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Supplementary Tables and Figures

(a)

Fig. S1 Top-view (a) and cross-sectional (¢) SEM images of the single-layer PS balls
on FTO substrate. Top-view (b) and cross-sectional (d) SEM images of ZHA layer
after annealing (the insert figure of (d) shows that the ZnO hemispheres are hollow)
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Fig. S2 (a) Schematic diagram of absorption light of planar ZnO film. (b) Light

absorption (the insert of the figure) and transmittance curves of the ZnO/CsPbBr3 and
the ZHA/CsPbBr3
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Fig. S3 Optical absorbance and band gap of the ZHA-CsPbBr3 film
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Fig. S4 (a) Absorbance and (b) transmittance of the ZHA layer and the planar ZnO
layer

Discussion: The ZnO electrode modified layer shows certain interface light
reflection, which will affect the absorption and the utilization of incident light for the
perovskite films. Therefore, the preparation of ZnO electrode modified layer with
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wide spectrum and high transmittance can effectively improve the performance of

perovskite devices. Liang [S1] calculated the relative light transmittance Tr of the

ZnO electrode modified layer to study the performance of the devices. The relative
light transmittance calculation formula is as follows:

_ f;;l Iptyda

Tr (S1)

- A
flzl I;dA

In the formula, t) refers to the transmittance of FTO/ZnO substrate at A, I refers to the
absorbance of FTO/ZnO substrate at A, and A;1-A> is the measured wavelength range.
Tr can well reflect the utilization of light through the modified electrode layer. The
larger Tr means that more light is absorbed by the active layer, which can improve the
performance of the devices. We measured the absorption and transmission of the ZHA
and the planar ZnO. As shown in Figure S4, under the almost equal condition, the
transmittance of the ZHA is much higher than that of planar ZnO, which is due to the
hemisphere array structure and more light signals will reach the perovskite layer,
benefiting the device performance. Substituting the test data into the formula, the Tr
of ZHA layer and the planar ZnO layer are calculated as Tr (ZHA)=26.85, Tr
(ZnO)=14.26, respectively.
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Fig. SS (a) Schematic diagram of the light absorption test with variable angles. The
variable angles (b) and the light-receiving area (c¢) of the device

Figure S5 shows the schematic diagram of light absorption test. With the rotation of
the device, the incident light angle changes, and the light receiving area of the device
increases with the increase of the incident light angle. As shown in Figure S5c, the
relative absorption value of the device can be obtained by the following formula:

_ SO -Abs*

Abs = Abs™ - cos 8 (S2)

where Abs is the relative absorbance, Abs” is the measured absorbance value, So is the
illumination area when the deflection angle is zero, 0 is the incident angle, and S is
illumination area when deflection angle is 9.
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(a)

Fig. S7 FDTD Simulation of ZHA (a) and planar (b) devices under 473 nm
illumination

Root mean square of 40 nm Root mean square of 1.5 pm

Fig. S8 Surface topography of the CsPbBr3z on (a) the ZHA and (b) the planar ZnO
measured by atomic force microscope
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Fig. S9 Energy band structure of our devices
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Fig. S10 /-t curves under variable frequency lighting
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Fig. S11 Photographs of the optical communication system demonstration
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Fig. S12 Device performance of the planar-ZnO/CsPbBrs3. (a) J-V curves under light
intensity of 314 mW cm™. (b) J-V curves under different light intensities. (c) I-t curve
under light intensity of 314 mW cm™ at 0.1 mV. (d) LDR curve. (e) Responsivity and
detectivity. (f) Response time

Table S1 Photoluminescent carrier lifetime of different samples

Sample 11 (ns)/Ay T2 (ns)/Az T3 (ns)/As Tave (NS)

ZHA-CsPbBr; 3.97/0.54 12.96/0.41 39.91/0.04 14.59

ZnO-CsPbBr; 4.39/0.55 19.22/0.43 247.38/0.02 62.24

Bare CsPbBr3 1.52/0.63 19.36/0.34 421.43/0.03 283.91
PL Decay

After fitting the PL decay curves of different films, the average carrier life is
calculated by the formula [S2]

_ A1T12+A2T22+A3T32

Tave - (83)

A1T1+A2T2+A3T3

where A1, A2, and A3 are relative amplitudes of carrier lifetime, t; and 1> represent
the fast decay component, which shows the bulk recombination in perovskite crystal,
while T3 represents the slow decay component, which shows the recombination of free
carriers in radiation channel [S3-S5].
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