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SnO,-doped Si nanorings with an outer diameter of 25 nm and an average width of 5 nm are grown by pulsed laser deposition.
Atomic force microscopy reveals several interesting self-assembling forms of polycrystalline as well as an amorphous type of
silicon nanorings. Depending on the width of the ring, the optical bandgap and photoluminescence can be tuned from the near
infrared (1.38 eV) to the ultraviolet (3.02 eV), giving evidence for the strong quantum confinement effect along the width of
ringlike quantum states. From Z-scan studies, the two-photon absorption coefficient is determined to be 2.2 X 10° m/W.
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The physical, optical, and electronic properties of materials be-
come dependent on their shapes when their size is reduced to nano-
scale dimensions.! Several shapes including prisms, disks, stars,
cubes, rods, and rings have been synthesized, and their basic prop-
erties characterized.” Nanorings, the latest member of the nanoscale
structures, which are artificial clusters that strongly confine electrons
in three dimensions, are a growing area of research due to their
unique physical properties of possible tunable electronic states, 3 and
high oscﬂlator strength for the ground-state band-to-band
transition. Recently, Hobbs and co-workers reported the fabrication
of Si nanorings (Si NRs) In the presence of coulomb correlation,
the so-called Aharonov—Bohm effect of excitons® exists in small
NRs with a typical inner and outer radius of 20 and 100 nm, respec-
tively, and a height of 2-3 nm, which can strongly confine carriers
into ringlike quantum states.” In the present work we discuss the
formation and characterization of ring-shaped nanostructures of sili-
con doped with tin oxide, formed by pulsed laser deposition. Si—Sn
alloy is a group IV system in which Sn is highly substitutional to Si,
with Eromising applications in the communication wavelength
range.” However, investigations on SnO,-doped Si NRs have been
scarce.

In our experiment, tin oxide (3 wt %)-doped Si pellets sintered at
1330°C were used as the target material, and single crystals of sap-
phire were used as the substrate. The deposition was carried out by
the off-axis pulsed laser deposition (PLD) method,” with and with-
out background Ar gas (0.001-0.15 mbar). A Q-switched,
frequency-doubled pulsed Nd:yttria aluminum garnet laser (532 nm,
210 mJ energy, 7 ns pulse width, and 10 Hz repetition frequency)
was used to ablate the target. A lens of focal length 20 cm was used
to focus the laser beam into the chamber. The substrates were kept at
a target to substrate distance of 5 mm, at a 5 cm off-axis position
with respect to the laser plume. Photoluminescence (PL) spectra of
the films were recorded [JobinYvon Spectrofluorometer (Fluorolog
1I)] with an excitation of 350 nm. The nanoscale structures of the
films were examined by a Hitachi H-600 transmission electron mi-
croscope (TEM) and an atomic force microscope (AFM) (Digital
Instruments, Nanoscope III). Z-scan experiments were performed
using the laser mentioned above at a pulse energy of 7 wJ. The
crystal structure was examined using an X-ray diffractometer
(Rigaku) with Cu Ka (N = 1.5418 A) radiation. X-ray photoelec-
tron spectroscopy (XPS) was carried out by extreme ultraviolet
beamline of Indus 1. Energy-dispersive spectroscopy (EDS) was
done by a JEOL JSM-5600 LV scanning electron microscope.

