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A range of the distinctive physical properties, comprising high surface-to-volume ratio, possibility to
achieve mechanical and chemical stability after a tailored treatment, controlled quantum confinement
and the room-temperature photoluminescence, combined with mass production capabilities offer
porous silicon unmatched capabilities required for the development of electro-optical devices. Yet, the
mechanism of the charge carrier dynamics remains poorly controlled and understood. In particular,
non-radiative recombination, often the main process of the excited carrier's decay, has not been
adequately comprehended to this day. Here we show, that the recombination mechanism critically
depends on the composition of surface passivation. That is, hydrogen passivated material exhibits
Shockley—Read—-Hall type of decay, while for oxidised surfaces, it proceeds by two orders of magnitude
faster and exclusively through the Auger process. Moreover, it is possible to control the source of
recombination in the same sample by applying a cyclic sequence of hydrogenation—oxidation—hydroge-
nation processes, and, consequently switching on-demand between Shockley—Read—Hall and Auger
recombinations. Remarkably, irregardless of the recombination mechanism, the rate constant scales

Received 20th January 2022,
Accepted 10th May 2022

DOI: 10.1039/d2cp00325b inversely with the average volume of individual silicon nanocrystals contained in the material. Thus, the

type of the non-radiative recombination is established by the composition of the passivation, while its
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Introduction

The discovery of the robust and versatile methods of producing
porous silicon in commercial quantities significantly extended the
range of potential applications available for its bulk counterpart. In
particular, the major breakthrough discovery of room-temperature
visible photoluminescence™” ignited worldwide research and the
development of a broad range of electro-optical applications using
porous silicon. There are reports on the development of lasers,’
modulators,” waveguiding components,® photonics devices,® non-
linear elements” and as a substrate for Surface Enhanced Raman
Spectroscopy (SERS).® Successful development of electro-optical
devices requires understanding and control of charge-carrier trans-
port and recombination dynamics, which, despite decades of
intensive research, remain open for debate.

Shortly after the material’s photoluminescence discovery, it
was realised that the excited carrier dynamics do not exactly
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rate depends on the degree of the charge carriers’ quantum confinement.

follow the scenario established for the bulk silicon, but rather
modified by intricate entanglement of the quantum
confinement® and highly localised defect states,'® present in
the abundance on the enormous surface of porous silicon
material. More recently, it has been demonstrated that, for
silicon nanocrystals, radiative recombination is limited by
defects, however, hydrogen passivation removes them and
changes the origin of light emission to quantum confined
states."!

Furthermore, it has been demonstrated that strong spatial
confinement in semiconductors enhances non-radiative
carrier-loss mechanisms competing with the photolumines-
cence and parasitic for the lasing. Specifically, Auger
recombination in nanocrystals of direct and in-direct semicon-
ductors - such as Ge, PbSe, CdSe and InSe - is enhanced by a
few orders of magnitude because of the spatial confinement'?
and exhibits inverse scaling of the rate with the volume of
particles. In separate studies, a similar enhancement was
demonstrated for porous and nano-crystalline silicon.”>'* A
pump-probe study devoted to the investigation of non-radiative
recombination in untreated porous silicon revealed that the
process is governed by mechanisms of Shockley-Read-Hall
(SRH) and Auger. SRH recombination in porous silicon occurs
via impurities located in the interior and on the surface of the
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channels forming the pores. The rate of SRH recombination
depends on the impurities’ density, which is relatively large due
to the high surface-to-volume ratio, and the carrier’s decay time
is found to be a few orders of magnitude shorter than that of
the bulk counterpart. While SRH recombination rate is of the
first-order process with respect to the free carrier density, the
Auger process is of the third order and, thus, less probable. Yet.
in porous silicon, the Auger process might overcome SRH. This
can happen when vibration modes of impurities located on the
surface of pores are coupled to the silicon lattice phonons,
which are needed to promote the Auger mechanism via indirect
recombination across the bandgap.">" However, the full
apprehension of the non-radiative mechanism, as well as the
measurements of the scaling of the excited carriers’ decay rate
with the nanocrystals’ dimensions, remains deficient.

In this work, we systematically assess the effects of the
surface passivation and quantum confinement on non-
radiative recombination in porous silicon. This material can
be described as a sponge-skeleton comprised of tightly con-
nected nanocrystals forming interwoven nano-wires separated
by pores. The size of the nanocrystals and confinement can be
controlled by adjusting the fabrication parameters. The surface
of the nanocrystals can be passivated with hydrogen to remove
the defects related to the dangling bonds and subsequently
oxidised to replace the hydride with oxide coverage.

