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The investigation of surface-induced lattice-strain effects in free-standing silicon nanocrystals (Si NCs)
is fundamental in view of the materialization of nanosilicon-based technologies that exploit the unique
properties of silicon at the nanoscale. In this work, a comprehensive investigation in free-standing Si NCs
is performed, aimed at unveiling physical phenomena related to surface oxidation upon exposure to air,
from which strongly surface-dependent lattice strain is found. Raman and infrared spectroscopy techniques
are used to monitor the time evolution of the oxidation, through which a clear correlation between the
formation of a superficial native oxide and the appearance of compressive strain in the nanocrystals’
core is found, which increases continuously as the oxidation progresses. By comparing experimental data
with simulations using an improved phonon confinement model, it is concluded that strain is negligible
in H-terminated nanocrystals with sizes of approximately 3 nm. After long-term natural oxidation, the
compressive stress imposed by the native oxide shell is estimated to be 1.2 GPa. The results presented
here link the time-dependent oxidation phenomenon with the experimental observation of compressive
strain in free-standing Si NCs, clarifying contradicting results found in the literature, and demonstrate a
simple route for the deconvolution of confinement and strain effects in low-dimensional structures using

Raman spectroscopy.
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I. INTRODUCTION

Over the last decades, low-dimensional semiconductor
structures based on silicon have been the focus of inten-
sive scientific research owing to their unique properties
and potential technological applications. In this regard,
silicon nanocrystals (Si NCs) combine desirable opto-
electronic features [1-3], including high luminescence
quantum yields, with a variety of advantageous process-
ing approaches [3,4], ranging from colloidal methods
to plasma synthesis, which resulted in practical demon-
strations of light-emitting devices [5—7], sensors [8—10],
optical communications [11], field-effect transistors [12—
15], solar cells [16-20], energy storage solutions [21,22],
and medical and biological applications [23—25], amongst
many others. Due to the huge surface-to-volume ratio,
the properties of Si NCs are highly sensitive to surface

*bfalcao@ua.pt

2331-7019/19/11(2)/024054(14)

024054-1

effects and the surrounding environment. As an example,
the efficiency of electronic impurity doping may change
by several orders of magnitude depending on the medium
around the Si NCs [26]. In fact, the sensitivity of the
nanocrystals’ behavior to surface effects can be exploited
to controllably adapt these materials for specific applica-
tions. For instance, in optoelectronic applications, surface
engineering can offer an additional degree of freedom
to the quantum-confinement effect in tailoring the emis-
sion wavelength and enhancing the luminescence quan-
tum yield [27-32]. Surface engineering also provides a
means to improve the size control and to explore col-
lective effects observed in closed-packed Si NCs (e.g.,
ultra-efficient carrier multiplication) [29,33]. However, lat-
tice strain is inherently associated with any form of surface
modification of nanocrystals and this may affect the prop-
erties of nanocrystals in various ways, such as alteration
of electronic structure, transformation of phase, or buck-
ling [34]. Therefore, the understanding of surface-induced
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lattice-strain effects in Si NCs is very important for the
materialization of nanotechnologies that exploit the unique
properties of silicon at the nanoscale.

Perhaps the most relevant method of surface engineer-
ing of Si NCs is the growth of a silicon oxide shell on
the surface of free-standing Si NCs (hereafter mentioned
as silicon nanoparticles, Si NPs). Crystalline Si NPs are
typically synthesized with a hydrogen termination [3,4,35]
and the formation of a native silicon oxide shell upon
exposure to ambient atmosphere is the so far most fre-
quently applied technique to produce Si—SiO, core-shell
nanoparticles. The presence of an oxide shell on the Si
NPs confers water solubility and biocompatibility [36] and
also strongly affects their optical emission [37,38]. For
instance, in a recent work, Botas ef al. observed a strong
increase of the luminescence quantum yield in surface-
oxidized silicon nanoparticles (Si NPs) in comparison to
Si NPs with a hydrogen termination, due to the inhibi-
tion of internanoparticle charge transfer [39]. Importantly,
it has been suggested by several groups that the pres-
ence of an oxide shell generates interfacial stress, which
has the potential of influencing both the structural and the
optical properties of the nanocrystals [40—44]. The struc-
tural deformation, i.e., strain, that the oxide shell exerts
over the crystalline core of the Si NPs is far from being
understood. Although it is generally considered that strain
increases with the thickening of the oxide shell, the litera-
ture available for Si NPs reports contradicting results about
whether the strain is strictly compressive, tensile, or a mix-
ture of both depending on the particle size and on the extent
of the surface oxidation [40—47]. In the case of Si NCs
embedded in an oxide matrix, several studies show that
the nanocrystals are under compression mostly due to the
lattice mismatch and different compressibilities between
the surrounding matrix and the nanocrystals [42,48—54].
Similar conclusions have been drawn in other systems,
such as in matrix-embedded Ge [55,56], CdSe [57], and
CdS;_,Se, [58] nanocrystals, and CdSe/CdS core-shell
nanocrystals [59].

