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Although nanostructured SnO, exhibited ultraviolet stimulated emission at room temperature, the
low emission intensities and occurrence of gain saturation restricted them to be considered as
luminescent materials for semiconductor lasers. In this letter, we find that a large ultraviolet
excitonic gain can be obtained from SnO, nanowires coated with an amorphous layer. Under
effective pumping, ultraviolet coherent random lasing can be realized from randomly assembled
SnO, nanowires at room temperature. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3157842]

Nanostructured SnO, materials, which have a wide
bandgap and high exciton-binding energy, are considered to
be a promising optical-grade material for the realization of
passive optoelectronic devices. Various structural and mor-
phological forms of nanostructured SnO, materials such as
nanowires, nanoribbons, nanotubes, and nanobelts have been
fabricated over the past several years to realize high perfor-
mance dye-based solar cells, photoconductor, optical wave-
guide, and optical sensors. However, it is seldom observed
direct band-to-band radiative recombination from the SnO,
nanostructures due to its large amount of defect states inside
the bandgap. Most of the ultraviolet to visible emission
bands, which used to have low intensity at room temperature,
are related to the defect and impurity-related photolumines-
cence (PL).B”4 Recently, room-temperature ultraviolet stimu-
lated emission, which is attributed to the localization of ex-
citons at the shallow trapped states, is observed from SnO,
nanowires under optical excitation.” However, the intensity
of excitonic stimulated emission is shown to be weak and
saturated at low excitation intensities. Therefore, under nor-
mal circumstance, SnO, materials cannot be considered as
suitable luminescent materials for semiconductor lasers. In
this letter, we demonstrated a large excitonic gain can be
obtained from SnO, nanowires coated with an amorphous
layer (i.e., a layer of surface defects) via effective optical
excitation to sustain ultraviolet coherent random lasing at
room temperature.

The randomly assembled SnO, nanowires were fabri-
cated by using a vapor transport method and the growth was
taken place in a horizontal tube furnace (Lindberg/Blue
Mini-Mite). To prepare the source powder for the growth
process, a mixture of SnO, and graphite (weight ratio 1:1)
was ground in an agate mortal for half an hour. A clean Si
wafer of size 6 X8 mm?, which was coated with a 2 nm
thick Au film, was used as the growth substrate. Au was used
as catalyst to assist the SnO, nanowires synthesis upon car-
bothermal evaporation of SnO, powders. The substrate was
placed at the center of a quartz tube. The quartz tube was
then inserted into the horizontal tube furnace with the source

Y Author to whom correspondence should be addressed. Electronic mail:
esfyu@ntu.edu.sg.

0003-6951/2009/94(24)/241121/3/$25.00

94, 2411211

located at the furnace center. Ar mixed with 5% of O, was
used as the carry gas and the pressure inside the quartz tube
was maintained at 20 mbar. During the growth, temperature
of the furnace was ramped up to 1100 °C with a rate of
20 °C/min and the substrate temperature was calibrated to
about 800 °C. After the growth of 1 h, a ~2 um thick of
white-blue film was formed on the Si substrate.

Figure 1(a) plots the x-ray diffraction (XRD) pattern of
as-grown SnO, nanowires. All the diffraction peaks can be
indexed to the tetragonal rutile SnO,. The energy dispersive
x-ray spectroscopy spectrum of the sample, in which only
peaks with Sn and O elements are observed, is also shown in
Fig. 1(b). Figures 1(c)-1(e) are the SEM images of the SnO,
nanowires. It is observed that the nanowires are closely
packed together to form randomly assembled nanowires.
Furthermore, the nanowires, which have preferred orienta-
tion of (100) direction, have average length and width of
~10 um and ~100 nm, respectively. Figure 1(f) shows a
high-resolution transmission electron microscopy (HRTEM)
image of the nanowire. It is observed that the nanowire has
good crystallinity of tetragonal rutile SnO, structure with
lattice constants of a and ¢ equal to 4.72 and 3.17 A, respec-
tively. It is also noted that the surface of the nanowires is

(b) sn (€)
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E Si Sn
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(d)

amorphous
~ layer

FIG. 1. (Color online) (a) XRD pattern, (b) EDS spectrum, (c) low-
magnification SEM image, and [(d) and (e)] high-magnification SEM image
of the randomly assembled SnO, nanowires. (f) HRTEM of a SnO, nano-
wire and the insert shows the corresponding SAED pattern.