We show that the chemical composition of the surface
passivation determines the governing type of the recombina-
tion process. In the hydrogen passivated samples, the primary
mechanism is the Shockley-Read-Hall. However, subsequent
oxidation enhances the recombination rate and changes the
mechanism to proceed exclusively via the Auger channel. We
show that the origin and rate of the non-radiative recombina-
tion in a single sample can be controlled in a reversible surface
chemistry cycling of hydrogenation-oxidation-hydrogenation.
Furthermore, we demonstrate that the non-radiative recombi-
nation rate for either mechanism, SRH or Auger, is inversely
proportional to the volume of nanocrystals in porous silicon.

Therefore, in porous silicon, the carrier recombination is
controlled by spatial confinement and surface passivation. The
former controls the scaling of the rate, while the latter deter-
mines the governing mechanism.

Results and discussion

The experiment was devised to reveal the effect of the chemical
composition of the pores’ surface passivation on the recombi-
nation dynamics and the size-effect of the tightly connected
silicon grains and interwoven filaments making up the skeleton
of the material. The main diagnostic approach is to measure
the pump-probe time-resolved change of the transmittance,
AT/T,, of the samples classified by different degrees of the
porosity and chemical composition of the passivation. This
work considered two types of surface passivation of the same
samples: hydrogenated and oxidised.
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The pump power was kept fixed across all the measure-
ments, exciting N ~ 7 x 10"° em™? charge-carriers. It has been
demonstrated previously’® that at these pumping conditions,
the change of the transmittance, AT/T,, can be directly related
to the change of the excited free carriers’ concentration, N.
Thus, the time-resolved measurements of AT/T, can be inter-
preted in terms of the recombination dynamics of N.

The experimental sequence proceeded in the following
steps. Initially, the freshly fabricated samples with the lowest,
f=0.66, and highest, f= 0.88, porosity, were dipped in a diluted
HF acid to saturate the surface of the pores with silicon—-
hydrogen bonds (Si,H,). Immediately after the hydrogenation,
the samples were analysed by Fourier Transform Infra-Red
(FTIR) spectroscopy. The corresponding spectra are shown by
the solid blue lines in Fig. 1(a) and (b). For both samples, after
the hydrogenation, the spectra are dominated by Si,-Si-H,
stretching mode around ~2100 cm™", Si,-Si-H, scissor mode
at ~900 cm™', Si,~Si-H, wagging modes visible in the range
between 600 and 715 cm ', and a weaker intensity Si-O-Si
stretching mode of the native oxide remnant just below
1100 cm™ 1. *'®'7 Although, after the treatment, the oxide bonds
are present on the surface, their abundance is fractional,
whereas the passivation is dominated by the hydride bonds.

Following FTIR measurements, the time-resolved normal-
ised transmittance change AT/T, was recorded. Fig. 1(c) and (d)
suggests that the decay dynamics of the freshly hydrogenated
samples with the high and low porosity are distinguished by a
process with a constant decay rate, ie. pseudo-first-order
kinetics, for which the carrier density recombines and
decreases linearly as a function of time. This fingerprint
indicates that SRH trap-assisted recombination dominates
the carrier decay dynamics for virgin, hydrogen-passivated
samples. The involvement of the SRH process in porous silicon
has been proposed previously, but has not been investigated to
confirm the validity of the hypothesis.'®* Here, we extend the
investigation to compare the samples with lower and higher
porosity to show that the recombination mechanism is pre-
served but faster for the latter. This observation suggests that
the SRH recombination rate is affected by morphological para-
meters such as surface-to-volume ratio or the size of nanograins
comprising the scaffold of porous silicon.