In this work, we carry out a research effort in view
of linking the evolution of the oxidation phenomenon in
crystalline Si NPs with the appearance and the nature of
lattice strain. A thorough spectroscopic characterization
using infrared absorption is performed to evaluate the sur-
face oxidation of the Si NPs. Additionally, we also monitor
the evolution of the Raman spectra along the oxidation pro-
cess and compare the theoretically obtained variations of
the Raman shift (€2) and linewidth (I") with those measured
experimentally. Our results indicate that in H-terminated
Si NPs the lattice strain is negligible and that the continu-
ous growth of an oxide shell leads to the appearance of an
increasing compressive strain in the Si NP core throughout
the whole oxidation process. The impact of this compres-
sive strain on relevant properties of Si NPs are discussed.
Moreover, we discuss the implications of our results for

the applicability of the Raman technique in the study of
nanosilicon materials, which has been widely applied by
researchers over the last 30 years.

II. EXPERIMENTAL DETAILS

Free-standing Si NCs in the powder form and with a
surface termination with Si—H bonds (H-termination) are
synthesized from gas phase in a silane (SiH4) nonther-
mal plasma reactor under a discharge pressure of 3 Torr,
radiofrequency (rf) power 75 W, electrode distance 16 mm,
Ar flow 35 sccm, SiHy4 flow 0.65 sccm, and deposition time
approximately 30 min. Two depositions are made follow-
ing this recipe. In one deposition (dep. no. 1), the Si NP
powder is directly collected on a mesh placed at the bot-
tom of the reactor, whereas in the other deposition (dep.
no. 2) a borosilicate glass substrate (ProSciTech Pty Ltd),
previously coated with Au, is placed over the mesh to col-
lect the Si NP powder both on this substrate and on the
mesh. In both cases, the deposits are immediately sealed
under N, atmosphere after deposition, then transferred to a
Ny-purged glovebox with extremely low concentration of
oxygen and moisture (< 1 ppm).

Several samples are prepared based on the Si NP pow-
ders synthesized in both depositions. For x-ray diffraction
(XRD) measurements the Si NP powders (dep. no. 1) are
analyzed in the as-grown form. For Raman spectroscopy
experiments, a solution containing Si NPs (dep. no. 1)
dispersed in 1,2-dichlorobenzene (99%, Sigma-Aldrich) is
spin coated onto Al-metalized borosilicate glass substrate
(ProSciTech Pty Ltd). For TEM experiments, a highly
diluted solution of this Si NPs dispersion is pipetted onto
ultrathin carbon film grids supported by a lacey carbon
film with a 400 copper mesh (PELCO). For the electron-
paramagnetic-resonance- (EPR) spectroscopy studies, a
solution based on Si NP powders from dep. no. 2 is pre-
pared in a similar fashion, pipetted to a quartz tube, and
sealed after full evaporation of the solvent. The infrared
spectra are collected on the Si NPs deposited directly on
the Au-covered glass substrate in dep. no. 2. This sample
is also investigated by Raman spectroscopy. All samples
are prepared in the glovebox.

Raman scattering measurements are performed at room
temperature (290 K) in backscattering configuration using
a Jobin-Yvon LabRam HR 800 spectrometer equipped
with a Peltier-cooled (203 K) CCD detector and with a
50x long focal distance objective (0.5 numerical aperture).
The samples are inserted in a Linkam THMS600 stage and
kept under vaccum conditions (< 10~2 mbar) during all
measurements. The 532 nm line of a diode-pumped solid-
state (DPSS) laser (Laser Quantum) is used as excitation
source, at a power density below 103 W/cm?. A piece of
an intrinsic Si wafer is used to calibrate the Raman spec-
trometer and the measured spectra are corrected assuming
the value of 521 cm~! as the room-temperature Stokes
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shift of the optical phonon mode in bulk crystalline Si
(c-Si). XRD measurements are performed in a PANalyt-
ical X’Pert MPD diffractometer in the Bragg-Brentano
geometry using Cu K, radiation. The mean crystallite
diameter is evaluated by means of the Scherrer equation
and also by carrying out a Rietveld refinement analysis.
High-resolution TEM measurements are carried out in an
energy-filtered 200 kV JEOL 2200FS system equipped
with an energy dispersive spectroscopy (EDS) detector.
EPR spectroscopy is performed in absorption mode at
room temperature with a continuous-wave spectrometer
(Bruker) mounted with a X-band microwave bridge and a
lock-in amplifier with a magnetic field modulation of 100
kHz, resulting at low microwave powers in unsaturated
absorption-derivative signals as comprehensively checked
with microwave power series measurements. The infrared
measurements are performed on a Bruker Vertex 80v FTIR
spectrometer equipped with a Hypherion microscope unit.
Data are collected at room temperature and ambient condi-
tions in the backscattering reflectance mode using a liquid
N;-cooled MCT detector (D316, Bruker) and a 15 objec-
tive. A piece of Au-coated glass is used to collect the
background spectrum.

