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Abstract

We report the rational synthesis of one-dimensional SnO, nanowires (SnO,NWs) via a
Sn-catalyzed vapor-liquid—-solid (VLS) growth mechanism, in which Sn nanoparticles can
direct the oriented growth of SnO,NWs at high temperature. /—V measurement of a field effect
transistor made of individual SnO,NWs exhibits typical n-type semiconducting characteristics
with an electron mobility and concentration of 14.36 cm? V~! s~! and 1.145 x 10'7 cm~3,
respectively. The SnO,NW-based photodetector shows a high sensitivity to UV light radiation,
and a fast light response speed of millisecond rise time/fall time with excellent stability and
reproducibility, whereas it is nearly blind to illumination with wavelengths in the visible range.
Detailed reasons to account for the detection selectivity and rapid response speed are proposed.

The generality of the above results suggests that our SnO,NW photodetectors have potential

application in nanoscaled optoelectronic devices.

(Some figures may appear in colour only in the online journal)

1. Introduction

One-dimensional (1D) metal oxide semiconductor nanos-
tructures, including nanotubes, nanowires and nanoribbons,
are very attractive and promising building blocks for future
electronic systems by virtue of the unique possibilities they
offer for the rational control of fundamental properties such
as chemical composition, dimension, and doping level during
growth [1, 2]. So far a huge number of nanostructures have
been successfully synthesized using approaches ranging from
laser-ablation [3] and thermal evaporation [4], to microwave
radiation processes and solution-phase growth [5, 6]. Struc-
tural characterization of these semiconducting nanostructures
and exploration of their novel device applications have been
well documented [7-9].

Tin dioxide (SnO;) with a wide band gap (E, =
3.6 eV at 300 K) is a stable, environmentally friendly
semiconductor, which is well known for its wide range
of applications, e.g., in dye-sensitized solar cells [10],
transparent conducting electrodes [11], catalyst supports [12],
and so on. SnO; nanostructures in low-dimensional form
prepared from sol-gel [13], magnetron sputtering [14],

0957-4484/11/485701+07$33.00

chemical vapor deposition [15], pulsed delivery [16] and
hydrothermal and thermal evaporation [17, 18] have shown
novel optical and electrical characteristics that are different
from their thin film and bulk counterparts [19, 20]. By
this token, 1D nanostructured SnO, including nanowires,
nanoribbons and nanobelts has found applications in chemical
sensors [21, 22], field effect transistors (FETs), light emitting
diodes (LEDs), etc [23]. To date, while various ultraviolet
(UV) light photodetectors have been successfully fabricated
from ZnO nanowires [24], GaN nanowires [25] and carbon
nanotubes [26], comparatively little work has been carried
out to study SnO; nanowire (SnO,NW)-based UV light
photodetectors [27-29]. Consequently, their photoconductive
properties such as illumination spectral response, illumination
intensity response and response speed are underdeveloped.
Exploration along this direction is highly desirable as it
is not only helpful for understanding the light detection
mechanism, but also beneficial to the development of high-
performance nanodevices which may find application in future
optoelectronic circuits, imaging techniques and light-wave
communications. In this work, we present an approach
to the synthesis of SnO,NWs via a Sn-catalyzed growth

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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mechanism. The as-prepared SnO,NWs exhibit typical n-type
electrical conduction characteristics. Notably, the individual
SnO,NW-based photodetector shows high sensitivity to UV
light illumination with high response rate and excellent
reproducibility.

