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anotextured substrates are of interest in various research areas because of their many functionalities.
Recently, improved light absorption has
been demonstrated for thin-ﬁlm photovoltaic devices on nanotextured substrates
consisting of nanowires,1 3 nanocones,4
and nanodomes.5 Nanotexturing results in
a graded refractive index proﬁle of the
absorber material, which causes enhanced
anti-reﬂection properties and allows for waveguide eﬀects in solar cells. In addition to
improvements in light absorption, nanotexturing changes the wetting properties of a
substrate.6 8 As nanotexturing techniques
are beginning to be used in various applications, attributes related to practical applications, such as scalability, cost, and process
temperature, are becoming more critical.
Thus far, the common methods used to
produce nanotextured surfaces include
lithography and chemical vapor deposition.1,2,9 These methods are useful for fundamental studies but are not easily scaled to
large areas: they are expensive,and the
required temperatures are usually higher
than 600 °C, which limits the range of compatible substrate materials. Alternatively,
one scalable nanotexturing technique with
silica nanoparticles was developed based
on a wire-wound rod coating method.10 It is
a solution process that can be applied to a
variety of substrates (including plastic), but
the morphology of the nanotextured surfaces is limited to a rounded form because
of the spherical nanoparticles. In order to
make rough nanotextured surfaces (arrays
of nanowires or nanocones), etching steps
would be required. Here, we demonstrate a
scalable, low-temperature technique to
make nanocone structures without any etching processes: the self-catalytic VLS growth
of tin oxide (SnOx) nanocone structures by
annealing a thin ﬁlm of Sn at low temperatures (220 450 °C). The aspect ratio of these
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ABSTRACT Nanoscale texturing has been studied for various applications, but most of the

methods used to make these nanostructures are expensive and not easily scalable. Some of these
methods require etching steps or high-temperature processes, which limit the processes to certain
materials, such as silicon. In this study, we report a non-etching nanoscale texturing technique that
allows for controlled oxidation to create tin oxide nanocones over large areas. Similar results are
obtained on diﬀerent substrates, such as silicon, aluminum foil, quartz, and polyimide ﬁlm, and this
method can be employed at temperatures as low as 220 °C in ambient pressure. This simple and
scalable nanotexturing process improves the anti-reﬂection eﬀect in photovoltaic devices. The light
absorption of a polycrystalline silicon substrate, a widely used photovoltaic material, is increased by
30% over the wavelength range of 400 850 nm after fabricating nanocones on the surface.
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nanocones can be easily controlled by changing oxygen concentration and annealing
temperature.
RESULTS AND DISCUSSION
When Sn is evaporated onto many rigid
substrates, including silicon, quartz, and
aluminum foil, the deposited Sn atoms are
more strongly bound to each other than
they are to the substrate,11 and thus the thin
ﬁlm of Sn consists of Sn nanoislands (Figure
1a,b). The average size of these nanoislands
in a 50 nm thick Sn ﬁlm is approximately
200 nm  200 nm (0.04 μm2) (Figure 1c). If
the deposited Sn ﬁlm is annealed at a
temperature higher than its melting point
(Tm = 233 °C) in an oxygen-containing environment, Sn becomes oxidized to SnOx.
However, there are drastic diﬀerences in
ﬁnal morphology when annealing at diﬀerent oxygen concentrations. In air, where the
oxygen concentration is high (∼20%), Sn
nanoislands transform into SnOx nanoislands
without any signiﬁcant shape changes, as
illustrated in Figure 1d. Figure 1e shows a
scanning electron microscope (SEM) image of
the SnOx nanoisland ﬁlm formed when a
50 nm thick Sn ﬁlm was annealed at 300 °C
for 3 h in air. In sharp contrast, if the Sn
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Figure 1. Design of SnOx nanocone arrays. (a) Schematic of a Sn ﬁlm that consists of disconnected Sn nanoislands. (b) SEM
image of a Sn ﬁlm (50 nm thick) deposited by e-beam evaporation on a silicon substrate. (c) Statistical data of the area of the
Sn nanoislands in panel b. (d,e) Schematic and SEM image of the SnOx nanoislands formed when a 50 nm thick Sn ﬁlm was
annealed at 300 °C for 3 h in air. (f,g) Schematic and SEM image of the SnOx nanocones formed when a 50 nm thick Sn ﬁlm was
annealed at 300 °C for 3 h in a nitrogen environment with less than 100 ppm oxygen concentration.