To investigate further the effect of the passivation on the
recombination dynamics, the samples were thermally oxidised
in an oven at the temperature of 600 °C, with a continuous flow
of a mixture consisting of inert and oxygen gases. FTIR of the
oxidised samples (red lines) in Fig. 1 shows the appearance of
new peaks known to indicate a mechanism of oxygen (O)
insertion into Si-Si back-bonds and the appearance of an
absorbance around ~2200 cm™",*® while the original Si,~Si-
H,, stretching modes either disappeared for the low porosity or
suppressed for the high porosity samples. As well, new stretch-
ing modes appears at ~3700 em ' and ~1650 cm ! corres-
ponding to SiO-H stretching and bending, respectively.'®'® The
most affected by the oxidation is Si-O-Si stretching mode at
1100 cm™ ', which develops into a broad saturated band. The
evolution of the FTIR spectra after the oxidation suggests that
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Fig.1 Comparison between FTIR spectra and transient transmittance response of hydrogenated and oxidised silicon nanocrystals in low and high
porosity material. (a and b): FTIR spectra of freshly-made hydrogenated samples, blue lines; followed by their oxidation, red lines; and succeeded by
re-hydrogenation, green lines for (a) low, f = 0.66, and (b) high, f = 0.88, porosity samples, respectively. (c and d): A comparison between the
corresponding transient responses of the normalised transmittance change, AT/T,. The dots present the experimental data, the solid lines represent

fitting. At is the pump—probe delay time.

the majority of the hydride passivation either disappeared or
was replaced by the bonds, including oxygen, which saturates
the pores’ surface.

The corresponding decay dynamics shown in Fig. 1(c) and
(d) (red lines) demonstrates that the pores’ surface oxidation
caused noticeable change to the rate and mechanism of the
recombination in comparison to the hydrogenated samples.
The decay rate is no longer constant and it is significantly faster
than for the hydrogenated samples. At the time that the
recombination is complete for the oxidised samples, it is not
even a half way through for the hydrogenated ones. In addition,
the effect of faster recombination for the higher porosity
skeletons persists after the oxidation.

Furthermore, the recombination dynamics can be nearly
reversed by HF-re-hydrogenation the oxidised samples, as it
shown by the green decay curves of Fig. 1. For the low porosity
material, the decay process is nearly fully restored, albeit the
rate is faster, and its FTIR spectrum is almost fully reproduces
that recorded before the oxidation. For the higher porosity,
after the second hydrogenation, the decay rate is significantly
slowed down in comparison to the oxidised state, yet the rate

This journal is © the Owner Societies 2022

can not be unambiguously regarded as a constant, as it was
observed after the first hydrogenation. Nevertheless, its FTIR
spectrum is no longer dominated by the saturated Si-O-Si
stretching and other oxide-related modes, implying that the
hydrogenation process is fairly efficient to replace oxygen
atoms. However, it can be seen that the sample became less
transparent as indicated by the background shift to around
0.45. The increase of the sample opaqueness might be caused
by a partial collapse of the pores into areas with tightly braided
scaffold.

Overall, during the surface chemistry cycling of hydrogena-
tion-oxidation-hydrogenation, HF removes an ultrathin layer
of oxide, while oxidation consumes part of the silicon skeleton
via the insertion of oxygen into the back-bonds. Thus, each
treatment slightly changes the morphology, reducing the nano-
particle size and increasing the surface-to-volume ratio.>’ This
explain the reason for the recombination rates are fully rever-
sible in the full cycle.

To establish the systematic correlation and scaling of the
recombination time with the porosity and chemical composi-
tion of the passivation, we performed similar time-resolved

Phys. Chem. Chem. Phys., 2022, 24,13519-13526 | 13521
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Fig. 2 Decay of the excited carriers in hydrogenated and oxidised silicon nanocrystals in materials with various porosities. The carrier density, N, as a
function of time, At, for (a) hydrogenated and (b) oxidised samples with various porosity. The dots present the experimental data, the solid lines are the

best fit of the recombination rate equation.

measurements of AT/T, on a series of six samples covering the
porosity range between 0.66 and 0.88. The raw results can be
found in ESL{ Fig. S1. Using a method developed
previously,**! these data were analysed to retrieve the carrier
density, N, as a function of time, shown in Fig. 2. This
presentation further systemises the details of our assertions
pertaining to the effects of the surface passivation and porosity
on the recombination rate. It can be firmly concluded that the
recombination rate is systematically enhanced as porosity
increases for either hydrogenated or oxidised surfaces, while
the recombination mechanism is crucially dependent on the
chemical composition of the pores’ passivation.

To retrieve the details of the recombination mechanisms,
the data shown in Fig. 2 was analysed using a third-order
differential equation describing the recombination rate:
CL—];[ = —g = —a—bN — ¢N? — dN3. We note that the equa-
tion ignores the diffusion of the carriers, as its rate is known to
be much slower than the recombination.® This equation
consists of four terms, where the first and second terms
correspond to the pseudo-first and first-order recombination
of Shockley-Read-Hall (SRH) type, the third term is responsible
for a radiative or bimolecular decay and the fourth term
describes Auger recombinations, respectively. The coefficients
depict the weight or rate constants for each process. However,
we found that to model the data only the first term is necessary
to describe the decay in the hydrogenated samples, while for
the oxidised samples the recombination is almost exclusively
governed by the third-order dependence on N, that is the fourth
term in the differential equation. The corresponding fitting is
shown by the solid lines in Fig. 2.

