielectric spectra of C72 lc-Si:H sample for sp = 150 ps.
Experimental data are represented by symbols (their error is smaller than
5%). The solid line corresponds to the best fit of Eq. (4) to the data (see the
text for details). The decomposition of the fit into individual contributions
is also shown: Drude term (dashed line), slow relaxator (dash-dotted line),
fast relaxator (dotted line). Inset: time-domain waveforms (raw data);
dotted line: equilibrium (reference) waveform E(s), full line: transient
waveform DE(s,sp).
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(ii) Measurements of transient waveforms D E(s, sp) with
fixed values of sp (equal to 11, 26, 56, 150, 300, and
600 ps): see an example in Fig. 2. Transient THz
transmission spectra can be calculated from the Fou-
rier transform of the signals using the relation
DT(x,sp) = DE(x,sp)/E(x). Instantaneous spectral
snapshots of the complex photoconductivity Dr(x,sp)
– or equivalently of the complex permittivity De(x,sp)
(where Dr = ixe0De) – then can be determined from
the experimental data.

3. Results

THz probing radiation strongly interacts with mobile
charges. Photoexcited electrons in amorphous or micro-
crystalline silicon are characterized by a delocalized wave
function (free carriers participating in the DC conductiv-
ity): such carriers can be probed by THz pulses if their
plasma frequency falls into or exceeds the THz range. Sub-
sequently, the free carriers can be captured into deep or
shallow levels or they can be constrained by potential bar-
riers at grain boundaries: their motion is then described by
a localized wave function and they can be detected by the
THz radiation if their resonant frequency lies in the THz
range and if they remain mobile. The transient THz
response thus may involve several contributions showing
quite different spectral characteristics.

The THz pump–probe scans of DEmax(s,sp) show an
overall dynamics of the system averaged over all possible
contributions. We can identify in Fig. 1 a fast (2 ps) com-
ponent which was previously observed and attributed to
the carrier trapping into deep saturable levels [6]. In this
paper we focus on the slow decay which extends typically
over hundreds of ps for our samples. Fig. 1 clearly shows
that this slow component strongly depends on the crystal-
linity of samples. (i) We observe a significant increase of the
amplitude of the slow component for microcrystalline sam-
ples as compared to the amorphous one. (ii) In agreement
with optical pump–optical probe measurements [7] the
amorphous sample exhibits a bimolecular recombination
(hyperbolic decay) while in the microcrystalline samples
the decay is exponential and significantly slower.

As mentioned above, the OPTP technique allows us to
determine broadband transient THz spectra for each
pump–probe delay. We have experimentally determined
such transient THz spectra at sp = 11, 26, 56, 150, 300
and 600 ps for each sample studied. An example is shown
in Fig. 2.

4. Discussion

The set of experimentally obtained transient THz spectra
allows us to identify individual components corresponding
to different conductivity mechanisms. Generalizing our
results presented in Ref. [3] the dynamical dielectric
response of our samples reads:
Deðx; spÞ ¼
X

i

niðspÞfiðxÞ; ð1Þ

where we sum over individual contributions to the THz re-
sponse; ni(sp) describes the carrier density decay for the i-th
component and fi(x) is the corresponding spectral re-
sponse. We emphasize that the response function (1) can
be factorized only for a sufficiently slow signal decay (i.e.,
it should well exceed the THz pulse length and the charac-
teristic time of the spectral response) which is fulfilled in
the present case. We use the following models for the spec-
tral response:

(i) Free carrier dynamics is described by the Drude
model:
fDðxÞ ¼ �
1

ixð1� ixsDÞ
: ð2Þ

The microscopic mobility of microcrystalline samples
is known to be much lower than that of Si single crys-
tals: l 6 50 cm2/Vs [8]. The corresponding effective
momentum scattering time sD is of the order of units
of fs and does not contribute significantly to the THz
spectra: in our fits we assume sD[10 fs.
(ii) Localized carrier dynamics is expected to be over-
damped. To simplify the analysis we model this case
by a Debye relaxator with a single relaxation fre-
quency 1/sR:
fRðxÞ ¼
1

1� ixsR

: ð3Þ
Brief inspection of the results presented in Fig. 2 unam-
biguously shows that both types of contributions are
needed to explain for the observed spectra. The low-
frequency part of Im De must be described by the Drude
term and the positive values of Re De require a significant
contribution of localized carriers. A detailed analysis of
the whole set of data (several pump–probe delays, all the
samples) shows that an interplay of 3 general terms is
necessary to account for all the features observed in the
spectra:

Deðx; spÞ ¼ nDðspÞfDðxÞ þ nR;slowðspÞfR;slowðxÞ
þ nR;fastðspÞfR;fastðxÞ: ð4Þ

For each sample the complete set of data (involving com-
plex transient spectra for six pump–probe delays) is simul-
taneously fitted by Eq. (4) using the nonlinear least square
method. An example of one particular spectrum along with
the fitting curve and its spectral decomposition into indi-
vidual components is shown in the Fig. 2. The results of
all the fits are summarized in Table 2. The carrier densities
were found to undergo an exponential decay for microcrys-
talline samples and a hyperbolic one for the amorphous
sample.

One of the major results of our study is the presence of
the fast relaxator and the strong dependence of its relaxa-



Table 2
Summary of the spectroscopic results

Sample Pump–probe decay of ni sR,fast

[fs]
sR,slow

[fs]Drude term
[ps]

Fast relax.
[ps]

Slow relax.
[ps]

a-C0 60 ± 10 – 50 ± 10 – 310 ± 50
C20 350 ± 50 530 ± 100 >5000 20 ± 10 210 ± 50
C47 380 ± 20 380 ± 20 >5000 55 ± 20 250 ± 50
C72 390 ± 20 390 ± 20 >5000 60 ± 20 220 ± 50

L. Fekete et al. / Journal of Non-Crystalline Solids 352 (2006) 2846–2849 2849
tion time on the crystallinity. On one hand, this relaxator
was not observed for the fully amorphous sample, on the
other hand, its characteristic time sR significantly increases
with increasing crystallinity. At the same time, the
pump-probe decay of nR,fast is very similar to that of the
Drude term. These findings suggest that the underlying
microscopic process is linked to the existence (and proba-
bly also to the size) of the crystalline grains and that it
involves carriers in the conduction band. It then may be
related to the confinement of the carriers into individual
grains and/or to their pinning to the barriers at the
boundaries.

In contrast, the relaxation time of the slow relaxator is
practically sample independent and its lifetime exceeds sev-
eral nanoseconds for microcrystalline samples. It is likely
that the mechanism of this process is similar for all the
samples. We tentatively attribute it to the motion of
trapped carriers in the shallow band tail levels.
5. Conclusion

We have shown that time-resolved THz spectroscopy is
able to provide pertinent spectral information on the
charge carrier dynamics in microcrystalline and amorphous
silicon. We have obtained time-dependent THz spectra of
photoexcited samples with different degrees of crystallinity
and identified three different contributions of photocarriers
to the conductivity. Possible interpretations of these contri-
butions were discussed. Further experiments are in pro-
gress which are expected to provide deeper insight into
the observed processes.
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Meier, U. Kroll, Mat. Sci. Eng. B 69&70 (2000) 238.
[8] S. Brehme, P. Kanschat, K. Lips, I. Sieber, W. Fuhs, Mat. Sci. Eng. B

69&70 (2000) 232.


	Carrier dynamics in microcrystalline silicon studied by time-resolved terahertz spectroscopy
	Introduction
	Experimental
	Results
	Discussion
	Conclusion
	References


