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Abstract 

Organo-lead-halide perovskite based solar cells have achieved remarkable advancements in 

power conversion efficiencies (PCEs) in recent years. Given their attractive properties, 

possible applications for perovskites are wide ranging and among others, particularly 

appealing for building integrated photovoltaics (BIPVs). In this study, patterned perovskite 

films were successfully fabricated based on a microsphere lithography SiO2 honeycomb 

scaffold template, which was derived by a combination of air-water interface self-assembly 

and O2 plasma etching. These patterned perovskite films exhibited near-neutral-color and 

tunable semitransparency, which meet the requisites of semitransparent solar cells for BIPVs 

application. O2 plasma etching of the microsphere template could effectively improve the 

active layer average visible transmission (AVT), and the existence of the SiO2 nanoscaffold 

effectively smoothed the internal trade-off of active layer AVT and device PCE. Solar cell 

devices fabricated with these optimized patterened perovskite films yielded a maximum PCE 

of 10.3% with relatively high active layer AVT of 38%. This nanoscaffold patterned 

perovskite opens up a new strategy for design and fabrication of functional photoelectric 

device based on organo-lead-halide perovskite.  
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1. Introduction 

Organic-inorganic lead halide perovskite based solar cells (PSCs) have received 

increasing interests over the past three years due to their high power conversion 

efficiencies (PCE), easy fabrication and low cost. The semiconducting perovskite 

materials demonstrated superior optoelectronic properties such as a high light 

absorption coefficient, a direct bandgap, large charge-carrier mobility and long 

diffusion length [1-3]. Since the first attempt reported by Miyasaka in 2009, the PCE 

of PSCs has boosted from an initial 3.8% to a recently certified 21% [4-9]. This rapid 

growth of PSCs research and the concurrent improvement in device performance 

enable other potential applications in the field of photovoltaics, e.g. wearable power 

source, portable electronic charges and building integrated photovoltaics (BIPVs) 

[10-13]. As a typical application of BIPVs, the neutral-colored semitransparent solar 

cells are commercially desired, which can integrate with the existing infrastructures 

such as building facades or windows to generate electricity and increase the aesthetic 

merits of the building.  

Semitransparent perovskite solar cells are always achieved by combining 

semitransparent perovskite films together with transparent or semitransparent 

electrode [14-16]. Among which, the transparency of perovskite films plays a 

dominant role. As is known, the perovskite film on one hand absorbs light and 

converts the solar energy to electrical power. On the other hand, the high absorption 

coefficient of perovskite decreases the transparency of the film. There is an obvious 

trade-off between transparency and light absorbing in the photoactive layer, required 



for generating power. To achieve good optical transmittance of the perovskite layer, 

two promising strategies to manipulate perovskite layers have been reported. Either 

reduce the thickness of perovskite film [16-19] or reduce perovskite coverage by 

microstructure formation [20-22]. The big challenge for the development of 

semitransparent devices is to prevent the direct electronic contact between the 

electron-transporting and hole-transporting materials. Such contact induces a shunting 

path for charges, which in turn decreases the performance, mostly visible in reducing 

the open-circuit voltage (Voc) and fill factor (FF). The transparency can be improved 

efficiently by control of the perovskite layer thickness. For instance, You et al. [16] 

reported the semitransparent perovskite layer thickness varying from 350 nm to 150 

nm fabricated by a one-step route. The average visible transmittance (AVT) increased 

from 5.84% to 21.76% while the corresponding solar cells’ PCE decreased from 

12.05% to 5.98%. The deterioration of the PCE was mostly due to the drop in Voc as 

the perovskite layer became thinner and probably led to pinhole formation and 

therefore shunting paths. Other research groups have also observed similar decreases 

in Voc based on similar solution processing methods [23,24]. Thermal co-evaporation 

has also been used to fabricate film solar cells [25]. Roldan et al. [12] prepared 

semitransparent perovskite films with thickness finely controlled from 280 nm to 40 

nm by thermal co-evaporation. These films’ AVT demonstrated a variation from 19% 

to 45%, while the PCE of corresponding solar cells changed from 7.73% to 3.39%. 