III. RESULTS AND DISCUSSION

A. Characterization of as-grown Si NPs

Following the general route of low-pressure plasma
synthesis of Si NPs [4,60—63], the low-temperature decom-
position of silane in our rf plasma reactor yields densely
packed ensembles of spherical crystalline Si NPs. The
deposits are analyzed before long-term exposure to air
(hereby denoted as as-grown Si NPs) by HRTEM in
order to investigate their structural properties. As shown
in Fig. 1(a), the crystalline Si NPs are characterized by
a rather narrow lognormal size distribution with mean
diameter D = 2.9 £ 0.1 nm and standard deviation o =
0.15 £ 0.02 nm. This narrow size distribution is in line
with the results reported for Si NPs synthesized by gas-
phase methods determined by TEM [45,61,64—66], Raman
spectroscopy [64,65], and particle mass spectrometry [60].
Crowe et al. [67] also obtained size distributions for Si
NPs produced through the annealing of Si supersaturated
oxide films very close to that obtained for our Si NPs.
We note that size distributions determined from Raman
spectroscopy may not be reliable [68]. In order to con-
firm the average size of as-grown Si NPs we measure
XRD diffraction pattern in the Bragg-Brentano geometry
[see Fig. 1(b)]. We estimate the mean crystallite size by
the Scherrer equation applied for the (111) peak (assum-
ing a shape factor for spherical particles K = 0.89 [69])
and also by a Rietveld refinement analysis, obtaining val-
ues of 2.8 +0.1 and 3.1 £0.2 nm, respectively. Both
values are in line with that found with TEM, thereby
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FIG. 1. (a) Size distribution, (b) XRD diffraction pattern (after
baseline removal), and (c) Raman spectrum from as-grown Si
NPs. The solid line in (c) illustrates the fit to the experimental
spectrum assuming several Gaussian (G;) and one Lorentzian (L)
components (dashed lines).

strengthening the TEM analysis and thus the confidence
on the determined size distribution.

Raman spectroscopy measurements are performed with
a low excitation power density to prevent in-situ light-
induced structural modifications of the nanocrystals, such
as (photo-)oxidation, due to the presence of residual mois-
ture and oxygen [70—72], and local heating effects, which
could result in a misinterpretation of the Raman spec-
trum [40,73]. The Raman spectrum of as-grown Si NPs
shown in Fig. 1(c) evidences several features due to first-
order Raman scattering, up to approximately 550 cm™!,
and weaker structures spread over the 550—-1050 cm™!
spectral range, due to second-order Raman scattering (aris-
ing from quantum-confinement effects [74]). In order to
identify its origin, the spectrum is deconvoluted with sev-
eral Gaussian components (G;) and one Lorentzian curve
(L) [see dashed lines in Fig. 1(c)], whose fitting parameters
are listed in Table I.

The main feature observed in the spectrum of Fig. 1(c)
(peak L) is ascribed to lattice vibrations related with
(degenerated) longitudinal and transversal optical phonons
[LTO (I')] near the center of the Brillouin zone (I" point),
arising from the crystalline core of the Si NPs [75]. Due
to confinement effects, the peak is centered at 515 cm™!
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TABLE 1. Raman peaks observed in the Raman spectrum of
as-grown Si NPs [Fig. 1(c)]. All values are given in cm~!.
Peak Q r Assignment Refs.

Gy 3205 108 £3 Surfacelike optical ~ [46,75-78]
G, 440+4 10245 phonon modes

Gs 490+1 49+2

L 5151 1241 LTO(T)

Gy 61419 6118 Si—H, 2 LA, [74,79-85]
Gs 661 +29 70+27 TO+TA

Ge¢ 91610 77+12 2TO [74,80,84-86]
Gy 974+7 64+8

and has a full-width-at-half-maximum (I", also termed
here as “linewidth”) of approximately 12 cm~!, being sig-
nificantly redshifted and broadened with respect to that
observed in bulk ¢-Si under similar conditions (peaking
at 521 cm~! and with a natural linewidth of 3 cm™!).
Measurements repeated on other spots of the sample, i.e.,
different ensembles of nanocrystals, revealed that the peak
position variation of L around 515 cm™! is lower than
the experimental error (1 cm™"). This provides a further
evidence that the average nanocrystal size is homogenous
and also shows that there are no significant local heating
effects. Otherwise, differences in the thermal conductivity
owing to nanocrystal ensembles with different morpholo-
gies would lead to variations in the peak position and
linewidth amongst the different spectra [73].

Conversely, expressive variations of the order of sev-
eral cm™! are found on the peak position of components
G1—G3 when measuring on different spots of the sample.
Following recent works [30,46,68,75—78], the analysis of
the Raman spectrum should take into account zone cen-
ter phonon modes as well as surfacelike modes, where the
competing influences of under-coordination, bond length
and angle variations, and quantum-confinement effects
lowers the vibrational frequencies of optical phonons with
respect to that observed in bulk ¢-Si. In order to consider
these effects, one can picture a small Si NP as a core-
shell-like structure, where the core is a typical crystal with
fourfold coordinated Si atoms (as in bulk) and the shell
is a somewhat disordered spherical surface comprising the
outermost atomic layers of the nanoparticle, where some of
the atoms are two and threefold coordinated (the number of
onefold coordinated atoms is very small) [46,77,78]. In this
scenario, the phonon DOS from the core of the nanoparti-
cle displays bulklike phonon modes mostly correlated to
¢-Si zone center modes, namely peak L, whose frequency
shift is influenced by quantum-confinement effects [75,78].
On the other hand, the surface DOS exhibits specific
modes, mainly related with vibrations from undercoordi-
nated Si atoms with contracted and distended bond lengths
and deformed bond angles with respect to the crystalline
phase [46,75,76,78]. The number of (surface) vibrational

modes contributing to the Raman spectrum increases as
the nanocrystal diameter decreases because the increase
in surface-to-volume ratio results in a larger proportion of
distorted surface Si—Si bonds. This leads to an increase
of the relative contribution of components G;—G3 to the
Raman spectrum in small nanocrystals [75,76,78]. Hence,
variations on the morphology of the nanocrystal sur-
face could explain why the position of the G;—G; peaks
varies significantly. Indeed, since these variations do not
affect the nanocrystal size, the position of peak L does
not shift significantly (influenced mainly by confinement
effects), as observed in the experiments. The observa-
tion of Si—H, (x = 1,2, 3) vibrations in the second-order
Raman spectrum and in the infrared spectra (discussed
below) further supports the role of a disordered surface
and the correspondent assignment of components G|—G3
to disorder-activated optical phonon modes.