2. Experimental section

2.1. Synthesis of SnO, NWs and their structural study

The synthesis of SnO,NWs was carried out in a horizontal
tube furnace. Briefly, SnO, power (analytical grade, Sigma-
Aldrich Co.) was placed at the center of the alumina tube,
silicon substrates were placed in a downstream position from
the source material (~17 cm). After the tube was evacuated
to a base pressure of 10~* Torr, the source was heated up
to 1050 °C at a rate of 20°C min~! and then was maintained
at this temperature for 2—4 h. During the growth process, a
carrier gas of high-purity argon premixed with 5% hydrogen
was fed at a total flow rate of 20 sccm. The phase, morphology
and structure of the as-prepared light yellow SnO,NWs were
characterized using an x-ray diffractor (XRD, Siemens D-
500 using Cu Ko radiation), field emission scanning electron
microscopy (FESEM, Philips XL 30 FEG), transmission
electron microscopy (TEM, Philips CM 20, operated at
200 kV) attached with energy-dispersive x-ray spectroscopy
(EDX), and high-resolution transmission electron microscopy
(HRTEM, Philips CM 200 FEG, operated at 200 kV). The
chemical composition of the product was analyzed by x-ray
photoemission spectroscopy (XPS) which was performed on
a VG ESCALAV 220i-XL surface analysis system equipped
with a monochromatic Al Ko x-ray (1486.6 eV) source.

2.2. Device fabrication

The fabrication processes of both FET and UV light
photodetector devices are identical. Briefly, p*-Si substrates
were cut into small pieces with areas of 1.5 x 1.5 cm?, and
were washed stepwise with absolute alcohol and distilled water
under ultrasonication for 10 min, respectively. A layer of
100 nm thick Si3Ny film as dielectric layer was then coated by
using a magnetron sputtering system. Afterward, on the SizNy
layer, SnO,NWs were dispersed with the desired density.
Finally, a photolithography technique (mask aligner: Karl Suss
MIJB-3) was used to define both the source and the drain
electrodes, and an ultra-high vacuum electron-beam evaporator
was employed to form both the source and the drain electrodes
by depositing a mixed Ti/Au (20/50 nm) layer.

2.3. Device characterization

A two-probe configuration method was employed throughout
this work. A light system including a xenon lamp (150 W)
and a monochromator (%, Spectra-physics 74 000) was used
to provide the monochromatic light, which was focused
and guided perpendicularly onto the nanowires by a quartz
lens.  Electrical measurements were carried out on the
semiconductor characterization system (4200-SCS, Keithley
Co.) with picoampere resolution. Unless stated, all electrical

measurements were carried out at room temperature. To
measure the time response of the NWs to pulsed light radiation,
a mechanically rotating chopper operated at a frequency of
0-500 Hz was used to automatically switch on and off the
incident UV light. During measurement, the time-variation
of the photocurrent was collected by an oscilloscope system
(Infiniium, Agilent Co.).

3. Results and discussion

3.1. Morphology and structure analysis

The SnO,NWs were synthesized via thermal evaporation of
pure tin oxide powder in N»/H, atmosphere. The as-collected
NW on Si wafer was then directly transferred into the FESEM
chamber for morphology characterization. As shown in
figure 1(a), the silicon substrate was fully covered by a high
density of wire-like nanostructures with lengths of several
micrometers. EDS analysis revealed that the product was
mainly composed of Sn and O elements, accounting for 42.6
and 57.4% (atomic ratio), respectively. The presence of both
Sn and O was also confirmed by the x-ray powder diffraction
(XRD) study. Figure 1(b) shows a typical diffraction pattern,
in which the peaks labeled with stars can be readily indexed
to the tetragonal rutile-phase of SnO, (JCPDS card No. 41-
1445), with lattice constants of a = b = 0.474 nm and
¢ = 0.319 nm which are consistent with the literature
values [30, 31]. Additionally, typical peaks due to Sn phase
(JCPDS card No. 04-0673) were also present in the pattern
(labeled with #) [32]. The XPS spectrum of the SnO,NWs
in figure 1(c) further reveals the presence of both Sn (486 eV)
and O (533 eV). Deconvolution of the asymmetrical peak in
the range of 480—495 eV gives rise to two separate ones, which
can be readily assigned to the Sn 3ds/, for Sn(0) and Sn(IV),
respectively.