Similar results can be recognized in other literature [26,27]. However, it should be 

noted that it is technically not feasible to achieve high PCE and good AVT 



simultaneously by only thinning the perovskite layer, as pinholes formation becomes 

unavoidable [28,29]. Moreover, because of the intrinsic absorption feature of the 

perovskite, the device will show orange red or brown yellow tint, which is not the 

most desirable option for the semitransparent PSC application. Fortunately, 

implementation of microstructure provides another strategy to achieve semitransparent 

devices. Eperon et al. reported neutral colored semitransparent PSCs based on 

perovskite microscale “islands” structure on desired substrates [20,21]. The AVT of 

the perovskite layer could be controlled from 7.2% to 60.3% with neutral color. 

However, the PCE of the device (≈ 6% at 20% AVT) was much lower than that of a 

typical perovskite solar cell with continuous thin film, even accounting for the lower 

levels of light absorption. The presence of regions between the perovskite islands 

provided the direct contact pathway for the p-type and n-type charge collection 

materials, leading to the formation of a “shunt diode”, and lowering the Voc drastically 

[20,21]. Selectively attaching molecular layers were introduced to counteract the 

performance loss through blocking the shunting-paths [30]. Recently, Hörantner et al. 

[22] developed a templating approach to introduce a periodic honeycomb structure 

into the perovskite thin film. The honeycomb region was predominantly transparent, 

whereas the perovskite domains within the honeycomb were strongly absorbing. As a 

result, semitransparent perovskite films with an active layer AVT of around 37% and 

red-brown color were obtained. Impressively, the incorporation of honeycomb scaffold 

led to an increase in both Voc and FF for the devices and an average PCE of 7.9% were 

obtained. The patterned perovskite film via micro-templating technique opens a new 



avenue to the optical enhancement. Based on this strategy, high transparency could be 

achieved by further increasing the proportion of honeycomb region over the total area 

of the substrate. However, the quantitative control of the coverage of honeycomb 

region for microstructural perovskite solar cells has not been reported and better 

balance between active layer AVT and device PCE need to be improved.  

In this work, we present the fabrication of SiO2 honeycomb (SiO2 HC) structure 

for the patterning of perovskite films, with tuneable surface area coverage achieved by 

a combination of a highly reproducible colloidal monolayer (CM) templating and O2 

plasma etching. Colloidal self-assembly at the air/water interface has been regarded as 

a cost-effective method for quickly fabricating large-area monolayer colloidal crystals 

with enhanced quality and controllability [31,32]. O2 plasma etching offers precise 

etching rates and removes the polystyrene (PS) shell in a layer-by-layer manner [33]. 

Thus, fine size control of the PS cores can be obtained by control the time of etching. 

We use the resultant PS cores array template to fabricate SiO2 HC microstructures 

with varying coverage, which depends on the diameter of microspheres employed and 

the etching time. With subsequent spin coating and infiltration of the perovskite 

precursor solution, we obtain precise control of the SiO2 HC structure patterned 

perovskite layer. By optimizing the microsphere diameter, O2 plasma etching time and 

the concentration of precursor solution, we demonstrate near-neutral-colored 

semitransparent perovskite film with about 38 % active layer AVT. Solar cells based 

on these perovskite films achieved a PCE as high as 10.3 % and a high Voc of 0.98 V. 

2. Experiment 



2.1 Substrate preparation. 

The substrates used in this work was FTO-coated glass (Pilkington, 15 ohm/☐). 

Initially, FTO was removed from regions under the anode contact by etching the FTO 

with 2M HCl and zinc powder. Substrates were then cleaned sequentially in 2% 

Hellmanex detergent, DI water, acetone, isopropanol and ethanol. A 10 min O2 plasma 

etching was applied before the TiO2 compact layer (c-TiO2) was deposited by 

spin-coating a solution of 0.71 g titanium isopropoxide and 0.07 g HCl in 8 mL of 

ethanol. Then it was sintered on a hot plate up to 500 °C for 30 min. Spin-coating was 

carried out at 2,000 rpm for 60 s.  

2.2 Preparation of PS colloidal monolayers and O2 plasma etching.  

Monodisperse PS colloidal spheres with a polydispersity less than 3% were 

synthesized using the emulsifier-free emulsion polymerization method [34,35]. The PS 

colloidal monolayer (CM) was prepared by using the air-water interface self-assembly 

method as reported in our previous work [32].	  After diluted with equal volume of 

ethanol, the PS emulsion was dropped onto a small glass slide (1 cm×1 cm) which was 

placed in the center of a glass Petri dish (Φ = 12 cm) with top surface in the same level 

of water. During the spreading process, PS spheres spread rapidly to the water surface 

and assembled into 2D monolayer colloidal crystal arrays in several seconds. By 

controlling the drop volume (~ 200 µL) of colloidal suspension, large-area hexagonal 

close-packed CM covering the whole glass Petri dish was attained.  