Figure 1 shows the AFM images of the as-deposited NRs. The
variation of ring diameter with Ar pressure is shown in Table I. A
number of oval-shaped rings were self-assembled on a sapphire sub-
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strate without background Ar gas (Fig. la). The formation of the
ring pattern is a complicated process, where the interparticle inter-
action plays a role in deciding the nature of the pattern. In most
cases the kinetic energy of the deposited atoms was on the order of
5 eV, and thus below the threshold for sputtering, which is around
10-25 eV."" Previous reports 1nd1cate the significance of self-
sputtering (resputtering) effects'! during PLD, which plays a domi-
nant role for the high-energy particles. In our case the laser fluence
was very high (25 J/cm?). It was found that, at high laser fluences,
a significant fraction of the SnO,-doped silicon atoms deposited on
the substrate was sputtered from that substrate due to the bombard-
ment of high-energy particles in the incoming flux of atoms and
ions. The amount of resputtered material should depend on the ion-
ized fraction of the ablated particles. Resputtering from the center of
the dots resulted in a distinct depression in the center, which formed
ringlike quantum structures, but some material still remained in the
middle. Barnes et al.'? reports the formation of hollow, shell-like
particles due to resputtering in PLD, and the TEM observation in
their study has some similarities to the present study. They report
that, with increasing the energy density, resputtering increases and
the shapes of the nanoparticles (NPs) are also modified. The NP size
increases in the out-of-plane direction and the NPs retain a roughly
circular in-plane shape. The streaking is strongest at the center of the
NPs, giving them a pointed shape. This leads to a reshaping of the
NPs, elongating them in the growth direction. Thus, there is more
material in the center of the NPs. In some cases cavities are formed
in the NPs, which are caused by local melting that result in mass
redistribution. A similar explanation is given by Hofmeister,”> who
suggests that the melting can start from the inside of the NP, with the
molten metal being ejected and leaving a hollow shell. The shape of
the rings drastically changes from oval to circular when the deposi-
tions are made in Ar ambience (Fig. 1b-d). The size distribution is
not uniform for all samples, showing a clear anisotropy in the redis-
tribution. The presence of the background gas during 1rrad1at10n
fundamentally changes the mechanism for NP formation.' Expen—
ments and multiple-scattering simulations show that heavier Ar at-
oms effectively remove Si atoms from the forward-going flux, and
can even scatter Si atoms backward, and in all instances the back-
ground gas appears to act as a regulator of ablated plume
energetics. At a pressure of the order of 0.001 mbar, the mean-free
path is approximately 5 cm,' which becomes 0.05 cm at a higher
pressure of 0.133 mbar. In our case the pressure is very low and the
average mean-free path is comparable to the target to substrate dis-
tance (5 cm), which will decrease the collisions. This can help the
deposition of small particles as well as increase the resputtering
effects. As the pressure increases to 0.15 mbar, the average value of
the mean-free path decreases and more collisions can occur between
the ejected species and buffer gas atoms before reaching the sub-
strate. This compresses the ambient gas to such an extent that a
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Figure 1. (Color online) Two-dimensional (left column) and three-
dimensional (middle column) AFM images of tin oxide-doped Si NRs de-
posited (a) without any ambient gas and with Ar ambient of partial pressures
of (b) 0.001, (c) 0.009, and (d) 0.15 mbar. Close-up view of a single ring is
shown in the right column.

shock wave develops, and the transformation of plume kinetic en-
ergy into thermal energy takes place. Thus, resputtering effects are
suppressed (Fig. 1d) due to a rise in the background pressure, which
results in a low kinetic energy of the species in the plume due to
their intensive collisions with gas atoms or molecules. Vapor species
can undergo enough collisions so that nucleation and growth of
these vapor species to form particles can occur before their arrival at
the substrate, and the residence time of the particles in the vapor
controls its size."* The longer the residence time, as is the case with
increased ambient gas pressure, the larger the size of the particles.14
A high ambient gas pressure results in a sharpening of the plume
boundary and a slowing of the plume relative to the propagation in
vacuum, which results in a spatial confinement of the plume.

In our case the laser fluence was 25 J/cm?. Previous reports
show that in this laser fluence resputtering effects take place.1 ’
Barnes et al. report the formation of hollow, shell-like particles due

Table 1. Physical and optical properties of the NRs under differ-
ent background Ar pressures.

Outer Average width PL peak
Ar pressure diameter of ring Bandgap energy
(mbar) (nm) (nm) (eV) (eV)
0 100-170 25 2.19 2
0.002 60-120 12 2.85 2.71
0.009 25-60 7 3.15 2.99

to resputtering in PLD, and the TEM observation in their study has
similarities with the present study.15 They report that, with increas-
ing energy density, resputtering increases and the shapes of the NPs
are also modified. The NP size increases in the out-of-plane direc-
tion and the NPs retain a roughly circular in-plane shape. The
streaking is strongest at the center of the NPs, giving them a pointed
shape. This leads to a reshaping of the NPs, elongating them in the
growth direction and in some cases forming cavities in the NPs. In
the present case, as the Ar pressure increases (0.11 mbar), the for-
mation of ringlike structures vanishes, which shows that resputtering
plays a key role for the formation of ringlike structures. EDS analy-
sis shows that NRs consist of Si, Sn, and O,. The same weight
percentage of Sn as that in the target was found in all films (3 wt %).

