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On determinative impact of hydrofluoric acid on surface states of
as-prepared and chemically modified Si nanocrystals

B. V. Oliinyk?t, V. Lysenko® and S. Alekseev?

Introduction of hydrofluoric acid before and during chemical functionalization of silicon nanocrystals with hydrocarbon
chains is found to be very efficient for removing original surface defects of the nanocrystals as well as for preserving them
from oxidation induced defects appearing on their surface during photoinitiated hydrosilylation procedure. In
consequence, stable sols of highly luminescent silicon quantum dots in organic solvents with photoluminescence quantum
yield up to 20% are shown to be easily obtained. Moreover, our approach allows considerable improvement of electric
transport through meso-porous silicon nanostructures which is still a serious challenge for their applications in
photovoltaics and thermoelectrics. Finally, the use of hydrofluoric acid appears as a cheap and efficient alternative to
development of painstaking procedures and set-ups preventing oxidation induced deterioration of physico-chemical

properties of the individual and

Introduction

Being one of the most spread non-toxic element on earth,
silicon (Si) is already widely used in microelectronic industry?.
Although bulk silicon, as the indirect bandgap semiconductor,
has poor light emitting properties at room temperature,
photoluminescence (PL) of Si nanocrystals (NCs), called also Si
quantum dots?, is much more efficient due to quantum
confinement effects. In particular, being largely governed by
quantum dot dimensions which are comparable or smaller
than exciton Bohr radius (about 4.2-4.6 nm for Si3), the
confinement degree of photogenerated
strongly influences emission wavelength and lifetime as well as
Thus, for
example, the luminescent Si NCs have already attracted special

charge carriers

radiative recombination rate and efficiency*.
attention of researchers for bio-imaging application® .
However, even if more than two decades have passed since
the first reports on room temperature photo-stimulated
emission of the Si NCs”- &, the main challenge related to finding
a way for simple fabrication of the NCs with tuneable emission
and high quantum vyield (QY) values above 10-15% still
persists®. One of the major actual problems concern perfect
control of surface electronic states of the NCs. Indeed, because
of a high surface to volume ratio, impact of the surface states
on the overall properties of the Si NCs can be really huge.
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interconnected silicon nanocrystals during their chemical functionalization.

In general, existence of any structural imperfections and
defects at the NC surface can strongly cause significant QY
reduction by providing various alternative ways for non-
radiative electronic transitions®. For example, spontaneous
instability of H-terminated Si NCs against oxidation in air or
systematically leads to
considerable decrease of their PL QY due to appearance of
harmful defect states in the NC bandgap®. Recent studies
have been pointed to the significant influence of surface
oxidation of the Si NCs on their optical propertiesl-15, Over
the past few years there has been mounting evidence that a
further improvement of the optical properties of the Si NCs
requires a careful chemical passivation of their surface16-20,
Globally, the need of defect-free surface engineering for Si NCs
has been clearly perceived by research communities from
various fields, such as: optoelectronics, photovoltaics, bio-
imaging, etc. For example, original studies demonstrating
feasibility of hybrid solar cells and thermoelectric devices
based on Si NCs have shown that their achievable efficiencies
are strongly limited by transport barriers due to a native oxide
shell and/or relatively high concentration of surface defects of
7x1011 cm~2 in the Si NC networks21-24, acting as recombination
and trapping centers?> 26, Therefore, reduction of the surface
defect density and optimization of the Si NC surfaces for an
efficient inter-NC charge transfer are also the ongoing
challenges?7-30,

Light-promoted hydrosilylation is known to be one of the
promising, simple, clean and direct chemical approaches
allowing stabilization of the Si NC surface via formation of
covalent Si-C bonds efficiently protecting the NCs from any
further spontaneous chemical evolution as well as generally
ensuring a reduced number of surface defects3!. However, due
to its enhanced chemical reactivity, initially hydrogenated

water containing environments
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surface of Si NCs is substantially contaminated with oxygen-
containing surface species (Si-OH, Si-O-Si, etc.) provoking
significant reduction of their PL QY values and rendering
instable overall electronic properties of the NCs. Anyway,
some traces of surface silicon oxide are almost unavoidable
even if special harsh means are undertaken to exclude oxygen
and water during a grafting process32.