The spectral feature at 550750 cm~', described by
components G4 and Gs, coincides with the position
of the Si—H bond bending or wagging band that is
commonly observed in hydrogenated amorphous silicon
(a-Si:H), [79-83] as well as with second-order Raman
peaks related with the longitudinal acoustical mode over-
tone (2LA) and combination of transverse optical and
acoustic modes (TO + TA) of different critical points (X,
) [74,79,80,83—85]. We note that surface hydride bands
are observed in infrared spectroscopy studies, as shown
below. The broad band between 850-1050 cm™! is also
fitted with two Gaussian components (Gg, G7) and can be
explained considering overtones of few transverse optical
phonons (2 TO) from several critical points (L, X, W) [74,
80,84—86]. We must stress that an unambiguous assign-
ment of the G4—G7 bands is hindered by the variations in
the peak positions due to quantum-confinement effects [74]
and by the low signal-to-noise ratio, which result in sig-
nificant errors in the peak position and linewidth values
obtained from the fits (as shown in Table I). Despite
this uncertainty, it is interesting to investigate the inten-
sity ratio of second- to first-order Raman scattering [n =
1(2 TO)/I(LTO)], since additional information concerning
the properties of the nanocrystals can be retrieved. Thus,
from our fitting, we estimate that the relative integrated
intensity of the 2 TO band [/(Gg)+/(G7)] with respect to
the integrated intensity of the LTO peak [/(L)] is of the
order of 0.5. This value far exceeds those typically found
for a-Si (n < 0.25) [79,85], bulk ¢-Si (n = 0.1) [79], and
silicon nanowires (n = 0.11) [87], but are of the same
order of those found in free-standing [88] and oxide-
embedded [89] Si NCs of similar dimensions. The obser-
vation of high ratios 1 can be attributed to an increase of
the scattering cross section near the electronic resonance
transitions, which reflects a stronger electron-phonon cou-
pling in these nanoparticulate systems [88—90]. Moreover,
high values of the n ratio have also been related with the
decrease of crystal size and to the presence of surface
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FIG. 2. EPR spectrum from as-grown Si NPs (open circles),
together with computer simulation (solid curve), taking into
account a powder pattern of axial symmetry (dashed curve) and
an isotropic resonance (dotted curve).

disorder [74], which is consistent with our observation of
the disorder-related Raman bands described above as well
as with the disordered dangling bond defects addressed in
the following.

EPR measurements are performed in view of gathering
additional information about the Si NPs surface. Figure 2
depicts the experimental (open circles) EPR spectrum of
as-grown Si NPs. Following our approach in previous
works [91,92], the spectrum is simulated (solid curve) con-
sidering two different types of silicon dangling bonds: an
axially symmetric powder pattern (dashed curves) with
g1 =2.0082 and gy =2.0022 typical of defects at the
interface between crystalline silicon and an oxide (P)¢
defects), and one isotropic component (dotted curves) with
gp = 2.0048 characteristic of dangling bonds in a disor-
dered environment (D defects). The former component
reveals the presence of some surface oxygen in the form of
Si—O—Si bonds already in the as-grown Si NPs, which is
confirmed by the FTIR data presented below. The observa-
tion of D defects in the Si NPs supports the presence of a
disordered amorphouslike Si phase at the surface of the Si
NPs, as revealed by the Raman data presented above.

B. Ambient-oxidation of Si NPs

Figure 3 shows selected regions of FTIR spectra
recorded for as-grown Si NPs (air exposure time #ox =
0.5 h) and after long-term exposure to air (z,x = 3433 h).
The spectrum recorded for 7,x = 0.5 h (solid line) dis-
plays a structured band with three components in the range
20002170 cm™' that is attributed to Si—H stretching
vibrations of Siy_,—Si—H, (x = 1,2, 3) surface hydride
groups [91-96]. Two additional peaks with lower intensity
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FIG. 3. FTIR spectra in the range of stretching modes of

Si—O—Si and Si—H bonds recorded for as-grown Si NPs (solid
line) and after long-term exposure to air (dot-dashed line).

are also observed in the high-energy side of the spec-
trum (at approximately 2190 and approximately 2250
cm™!), due to the stretching of oxidized hydride groups
(O,—Si,—H and O,—Si—H;, and O;—Si—H, respec-
tively) on the surface of the nanocrystals, [95-98] most
likely originating from small oxygen contamination of the
as-grown Si NPs during synthesis, similar to previous stud-
ies of Si NPs synthesized with the same method [91,92].
The presence of a small amount of surface oxygen is
also revealed by the structured broad band observed in
the range 925-1250 cm™', mainly due to stretching of
Si—O0—Si surface bonds [91,92]. The low-energy side of
the spectrum (800-925 cm™!) evidences a structured fea-
ture that can be assigned to several vibrations, namely the
bending modes of Si—O—Si and O;—Si—H, degener-
ate and symmetric deformation modes of Si—Si—Hj3, and
scissoring and wagging modes of Si—Si—H,; [93,94].