© 2009 American Institute of Physics


http://dx.doi.org/10.1063/1.3157842
http://dx.doi.org/10.1063/1.3157842

241121-2

Yang et al.

bl [ Band edge emission

Bound exciton emission
266 nm
Pump intensity

(b)

amorphous layer

before

annealed

Intensity (a.u.)

formation of
lattice structure

Later _15Mwom? 4

330 350 370 390 410
Wavelength (nm)

FIG. 2. (Color online) (a) HRTEM of a SnO, nanowire before and after
thermal annealing. (b) PL spectra of the randomly assembled SnO, nano-
wires before and after thermal annealing under 266 nm optical pumping.

coated with an amorphous layer of an average thickness of
1.5 nm. This amorphous layer can be attributed to the forma-
tion of shallow trapped states for the occupation of excitons.’

During the formation of SnO, nanowires, it is no sur-
prised that the nanowires can be coated with an amorphous
layer (in which Sn interstitials, oxygen vacancies, and other
intrinsic defects can be formed®) due to incomplete oxida-
tion. This is because the oxidation reaction of SnO to SnO,
nanowires’ is started to respond at 780 °C (Ref. 8) so that
the complete oxidation at the nanowires’ surface may require
substrate temperature higher than 800 °C. Figure 2(a) com-
pares the HRTEM image of the SnO, nanowires before and
after thermal annealing at 900 °C in O, for 10 min. It is
observed that the amorphous layer is replaced by the forma-
tion of few crystalline layers. Figure 2(b) compares the PL of
the SnO, nanowires before and after annealing. During the
measurement, the samples were optically excited by a
frequency-quadruplet 266 nm pulsed neodymium doped yt-
trium aluminum garnet (Nd:YAG) laser with 120 ps pulse
width and 10 Hz repetition rate. A spherical lens was used
to focus a pump beam of ~1 mm in diameter onto the
samples’ surface. Emission was collected in the direction
perpendicular to the surface of the samples. It is observed
that, although both samples exhibit a weak bandedge emis-
sion at around 340 nm, only the as-grown SnO, nanowires
have emission (i.e., sharp peaks with linewidth <0.4 nm
occurs at excitation power greater than 0.8 MW/cm?) at
around 387 nm. However, visible band, which presence is
mainly due to oxygen vacancies, was not observed from the
emission spectra before and after annealing. The above ex-
periment has verified that strong excitonic radiative recom-
bination is due to the presence of large surface-defect area
(i.e., large amount of shallow trapped states of bound exci-
tons) in the SnO, nanowires.

It has been shown that the bandgap of the SnO, can be
reduced to ~3.38 eV due to exciton-phonon coupling at
room temperature.9 If excitation source with wavelength of
266 nm (i.e., 4.66 €V) is used, the corresponding excitation
energy will cause nonradiative recombination at the con-
tinuum states above the conduction band. As a result, the
efficiency to generate weakly bound excitons at the shallow
trapped states induced by the presence of the amorphous
layer will be reduced. Hence, a frequency-tripled 355 nm
(3.49 eV) pulsed Nd:YAG laser with 120 ps pulse width and
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FIG. 3. (Color online) Emission spectra of the randomly assembled SnO,
nanowires under the excitation of 355 nm optical pumping. The correspond-
ing light-light curve is also shown in the figure. The insert schematic shows
the formation of close loop path of light inside the randomly assembled
SnO, nanowires.

10 Hz repetition rate was used as the excitation source to
repeat the above measurement. It is believed that the 355 nm
excitation energy is sufficient to excite carriers to the con-
duction band edge of SnO, before relaxed to the shallow
trapped states and avoided nonradiative absorption at the
continuum states. Figure 3 shows the emission spectra and
light-light curve of the randomly assembled nanowires. It is
observed that when excitation power exceeds a threshold of
~0.28 MW/cm?, sharp peaks (i.e., lasing modes) at around
387 nm with linewidth less than 0.4 nm emerged from the
emission spectra. In addition, the intensities of sharp peaks
are much higher than the intensity of background noise level
[the contrast is much higher than that given in Fig. 2(b)]. As
the pumping threshold is reduced from 0.8 to 0.28 MW/cm?
by using 355 nm pumping, the corresponding conversion ef-
ficiency has also been increased by 2.9 times. It is also ob-
served that the wavelength of lasing peaks is independent on
the pump intensity. This is consistent with the fact that it is
of an excitonic origin and excitonic Mott transition has not
been reached.

