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Cross-sectional SEM image of an optimal AZO film (1 mol% AZO with 98% porosity) shows that there is no 

visible cracks found over hundreds of micro meters. 

Figure S1 SEM cross-section image of the Al-ZnO film with no visible cracks and other defects on glass 

substrate. 
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In order for a clear comparison, all of the pure ZnO and AZO films (1 to 10 mol% Al concentrations) are kept 

identical in terms of structural properties (approx. 7 m thick with 98 % porosity) for XPS survey spectra 

measurements.

Figure S2 XPS survey spectra for pure ZnO and 1 to 10 mol% AZO. 
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The FTIR spectra were further analysed to verify the successful incorporation of Al in the ZnO nanoparticles. 

All the Al-doped particles exhibit a characteristic peak at 683 cm−1 (Fig. S3), which is regarded as a finger 

print of Al-O bond1 and indicates the presence of Al in the samples. The peaks at 550-437 cm−1 correspond to 

the formation of Zn-O bonds.2 In addition, a broad absorption peak at 3445 cm−1 and the corresponding peaks 

at 1637 cm−1 and 1110 cm−1 can be assigned to the O-H bonds.3 The small peaks at 1540 cm−1, 1480 cm−1 and 

800 cm−1 are due to the absorption of atmospheric CO2 on the metal cations.4

Figure S3 FTIR of pure ZnO, 1 mol% AZO and 3 mol% AZO. In order for a clear comparison, all of the 

pure ZnO and AZO films (1 to 10 mol% Al concentrations) are kept identical in terms of structural properties 

(approx. 7 m thick with 98 % porosity) for FTIR measurements. 
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Figure S4 Optical transmittance spectra of the ultra-porous ZnO and AZO TEs (1 to 3 mol%). All films 

have identical structural property of 98 % porosity, 4.5 m in thickness.

The optical transmittance spectra of the devices after subtraction of the fraction loss through the glass substrate 

are presented. The film average integral transmittance for both UV and visible light is computed by subtraction 

of the fraction lost through the glass substrates as follows:5 

TFilm = IFilm/TGlass × 100                                                                                                                                   (1)

where TFilm is the film average transmittance, IFilm is the transmittance through the glass and the film, and 

TGlass is the glass transmittance.

Comparing to other AZO TEs (10 to 90 % porosities), the 98 % ones gives the lowest transparency (Fig. S9), 

therefore, only the transmittance of ultra-porous AZO (98 % porosity) has been measured to confirm the 

efficient transparency of our AZO TEs within visible spectra range (400 to 700 nm). 
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All of the emploed films have the same structural properties of 98 % porosity and approx 4.5 m in thickness 

(Fig. S5).

Figure S5 SEM images of pure ZnO, 1 mol% AZO and 3 mol% AZO ultra-porous films. SEM cross-

section images of a) ZnO, b) ZnO with 1 mol% Al and c) ZnO with 3 mol% Al together with top-view images 

of d) ZnO, e) ZnO with 1 mol% Al and f) ZnO with 3 mol% Al. 
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The employed 1 mol% AZO ultra-porous film has a good photo-response as following which ensures the light-

driven sensing mechanisms.

Figure S6 Photo-response of 1 mol% AZO ultra-porous film. 
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The sensing dynamics of 1 mol% AZO with/without illumination are in agreement with its photo-response 

(Fig. S6) which indicates a good light-driven behaviour.

Figure S7 Sensing dynamics of 1 mol% AZO to ethanol with/without light. 
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In order to find the optimal thickness of 1 mol% AZO sensor, varied thicknesses from 1.5 to 6.0 µm have been 

prepared by the one-step FSP approach resulting in different sensitivities towards ethanol gas while increasing 

the gas concentration from 0.1 to 1.0 ppm. These results indicate an optimal thickness of 4.5 m for 1 mol% 

AZO ultra-porous gas sensors.