The spectrum shows several changes after long-term
exposure to air (see dot-dashed line in Fig. 3). There are
strong increases in the intensity of the bands in the regions
925-1250 and 2225-2300 cm ™', mainly due to Si—O—Si
and O;—Si—H bonds, respectively. Conversely, a signif-
icant decrease in intensity of the Siy_,—Si—H, hydrides
band is observed.

The evolution of the intensity of the bands of Si—O—Si
bonds and surface hydrides Sis_,—Si—H, as a function of
tox 1s evaluated by numerical integration in the 925-1250
and 20002170 cm~! spectral ranges, respectively. The
obtained dependencies are depicted in the semi-log plot of
Fig. 4. As can be seen, the surface of the Si NPs exhibits
nearly no oxidation during an initial period of time, com-
monly referred to as the induction period [91,92]. After
approximately 100 h, the oxidation proceeds logarithmi-
cally, in line with the experimental data reported by Pereira
et al. for ambient-air-oxidized Si NPs synthesized through
a similar nonthermal rf plasma approach [91,92]. The
intensity dependence of the Si—O—Si band with 7, is fit-
ted with the Elovich equation (see dashed line in Fig. 4),
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which describes the dynamics of physical processes and
reactions on solid surfaces [91,92,99],

nm(tox) = }thmln (1 + ZO_X) P (1)

m

where n,,(#,x) 1s the amount of reaction products, A,, is the
reaction rate, and #,, is the characteristic time. From the fit-
ting, we estimate a characteristic time #,, = 98 h, which
is indicated by the dot-dashed vertical line in Fig. 4. It
is interesting to note that the induction period estimated
for our Si NPs is very close to the one (88 h) found by
Pereira et al. for Si NPs produced under similar condi-
tions [91,92]. In addition, in the interval of air-exposure
times investigated in our experiments, the oxidation pro-
cess does not seem to reach saturation. Such a saturation is
expected to take place only after a few thousand hours of
air exposure [91,92].

The evolution of the Raman spectra with 7, is also mon-
itored under controlled measurement conditions. In these
studies, the sample is probed over time (i) repeatedly on the
same spots (denoted hereafter as “fixed-spot experiment”)
and (ii) on random spots (“random-spot experiment”). The
inset in Fig. 5 depicts a few spectra from a fixed-spot
experiment (i), where a strong increase in the background
intensity is observed as the oxidation evolves. In order
to investigate this behavior, we estimate the value of the
Raman intensity (arbitrarily) at 1100 cm™' and plot the
results for both types of experiments (i) and (ii) as a func-
tion of #.. As shown in Fig. 5, the evolution of the back-
ground intensity of the Raman spectra with #,, resembles
the behavior of our FTIR data for both datasets (see cir-
cle symbols in Fig. 4), i.e., the intensity increases strongly
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FIG. 4. Dependence of the intensity of FTIR bands from the
surface species Si—O—Si and Sis_,—Si—H, as a function of
the oxidation time. The dashed line represent the fitting curve to
the Si—O—Si data using Eq. (1).

only after a certain time of air exposure. Interestingly, there
is a small increase in intensity, approximately one order of
magnitude earlier, for the fixed-spot data (approximately
10 h) in comparison to that observed for the random-spot
data (approximately 100 h). Notwithstanding, the main
time threshold of the two datasets corresponds to the induc-
tion period of #,, = 98 h estimated by the Elovich equation
for the FTIR data (see vertical dashed line in Fig. 5). This
remarkable quantitative agreement between data from two
independent experimental techniques strongly suggests
that the physical mechanisms responsible for the increase
of the Raman spectrum background are directly linked
to the oxidation of the nanocrystals. High-intensity back-
grounds in Raman spectra have been observed recently
for large free-standing Si NPs under intensive excitation
power, which was attributed to blackbody radiation [100].
Since our Si NPs are much smaller and are probed under
low-excitation conditions such an explanation is unlikely
to apply in our case. We propose that the high-intensity
Raman background is related to the tail of a photolumi-
nescence band originating from the oxidation of the Si
NPs. Recently, Botas et al. observed a substantial increase
in the light-emission quantum yield of surface-oxidized
Si NPs when compared to the same Si NPs with a H-
passivated surface, due to the inhibition of internanocrystal
charge transfer (imposed by the oxide shell) [39]. A sig-
nificant increase of the PL intensity and a blueshift of
the emission during the oxidation of Si NPs have also
been reported by several groups [37,38,101,102]. More-
over, we note that a small intensity increase occurs ear-
lier for the fixed-spot experiment because the continuous
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FIG. 5. Raman intensity at 1100 cm™! as a function of oxida-

tion time, extracted from Raman spectra measured on random
spots and on fixed spots. The intensity is normalized to the
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(approximately 1000 h). The inset shows Raman spectra from
the fixed-spot dataset for different 7,4 values.

024054-6



OXIDATION AND STRAIN IN FREE-STANDING SILICON...

PHYS. REV. APPLIED 11, 024054 (2019)

laser illumination promotes a small photo-oxidation of the
nanocrystals within these measurement spots. This is a
clear evidence that measuring Raman spectra repeatedly
in the same spot, even under highly controlled conditions,
induces structural changes in the nanocrystals, namely, the
growth of a small superficial oxide.

