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Annealing Effects on Resistivity and Morphology of ATO Film 

Sb-doped SnO2 (ATO) contact layer was deposited at room temperature. The I-V characteristics 

of ATO contact devices indicate that the contact resistance (Rc) of ATO contact is considerably high 

without annealing (Fig. 2b). Figure S1 shows the thermal annealing effects on the morphology and 

resistivity of an ATO thin film. As the annealing temperature increases, the ATO film resistivity 

greatly reduces. One of the possible origins of the huge decrease in the resistivity is the 

improvement of the crystallinity of ATO films by annealing. The obtained annealing temperature 

dependence of resistivity (Fig. S1b) agrees well with the growth temperature dependences of ATO 

film resistivity reported by Kim et al.
1
 Kim et al. have reported that a SnO2:Sb film changes from 

amorphous to polycrystalline structure over 200 ºC and its grain size increases as temperature 

increases up to 600 ºC.
1
 Kim et al. also have given an explanation that the decrease in the resistivity 

is due to the polycrystallization and increase in the grain size, which suppress the grain boundary 

scattering of carriers. The morphological changes of our sample by annealing (Fig. S1a) are seems 

to be consistent with their explanation: the grain size increases as temperature increases. 

Extraction of Contact Resistance (Rc) 

Rc is extracted as Rc = R2p−R4p, where R2p and R4p are resistances which are measured using 

four-terminal devices by two- and four-probe techniques, respectively. For R2p, the voltage bias 

from −1 to +1 V was applied between the inner two terminals. For R4p, the voltage bias from −2 to 

+2 V was applied between the outer two terminals and the voltage difference between the inner two 

terminals was measured. Since I-V characteristics show non-linear curve with a Schottky diode like 

contact, a resistance extraction from a linear fitting might cause an error due to the non-linearity. To 

avoid the error, R2p and R4p were evaluated from the slope of I-V curve near V=0 region by fitting 

the I-V characteristics with a 6-order function, namely 
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Figure S1. (a) Schematic image of an Sb-doped SnO2 (ATO) thin film device and FESEM 

images of ATO film after annealing at various temperatures (10 min, 10 Pa Ar). “RT” indicates 

the FESEM image of ATO film without annealing. (b) Relationship between ATO film resistivity 

and annealing temperature. The resistivity was extracted by four-probe technique. 
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Current Degradation of Ti Contact SnO2 Nanowire Devices under Heating 

As shown in Fig. S2, the current of Ti contact devices was gradually reduces as heating time 

increases. The I-V curve of Ti contact shows a Schottky diode like characteristics at an intermediate 

state between the initial and long-term operation condition (2008 hours). The transition behavior 

from Ohmic to Schottky chracteristics indicates that the Ti contact layer was gradually oxidized and 

the Schottky barrier height/thickness were gradually increased with the oxidation. 

Extraction of Sensor Response 

The sensor response was evaluated as R/R0×100%, where R and R0 are the nanowire resistance 

and that under N2/dark condition, respectively. For Ti contact sensor devices under a long-time 

heating, the high Rc causes a considerable error in the R/R0 as shown in Figs. 4a,d. Therefore, R0 in 

Fig. 4 and R used in Figs. 4c,f were extracted as time-averaged resistances with and without 

NO2/UV as shown in Fig. S3. 

 
Figure S2. I-V characteristics of a Ti contact SnO2 nanowire device measured by two-probe 

technique. I-V characteristics as fabricated (initial) and after heating at 200°C in open air (6, 18, 

138 and 2008 hours) are shown. 

 
Figure S3. Schematics of sensor response characteristics of (a) NO2 and (b) photo (UV light) 

detection. Averaging time periods for the sensor response calculation (R/R0×100%) are indicated. 
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Thermal Decomposition of PEN Substrate 

As shown in Fig. 5d, the Rc of Ti contact devices on PEN substrates was lower than that on Si 

substrates (Fig. 2d). The low Rc of devices on the PEN substrate is probably due to the thermal 

decomposition of PEN substrates. Generally, a polyester such as PEN and polyethylene 

terephthalate (PET) partially decomposes to the several kinds of organic molecules (eg. fatty acids) 

at a high temperature due to the instability of ester bonding.
2,3

 The decomposed molecules might 

passivate the surface of electrodes and suppress the oxidation of the Ti contact layer. 
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