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Figure S1. SEM images of cold-sprayed CuO films at various operating conditions. The gas 

temperature and pressure varied in the range 250 – 450 °C and 2 – 4 bar, respectively.  

The surface morphology of the CuO films was also analyzed by AFM. Figure S4 shows 

3D AFM images for the cold-sprayed CuO films of Cases 1 – 9, which are summarized in Table 

3. Case 1 exhibited the lowest roughness of 0.1 µm compared to other cases. For P0 = 2 bar, it is 

apparent that Case 3 has the roughest surface morphology, which was not readily discernible 

from the corresponding SEM images in Figure S1. For P0 = 3 bar, the change in roughness is not 

apparent in the AFM images; however, we qualitatively saw from Figure S1 that the “dinosaur 

skin” texturing began to appear at T0 = 450 °C, which is Case 6. For P0 = 4 bar, the AFM images 

show that Case 9 has the roughest surface morphology. From the AFM images, we also see that 

the grain size increases with increasing impact velocity because the impact itself also has an in 
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situ sintering effect. As discussed above, at these small grain sizes, grain growth is advantageous, 

although at larger grain sizes it eventually becomes undesirable.  
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Figure S2. The effect of impact velocity on the bandgap of the CuO films. All films were 

annealed at 600 °C. 

According to Kuczkowski
1
, an optimal efficiency of 31% was found for sunlight 

conversion by a material with a bandgap between 1.1 and 1.4 eV. A bandgap outside this range 
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could jeopardize the high efficiency of the sunlight conversion for any semi-conductor material. 

The bandgaps of our annealed CuO films were in the range of 1.0 – 1.3 eV, while that the 

bandgap of the as-deposited Cu2O film was 1.33 eV, as noted in Figure S2. In order of 

decreasing impact velocity, Cases 9, 8, 5, 3, and 1 correspond to bandgap values of 1.08, 1.16, 

1.19, 1.21, and 1.25 eV, respectively. Certainly, the bandgap decreased as the impact velocity 

increased, enabling a wider range of light to be received by the films. The as-deposited Cu2O 

film had a bandgap of 1.33 eV and its photo-response was zero, not because of its bandgap, but 

because of its poor crystallinity, as previously mentioned. 
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Figure S3. XPS spectrum of the CuO film annealed at 600 °C. (a) core level XPS of Cu 2p, 

(b)core level XPS of O 1s 

The composition and chemical state of the elements of the CuO film annealed at 600 °C 

were investigated by XPS. Figure S3a shows the Cu 2p core-level region of the XPS spectrum, 

and a fit using Gaussian functions. The Cu 2p core-levels at 933.1 and 953.0 eV are attributed to 

Cu 2p3/2 and 2p1/2, respectively
2-3
. The gap between the Cu 2p3/2 and 2p1/2 levels is 20.0 eV, 

which is in agreement with the standard value for CuO 
4-5
. In addition to the Cu 2p3/2 and 2p1/2 

peaks, satellite peaks appear at binding energies of 942.9 and 961.2 eV, which is evidence of an 

open 3d
9
 shell corresponding to the Cu

2+
 state

6-7
. Figure S3b shows the XPS patterns of O 1s 

core level and fitting results with the Gaussian functions of the CuO film. The lower binding 

energy peak at 528.9 eV corresponds to oxygen in CuO, while the higher binding energy peak at 

530.1 eV could arise from a hydroxyl species (e.g. Cu(OH)2) due to adsorbed water from the 

atmosphere. The FWHM of the CuO binding energy is 1.2 eV, which has sharper binding energy 

peaks than Cu(OH)2
8-9
.  
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Figure S4. AFM images of the cold-sprayed CuO films at various operating conditions. The 

gas temperature and pressure varied in the range 250 – 450 °C and 2 – 4 bar, respectively.  
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