The spectra measured as a function of oxidation time are
fitted following the model described above [see Fig. 1(c)],
after careful removal of the luminescence-related back-
ground using a high-order polynomial function. The
obtained relation between position (£2) and linewidth (I")
of the LTO peak (component L), associated to scattering
from the crystalline core of the Si NPs, is plotted in
Fig. 6 for both random-spot and fixed-spot experiments
as diamond and star symbols, respectively. We note that
the data from the fixed-spot dataset are average values
for each 7, determined from three experiments (i), i.e.,
from measurements performed on three different spots.
As can be seen, as the oxidation evolves the peak shifts
moderately towards lower frequencies and broadens sig-
nificantly, which in a first approximation can be explained
by a confinement effect due to a decrease of the nanocrys-
tal size at the expense of the oxide growth at its surface.
Although the data are somewhat scattered, we do not iden-
tify meaningful differences between the two datasets. This
observation suggests that in terms of vibrational proper-
ties the oxidation occurs in the same fashion in the two
cases, i.e., regardless of being solely promoted by expo-
sure to air or, in addition, being also affected by the
weak laser illumination. Globally, the relation €2 vs I" fol-
lows a linear trend characterized by a variation d2/dI" =
—0.19, as illustrated by the red solid line €2 (I")exp
in Fig. 6.

In order to investigate the expected relation between
Q and I', we carry out theoretical simulations within the
framework of the phonon confinement model (PCM), fol-
lowing the formalism reported recently by our group [68].
Accordingly, the Raman spectra are simulated consider-
ing the effects of anisotropy and splitting of the optical
phonon dispersions, which are fundamental to retrieve reli-
able information concerning the frequency shift and line
broadening of the Raman spectrum of nanocrystals [68].
We started by calculating the Raman spectrum of the as-
grown nanocrystals considering the size distribution given
above [see Fig. 1(a)], characterized by a mean nanocrystal
diameter D = 2.9 nm. Then, we simulated the evolution
of the spectrum assuming that the nanocrystal size distri-
bution changes with the evolution of the oxidation due to
the growth of an oxide shell of thickness d,x. Here, we
considered a value of d,, = 0.3 nm based on the literature
reported for similar Si NPs oxidized in air [91], where the
nanocrystal size was measured using XRD data before air
exposure and after air exposure for a few thousand hours,
which resulted in a range for the mean size D = 2.9-2.3
nm. Moreover, other studies using TEM data concluded

518 i
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FIG. 6. Relation between the Raman peak’s position (£2) and
linewidth (T") measured on random spots and on fixed spots as
a function of oxidation time. The circles represent the tendency
obtained through the PCM [68], for D values in the range 2.9-2.3
nm, i.e., for nanocrystal sizes ranging from the “as grown” to
fully oxidized (admitting a 0.3-nm-thick oxide shell). Red and
black solid lines represent linear fits to the experimental data
[2(T")exp] and to the theoretical points [$2(I")eo ], respectively.

that the oxide thickness for air-exposed Si NPs with about
3 nm in diameter should be around 0.5 & 0.2 nm [45]. In
order to obtain the size distribution corresponding to each
dox value, all size values comprising the size distribution,
depicted in Fig. 1(a) for the case of doy = 0 nm (D = 2.9
nm), are progressively subtracted by fractions of approxi-
mately 0.06 nm and the resulting size distribution is fitted
with a lognormal function. We note that this is an important
step in the simulation of accurate Raman spectra that con-
siders the size distribution because, within this approach,
the mean and standard deviation of the lognormal function
varies as a function of surface oxidation (see Supplemental
Material [103]).

After the simulation of each Raman spectrum for each
doy, and D and o (see example in Ref. [68]), the corre-
sponding values of 2 and I are estimated from the position
of the peak maximum and absolute linewidth, respectively.
The resulting relation €2 vs I, represented by open circles
in Fig. 6, shows that the decrease of the mean nanocrystal
size with increasing dyx promotes a redshift and broad-
ening of the Raman peak, qualitatively similar to the
experimental observation. It is also interesting to note that
the theoretical values of I' are spread over approximately
the same range of the experimental values (11-16 cm™!).
In spite of these similarities between theory and experi-
ment, a few differences stand out: (i) there is a frequency
shift of about 2 cm™! separating Q(I")exp and Q(I")neo
at the data corresponding to the as-grown nanocrystals;
and (ii) the linear trend 2 (I")eo 1s markedly steeper, with
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d2/dl’ = —0.75. These differences are discussed in more
detail below in the scope of strain effects.

C. Strain in free-standing Si NPs

Prior to the oxidation, the 2 cm™! separating the exper-
imental data and the theoretical calculations can, in prin-
ciple, be attributed to intrinsic errors associated with the
experiments (approximately 1 cm~!) and with the uncer-
tainty of the phonon dispersion curves (approximately
1 cm™!) used in the simulations [68]. At this oxidation
stage, the lattice parameter anc of the nanocrystals, esti-
mated through a Rietveld refinement of the XRD data
(anc = 5.429 £ 0.002 A), is equal to that of the bulk
(apuik = 5.431 A) within the experimental error, suggest-
ing that there is no lattice compression or dilation prior to
the oxidation. Hence, we conclude that the amount of strain
present prior to the oxidation should be negligible in our
nanocrystals, as predicted theoretically for H-terminated
silicon nanocrystals [46].