In this letter, we point out that a continuous permanent
treatment of Si NCs with hydrofluoric acid (HF) before and
during their chemical functionalization with hydrocarbon
chains allows not only to efficiently remove original surface
defects produced during the fabrication of the NCs by
electrochemical etching of bulk Si substrates but also to avoid
appearance of the oxidation induced defects on their surface
during photoinitiated hydrosilylation procedure. In
consequence, (i) considerable improvement of the electric
transport through the meso-porous silicon nanostructures has
been achieved and (ii) stable sols of highly luminescent Si NCs
in organic solvents with PL QY up to 20% are shown to be
easily obtained.

Experimental

Si NCs used in our work were synthesized by electrochemical
etching (anodization) of p-type (100)-oriented silicon wafers
(see experimental details in the ESI). Surface chemical
modifications of the Si NCs with 1-octadecene and 10-
undecylenic acid were carried out in frames of photoinitiated
hydrosilylation procedure in two different ways (see Figure 1).
The first way, called “HF-free standard procedure (SP)”,
corresponds to well-known hydrosilylation reaction performed
on the as-prepared Si NCs (all process details can be found in
the ESI). The second way, called “HF-based modified
procedure (MP)”, is one-pot synthesis comprised of two
consecutive stages: (i) HF-based treatment of the as-prepared
Si NCs under UV light and (ii) photoinitiated hydrosilylation
reaction in presence of HF acid.

Results and discussion

The basic idea behind these two experimental ways was to
check if the preliminary HF-based treatment and HF acid
presence during the subsequent chemical modification of the
Si NCs with alkyl groups will really improve electronic quality of
the NC surface. In particular, HF acid was expected not only to
remove defect states created by oxygen atoms on the NC
surface but also to etch out completely the whole damaged
near-surface region of the hydrogenated NCs with numerous
structural defects appeared during the NC formation by
anodization of bulk Si. Only a few attempts aiming
introduction of HF acid in the hydrosilylation of Si NCs have
been already declared in literature33 34, For example, Sato and
Swihart33 have found the mixing of HF with acrylic acid to be
essential to ensure reproducibility of the hydrosilylation
process. Miyano et al.3* have reported an increase of the
hydrosilylation reaction efficiency due to addition of the HF
acid into styrene solution containing Si nanoparticles. In order
to check an impact of the preliminary HF-based treatment of Si
NCs under UV light, concentration of free charge carriers in
meso-PS free layers constituted by interconnected Si NCs has
been monitored by infra-red (IR) absorption spectroscopy.
Indeed, concentration of the free carriers (holes in the case of
p*-type Si wafers used in our work for the meso-PS fabrication)
is very sensitive to the nature and concentration level of the
NC surface defects. According to Drude’s model, characteristic
IR absorption by free carriers is manifested in meso-PS
samples by spectral dependence of absorption coefficient
according to the power law with an exponent about 2 35,
Typical IR transmittance spectra of a meso-PS free layer before
and after the HF treatment under UV illumination are shown in
Figure 2. The observed characteristic background decrease of
the transmitted IR intensities at lower wavenumbers reflects
the IR absorption by the free holes. As one can see, this
decrease is much more pronounced for the meso-PS sample
treated with HF under UV light (the dashed blue line
represents the background spectral evolution according to the

Figure 1. Surface chemical modifications of Si NCs with 1-octadecene and 10-undecylenic acid carried out in frames of this work (used co-solvents: THF, DME).
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Figure 2. IR transmittance spectra of meso-PS free layers before and after their HF
treatment under UV illumination. The dashed blue line represents simulation of the
background spectral evolution according to the Drude’s model. The resistivity of
meso-PS free layers were determined by four probe method.