From the SEM image given in Fig. 1(c), it is noted that,
although the nanowires are closely packed, air is filled be-
tween the nanowires. As the refractive index of SnO, nano-
wires is about 2.0 at 387 nm, large contrast in refractive
index between SnO, and air may provide a strong scattering.
The scattering mean free path [ of the randomly assembled
SnO, nanowires can be estimated by the coherent back-
scattering experiment using a 405 nm ps diode laser as the
probe light. It is estimated that / is about 0.8 times the diode
laser wavelength. Hence, as [ is less than the operating wave-
length, light may be returned to a scatter from which it was
scattered before and thereby forming closed loop paths. This
shows that the scattering strength of the randomly assembled
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FIG. 4. (Color online) (a) Emission spectra of the randomly assembled
SnO, nanowires before and after thermal annealing at 100—500 °C for 30
min. The insert shows the variation in peak emission intensity vs the anneal-
ing temperature. (b) Emission spectra of the annealed (at 500 °C for 30
min) SnO, nanowires after the exposure to Sn vapor at 400 °C for 5 min.

nanowires is sufficient to achieve coherent feedback. Hence,
it is believed that the sharp peak represents a closed loop
path of light (i.e., see the inset of Fig. 3), which randomly
formed a cavity mode inside the random cavity, due to the
coherent optical feedback of scattering light. However, if the
density and size of the SnO, nanowires are varied signifi-
cantly from the current values, closed loop paths may not be
formed. In fact, it can be shown that (i) the emission spectra
are different at different observation angles and (ii) Aﬁ? ver-
sus Pﬁll exhibits a linear relationship where Ay, is threshold
excitation area and Py, threshold pump intensity. Hence, all
of the essential characteristics of random laser action have
been observed, the lasing mechanism of the sample is veri-
fied to be random laser action.

O vacancies (V) and Sn interstitials (Sn;), which are
believed to act as shallow donor levels lying below the con-
duction band, induce high n-type conductivity of nonsto-
ichiometric SnOz.6 However, it has been shown that V; con-
tributed to the room-temperature efficient PL emission at
visible spe(:tmm.5 Therefore, Sn; may be the dominant sur-
face defect leads to the generation of ultraviolet emission. It
is estimated that Sn; has lower formation energy than that of
Vo so that thermal annealing of the SnO, nanowires at low
temperature may cause the out diffusion of Sn; as well as the
reduction in ultraviolet emission.® Figure 4(a) shows the
emission spectra of the randomly assembled SnO, nanowires
after thermal annealing at 100—500 °C for 30 min in O,.
The inset of Fig. 4(a) plots the variation in relative peak
intensities versus different annealing temperature. It is ob-
served that the ultraviolet emission can be significantly re-
duced even the annealing temperature is as low as 300 °C.
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The HRTEM image of the sample under thermal annealing at
500 °C (not shown) has shown similar surface profile to that
given in Fig. 2(a) (annealed).

In order to verify that the ultraviolet emission is due to
Sn;, the annealed sample at 500 °C was exposed to Sn vapor
inside the quartz tube by heating Sn powder to 400 °C. This
annealing temperature was chosen to achieve a relatively
high Sn vapor pressure for the reaction. In addition, the
quartz tube was maintained at 20 mbar with a flow of Ar gas
to avoid the formation of V. Hence, the Sn vapor will dif-
fuse into Sn—0, site to form (i.e., Sn;) as the temperature is
not high enough to form bonding. Figure 4(b) shows the
emission spectra of the SnO, nanowires exposed in Sn vapor
for 5 min. Emission peak at around 384 nm is observed
indicated that Sn; is strongly related to the defect emission at
ultraviolet wavelength. As the 355 nm excitation wavelength
is more effective than that of 266 nm, the corresponding
defect radiative recombination mechanism should be similar
to that of the as-grown SnO, nanowires. However, the mag-
nitude of emission peak is significantly reduced by about 10
times. This is because Sn vapor can only reach few top layers
of the SnO, nanowires to form Sn;. We noted that the pro-
long exposure to Sn vapor do not enhance the emission in-
tensities as Sn layer may form on the surface of SnO, nano-
wires. Therefore, it is verified that Sn; is the main cause of
ultraviolet excitonic gain in SnO, nanowires.

In conclusion, we have shown that it is possible to ma-
nipulate the surface-state of SnO, nanowires such that the
density of bound excitons can be significantly increased.
With effective pumping of the bound excitons to the shallow
trapped state, a large quantity of density of state for the
bound excitons can be obtained. This will lead to a large
excitonic gain at ultraviolet regime to support coherent ran-
dom laser action inside the randomly assembled SnO, nano-
wires.
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