After long-term oxidation (fx = 10° h), when the
nanocrystals are smaller in size, the difference in fre-
quency shift between Q(IM)eyp and Q(IMNiheo is ~ 6 £
2 cm~!. Such a difference can not be ascribed solely to
intrinsic errors. Thus, we propose that the approximately
6+2 cm™! deviation is due to compressive strain in
the nanocrystals. In this context, the Raman spectrum of
surface-oxidized nanocrystals experience both a redshift,
associated with quantum confinement, and a blueshift, pro-
moted by compressive strain that increases continuously
and monotonously as the oxide shell thickens. Ultimately,
the interplay between these opposite effects leads to a
net redshift that is lower than the one expected from
confinement effects only, given by the Q (I")eo trend in
Fig. 6.

The pressure exerted by the oxide shell in our Si NPs
can be estimated considering the phonon pressure coeffi-
cient [51,52,104]. Assuming that the Si NPs are unstrained
prior to the oxidation, i.e., the lattice is relaxed, and
that they have the same compressibility of bulk c-Si, we
can then estimate the hydrostatic pressure exerted by the
growth of the oxide shell, i.e., quantify the strain, by means
of the phonon pressure coefficient of bulk ¢-Si. The pres-
sure coefficient describing the frequency shift of the optical
phonon mode in bulk ¢-Si has been rigorously obtained by
Ulrich et al. [105] at low temperature (6 K) and by other
authors [106,107] at room temperature, with negligible
differences. In this temperature range, the pressure coeffi-
cients are found to be nearly temperature independent, with
variations within experimental errors [108,109]. Since,
Ulrich and coauthors’ work [105] is the only one report-
ing pressure coefficients for both the Raman frequency
shift and linewidth, we will use their results in the follow-
ing discussion. Accordingly, the linear pressure coefficient
for the peak position is d2/dP = 5.10 £ 0.04 cm~! /GPa,

from which a compressive stress 0 = 1.2 £0.4 GPa is
estimated for a frequency shift of approximately 6 £
2 cm™! (after long-term oxidation). Although the pressure-
induced change in the Raman linewidth should be rather
small [106,107,110], it can be estimated based on the linear
pressure coefficient dI"'/dP = 0.137 £0.002 cm~!/GPa
provided by Ulrich et al. [105]. Thus, the contribution
of 1.2 GPa compressive stress to the Raman linewidth is
merely of 0.16 £ 0.05 cm~', well within our experimen-
tal error for determination of I' from the Raman spectra.
This shows that the presence of compressive strain in free-
standing Si NPs owing to the growth of a superficial oxide
contributes marginally to the Raman linewidth. This justi-
fies the fact that the values of " of Q2 (I")exp and € (I")neo in
Fig. 6 are very similar. Finally, we would like to note that
the stress values determined through the phonon pressure
coefficient of bulk ¢-Si may be slightly underestimated.
In fact, the phonon pressure coefficient in nanostruc-
tured silicon materials is often increased with respect to
the bulk, as has been observed in SiO,-embedded sili-
con nanocrystals [111], silicon nanowires [112,113], and
porous silicon [114-116].

In free-standing Si NPs, the nature of strain and how
it evolves as the oxidation progresses is far from being
understood. In fact, there is a general lack of consensus
amongst the available literature, with both theoretical and
experimental works reporting contradicting results about
whether the strain is strictly compressive, tensile, or a mix-
ture of both depending on the nanocrystal radius and on
the extent of the surface oxidation. Yu and coworkers [46]
investigated the structure of hydrogenated Si NPs using an
empirical tight-binding approach and found a very small
lattice contraction (0.01 to 0.02 A) in the atoms of the
outermost two or three layers and an even smaller lattice
expansion in the core of the nanocrystals. Conversely, by
means of molecular dynamics simulations, Torre ef al. [47]
proposed that prior to the oxidation the nanocrystals (bare,
not H-terminated) are under compression because of the
surface curvature. In addition, they proposed that this com-
pressive strain remains up to a few hundred oxygen atoms
inserted in the nanocrystal surface, but then changes to
tensile strain with the continuous incorporation of oxygen
atoms up to an oxide thickness of the order of 15 A, and
for thicker oxides the strain becomes compressive again.
Our results seems to support the predictions of Yu et al. in
the sense that the amount of strain prior to the oxidation
is negligible. On the other hand, our work does not sup-
port the results of Torre et al., since we find a continuously
increasing compressive strain with increasing oxide thick-
ness without any switching from compressive to tensile
strain and vice versa.

Experimental works reporting strain in surface-oxidized
free-standing Si NPs are scarce. Dhara and coworkers [40,
41,43] reported compressive strain in Si NPs of sizes in
the range 5—43 nm and although they could not rule out
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the presence of an ultra-thin amorphous oxide surface,
they ascribed the strain as being mainly due to the forma-
tion of dislocations during the nanocrystal preparation by
mechanical ball milling. In another work, comparing the
luminescence of surface-oxidized free-standing nanocrys-
tals versus matrix-embedded nanocrystals, Kusova et
al. [42] proposed that the spontaneous growth of the oxide
under ambient conditions does not exert any strain on the
nanocrystal. In an electron microscopy study, Hofmeister
et al. [45] concluded that surface-oxidized Si NPs with
dimensions similar to the ones studied in the present work
do not exhibit a sizeable strain. Unlike these reports, our
work strongly suggests the presence of compressive strain
in air-oxidized crystalline Si NPs.