Drude’s model). It means that the holes concentration is
significantly increased in the meso-PS layer after the
treatment. This fact is also supported by a huge reduction of
general electrical resistivity (more than two orders of
magnitude) of the treated porous layer. This increase of the
free carrier concentration in the treated samples can be
explained by a considerable decrease of the donor-like and
amphoteric surface defects responsible for the hole trapping in
the p-type Si NCs. Indeed, these kinds of defects are known to
be especially dominant in the as-prepared hydrogenated and
partially oxidized meso-PS36-38, As a the holes
concentrations are very low in the as-prepared meso-PS
samples because the holes are efficiently trapped by the
surface states. The HF treatment efficiently removes the
surface defects playing the role of electronic traps for the free
charge carriers. For example, the HF-induced disappearance of

result,

the donor-like states ensured by water and oxygen 3° is clearly
manifested on the spectra in Figure 2 by absence of the v(OH)
and v(SiO) vibrational bands in the treated porous layers. The
observed effect will allow remarkable improvement of the
electric transport through the porous Si network which is the
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issue for various photovoltaic and thermoelectric applications.
So we may assume that under such treatment conditions a
well-known photo-induced chemical etching of silicon surface
occurs. It could take place even without UV light but in the
case of illumination the etching process is much more
enhanced and can be efficiently controlled by the illumination
conditions. As for a microscopic mechanism, the UV light very
efficiently absorbed by Si generates electron-hole pairs
accelerating Si dissolution in HF-based media. In this work we
use this effect to promote silicon dissolution causing removing
of surface defects and damaged areas.

In order to fix the improved electronic quality of the NC
surface achieved after the preliminary first stage treatment in
HF acid, the second stage of the MP functionalization approach
aiming chemical modification of the Si NCs with alkyl groups
has been also carried out in presence of HF acid. Figure 3
shows IR transmission spectra of the Si NCs functionalized with
1-octadecene and 10-undecylenic acid in frames of the SP and
MP procedures sketched in Figure 1. First of all, the successful
derivatization is confirmed by the following characteristic
spectral bands?*%: vs(CH;) at 2853 cm-1, v,5(CH,) at 2925 cm,
and 6(CH3) at 1467 cm! for both samples; vas(CH3) at 2962 cm-?
for Si-CigH37 NCs and v(C=0) at 1715 cm for Si—C;0H20COOH
NCs. Absence of a v(C=C) band at 1645 cm! in the shown
spectra indicates on total absence of any physically adsorbed
molecules of the organic reagents with the C=C bonds.
Presence of SiHy vibration bands (v(SiHs) at 2137 cm™; v(SiH,)
at 2114 cm; v(SiH) at 2088 cm-1; §(SiH;) at 906 cm1; w(SiH,)
at 660 cm™ and w(SiH) at 625 cm) in the IR spectra of the
hydrosilylated samples reflects only partial consumption of the
SiHx groups of the initial Si NCs. However, much higher ratios
between the intensities of the v(SiHy) and v(CHy) bands
obtained for the NCs functionalized in frames of the MP
procedure testify to considerably increased number of
hydrogen atoms substituted by the groups.
Furthermore, the MP functionalization strategy allows almost
complete disappearance of the spectral bands related to
O,SiHy groups (v(SiH) at 2264 cm; v(Si-O) at 1000-1200 cm™!
and w(SiH) at 875 cm), while substantial oxidation of the NC

organic

Figure 3. IR transmittance spectra of Si NCs functionalized with (a) 1-octadecene and (b) 10-undecylenic acid in frames of the SP and MP procedures.
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Figure 4. (a) Steady-state PL spectra of as-prepared and chemically modified with 1-octadecene Si NCs and (b) PL lifetime spectra of as-prepared and chemically modified with 1-
octadecene and 10-undecylenic acid Si NCs. Inset shows excitation and absorption spectra of Si NCs modified with 1-octadecene by the HF-based procedure.
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Figure 5. Steady-state PL spectra of chemically modified with 1-octadecene Si
NCs with different times of the first treatment stage (Si NCs in HF solution
under UV illumination). This ensure tuning of their PL spectra maximum.

surface occurs during the HF-free SP approach despite a lot of
taken precautions.

Figure 4 shows steady-state PL and PL lifetime spectra of the
as-prepared and chemically modified Si NCs. In particular, only
a tiny PL spectral difference (40 meV shift of the PL maxima)
between the as-prepared Si NCs and those chemically
modified according to the HF-free SP protocol can be stated.
As for the PL spectrum of the Si NCs functionalized according
to the HF-based MP protocol, it is much more blue-shifted
(about 150 meV) compared to the as-prepared sample.

