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Tin dioxide (SnO2) represents an importantmetal-oxide group

that can be suitable for a range of applications through the

incorporation of dopants.[1] For example, the electrical

conductivity of intrinsic SnO2 depends strongly on the surface

properties, as molecular adsorption/desorption will affect the

band modulation and space-charge layer, which makes SnO2

an important conductance-type gas-sensing material.[2,3] On

the other end of the doping spectrum, degenerately donor

(such as Sb, Ta, and F) doped SnO2 films are important

transparent conductive oxide (TCO) materials due to their

large bandgap (3.6 eV) and high conductivity.[4,5] SnO2-based

TCO films are expected to be a low-cost alternative to indium

tin oxide films in various optoelectronic devices, such as

flat-panel displays, solar cells, and light-emitting diodes.

Recent studies have also found that transition metal (such

as Co and Ni) doped SnO2 acts as a diluted magnetic

semiconductor and can exhibit Curie temperatures higher than

room temperature.[6,7] On the other hand, extending the

doping processes from bulk SnO2 to nanostructures has been

shown to be challenging due to both synthetic issues and

‘‘self-purification’’ mechanisms.[8,9] In previous studies on

SnO2 nanowires/nanobelts, the samples were not intentionally

doped and the carriers typically originated from oxygen

deficiencies.[10–15] Intentional doping of SnO2 nanowires was

reported recently by our group.[16,17] Herein, we report

systematic studies of the effect of Sb doping on SnO2

nanowires and detailed electrical characterization of the

nanowire devices. Our results demonstrate that undoped SnO2

nanowires show Schottky contact to Ti/Au electrodes in air

and are suitable for the detection of UV light. Lightly

Sb-doped nanowires are promising as high-performance

nanowire transistors, and degenerately Sb-doped SnO2
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nanowires are transparent metallic conductors with resistiv-

ities as low as 4.09� 10�4 V cm.

Undoped, lightly (<0.5%), and heavily (2–4%) Sb-doped

SnO2 nanowires were grown on Si(100) substrates at 900 8C by

a vapor-transport method that employs the vapor–liquid–solid

(VLS) growth mode (see Experimental Section). Figure 1a

shows a low-magnification transmission electron microscopy

(TEM) image of the as-synthesized heavily Sb-doped SnO2

nanowires. The catalyst nanoparticles are clearly visible on the

tips of the nanowires, which confirms the VLS growth mode.

High-resolution TEM (HRTEM; Figure 1b) confirms that the

SnO2 nanowires are single crystals with a tetragonal rutile

structure, and verifies that the dislocations or amorphous

surface layers that are often found in other nanostructures are

absent in the SnO2 nanowires.

Figure 2a shows the current–voltage (Ids�Vds; ds¼ drain–

source) characteristics of an undoped SnO2 nanowire device.

A rectifying behavior (curve a) was normally observed in air in

the dark, which indicates the formation of Schottky barriers at

the metal/semiconductor contact. Upon illumination by UV

light (254 nm), a linear current–voltage (ohmic-like) response

(curve c) was observed along with a much higher current level.

The ohmic-like behavior can be explained by enhanced

electron tunneling at themetal/semiconductor interface due to

an increase of the carrier density and reduction of the

depletion width upon illumination with above-bandgap

photons, as reported for ZnO nanowire Schottky diodes.[18,19]
Figure 1. a) Low-magnification TEM image of degenerately Sb-doped

SnO2 nanowires. Scale bar: 100 nm. b) HRTEM image of a single

SnO2 nanowire. Scale bar: 5 nm.
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Figure 2. Electrical properties of an undoped SnO2 nanowire.

a) Ids�Vds curves of a nanowire devicemeasured in the dark (curve a, in

air and curve b, in vacuum) and exposed to 254-nm UV (curve c, in air).

Inset: scanning electron microscopy (SEM) image of the SnO2 nanowire

device. Scale bar: 3mm. b) Reversible switching of the nanowire device

between low- and high-resistivity states as the UV light was turned on

and off at different times t. The voltage bias on the nanowire was �1V.