To transfer the CM to FTO/c-TiO2 substrate, the liquid level was raised to almost 

the height of the Petri dish by adding more DI water. A FTO/c-TiO2 substrate was 



inserted beneath the CM and then lifted off from the water surface. Finally the PS CM 

was transferred to the substrate. After drying at room temperature, the substrate with 

PS CM was transferred to O2 plasma reactor chamber (Diener Electronic, German). 

The O2 plasma etching was performed under an excitation frequency of 13.56 MHz, a 

power of 100 W, a pressure of 2 Pa and a gas flow of 20 sccm. The etching degree is 

proportional to the etching time. 

2.3 Fabrication of inversed SiO2 honeycomb scaffold. 

The SiO2 honeycomb was fabricated by spin-coating a solution of 20 nm pre-made 

SiO2 particles in ethanol [36] onto the PS or PS core monolayers. Subsequently the 

monolayer was sintered in multiple steps, i.e. drying at 100 °C for 15 min, quickly 

heated to 350 °C and held for 30 minutes to degrade polystyrene, then increased to 500 

°C and sintered for 30 minutes to form a stable oxide honeycomb structure.  

2.4 Perovskite deposition.  

The perovskite solution was prepared by dissolving CH3NH3I and PbI2 in 

anhydrous N, N-Dimethylformamide (DMF) at a 3:1 molar ratio with final 

concentrations of 10 wt%~40 wt%. Filling the honeycombs with perovskite was 

realized via spin-coating different concentrations (10 wt%~40 wt% in DMF) of 

CH3NH3PbI3 [6] onto the patterned substrates. This was carried out in a N2 filled glove 

box at a spin speed of 4000 rpm for 45 seconds. The perovskite layer was then 

annealed for 1.5 hours at 100 °C.  

2.5 Perovskite solar cells preparation. 



The hole-transporting layer spiro-OMeTAD 

(2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene) was then 

deposited from a 66 mM chlorobenzene solution containing additives of lithium 

bis(trifluoromethanesulfonyl)imide and 4-tert-butylpyridine. The sample was dried 

overnight in a light-sealed desiccator. Finally, 120-nm-silver electrodes were thermally 

evaporated as the top-electrode under vacuum of ~10-6 Torr, at a rate of ~0.1 nm s-1. 

2.6 Characterization.  

Morphologies of the PS and PS core arrays and the honeycomb patterned 

perovskite layer were observed by field-emission scanning electron microscope 

(FESEM, Gemini LEO 1530). The transmission measurements were carried out with 

an internally coupled integrated sphere in a UV-visible spectrophotometer (Varian 

Cary 300). To characterize the performance of the solar cells, J–V curves were 

measured (2400 Series SourceMeter, Keithley Instruments) under simulated AM 1.5 

sunlight at 100 mWcm-2 irradiance generated by an Abet Class AAB sun 2000 

simulator, with the intensity calibrated with an NREL-calibrated KG5-filtered Si 

reference cell [37]. The mismatch factor was calculated to be less than 1%. The solar 

cells were masked with a metal aperture to define the active area, typically 0.0625 cm2 

(measured individually for each mask) and measured in a light-tight sample holder to 

minimize any edge effects and ensure that the reference cell and test cell were located 

in the same spot under the solar simulator during measurement. 

3. Results and discussion 



3.1 Fabrication and morphological studies. 

Fig. 1 shows a schematic illustration of the fabrication process for SiO2 HC 

structure patterned perovskite layer. Initially, a large-scale CM was prepared by the 

self-assembly of PS spheres at the air-water interface (Fig. 1a). It was then transferred 

onto the FTO/c-TiO2 coated substrate and dried at room temperature (Fig. 1b). 

Subsequently, the substrate covered with PS CM was treated by a commercial oxygen 

plasma system to etch the PS spheres down to a desired diameter while conserving 

their position as well as spherical shape. In this way, a non-close packed hexagonally 

ordered primary “mask” was obtained (Fig. 1c). Then the SiO2 nanoparticle solution 

was filled in the interstices between PS spheres via spin-coating (see Fig. 1d). After 

sintering to remove the PS CM template, the porous honeycomb structure was formed 

(Fig. 1e). Finally, the perovskite precursor solution was spin-coated onto the substrate 

with patterned SiO2 HC structure and annealed at 100 ºC for 1.5 hours, resulting in a 

final SiO2 HC structure patterned perovskite layer (Fig. 1f). 