TEM was employed to study the crystal structure of the
SnO,NWs (figures 2(a), (b) and (e)). Evidently, one can
see that the diameters of the as-prepared NWs are in the
range from 40 to 80 nm. Interestingly, there is at least one
black nanoparticle on the head of each SnO,NW, as shown
in the TEM images. The distinct contrast difference between
the tip and the stem of the NWs suggests that they may
consist of different materials. Indeed, these tips, according to
comparative EDS analysis of both parts A and B in figures 2(c)
and (d), are largely composed of tin atoms. The upper
inset SAED pattern shown in figure 2(e) was recorded on an
individual NW with the electron beam along the [001] zone
axis, indicating the single-crystalline nature of the SnO,NW.
The lattice fringes in the HRTEM image further confirm the
single-crystal characteristics of the NWs. The d-spacing
(0.33 nm) between adjacent lattice planes corresponds to the
[110] growth direction of the SnO,NWs [33].

It has been demonstrated that Sn nanoparticles can
effectively catalyze the oriented growth of 1D ZnO [34],
Si0; [35], and Si nanowires [36, 37] via a vapor-liquid—solid
(VLS) mechanism. Similarly, the formation of SnO;NWs in
this study can also be explained by a Sn-catalyzed growth
model illustrated in figure 3. At high temperature, SnO;
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Figure 1. (a) FESEM images of the as-produced SnO,NWs. (b) XRD pattern of the SnO,NWs. (c) XPS spectrum of the SnO,NWs. The inset
shows the Sn 3ds,, spectrum at higher resolution.
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Figure 2. (a) A typical bright-field TEM image of SnO,NWs at low magnification. (b) A typical bright-field TEM image of SnO,NWs with a
Sn tip. (¢), (d) EDX analysis of parts A and B, respectively, shown in (b). (¢) TEM image of the stem of a typical SnO,NW. The lower inset
shows the HRTEM of a SnO,NW with growth orientation along [110], the upper inset is the corresponding SAED pattern.

firstly sublimes to form highly reactive SnO, vapor which dissolve SnO,, leading to the formation of SnO,—Sn eutectic
is then reduced by H, gas through the following chemical alloy droplets. Due to its relative high melting point (1627 °C),
equation: SnO; (g) + 2H; (g) — Sn (g) + 2H,0 (g). The SnO, can easily precipitate out of the supersaturated droplet,
resulting Sn nanoparticles can act as effective catalysts to  giving rise to growth in an oriented way. Note that the above
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SnO,+H,

Figure 3. Schematic illustration of SnO,NW growth via the VLS
mechanism. This reaction is catalyzed by Sn—SnO, eutectic alloy
droplets deposited on the silicon wafer surface.

chemical reaction process can take place spontaneously at high
temperature (927 °C) as the difference of Gibbs free energy
(—296.95 kJ mol™") is less than 0 [38].

3.2. Field effect transistor characterization

To evaluate the electrical property of the as-prepared
SnO,NWs, a metal insulator semiconductor field effect tran-
sistor (MISFET, the nanodevice configuration is schematically
illustrated in the inset to figure 4(a)) was fabricated. Figure 4(a)
shows the gate-dependent current versus bias voltage curves,
in which all the -V curves are linear, signifying that
perfect contact (Ohmic contact) was formed between the Ti/Au
electrodes and the SnO,NWs. Moreover, the decrease of
electrical conduction with gate voltage reveals the typical
characteristics of the SnO,NW-FET with an n-type channel.
Figure 4(b) plots typical transfer curves at Vgs = 0.1 V from
the same device. By fitting the linear part of the Ig—V,
curve, the turn-on threshold voltage (V1) and transconductance
(gm = dlys/dV,) are estimated to be —7.5 V, and 28.4 nS,
respectively.  Additionally, the electron mobility (u.) can
be determined from the relation: g, = u.CVy/L?, where
L is the length of the SnO,NW (2.3 pum) and C is the
channel capacitance which can be described by the formula
of C = 2mepéyestL/ cosh™ (t/r) assuming a cylinder on an
infinite plate model for the SnO,NW based MISFET, where
ereff 18 the effective dielectric constant for SizN4(7.5), ¢ is
the distance between the p'-Si substrate and the center of
the NW (100 nm), and r is the radius of the NW (80 nm).