The X-ray diffraction (XRD) pattern of the SnO,-doped Si pel-
lets sintered at 1350°C (Fig. 2) shows all the major peaks of micro-
crystalline silicon with a shift of 0.97° to the higher 26 value, which
results in decreasing d values for all the planes. For doped pellets
the value of the lattice constant is found to be 5.33 A, while for
undoped Si it is 5.43 A. However, the broadening of the full width
at half-maximum of the XRD peaks of the SnO,-doped Si with
reference to Si pellet shows the incorporation of Sn in the Si lattice
and the contraction of the host lattice.'” Sintering of the pellets at
1350°C can favor the formation of SiO, and SnOz.18 The TEM
image of the rings deposited at 0.002 mbar Ar (inset of Fig. 2)
shows that the rings are nearly circular in shape and can be classified
into a small number of sizes with the outer diameter varying from 50
to 100 nm and an average wall width of 10 nm. The selected area
electron diffraction (SAED) pattern of the sample confirms that the
film is made of many small crystalline as well as amorphous par-
ticles. When the NR diameter is greater than 70 nm, the rings are
more polycrystalline in nature, with different grain orientations, and

—— Pure silicon %
——Sn0, doped Silicon

Intensity(arb. units)

Figure 2. (Color online) XRD pattern of pure Si and SnO,-doped silicon
pellets. Inset shows TEM image of SnO,-doped samples deposited with an
Ar pressure of 0.002 mbar. The SAED pattern of the rings of outer diameter
(a) 25 and (b) 50 nm also are shown.
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Figure 3. XPS core-level spectra of the NRs deposited at 0.001 mbar Ar pressure. (a) Si 2ps, region, (b) O 1s region, and (c) Sn 3d region. PL spectra of the

NRs deposited with different Ar background gas pressures are shown in (d).

the grain sizes have a dispersive distribution. But, rings with 50-70
nm size with the highly diffuse ring pattern indicate that the NRs are
amorphous Si, suggesting the formation of a medium-range order
(Fig. 3c). The first four peaks from the center, with interlayer
d-spacing of 3.0635, 1.8904, 1.6192, and 1.3451 A, respectively,
are indexed as (111), (220), (311), and (400). They are crystallized
in face-centered cubic structure, with the lattice constant “a” as
5.3515 A, which is consistent with XRD results. The chemical
composition of the NRs is determined with EDS, which shows the
presence of silicon, oxygen, and Sn; no evidence of other impurities
has been detected (figure not shown).

Figure 3 shows the XPS spectra of the samples deposited at
0.003 mbar Ar pressure. All samples show the same XPS pattern.
The XPS peak around 99.6 eV is the peak corresponding to Si 2p3)5.
By the deconvolution of the Siy, oxide spectrum, four possible oxi-
dation states (Si*!, Si*?, Si*3, and Si**) are obtained, which show
energy shifts of 1.7 = 0.01, 2.8 = 0.015, 3.7 = 0.02, and
4.7 + 0.011 eV relative to the binding energy of Si 2p®, which is
consistent with previous results.” The increasing electronegativity
of the Si—O bond relative to the Si—Si bond results in a shift to
higher binding energy of the core-level electrons in the Si. The O 1s
signal is recorded at 532 eV at the surface of the layer, which is in
fact the expected position characteristic of SiO,, and a small hump
at 533.5 eV is due to the O 1s level in SnO,."” The thickness of the
SiO, layer can be calculated from the equation

Asio Ng
tsio =——X><1n(1++ [
N2 r X Asio,

where r is the ratio of the SiO, peak area to the Si peak area and A
is the electron inelastic mean-free path. A values for silicon species
were obtained directly from the literature. X is 30 A for Si, and
36 A for Si0,. 2%

The thickness of the SiO, layer is calculated and the physical
thickness is ~20 nm. The peak located at 484.72 eV is due to
metallic Sn (Sn 3ds),), and another peak at 486.95 eV is due to
photoelectrons emitted from SnO, in which Sn has the +4 oxidation
state.”” Figure 3¢ shows the Sn 3ds, spectrum of the film exhibiting
a weak peak at 493.1 eV, and the spin-orbit splitting of 3ds,, and
3ds), lines is found to be 8.38 V.’