Figure 3. Electrical properties of a lightly Sb-doped SnO2 nanowire

configured as a FET device. a) Family of Ids�Vds curves at different

gate–source Vgs. Vgs was varied from þ4 to �4V in steps of �2V

and the device was measured in air at room temperature. Inset: SEM

image of the device. Scale bar: 1.5mm. b) Transfer (Ids�Vgs) curve

of the same nanowire device at Vds¼0.1 V. Inset: semilog plot of the

Ids�Vgs curve.
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In comparison, a smaller increase in current was observed

when the sample was measured in a vacuum (10�5 Torr)

without UV illumination (curve b), where the increase in

carrier concentration was attributed to oxygen desorption

alone.[14]

Figure 2b shows the response of the device as a function of

time (t) as the UV source was switched on and off. The current

rapidly increases from 2 pA to 1mA upon UV illumination,

and the device can be reversibly switched between the low-

and high-conductance states with the response and recovery

times estimated to be �1 s. The photocurrent sensitivity was

estimated to be �5� 105, a value much higher than that

reported for undoped SnO2 nanowire devices with ohmic

contacts,[15] due partly to the small dark current. The

responsivity (Rres) for the device was estimated to be

6.25� 106mA W�1. The photoconductive gain, defined as

the ratio of the number of electrons collected per unit time

and the number of photons absorbed per unit time, was

estimated from the photon flux and the measured photo-

current to be 3000 (see Experimental Section). The high

photoconductive gain is comparable to earlier studies on
www.small-journal.com � 2008 Wiley-VCH Verlag G
ZnO nanowire photodetectors operating under similar con-

ditions,[20] and is a consequence of the long photocarrier

lifetime combined with the short carrier transient time

in nanowire devices.[20,21] The fast response time, high

photocurrent sensitivity, and responsivity suggest that SnO2

nanowire Schottky diodes are suitable candidates as UV

photodetectors or photoswitches.

The undoped SnO2 nanowire devices, however, show

very poor transistor behavior in air due to their high resistivity

and the formation of Schottky contacts. The electrical

performance of SnO2 nanowires can be significantly improved

by Sb doping. Figure 3a shows typical Ids�Vds curves at

different gate–source (Vgs) for a lightly Sb-doped SnO2

nanowire configured as a field-effect transistor (FET) device.

Linear Ids�Vds curves were always observed for Sb-doped

SnO2 nanowire devices at low biases, which indicates

low-resistance ohmic contacts between the nanowire

channel and the Ti/Au electrodes. Ids�Vgs curves obtained

for the Sb-doped SnO2 nanowire FET show that the device

operates in the depletion mode as a result of effective n-type

doping with a transconductance gm of 236 nS and an electron
mbH & Co. KGaA, Weinheim small 2008, 4, No. 4, 451–454



Figure 4. a) Ids�Vds characteristics of a SnO2:Sb nanowire device

measured in air without (curve b) and with (curve a) illumination by

254-nm UV light. b) Ids�Vds curve recorded for the same SnO2:Sb

nanowire device, which shows the breakdown at very high current

densities. The SnO2:Sb nanowire can carry a current of more than

0.5 mA before breaking down. Inset: SEM image of the failed nanowire,

which shows that failure occurs in the middle of the nanowire. Scale

bar: 1mm.

Figure 5. Temperature (T ) dependence of the resistivity (r) of a

SnO2:Sb nanowire from 77 to 400K. Inset: SEM image of the device.

Scale bar: 10mm.
mobility of 550 cm2 V�1 s�1 at Vds¼ 0.1 V. The on/off ratio

and subthreshold slope for the Sb-doped SnO2 FET device are

1� 105 and 0.17 V decade�1 at Vds¼ 0.1 V, respectively. The

excellent electrical properties confirm that the lightly doped

SnO2 nanowires are well-suited for transistor applications, as

reported in our recent studies.[17]

The SnO2 nanowires can be further doped to showmetallic

behavior by increasing the Sb:Sn ratio in the source during

nanowire growth. The electrical properties of a degenerately

(2–4 at%) Sb-doped SnO2 (SnO2:Sb) nanowire are shown in

Figure 4 with an estimated resistivity of 5.8� 10�4V cm in the

dark. Due to the much higher carrier concentration, the

SnO2:Sb nanowire shows a much smaller response (about

11.0%) to the same UV light compared to the undoped

nanowire. As reported earlier,[16] the SnO2:Sb nanowires can

also endure a high current density before failure. The failure

current of 0.572mA in Figure 4b corresponds to a current

density of 1.95� 107A cm�2. The low resistivity and high

failure density in turn make the SnO2:Sb nanowires desirable

for applications such as nanoscale interconnects and electron

field emitters.
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The metallic behavior of SnO2:Sb nanowires was further

proved by temperature-dependent resistivity measurements.

