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1. The morphology and crystallinity of ZnO and Cu,O film

The XRD data of the ZnO inverse opal (IO) structures with the ZnO planar film were reported
bellow. Similar crystal structure (i.e. P63mc space group with hexagonal crystal structure) is
observed between ZnO IO and ZnO planar film. The X-ray diffraction intensity for planar ZnO
was lower due to thinner film as compared to ZnO 10. The XRD spectra of Cu,O film shows
high crystallinity of Cu,O film deposited by electrodeposition method.
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Figure S1. The morphology of planar ZnO and Cu,O film (A) together with the XRD spectra (B)
of planar ZnO, inverse opal ZnO and Cu,O film. The * indicates the contribution of X-ray
spectra from the substrate (FTO).

2. Study on the depletion width of the ZnO/Cu,0 solar cell

Capacitance versus voltage measurement was done on the deposited ZnO and Cu,O film on FTO
substrate inside polycarbonate solvent. Mott-Schottky analysis was constructed to probe the
carrier density of both ZnO and Cu,O prepared by electrochemical deposition. For the analysis,

€210 = 3.8 and “2° = 7.11 was adopted . A positive slope that indicated the n-type nature of
ZnO with a carrier concentration of 8.5 x 10" cm= was measured with a flat band potential at -
0.61 V (vs Ag/AgCl). Carrier concentration (N,) of 2.6 x 10'® cm= with a negative slope that



indicate the p-type semiconductor was observed for Cu,O film. The flat band potential of Cu,O
film was measured at 0.38 V (vs Ag/AgCl). Assuming majority of the depletion width is located
in CuyO film, the depletion width in the ZnO/Cu,O interface was estimated according to
following equation:
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Where Vo, Na, €zno, and £cu20 4re donor and acceptor concentration and absolute permittivities of
ZnO and Cu,O respectively. Assuming built in bias of about 0.4 to 0.7 V, the calculated
depletion thickness is about 11 to 17 nm. This value was relatively small than the predicted
depletion width value from Musselman group (10'3 - 10'* cm) 3. The differences might come
from the quality of the Cu,0O film prepared in which higher carrier concentration was observed in
the current study. The modulation of Cu,O carrier concentration with respect to the deposition
parameters has been reported previously 4.
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Figure S2. The Mott-Schottky plots for ZnO (A) and Cu,0O (B).

3. Investigation on the band energy alignment for ZnO/Cu,O solar cell

The Fermi energy (Eg) level of both ZnO (4.29 eV) and Cu,0 (5.28 eV) was estimated from the
flat band potential obtained from the Mott-Schottky analysis. The offset between the Er level and
the conduction band (Ecg) or valence band (Eyg) could be estimated according to equation below
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where k, T, Ny, and N¢ are Boltzmann constant, temperature, the effective density states at the
top of the valence band, and the effective density states at the bottom of the conduction band
respectively. The Ny and N¢ could be calculated from equation below >:



h? h?
where m* and h are the effective hole or electron mass and Planck constant respectively. The
effective hole mass of 0.66 m, and effective electron mass of 0.27 m, are used for calculating the
Ny of Cu,O and N¢ of ZnO respectively 7. The bandgaps obtained from the Tauc plots (the
(o.h.v)? versus (h.v) curve) were used to calculate the Ecg of Cu,O and Eyg or ZnO. The FTO
and Au Fermi energy level (4.4eV and 5.3 eV respectively) are adopted from previous report &°.
The band positions of FTO/ZnO/Cu,0O/Au are represented in Figure S3.
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Figure S3. The Tauc plots for ZnO (A) and Cu,0 (B) obtained from UV-Vis spectroscopy
measurement and the energy band alignment of FTO/ZnO/Cu,0Au (C).

4. Impact of Cu,0 overlayer on the inverse opal devices.

To eliminate the effect of Cu,O overlayer, 300103 and 300105 devices with similar Cu,O
overlayer (~ 800 nm) was fabricated and called 300I03-R and 300IO5-R respectively. The
results indicated similar trends with 300103 and 300105 observed. This highlighted that the
Cu,0 overlayer does not play a major roles on the J,. and EQE of devices with thickness > 3
layers of inverse opal film as most of the light absorption occurs at the first 3 inverse opal layers.
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Figure S4. The cross section images (A), the J-V characteristic (B), and IPCE (C) of 300I103-R
and 300I05-R devices with similar Cu,O overlayer.

5. The FDTD analysis of calculated absorption enhancement factor with varied 10 pore
diameter for 3 10 layers and S 10 layers.

From the FDTD analysis, similar trend was observed (i.e. composite opal with diameter > 200
nm helps to magnify photon absorption near the interface) for both simulation with 3 and 5 10
layers. This confirms that majority of Cu,O absorption occurred in the first 3 layers
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Figure S5. The calculated absorption enhancement factor for 5 10 layers (A) and 3 1O layers (B)

with different 10 pore diameter.
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