The recombination constants, a and d, (obtained from the
fitting) were correlated with the morphological parameters of
the samples. We found that, contrary to intuition, for porous
silicon, these constants do not scale with the surface-to-volume
ratio. A careful analysis of the data revealed that the scaling is

13522 | Phys. Chem. Chem. Phys., 2022, 24, 13519-13526

rather governed by the inverse volume of the nano-crystalline
silicon grains constituting the sponge scaffold, regardless of
the chemical composition of the passivation.

To demonstrate this, we determined the effective energy
gap, E,, from Tauc plots, for which absorbance coefficient, o,
evaluated from the transmittance and reflectance spectra, is
plotted as y/wa as a function of photon energy hw. The Tauc
plots and E, corresponding for every sample are shown in
Fig. S2 (ESIt). We found that, for the hydrogenated samples
the energy gap, E,, is systematically blue-shifted from ~1.2 eV
to ~1.4 eV as the porosity increases from f= 0.66 to f= 0.88. A
similar shift was observed for the samples which were oxidised
following the hydrogenation. In addition, for the oxidised
samples, we found that their energy gap is systematically larger
than for the hydrogenated ones at a given porosity. This
oxidation related blue-shift indicates that the size of silicon
grains shrinks and the confinement of the charge-carriers
increases as the hydrogen-related bonds are replaced by the
oxide. The insets to Fig. 3 show that, E,, established from Tauc
plots, correlates linearly with the fractional volume of silicon
nano-crystalline grains in porous silicon, 1 — f.

To estimate the radius of the nanocrystals, a, we used the
approximation of the quantum confinement for a particle-in-a-
sphere: E, = Ey + h*,°/2umea’, where E§ = 1.12 eV is the band
gap of bulk silicon, f;, is the dual-index root of the spherical
Bessel function, with / = 0 and n = 1 denoting the orbital and
radial quantum numbers for the lowest state, and p = 0.17 and
m,. are the fractional electron/hole reduced and free electron
masses, respectively.'"® The right-hand ordinate axes of the
insets represent the estimation of the mean nanocrystals
radius, a.

Using the size of the nanocrystals for the range of the
samples in this work, we collate the decay constants evaluated
from the data in Fig. 2 and show in Fig. 3 that 1/t scales as 1/a’,
regardless of the chemical composition of the surface passiva-
tion and involved recombination process, i.e. either SRH or

This journal is © the Owner Societies 2022
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Fig. 3 Scaling of decay constant in hydrogenated and oxidised silicon nanocrystals. 1/z, as a function of the inverse volume, 1/a°, of hydrogenated
(a) and oxidised (b) nanocrystals. Insets show the evolution of pSi effective energy gap as the fractional volume, 1 — f, of silicon nano-crystalline grains

increases.

Auger scales with an inverse volume. Indeed, Fig. 3 shows that
for the hydrogenated samples, where the main recombination
process is attributed to SRH, the rate increases linearly with the
inverse volume of the crystals. The same scaling phenomenon
is observed for the oxidised samples, yet, in contrast, the main
mechanism is Auger recombination and the rate is nearly two
orders of magnitude faster.

Linear scaling of Auger recombination with 1/a* in nano-
crystals was previously demonstrated for a range of direct and
indirect gap semiconductors®*>® and became central to the
proposition of a Universal Size-Dependent Trend.'”> However,
this has not been explicitly demonstrated for silicon. The main
attribute of the Trend is that it negates exponential dependence
of the recombination rate on (—E,), but rather follows 1/a’
spatial confinement. In addition, it suggests a relaxation of the
momentum-conservation rule and diminishes the requirement
to involve a momentum-matching phonon in indirect
semiconductors.

In fact, our work supports the Trend for nanocrystals in
porous silicon. In contrast to bulk semiconductors’ behaviour
and in line with the Trend, Fig. 3 shows that the rate constant,
1/7, increases when E, increases and the size of nanocrystals
decreases as 1/a’. Although the Trend is useful to predict the
recombination rate in semiconducting nanocrystals, its essen-
tial attribute is rather empirical and it does not reveal the
underlying mechanism. This work attempts to fill the lacunae,
at least for silicon nanocrystals.