Figure S8 Sensing dynamics of 1 mol% AZO to ethanol with varied thickness. 
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All of the TEs (Fig. S9) are FPS 1 mol% AZO with varied porosities from 98 to 10 % from left to right. The 

reduced whiteness from left to right shows an increased transparency. Therefore, only AZO films with 98 % 

were measured for transmittance indicating a >85 % transmittance (Fig. S4) within the visible spectra range 

(400 to 700 nm).

Figure S9 Photographs of AZO TEs with varied porosities (10 to 98 %). All of the films are the same ones 

in Fig. 3c-f. 
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Figure S10. Effect of humidity on sensing performance. a) Base line of the optimal sensor (1 mol% AZO with 

98% porosity) as a function of humidity. b) Dynamic response towards 1 ppm ethanol of the optimal sensor 

(1 mol% AZO with 98% porosity) as a function of humidity. 
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Figure S11. Effect of light intensity on sensing performance. a) Base line of the optimal AZO sensor (1 mol% 
AZO with 98% porosity) as a function of light intensity. b) Dynamic response towards 1 ppm ethanol of the 
optimal sensor (1 mol% AZO with 98% porosity) as a function of light intensity. 
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Table S1. XRD shifts of AZO films.

Crystal PlaneMaterial

(100) (002) (101)

ZnO 32° 34.6° 36.44°

1 mol% AZO 32.04° 34.62° 36.48°

3 mol% AZO 32.10° 34.66° 36.50°

8 mol% AZO 32.10° 34.66° 36.50°

10 mol% AZO 32.10° 34.66° 36.50°
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Table S2 State-of-art light-driven gas sensors.

Material Synthetic method Sensitivity (-) to [concentration] analyte illumination Ref.

AZO with 1 mol.% Al film Flame spray pyrolysis
(0.29) to [0.1 ppm] ethanol

(1.92) to [1.0 ppm] ethanol
sunlight@1 sun AM 1.5 this work

AZO film with 2.9 at. Al Chemical bath deposition (0.953) to [25000 ppm] ethanol / 6

ZnO–CuO hydrothermal method (1.3) to [150 ppm] ethanol / 7 

ZnO nanowire / (0.125) to [100 ppm] ethanol UV@67.5 mW▪cm-2 ; 8

SnO2 Doped Poly-Diallyldimethylammonium 
Chloride / (~0.17) to [10 ppm] ethanol / 9 

Si nanoporous pillar array hydrothermally etching (~0.07) to [50 ppm] ethanol  / 10

Co3O4/Ta2O5 heterostructure hollow 
nanospheres Solution mixing and annealing (0.20) to [10 ppm] ethanol / 11

ZnO/MWNTs film layer-by-layer self-assembly 
technique (0.016) to [5 ppm] ethanol /

12

Ag@SnO2 core–shell material chemical reduction (1.24) to [200 ppm] ethanol  / 13

TiO2 / (224.0) to [100 ppm] ethanol  UV 14

ZnO / (0.1) to [30 ppm] ethanol    UV 14

SnO2 nanoribbon Thermal deposition (0.16) to [3 ppm] NO2    365 nm@0.5 mW▪cm-2 15

(16.0) to [1 ppm] NO2
SnO2 DC magnetron sputtering

(0.63) to [100 ppm] CO   
365 nm@0.5 mW▪cm-2 16

(28.0) to [3 ppm] NO2
In2O3 RF magnetron sputtering

(0.23) to [50 ppm] CO
365 nm@0.5 mW▪cm-2 16

palladium loaded single-walled carbon nanotube sputtering (~0.02) to [6 ppm] methanol 254 nm 17

floccule-like zinc oxide nanostructures self-aggregation (0.2) to [2000 ppm] octane UV 18
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Table S3 XPS survey spectra.

ElementMaterial

O 1s C 2p Zn 2p Al 2p

ZnO 39.43 19.34 38.04 0

1 mol% AZO 39.91 19.2 37.78 0

3 mol% AZO 41.56 20.56 34.83 0

8 mol% AZO 43.14 22.51 29.23 2.71

10 mol% AZO 43.55 22.35 28.77 3.06
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