The formation of compressive strain in our Si NPs
along the oxidation is schematically illustrated in Fig. 7
and can be understood as follows. Prior to the oxida-
tion, the nanocrystal surface is mostly passivated with
Si—H bonds resulting from the silane decomposition dur-
ing the plasma synthesis [3,4,35]. According to several
investigations on similarSi NPs [91,117—119], the oxida-
tion kinetics in H-terminated Si NPs can be explained
based on the Cabrera-Mott theory [120]. Upon exposure
of the nanocrystals to air, oxidizing species (O, and H,0)
are adsorbed at the surface and react with Si atoms,
thereby initiating the oxide formation. Along this pro-
cess, the superficial Si—H bonds are cleaved and replaced
by silanol groups, which further promotes the adsorption
of the oxidizing species due to its hydrophilic charac-
ter [97,121]. As the oxidation progresses, the adsorbed
oxidizing species, namely O,, diffuse through the freshly
formed oxide towards the Si/SiO, interface, reacting with
the Si atoms to form a new oxide layer (i.e., S—0—Si
bonds). According to the Cabrera-Mott theory, the oxide
continues to thicken until the electric field that mediates the
diffusion of O, decreases to a point where the growth rate
is negligible, thus self-limiting the natural oxidation of the
nanocrystal. Since the oxide shell is basically a disordered

+0, +HO
o amorphous
H N SiO, shell
H o H o .
d
H . - H weakly . 7
unstrained g strained
. strained Si-NP
Si-NP 4 Si-NP i
H
H  H
H
oxidation evolution
FIG. 7. Scheme of the evolution of oxidation and the resulting

thickening of the oxide shell (dox) in a small Si NP, synthesized
with a H-terminated surface. White arrows represent the contin-

uous increase of compressive strain promoted by the thickening
of the oxide shell.

(amorphous) structure and the Si—O—Si bonds are larger
than the Si—Si bonds, the shell promotes a contraction
of the nanocrystal core (likewise, a dilation of the oxide
shell is expected). Thus, as soon as the oxidation starts,
compressive strain appears in the nanocrystal core, and
the Raman peak experiences a blueshift. The experimen-
tal observation of a continuously increasing blueshift, with
respect to the theory [see €2 (I")eo trend in Fig. 6], strongly
points to the fact that the strain is compressive in nature
throughout the whole oxidation process. We would like to
note that, in principle, the compressive strain may influ-
ence the formation of the oxide itself, since incorporation
of an O atom into strained Si—Si bonds could be ener-
getically less favorable than into unstrained bonds. The
quantitative analysis of such effects could be an interesting
subject to be addressed in future studies by theoreticians
working in this field.

Finally, it is of particular interest to note that the amount
of stress exerted by the oxide shell in our free-standing
Si NCs is noticeable lower than the stress values of the
order of few GPa often determined experimentally [42,48—
52,54,122] and predicted theoretically [53] for matrix-
embedded Si NCs. This observation is related to the fact
that the ultra-thin oxide shell in free-standing Si NCs can
expand with less energetic effort (thermodynamically) than
the expansion of an insulating matrix, which is the major
volumetric element in matrix-embedded Si NCs behaving
as a rigid interface. Thus, the lattice mismatches and ther-
mal expansion mismatches play a much more decisive role
when the Si NCs are embedded in a matrix environment
than when the Si NCs are free standing.

IV. CONCLUSIONS

In conclusion, our study monitors the temporal evolu-
tion of physical phenomena related to the natural oxidation
of Si NPs and sheds light on the nature of strain induced
by a growing native oxide shell. For Si NPs with a sur-
face termination with Si—H bonds (as-grown) and with
an average size of approximately 3 nm, we find that
the crystalline core of the Si NPs is virtually unstrained
and the variations of the position and linewidth of the
characteristic optical phonon Raman peak with respect
to bulk c-Si are affected mostly by quantum-confinement
effects. The exposure of the Si NPs to air leads to the
growth of a native surface oxide and to a correspond-
ing decrease of the nanocrystal size. The comparison of
the measured Raman spectra with spectra simulated in the
scope of an improved phonon-confinement model shows
that the experimentally observed redshift of the nanocrys-
tals Raman peak with respect to bulk ¢-Si is lower than
that theoretically predicted considering solely confinement
effects. This difference is ascribed to the appearance of
compressive strain in the crystalline core of the Si NPs,
which contributes as a blueshift of the Raman peak. The
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compressive strain is found to increase continuously with
the growth of the oxide shell throughout the whole oxida-
tion process. The experimental and theoretical approaches
applied in this study enabled a clear separation of the
effects of phonon confinement and strain using the Raman
spectrum of nanostructured materials.

Our results have major implications for the applicability
of the Raman technique in the investigation of nanosilicon
materials, in particular in the determination of nanocrys-
tallite sizes. Due to the strongly surface-dependent lat-
tice strain found for silicon nanocrystals, i.e., strain-
free H-terminated nanocrystals and compressively strained
oxide-terminated nanocrystals, and the large effect of strain
on Raman spectra, the correlations between the investi-
gated material properties and the characteristics of Raman
spectra have to take into account the form of nanocrystal
surface. Thus, correlations established for a specific sur-
face termination may not be appropriate in the study of
nanocrystals with a different form of surface termination.
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