nanoislands are annealed under the same conditions
but with much lower oxygen concentration (i.e.,
<0.1%), the resulting shape is surprisingly diﬀerent:
the planar Sn nanoislands are converted to SnOx
nanocones (Figure 1f). Figure 1g shows a SEM image
of SnOx nanocones formed when a Sn ﬁlm with the
same thickness (50 nm) was annealed for the same
period (3 h) at the same temperature (300 °C) in a
nitrogen gas environment with ∼100 ppm oxygen
concentration (hereafter called the low-oxygen environment). These SnOx nanocones were formed over a
large area (25 cm2) of a Si substrate, as shown in
Supporting Information Figure S1.
The growth mechanism of SnOx nanocones can be
explained with reference to the model shown in Figure
2a. When a Sn nanoisland is annealed above its melting
point in air, the high concentration of oxygen at the Sn
surface can produce a solid SnOx layer, which ﬁxes the
shape of the nanoisland. As it is annealed for longer
times, Sn atoms diﬀuse out to the surface to be
oxidized, which results in a hollow space inside the
SnOx layer. This phenomenon is the nanoscale Kirkendall
eﬀect, which has been observed during the oxidation of
JEONG ET AL.

various metal nanoparticles.12 14 However, in the lowoxygen environment, each Sn nanoisland forms a liquid
Sn nanodroplet when annealed above the melting point.
Due to the low oxygen concentration, the solid SnOx layer
cannot be formed quickly enough to prevent the shape
change of the Sn nanoisland from a ﬂat to a spherical
shape. As the liquid Sn nanodroplet is annealed for longer
times, the oxygen concentration inside the nanodroplet
increases and supersaturates to nucleate the solid SnOx
phase. The nucleation of solid SnOx is favorable at the
interface between the liquid Sn and solid substrate. The
surface tension of the liquid Sn causes it to retain a
hemispherical shape on top of the solid SnOx, and the
continuous consumption of the Sn by the formation of the
SnOx without any additional input of Sn causes the Sn
droplet to shrink in size. The combined factors of high
surface tension and the decreasing amount of liquid Sn as
SnOx is formed result in the formation of a tapering SnOx
nanocone structure. Since there is no introduction of a
separate catalyst, this is a self-catalytic process. This process is similar to vapor liquid solid growth,15 17 but in
our case, the catalyst particles lose atoms during growth.
Figure 2b displays SEM images of Sn ﬁlms annealed for
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Figure 2. Proposed model of SnOx nanocone formation and supporting data. (a) Schematics of the oxidation process of Sn
nanoislands. The white arrow indicates the formation of solid SnOx, and the black arrow shows the diﬀusion of Sn through the
already-formed SnOx layer. (b) SEM images of Sn ﬁlms (50 nm thick) annealed at 300 °C for diﬀerent time periods in the lowoxygen environment. All scale bars are 100 nm. (c) STEM image of the SnOx nanoisland formed when a Sn nanoisland was
annealed at 300 °C for 3 h in air. (d) EDS data collected along the red trace from point A to B in panel c. (e) STEM image of the
SnOx nanocone formed when a Sn nanoisland was annealed for 20 min under the same conditions as those in panel b. (f) EDS
data collected along the red trace from point C to D in panel e.

diﬀerent amounts of time in low-oxygen environments;
these images show the process of nanocone formation. As
explained above, a planar Sn nanoisland transforms into a
Sn nanodroplet, and as the annealing time increases, it
produces a tapered structure with a small ball on top.
JEONG ET AL.