It has been shown in the previous works on nano-porous
silicon that resonant excitation of vibrational modes of surface
adsorbates by a probe beam induces Auger recombination,
while for off-resonance probing the relaxation proceeds by the
way of an SRH process.”® In this work, the probe beam
wavelength does not coincide with any of the IR-active modes
of the surface-adsorbates for the hydrogenated and oxidised
passivation, and, Auger recombination is not expected. Indeed,
this work confirms SRH as the main recombination channel in

This journal is © the Owner Societies 2022

the hydrogenated samples. However, the question which
requires elaboration is why replacing hydride with oxide bonds
on the surface of the pores completely changes the recombina-
tion mechanism.

It is a well-established fact that Auger recombination in bulk
silicon, in particular in its p-type, requires the assistance of
phonons, helping to overcome the ~76 meV barrier and
matching the momentum conservation conditions (see ESL,+
Fig. S3 for the barrier definition). Although a phonon assisted
process is of the second order or higher, it reduces the barrier
and overpowers pure Auger.'>?®?” On the other hand, for
silicon nanocrystals, the confinement of the recombining
charges increases the crystal-momentum uncertainty and
relaxes the conservation rule, diminishing the dependence on
the phonons. However, this effect is of importance for the
confinement energies above 0.7 eV,*® decidedly higher than
in our samples. Thus, we may safely assume that Auger
recombination in our samples follows the same energy-
momentum conservation scheme as in the bulk of p-type
silicon with the participation of the combination of the TO
and TA phonons with 57 and 18 meV energy, respectively, in the
I'-A direction.***° The combinations of the TA + TO or 2TO are
sufficient to overcome the barrier and are known to be parti-
cularly active in the electron-hole recombination process.”®
These phonons are known to be resonatively coupled to the
Si-O stretching mode,*" which is abundant and strong in the
oxidised samples (see Fig. 1). Thus, even at the room tempera-
ture, the surface passivation provides a rich source of the
phonons needed to promote Auger recombination.

On the other hand, these phonon modes are unlikely to
couple to Si,-Si-H, vibrations in the hydrogenated samples.
The wagging vibrations can be energetically matched by the
phonons, but such coupling is suppressed as it would lead to
broken symmetry. The stretching vibration satisfies the sym-
metry rules, but those are energetically too high for silicon
phonons. Hence, the surface hydrogenation does not support

Phys. Chem. Chem. Phys., 2022, 24,13519-13526 | 13523
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conditions for phonon-assisted Auger recombination. Instead,
the hydrogenated surface provides states for SRH mechanism.
These are in-gap states which have been investigated in the
previous works on hydrogenated amorphous and nano-
crystalline silicon.>**® It has been shown that these states do
not disappear with the hydrogenation as they are attributed to
the structural defects,"" related to the angular distortion of
Si-Si bonds creating impurity-like localised electronic states.**
Indeed, this work in Fig. S2(d)-(f) shows that in either type of
the surface passivation the in-gap states extend their presence
by ~0.2 eV below the Tauc gap.

Thus, we can summarise that in the oxidised samples a
highly efficient coupling of phonons to surface vibrations
modes of Si-O bonds promotes a very fast Auger process which
overcomes competition with a slower SRH recombination
involving structural defects states. In the hydrogenated sam-
ples, the resonative coupling between phonons and chemical
adsorbates vibrations is absent and the recombination pro-
ceeds entirely through the SRH channel.