 



 

Fig. 1 Fabrication process for SiO2 HC structure patterned perovskite layer. (a) 

Large-scale PS CM was prepared by self-assembly at the air–water interface. (b) PS 

monolayer was transferred onto the FTO/c-TiO2 substrate. (c) A non-close packed 

hexagonally ordered PS core monolayer after O2 plasma etching treatment. (d) 

Spin-coating of SiO2 nanoparticles precursor solution to fill the gaps of the monolayer. 

(e) Inversed SiO2 HC structure formed after sintering procedure. (f) SiO2 HC structure 

patterned perovskite layer by spin-coating and followed by annealing treatment. 

 

Based on this method, the corresponding SEM images of the samples of each step 

during the fabrication of the SiO2 HC structure patterned perovskite layer are shown in 

Fig. 2a-2d. Fig. 2a demonstrates a well-arranged hexagonally close-packed 600 nm PS 

CM with few defects, which benefits from the mature self-assembly method 

[32,38,39]. Compared with Fig. 2a, it can be clearly observed that the diameter of PS 

spheres after O2 plasma etching has shrunk to a smaller dimension from 600 nm to 

around 345 nm as shown in Fig. 2b, while conserving their position and spherical 



shape. Fig. 2c shows the SiO2 HC structure fabricated from the resultant 345 nm PS 

core template. It is worth noting that before filling the SiO2 nanoparticles, the PS core 

template should be annealed at 105℃ for 15 min to ensure the bottom of the PS cores 

coalesce with the FTO/c-TiO2 substrate and achieve a close contact between the 

perovskite domains and c-TiO2 layer in the subsequent steps. After the two templating 

procedures, the perovskite domain eventually occupied the position of PS spheres and 

the transparent SiO2 HC took over the interstice area (see Fig. 2d). The coverage of 

SiO2 HC is theoretically determined by the original and residual PS. While, in a 

certain operating conditions, the residual PS size was mainly determined by O2 plasma 

etching time, thus the proportion of inverse-honeycomb region could be tuned by 

controlling the etching time. The detail analysis may refer the discussion in Fig. S1 in 

the supporting information. In Fig. 2e, g, i we present another three PS spheres with 

original diameter of 400 nm, 1.0 µm and 1.5 µm after etching for 5, 10 and 20 min, 

respectively, as well as their corresponding inversed SiO2 HC scaffolds (Fig. 2f, h, j). 

The matrix of various original PS CMs with different etching time is demonstrated in 

detail in Fig. S2 in the supporting information. 



 

Fig. 2 SEM images of (a) A 600 nm PS CM transferred onto a FTO/c-TiO2 substrate. 

(b) Non-close packed hexagonally ordered PS array after O2 plasma etching for 8 min. 

(c) SiO2 HC structure fabricated from the template shown in (b). (d) SiO2 HC structure 

patterned perovskite layer prepared by spin-coating of a 20 wt% perovskite precursor 

solution. SEM images show PS core CMs and corresponding inversed SiO2 HC 

structure based on different PS sphere diameters and different O2 plasma etching time. 

(e, f) 420 nm-5 min, (g, h) 1.0 µm-15 min and (i, j) 1.5 µm-20 min. 

3.2 Transmittance and photovoltaic performance. 

In order to characterize such films for their use in working solar cells, the optical 

behavior of not just the perovskite but the whole active layer necessary to produce a 

working solar cell should be studied. Following the method described by Eperon et al., 



we define the active layer of fabricated perovskite films as the structure of c-TiO2/SiO2 

HC patterned perovskite/spiro-OMeTAD. The active layer transmittance can be 

calculated following an approximate formula [20], 

                        
FTO AL

AL
FTO

TT
T

+=
                               (1) 

the TFTO+AL and TFTO can be measured directly with a UV-visible spectrophotometer, 

AL stands for the active layer. Furthermore, as the application of semitransparent 

perovskite films is for visible aesthetics, we are interested in the visible wavelengths 

between 400 and 750 nm, and the AVT of active layer is the mean transmittance 

between these wavelengths.  

3.2.1 E�ect of the O2 plasma etching time. 

The etching time of a PS CM template plays an important role in determining the 

coverage ratio of SiO2 HC to perovskite domains, and finally affects the active layer 

transparency and performance of PSCs. Taking the 600 nm PS CM as an example, the 

effect of etching time on the transparency of the active layer and the corresponding 

device performance was studied by changing the etching time while fixing the 

perovskite precursor solution as 30 wt%. 



