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Experimental Section 

Fabrication of the p–n heterojunction nanochannel: A thin PS film (Mw = 18,000 g mol−1, 5 wt% 

solution in anhydrous toluene) was spin-coated onto a Si wafer substrate with a 200 nm thick layer 

of deposited SiO2. A PDMS mold (Sylgard 184, 10:1 (w/w) prepolymer/curing agent; Dow 

Corning) was pressed onto the PS spin-coated surface, which was then heated above the glass 

transition temperature (135°C) in a vacuum oven to introduce PS into the mold voids by capillary 

force. The PDMS mold was then replicated from a silicon master consisting of a line pattern with 

a depth of 400 nm and spacing and width of 500 nm. After the polymer prepattern was formed, the 

residual polymer at the bottom of the prepattern was removed by RIE using a mixture of O2 

(40 sccm) and CF4 (60 sccm) plasma at a chamber pressure of 20 mTorr and a power density of 

80 W. After residual removal, a 30 nm thick film of n-type and p-type metals (W and Cu) was 

sequentially deposited (e.g., Cu: 0.3 nm/W: 29.4 nm/Cu: 0.3 nm) on the prepattern by e-beam 

evaporation. The prepatterned surface was ion milled with Ar+ gas by dc sputtering a predeposited 

30 nm thick metal layer. The polymer prepattern was removed by O2 RIE (100 sccm, 20 mTorr) 

to obtain a high-aspect-ratio p–n heterostructure nanopattern with a scale width of 20 nm. To 

oxidize the p-n heterostructure nanopattern, the fabricated bimetal nanopattern was thermally 

annealed in a tubular furnace at 450°C for 3 hr to form a high-aspect-ratio WO3/CuO nanopattern.  

Characterization of the p–n heterojunction nanochannel: SEM (Magellan400, FE-SEM, FEI) was 

performed to obtain images of the materials. An electron beam incident energy between 1 and 10 

kV was utilized. AFM (Park Systems, XE-100) was used to investigate closely the cross-sectional 

profiles of each patterned nanopattern. Crystallographic information was obtained on an X-ray 

diffractometer (Rigaku, D/MAX-2500). TEM (Tecnai G2 F30 S-Twin) was performed to obtain 
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high-resolution images of the pattern. To prepare the samples used in TEM, the patterned substrate 

from which the single p–n heterostructure nanopattern was detached was bladed on a Ni TEM grid.  

Measurement systems of gas sensors: To measure the resistance signal of the p–n heterostructure 

MOS nanopattern on the SiO2/Si substrates, 75 nm thick Au electrodes having a predeposited 5 

nm thick adhesion layer of Ti, as well as 100 μm spacing and width, were deposited by e-beam 

evaporation using a customized SERS mask.29 The prepared p–n heterostructure MOS nanopattern 

sensors were mounted on a sensing chamber designed to measure resistance signals by using a 

data acquisition module (Agilent 34970A). The gas was passed through the sensing chamber. A 

gas delivery system designed in-house was used to control the gas flow into the sensing chamber 

to measure the sensor response to the analytes. The test analytes used in this study contained 1000 

ppm of the VOCs toluene, acetone, ethanol, 100 ppm of ammonia, 10 ppm of nitric oxide for the 

selectivity test, and 10 ppm of ethanol for the dilution test. The serial dilution system used to 

control the gas concentration consisted of a mass flow controller (MFC, Brooks 5850E), Teflon 

tubing (PFA, 1/8''), Lok-type fitting, and valve system. Air was used as the reference gas, and the 

total flow rate for the reference gas and tested gas was maintained at 400 sccm. 
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Figure S1. AFM profiles of the WO3/CuO nanochannel. 
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Figure S2. STEM EDS elemental mapping of WO3 nanopattern without CuO heterojunction. 
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Figure S3. Schematic of the overall gas delivery system. Each analyte (toluene, hexane, acetone, 

and ethanol) and dry air was introduced in a controlled manner into the reaction chamber by using 

the MFC, tubing system, and multi-position valve. The serial dilution system was also used to 

obtain 0.1–1000 ppm concentrations of the analyzed gas. 
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Figure S4. Real-time gas response of the (a) WO3 and (b) WO3/CuO (50/1) nanopattern sensors 

for various analytes (1000 ppm toluene, acetone, ethanol, 10 ppm NO, and 100 ppm NH3). Both 

nanopatterns exhibited highly selective property toward 1000 ppm ethanol with high sensitivity.  
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Figure S5. Comparison table of ethanol-sensing performance based on MOS. The blue-marked 

one is the best previous work so far; our work has much wider detection range, from part-per-

billion level (100 ppb) to percent level (0.1%), with incomparable detection limit (Ra/Rg = 75 at 

0.094 ppb), similar response time, and faster recovery property even at percent level concentration 

(120 sec at 0.1%).  
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Figure S6. Reproducibility of the WO3/CuO nanopattern sensors. (a) Real-time sensing responses 

of five WO3/CuO nanopattern sensors with repetitive ethanol exposures. (b) Peak-to-peak 

reproducibility of single WO3/CuO sensor and sensor-to-sensor reproducibility calculated from 

real-time data. 
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