As shown in Figure 5, a four-probe setup was used to measure

the resistivity r of a SnO2:Sb nanowire at various temperatures

T from 400 to 77K inside a cryogenic probe station. The

resistivity versus temperature data agree well with the

Block–Grüneisen curve (solid line) expected for a metal or

degenerately doped semiconductor.[22] At high temperatures,

the resistivity increases linearly from 4.9� 10�4 to 5.4� 10�4

V cm from 273 to 400K. This behavior is in turn consistent

with the linear resistivity–temperature relationship expected

for a metal at high temperatures when scattering is dominated

by the electron-acoustic phonon scattering mechanism.[23]

In conclusion, we have shown that Sb doping has significant

influence on the electrical properties of SnO2 nanowires.

Undoped SnO2 nanowires are hardly conducting and form

Schottky contacts with metal electrodes. The nanowire

Schottky devices are suitable in UV photodetector applica-

tions. On the other hand, lightly Sb-doped SnO2 nanowires are

well-suited to high-mobility transistor applications. A further

increase in the doping level results in degenerately Sb-doped

SnO2 nanowires that show metallic behavior with resistivity as

low as 5.8� 10�4V cm and failure-current density as high as

�1.95� 107A cm�2.
Experimental Section

Undoped, lightly, and degenerately Sb-doped SnO2 nanowires

were grown by the VLS process. The source material, high-purity

(99.99%) powders of Sn or a Sn:Sb mixture, was first loaded in an

alumina boat. Growth substrates of Si(100) covered with a

10-nm-thick Au film were placed on top of the boat. The alumina

boat was then positioned at the center of an alumina tube that

was inserted into a horizontal tube furnace. The furnace was

heated from room temperature to 900 8C at a rate of 20 8Cmin�1

under a flow of Ar (500 sccm) with a trace amount of oxygen. The

growth time was 1 h at 900 8C. The furnace was then cooled to
GmbH & Co. KGaA, Weinheim www.small-journal.com 453
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room temperature at a rate of 5 8C min�1. After nanowire growth,

morphological investigations were performed by field-emission

SEM (XL30FEG). For further structural studies, the nanowires were

removed from the Si growth substrate by sonication in isopropyl

alcohol and then deposited on carbon-coated copper grids for TEM

(JEOL-3011) characterization. To fabricate nanowire devices, the

nanowires in isopropyl alcohol solution were deposited onto a

degenerately doped n-type silicon substrate capped with a 50-nm

silicon dioxide (SiO2) layer. A photolithography or electron-beam

(e-beam) lithography process was then used to define pairs of

metal electrodes on the SiO2/Si substrate, followed by metal

deposition of Ti/Au (10/100 nm) by e-beam evaporation to

complete the structure of the device. Prior to metal evaporation,

the samples were cleaned with an O2 plasma (50W) for 30–60 s to

remove possible resist residue. The photoresponsivity was

estimated from Rres¼ Ip/(Iirr�A), where A is the effective device

area, Ip is the photocurrent, and Iirr is the irradiance of the incident

light. The incident UV light power was 4 W, the irradiance Iirr to the

nanowire devices was 0.04Wcm�2, and A was 0.4mm2. The

photocurrent was defined as Ip¼ Ilight� Idark¼1mA. The incident

radiant energy to the nanowire per second was 1.6�10�9 J. The

energy of the 254-nm photon was Ep¼7.8�10�19 J, which

corresponded to a flux of 2.1� 109 photons per second incident

on the nanowire. The measured photocurrent (Ip¼1mA) corre-

sponded to approximately 6.25� 1012 carriers per second.
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