To conﬁrm the proposed mechanism, we employed
scanning transmission electron microscopy (STEM).
The STEM image in Figure 2c is a SnOx nanoisland
formed when a 40 nm thick Sn ﬁlm was annealed at
300 °C for 3 h in air. The center of the nanoisland shows
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min annealing, and they contain multiple phases of
SnOx. The nanocone in Figure 3c is made up of both
tetragonal SnO and triclinic Sn3O4, as evidenced by the
selected area electron diﬀraction pattern and HRTEM
image. The nanocone in Figure 3d was found to have
three stripes of Sn3O4 surrounded by SnO2 structures.
The EDS data collected along the nanocone in Figure 3e
are presented in Figure 3f, which shows that the Sn to O
ratio varies, indicating that SnO, Sn3O4, and SnO2 are all
present in the nanocone. It has been observed that the
ﬁnal oxidation state of Sn, SnO2, can be reached through
simple oxidation of SnO or through the intermediate
oxidation state Sn3O4.18 Therefore, as the nanocones are
annealed in the low-oxygen environment for long times
(i.e., longer than ∼1 h), phase transformations from SnO
to Sn3O4 or SnO2 and from Sn3O4 to SnO2 occur within
the nanocone body. This explains the change of peak
intensities in the XRD data: the SnO peak intensity
decreases, the SnO2 peak intensity increases, and the
Sn3O4 peak intensity remains relatively constant. This
transformation seems to happen in the solid state after
the nanocones are grown because the growth of nanocones is almost completed after 30 min of annealing
(Figure 2b) and nanocones are generally found to be
single-crystalline if observed during the initial growth
process. The formation of multiple phases and phase
boundaries in the same nanocone is very interesting,
and there needs to be further investigation to study the
phase change mechanisms involved.
On the basis of the understanding, we conducted
experiments to control the shape of SnOx nanocones
by varying two parameters: oxygen concentration and
annealing temperature. The nanocone formation is
mainly due to the low oxygen level in the environment,
which allows for the formation of liquid Sn droplets
and the growth of solid SnOx at the interface between
the Sn droplets and solid substrate. The surface tension
of liquid Sn, one factor that causes the tapering
nanocone structure (as mentioned above), becomes
greater as the annealing temperature increases19,20
and the oxygen level in the environment decreases.21
This could be one reason why the SnOx nanocones
formed at a lower annealing temperature are broader
and shorter; similar eﬀects are observed when the
oxygen concentration increases (Figure 4a,b). In addition, the formation of nanocones is related to the
interplay of the oxide growth rate and the rate of
shape change upon heating as the Sn forms a liquid
droplet. When a Sn ﬁlm is annealed in air, a quickly
formed SnOx shell prevents the liquid Sn from changing shape. In the limiting case when there is virtually
no oxygen during annealing, the Sn ﬁlm balls up on the
substrate before the SnOx shell grows. If there is an
intermediate amount of oxygen in the environment,
the nucleation and growth of SnOx occurs at the
interface between the liquid Sn and solid substrate
while a liquid ball is formed. Therefore, the change in
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darker contrast than the outside layer, and energydispersive spectroscopy (EDS) analysis conﬁrms that
the Sn to O ratio of the outside layer is ∼0.5, but that of
the center is much higher than 0.5. EDS data collected
along the red line in Figure 2c are presented in
Figure 2d. The absolute counts of the EDS data, represented by the blue trace in Figure 2d, decrease suddenly between 30 and 50 nm along the scan line, which
corresponds to the bright area between the outside
layer and the dark center of the nanoisland in Figure 2c.
The light contrast and the sudden drop in the counts of
the EDS data indicate that the bright area between
points A and B in Figure 2c is a void, which can be
explained by Sn diﬀusion during the oxidation process.
In contrast, the nanocone shown in Figure 2e was
formed when a Sn ﬁlm with the same thickness
(40 nm) was annealed at the same temperature (300
°C) for 20 min in the low-oxygen environment. EDS
data were collected along the red line in Figure 2e from
point C to D, and the Sn to O ratio is displayed in
Figure 2f as a red trace. In the base of the nanocone, the
Sn to O ratio is 0.7 0.8, which corresponds to the
Sn3O4 phase. In the top section, the Sn signal is much
stronger than the O signal. This conﬁrms our proposed
mechanism in which a solid SnOx nanocone grows
from the bottom of a liquid Sn droplet, which lifts the
Sn droplet upward away from the substrate during
growth of the nanocone. The gradual decrease of the
absolute counts of the EDS data (the blue trace in
Figure 2f) from the base (point C) to the top (point D)
and the relatively constant contrast of the nanocone
image indicate that there are no voids formed during
growth. In addition to these data, the EDS spectra at
two diﬀerent spots (the top and base) of the nanocone
in Figure 2e are shown in Supporting Information
Figure S2. The formation of SnOx nanocones was
observed on various substrates, such as aluminum foil
and quartz (Supporting Information Figure S3), and Sn
ﬁlms with thicknesses ranging from 20 to 200 nm form
similar nanocone structures of diﬀerent sizes (Supporting
Information Figure S4).
The crystal structure of the nanocones was investigated with X-ray diﬀraction (XRD) and TEM. The XRD
data shown in Figure 3a reveal that the nanocones are
made up of diﬀerent phases of SnOx. As annealing time
increases, the peaks that correspond to pure Sn diminish in intensity while other peaks that correspond to
SnO and Sn3O4 increase. After 15 min of annealing, the
nanocones were mostly single-crystalline, as shown
by the diﬀraction pattern and high-resolution TEM
(HRTEM) image in Figure 3b of one Sn3O4 nanocone.
After annealing for more than 30 min, SnO2 peaks
appear in the XRD signal along with a decrease in the
intensity of SnO peaks, but Sn3O4 peaks seem to have
similar intensities. These changes of peak intensities can
be explained by the TEM data presented in Figure 3c f.
The nanocones in these panels were formed after 180
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Figure 3. Multiple phases of SnOx in nanocones. (a) XRD data of SnOx nanocones grown for diﬀerent time periods. Sn ﬁlms
were 50 nm thick, and the annealing temperature and oxygen concentration were 300 °C and less than 100 ppm, respectively.
(b d) TEM data of the Sn3O4 (b), SnO (c), and SnO2 (d) nanocones annealed for 15, 180, and 180 min, respectively. The insets
are the diﬀraction patterns and the HRTEM images of the areas indicated by yellow squares. The HRTEM images of c and d
show that there are diﬀerent phases, Sn3O4, in the middle of the nanocones. (e) STEM data of the SnOx nanocone annealed for
180 min. (f) EDS data collected along the red trace from point A to B in panel e.