Methods

Sample preparation

The pSi samples used in this work were fabricated through the
electrochemical anodisation process. The resistivity of a boron-
doped silicon wafer, used in this work, was 0.005-0.02 Ohm cm,
corresponding to a carrier concentration of about 10"® cm™.
The bulk silicon substrate was immersed into an electrolyte
which is a mixture of ethanol and 40% hydrofluoric acid (HF)
(ratio 1:1). A DC voltage is then applied between the anode and
cathode to accelerate the reaction between HF and silicon. The
dissolution of silicon is caused by the replacement of silicon—-
hydrogen bonds by silicon-fluorine bonds on the surface. Pores
are formed as the reaction products SiF, and H,SiF are soluble
in the electrolyte. By varying the electrolyte concentration and
the current density, the porosity was tuned from 66 to 88%,
while the thickness of ~120 pm was controlled by the anodisa-
tion time. The separation of pSi from its bulk substrate was
realised by applying a short current pulse with the current
density of 120 mA cm ™2 at the end of the anodisation. Under
this current density, pores collapse at the boundary between pSi
and Si resulting in the partition of the pSi layer. Brunauer—
Emmett-Teller (BET) analysis was performed to determine the
surface area, pore diameter and volume of the samples with
different porosity, and the results are summarised in Table 1.
The oxidation of pSi was carried out under 600 °C in an oven
with a constant flow of oxygen and inert gases for 30 minutes.
The samples were then left in the oven for 5 hours to gradually
cool down in order to prevent the collapse of pSi structure due
to the sudden change in temperature. The re-hydrogenation of
samples was accomplished by dipping the oxidised samples in
10% HF solution for 30 seconds. Afterwards, the samples were
rinsed in ethanol and stored in a box purged with nitrogen gas.
Although one can argue that a longer time in HF might further
remove the remaining Si-O-Si and dangling bonds, we
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Table 1 Porous silicon properties

Porosity Surface area Pore diameter Pore volume
(%) (m”g™) (nm) (mlg™)
66.4 258.60 12.33 0.79

67.4 277.20 12.94 0.89

70.7 292.40 11.38 1.04

79 359.75 13.20 1.53

83.8 420.48 17.00 2.25

87.5 457.64 21.46 3.01

observed that extended etching increased porosity and affected
the recombination rate. Yet, re-oxidation still occurred during
rinsing and air storage prior to characterization and during
FTIR/optical measurements. This issue would not be elimi-
nated by longer times in HF.

VIS-NIR and FTIR spectrum measurements

The Tauc plots used for the band-gap estimation were obtained
from the transmission and reflection spectrum in the wave-
length range of 500-2500 nm. A broadband unpolarized white
light source was used to illuminate the samples, while the
transmitted and reflected light was collected by a PerkinElmer
Lambda 1050 UV/Vis/NIR spectrometer. A Bruker FTIR Hyper-
ion microscope was used for the FTIR measurements. A 50%
objective was used to focus the IR beam on the sample. The
transmission spectrum was obtained by averaging the measure-
ments of five random spots of each sample. We confirmed that
the samples have excellent uniformity and the uncertainty on
transmission spectra was less than 1%. The main IR active
modes observed in our experiments are summarised in Table 2.
Note that relatively high doping contributes to the featureless
background arising from the free carrier absorption. It can be
estimated that ~20% of the incoming IR light is absorbed
traversing the 120 um-thick samples with the absorption coeffi-
cient of ~70 cm™ " in this range."?

Time-resolved pump-probe measurements

The time-resolved change of transmittance measurements were
performed using an ultrafast laser system (Coherent Ltd).
Intensive fundamental laser pulses (average power ~3 W) with
800 nm central wavelength, 60 femtoseconds duration were
produced by an Ti:sapphire amplifier.>® The smaller fraction of
the beam (about 5%) was used as the pump beam to excite the
free carriers in the pSi samples simultaneously. The remnant of
the beam was guided into an optical parametric amplifier
(OPerA-Solo) to generate a probe beam with a wavelength of

Table 2 FTIR absorption bands

Vibrational Mode Wavenumber (cm ™)
SiO-H Stretching ~3700

O,Si-H, Stretching ~2200

Si,~Si-H,, Stretching ~2100

SiO-H Bending ~1650

Si-O-Si Stretching ~1100

Si,-Si-H, Scissor ~900

Si,~Si-H,, Wagging ~600-715
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2.5 um and pulse duration of about 200 femtoseconds."? The
optical path length of the pump beam was adjusted by a
computer-controlled retroreflector to scan the temporal overlap
between the pump and probe on the sample. To ensure
spatially homogeneous excitation, the pump beam spot dia-
meter on the sample was adjusted to 1 mm and the probe spot
diameter was set to 500 pm. Both the pump and probe intensity
were controlled by rotating half-wave plates in front of linear
polarisers which also set the beam polarisation. The pump
beam was set to p-polarised, while the probe beam was
adjusted to be orthogonally polarised with respect to the pump
to prevent interference between them. The incident angle of the
pump was set to 30° while the probe beam was incident
perpendicular to the sample surface. The transient transmis-
sion of the probe beam was detected by a PbS detector, which
was connected to a lock-in amplifier (Zurich Instrument). The
recorded data was read out by a LabVIEW program.
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