On the basis of the above constants, wuy is calculated to be
14.36 cm?> V™! s7!, which is comparable with the literature
value [39]. What is more, the electron concentration (ny)
is estimated to be 1.145 x 107 c¢cm™ from the relation
ny = 1/pgqun, where p (the resistivity of the SnO,NW)
is 3.01 Q cm, according to p = Rmr?/L. In addition
to the parameters mentioned above, a subthreshold swing
(SS) of 7.29 x 10> mV/dec is derived from the relation
S = In(10)[dV,/d(In Iy)]. Significantly, this value is nearly
comparable with that of Ta-doped SnO,NWs [27], and only
one order of magnitude higher than the theoretical limit value
(S &~ 60 mV/dec) that can be determined from the formula
S = In(10)(kgT /e), where kg is Boltzmann’s constant, 7T is
the absolute temperature and e is the elementary charge [40].
This relatively low subthreshold swing confirms that the
SnO,NWs are suitable for transistor applications.

3.3. Photoconductive property

When the individual SnO,NW-based devices were illuminated
with UV light, they showed remarkable photoconductive
characteristics. As observed from figure 5(a), the electrical
current increased dramatically and stabilized at a high-
conduction ‘on’ state upon light radiation, but it decreased
quickly to a low-conductivity ‘off” state after the UV light was
switched off, leading to an on/off ratio as high as 103. Further
spectral photoresponse study reveals that the photoconductive
behavior is highly dependent on the wavelength of the incident
light. Figure 5(b) depicts the -V curves measured under
light illumination with different wavelengths. To make this
analysis more reliable, the light intensity was kept the same
during the spectral response study. It is visible that the
SnO,NW exhibits high sensitivity to UV light illumination
with a sensitivity edge at about 340 nm, corresponding
closely to the energy gap of 3.6 eV derived from the UV—
vis absorption curve (inset to figure 5(b)). This agreement
is believed to be highly associated with the photoconductive
mechanism. That is, the photoresponse of the semiconductor
nanostructures to light radiation is in fact a result of a
complex process of electromagnetic radiation absorption,
carrier generation, trapping, and recombination [41]. Upon
ultraviolet illumination, the photoenergy of 320 nm UV light

Figure 4. (a) I4—Vqs curves of the SnO,NW-FET measured for different gate voltages. V, increases from —8 to 6 V in steps of 2 V. The lower
inset shows a schematic illustration of the SnO,NW-based FET, the upper inset shows an SEM image of the FET device. (b) /g versus V,

curve recorded at Vgg = 0.1 V.
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Figure 5. (a) Photocurrent versus time recorded with the 2 mW ¢cm~2 UV light illumination switched on and off repeatedly. The wavelength
of the incident light is 320 nm. During measurement, Vj; is kept at 1 V. (b) I-V curves of a single SnO,NW under 2 mW cm™2 UV light
illumination with different wavelengths. The inset shows the spectral photoresponse and UV-visible spectrum within 200-800 nm

wavelengths.
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Figure 6. (a) Schematic diagram of the photoresponse measurement setup. (b) Photoresponse of the SnO,NW photodetector to the pulsed
incident light at frequencies of 100, 300 and 500 Hz (320 nm, 2 mW cm~2). During measurement, the bias voltage was kept at 3 V.

(C) ([max -

(3.87 eV) is sufficient to lift electrons directly from the
valence band to the conduction band in the SnO,NWs, whose
band gap is around 3.6 eV, by extrapolating the UV-vis
adsorption spectrum. Photons with insufficient energy cannot
excite electrons from the valence band to the conduction
band and thus do not contribute to the photocurrent. It is
worth noting that although high energy photon is indispensable
for photoconductivity it does not necessarily lead to high
responsivity. A case in point is the reduced photocurrent for
290 nm light, as observed in figure 5(b). This slight drop
in sensitivity to UV light with shorter wavelength may be
regarded as a consequence of the enhanced photon absorption
and shortened lifetime of the electron—hole pairs at or near the
surface region of the NWs [42].

I'min) / Imax versus the frequency of the pulsed UV light. (d) Photoresponse of the photodetector at a frequency of 500 Hz.