Such a shift can be precisely tuned by control of time of the
first treatment stage related to etching of the NCs in HF-based
solutions leading to progressive decrease of the NC sizes.
Indeed, as illustrated in Figure 5, spectral position of the PL
maxima unambiguously correlates to the etching time. Inset in
Figure 4a shows excitation and absorption spectra of Si NCs
modified with 1-octadecene by the HF-based procedure and
dispersed in hexane. All the samples with Si NCs have the
similar typical spectra with only some slight spectral
differences. Figure 4b illustrates PL lifetimes (Tmess) Of the Si
NCs for different photon energies. Determination of the
lifetime values was carried out by fitting of experimental time-

4 | RSC Advances, 2015, 00, 1-3

resolved PL curves by a stretched exponential decay according
to the general equation indicated in Figure 4b. The order of
magnitude and the observed monotonous decrease of the PL
lifetimes with the increasing energy well correspond to the
case of Si NCs and emphasize domination of zero phonon
recombination processes and reduction of the PL lifetimes for
smaller NCs emitting at higher energies 4143, It is worth to
remark that the surface chemical modifications of the Si NCs as
well as their dispersion in various solvents do not provoke any
changes in the spectral dependence of the measured PL
lifetimes. Thus, one can conclude that the global PL
mechanism taking place in the as-prepared colloidal Si NCs
remains unchanged after the chemical modifications of their
surface and only absolute values of non-radiative (t,) and
radiative (t,) lifetimes are changed, defining Tmeqs as:

— *

Tmeas - an Tr/(an +Tr)

In addition, as summarized in Table 1, QY values of the
functionalized NCs are found to be systematically higher in

comparison with QY values of the as-prepared Si NCs.

Table 1. QY and PL lifetime values of as-prepared and chemically functionalized Si NCs
(PL life time values corresponds to Apyay)-

Sample Solvent Avax QY  Twmeas Tne/TR
[ev]  [%] [ps]
As prepared
Si NCs Ethanol 166 5 58 0.05
HF-free standard procedure
Si-CigH37 NCs Hexane 159 10 85 0.11
Si-C10H20COOH NCs Ethanol 159 9 88 0.10
HF-based modified procedure
Si-CagH37 NCs (30 min) Hexane 1.72 20 44 0.25
Si-CagH37 NCs (90 min) Hexane 2.03 20 9 0.25
Si-C10H20COOH NCs (30 min) Ethanol 1.85 20 24 0.25

This journal is © The Royal Society of Chemistry 20xx
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Moreover, the QYs of the samples modified in frames of the
HF-based MP approach are 2 times higher (20%) than the QYs
(10%) characterizing photo-stimulated emission of the Si NCs
modified according to the HF-free SP protocol. Taking into
account the QY definition:

QY =an/(an +Tr)’

the ratio t,,/t, can be deduced.

As one can see from Table 1, t,/t, ratio is significantly
increased for the NCs chemically modified in presence of HF
acid. Since the Tmeas values for these Si NCs luminescing at
higher energies are shorter, the stated improvement of their
PL efficiency can be explained by increase of t, and/or
decrease of 1, due to the HF-induced removing of non-
radiative surface states as well as by their efficient chemical
passivation with the alkyl groups.

Conclusions

In conclusion, a continuous permanent treatment of Si NCs by
HF acid before and during their chemical functionalization with
hydrocarbon chains allows not only to efficiently remove
original surface defects produced during the fabrication of the
NCs by electrochemical etching of bulk Si substrates but also to
avoid appearance of the oxidation induced defects on their
surface during photoinitiated hydrosilylation procedure. In
consequence, stable sols of highly luminescent Si NCs in
organic solvents with PL QY up to 20% are shown to be easily
obtained. In addition, time control of the HF action allows
precise tuning of the PL wavelengths. Moreover, application of
the same HF-based treatment to meso-porous Si (meso-PS)
free layers leads to significant concentration increase of free
charge carriers due to their liberation from the numerous
electronic traps located at the near-surface defect regions.
Such the observed effect will unavoidably ensure considerable
improvement of the electric transport through the meso-PS
network which is still an issue for various photovoltaic and
thermoelectric applications. Finally, our approach allows to
completely avoid development of painstaking procedures and
set-ups preventing oxidation induced deterioration of physical
properties of the individual and interconnected Si NCs during
chemical stabilization/passivation of their surface.
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The paper demonstrates the easy and cheap approach to chemical functionalization of silicon
nanocrystals surface leading to enhancement of photoluminescence and electrical transport
properties.