the annealing temperature and the oxygen concentration results in diﬀerent nanocone shapes.
The easily fabricated SnOx nanocones described
here show promise for forming an eﬀective anti-reﬂection layer for photovoltaic devices. The tapering structure of the nanocone leads to a gradual change of
refractive index, which is a key factor in enhancing light
absorption. In addition, as the absorber layer in solar
cells becomes thinner to reduce material costs, this
scalable and non-etching technique could be eﬀectively
JEONG ET AL.

integrated into industrial processes. To demonstrate
this, we fabricated SnOx nanocone arrays on glass and
a polycrystalline Si substrate. These SnOx nanocone
arrays were fabricated by annealing a 50 nm thick Sn
ﬁlm at 300 °C for 3 h in the low-oxygen environment
and another 3 h in air, sequentially, in order to remove
all of the residue of Sn and SnO. On the basis of the
XRD data shown in Supporting Information Figure S5,
only SnO2 and Sn3O4 remained on the sample. The
band gap of SnO2 is 3.6 eV,22 thus SnO2 nanocones are
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Figure 4. Shape control of SnOx nanocones. (a) SEM images of SnOx nanocones grown in environments with diﬀerent
temperatures and oxygen concentrations. All scale bars are 200 nm. (b) Nanocone aspect ratio versus annealing temperature
and oxygen concentration. Error bars indicate one standard deviation of the aspect ratio measurements of 50 nanocones in
each condition.

Figure 5. Optical properties of SnOx nanocone arrays. (a) Transmission measurement data of bare glass and glass with SnOx
nanocones. Inset is the photograph of the glass with SnOx nanocones formed from a 50 nm thick Sn ﬁlm. (b) Absorption
measurement data of polycrystalline Si substrates with and without SnOx nanocones. The nanocones were formed from a
50 nm thick Sn ﬁlm. All of the angle- dependence measurements were conducted by using an integrating sphere.

transparent in the visible range of light (400 850 nm).
Even though the band gap of Sn3O4 is 2.9 eV,23 which
corresponds to a wavelength of 430 nm, more than
70% of light with that wavelength passed through the
glass with nanocones (Figure 5a) because less than
half of the surface was covered with SnOx nanocones
(see Supporting Information for details). The light
absorption of the polycrystalline Si covered with SnOx
JEONG ET AL.

nanocones is increased by over 30% in the 400
850 nm wavelength range compared to the bare
substrate (Figure 5b). The angle for the angle-dependence experiment was deﬁned in the inset in
Figure 5b. The light absorption of the polycrystalline
Si with nanocones tilted to 60° with respect to the
incident light is even higher than that of a bare
substrate tilted to 5°.
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METHODS
Substrate Preparation. All of the substrates on which we
deposited Sn were thoroughly cleaned in ultrasonic baths of
acetone, methanol, and ethanol for 15 min each before the
deposition.
Sn Deposition. An e-beam evaporator was used for Sn deposition. The deposition rates were 5 10 Å/s with a pressure of 10 6
Torr.
SnOx Nanocone Formation at Different Oxygen Partial Pressures. Evaporated Sn films with a thickness of 50 nm on Si substrates were
put in a quartz tube and annealed in a furnace. Before annealing, the quartz tube was pumped and purged with a mixture of
gas (nitrogen and oxygen) several times. The flow rates of
nitrogen and oxygen were controlled by two separate mass
flow controllers in order to make low-oxygen environments
with 0.1, 2.5, 5, and 10% of oxygen concentrations. The experiments with less than 0.1% of oxygen concentration were
conducted in a glovebox. The annealing temperature was
between 220 and 450 °C, with a constant ramp rate of 3 °C/s.
Light Absorption Measurement. The light absorption was measured with an integrating sphere (Labsphere). A tungsten lamp
coupled to a monochromator was used as a light source, and
the sample was mounted at the center of the sphere.
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