The photoresponse of the individual SnO,NW-based
photodetector to pulsed UV light illumination was also
examined. In this measurement, the pulsed UV light source
was generated by chopping the monochromatic UV light
which was produced by a helium lamp attached with a
monochromator, and the fast-varying signal was collected by
the oscilloscope system. Figure 6(b) depicts the reversible
switching of the SnO,NW photodetector between high and
low conductance when the UV light was turned on and off.
The response is fast and exhibits long-term repeatability in
the range from 100 to 500 Hz. Further study of the dark
current as a function of chopping frequency reveals a slow
relative balance ((Imax — Imin)/Imax) decay. The relative
balance remained larger than 82% even when the frequency
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wavelength: 320 nm).

Table 1. Summary of relative balance and rise time/fall time of photodetectors fabricated from different kinds of semiconductor

nanostructures.

Relative balance/

Rise time/fall time

frequency (Hz) (ms) Reference
SnO, nanowire 82%/500 0.21/0.30 Our work
7ZnO nanowire — 0.20/0.50 [24]
GaN nanowire — 1000-2000/>120000  [25]
ZnS nanowire 20%/100 46 000/30 000 [41]
CdS nanoribbon 77%/500 0.746/0.794 [42]
CdSe nanoribbon  40%/400 0.639/5.86 [43]
Se nanowire 76%/500 0.40/1.23 [44]

was increased to 500 Hz. To the best of our knowledge, this
is the highest value found, compared with reported values
available (cf table 1). With reference to response speed (the
time required to increase the photocurrent from 10 to 90%
of the peak value or vice versa is defined as the rise time or
the fall time, respectively), a rise/fall time of 0.42 ms/0.60 ms
was obtained. This response speed is comparable with
a UV photodetector made from ZnO nanowire [25], but
much quicker than devices made from GaN [26] and ZnS
nanowires [43], and visible light photodetectors made from
CdS [44], CdSe [45], and Se nanostructures (table 1) [46]. Two
factors are responsible for the relatively fast photoresponse.
(1) Small size effect. As observed in CdSe and Se NWs, owing
to the large surface-to-volume ratio, the abundant quantity
of vacancies or dangling bonds on the NW surfaces can
function as recombination centers, which will facilitate the
recombination process of photocarriers [43, 44]. (2) High-
quality crystallinity of the SnO,NWs. The NWs obtained via
this approach are single crystal and free of defects in their
interior parts. Such a structural feature will accelerate the
achievement of steady state for photocurrent at both the rise
and the fall stages.

The photoresponse of the SnO,NW based photodetector
depends on the illumination power as well. As exhibited
in figure 7(a), the photocurrent of the SnO,NW increases
gradually with increase of the radiation intensity. The
relationship between the photocurrent (/) and light intensity
(P) can be described by a simple power law: I = aP?,
where a is a proportionality constant associated with the light

wavelength, and the exponent b is another constant that relates
device response to light intensity. By fitting this formula
to the experimental data, we obtained b = 0.821 for the
320 nm light [39]. The noninteger exponent can be regarded
as a consequence of the complex process of electron—hole
generation, trapping and recombination within the SnO,NWs.
Further similar fitting gives » = 0.817 and 0.805 for 310 and
290 nm light, respectively. These identical values for different
wavelengths suggest that the photoresponse of our SnO,NW
based photodetector is wavelength independent.

4. Conclusions

In summary, we demonstrated the Sn-catalyzed fabrication
of SnO,NWs via a VLS process, in which Sn nanoparticles
can direct the oriented growth. SnO,NW-based FET charac-
terization revealed typical n-type conduction, with a carrier
mobility and concentration of 14.36 cm? V~! s~! and 1.145 x
10'7 cm™3, respectively. Further photoconductive analysis
showed that the as-prepared SnO,NW-based photodetector
exhibits a high photo-to-dark current ratio of three orders
of magnitude at 320 nm, and can function with excellent
reproducibility, stability and high response speed (rise/fall time
of 0.42 ms/0.60 ms) in a wide range of chopping frequencies.
The totality of the above results suggests that the SnO,NWs
obtained via this approach can be employed to develop a high-
performance UV light photodetector.
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