Bandgap values are calculated from the absorption spectrum (not
shown), and the PL spectrum is shown in Fig. 3d. The variation of
the bandgap and PL peak with respect to the width of the ring is
shown in Table I. Incorporation of Sn into the Si lattice changes its
bandgap from indirect to direct at a concentration of about 20% Sn,
and the Sn atoms occupy substitutional sites.” Depending on the
size and the chemical environment, the bandgap of the silicon NPs
can become as large as 2-3 eV due to quantum confinement, as
revealed by some theoretical calculations and experimental
results.”** The blueshift of the PL peak from the bulk value (1.1
eV) and the absence of visible PL from the samples deposited at
0.15 mbar Ar further support our interpretation of the PL peak as



Figure 4. (Color online) (I) Open-
aperture Z-scan measurements of the
samples deposited under different Ar
background gas pressures. (a) 0.001, (b)
0.009, and (c) 0.15 mbar. (II) Normalized
transmittance of the sample deposited un-
der 0.001 mbar Ar pressure, as a function
of the input laser fluence. The data are ob-
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representative of the bandgap, and the PL peak blueshift of Si NRs
as due to the quantum confinement. Silicon nanocrystals with a size
around 2-5 nm having the optical bandgap of 2.9 eV show 2 PL
maximum at 2.9 eV due to the quantum confinement effect.”® The
bandgap value and PL peak energy increase as the width of the rings
decreases from 25 to 7 nm, which shows that the confinement is
along the width of the ring. In the 0.15 mbar deposited sample there
is no ringlike structure. The size of the particle is very large. So, the
possibility for confinement is very low. But, in other cases the ring-
like structure appears and the width of the ring is below 10 nm. The
confinement is along the width of the ring, which may result in PL
in the visible region.

An open-aperture Z-scan experiment’’ can be used to measure
the nonlinear optical absorption coefficient of the Si NRs (Fig. 4).
For nanosecond laser fluences from 10° to 10* J/m?, the experi-
ments show a clear reverse saturable absorption behavior [Fig.
4(IT)]. Fitting the experimental results to theory, the two-photon ab-
sorption (2PA) coefficient for the Si NRs at 532 nm is found to be
2.2 X 107® m/W. From the linear fit to the plots of In(1 — T,) Vs
In(Iy), where Tqp is the normalized energy transmittance and I is
the excitation intensity, one finds the gradient to be ~ 1 [Fig. 4(III)],
confirming 2PA.”” Excitation of carriers at 4.6 eV, well above the
indirect gap of Si NRs of 3 eV, creates a nonequilibrium carrier

Inlg

distribution that is expected to relax to the indirect bandedge via
phonon emission. Shields et al. » experimentally show that, in sili-
con crystal, an excess photon energy of about 1.3 eV is given as
kinetic energy to each electron—hole pair, and most of this energy is
lost by subpicosecond emission of longitudinal orbital phonons. A
similar situation is_also reported for the Z-scan studies of Au-Ag
alloy nanoclusters."

In conclusion, SnO,-doped Si NRs of size 20-50 nm have been
grown on a sapphire substrate, and the self-sputtering process modi-
fies the material distribution on the substrate, leading to the forma-
tion of ring-shaped structures. PL emission energy can be tuned into
the visible range of light by controlling the sizes of the Si NRs, and
the bandgap energy is blueshifted into the range of visible light
owing to the quantum confinement effect along the width of the
ring. Si NRs are promising candidates for visible, tunable, and high-
efficiency light-emitting devices. The large optical nonlinearity of
the NRs indicates that they can also find applications in optical
limiting, switching, and modulated-type optical devices.
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