 

Fig. 3 (a) Transmittance spectra of active layers of perovskite films fabricated from 

the 600 nm CMs after O2 plasma treatment for 0, 5, 8 and 10 min, measured with an 

integrating sphere. (b) Color coordinates of the semitransparent perovskite films with 

transmittance spectra shown in (a) on the CIE xy chromaticity diagram. (c) Box-plot 

of the device performance for the solar cells based on corresponding perovskite films. 

 

Fig. 3a shows the transmission spectra of active layers of representative patterned 

perovskite films. As seen from Fig. 3a, the near-flat spectra across the majority of the 

visible spectrum are presented. As expected, the transmittance increases with 

increasing the plasma etching time of 600 nm PS CMs at the initial etching stage (e.g. 

0 to 8 min) and slightly declines when the etching time reached 10 min. The decline is 

probably due to the over small residual PS cores caused by over etching (see Fig. S3 in 

the supporting information) and capping layer of perovskite formation during the 



process of perovskite spin coating. The film fabricated from the CM etched for 8 min 

(600 nm-8 min) presents the best AL AVT about 38 % and an increase by 42 % is 

achieved as compared with the one without O2 plasma treatment. In this regard, 

increasing the interstice area between adjacent PS spheres by O2 plasma etching can 

greatly improve the active layer transmittance and lay the foundation for developing 

semitransparent working devices. To quantify the color-neutrality of the active layers, 

we calculated x and y color parameters for the samples according to their transmission 

spectra of the active layer in question and displayed the results on the CIE 1931 xy 

chromacity diagram in Fig. 3b. The reference daylight illuminant D65 was also 

presented. The color coordinates of these patterned semitransparent active layers are 

located nearly the same position and close to the daylight D65 reference, representing 

excellent color-neutrality. 

In Fig. 3c we present the performance of the solar cells based on these patterned 

perovskite films. As can be seen by the reasonable device performances, all the solar 

cells operate well, indicating a good contact between the FTO/c-TiO2 substrate and the 

perovskite layer within the SiO2 pores. The short circuit current density (Jsc) 

monotonically increases with the increase of the etching time before over etching (10 

min). Meanwhile, the Voc and FF display the same trend. We also observe that for cells 

based on etched templates, they all present high Voc and FF compared with the one 

without etching. As a result, the PCEs of these devices also show the similar trend and 

the solar cell based on 600 nm-8 min patterned perovskite film exhibits the best 



performance with an average current voltage measured PCE of 9.7 ± 0.4 %, showing 

good potential for making efficiently working devices. 

Interestingly, we find that both device PCE and active layer AVT increase with the 

etching time before over etched (10 min). As described in the introduction part, there 

is a reciprocal balance between PCE and AVT. However, because of the existence of 

the SiO2 HC structure, the spatial environment for crystallization of perovskite have 

changed and affected the final performance of the perovskite films in both device PCE 

and active layer AVT. According to the analysis of Fig. S1 in the supporting 

information, the increase with the etching time, leading to the corresponding increase 

of active layer AVT (0 min to 8 min). For the PCE situation, the SiO2 HC structure 

provides a confined space for perovskite crystals, which shrank gradually with the 

increase of etching time, and	 the curvature of “micro-bowls” will increase 

correspondingly. For the fixed amount of precursor solution, the thickness of each 

perovskite crystal in confined SiO2 pores increased correspondingly, leading to the 

increase of Voc and FF, as well as the PCE of these patterned perovskite film based 

solar cells. For the case of 10 min, the over etched PS cores only formed some shallow 

scallops, the thinner perovskite layer and pinholes led to the drop of PCE. In other 

words, the intrinsic trade-off between PCE and AVT can be smoothed by the patterned 

SiO2 HC structure. The enhanced Voc and FF can be explained by the existence of 

SiO2 oxide [40]. The SiO2 honeycomb structure acts as an insulating grid between the 

perovskite domains to prevent electronic contact between the hole transporting layer 

and the electron transporting layer. Through the prevention of these shunting paths that 



usually arise between the perovskite “islands” the shunt resistance is increased, which 

usually has a positive effect on the FF and Voc in devices [41].This has also been 

described Eperon et al and Hörantner et al in much detail [21,22]. The key parameters 

for average performing of solar cells fabricated from 600 nm PS CMs etching for 

different time are summarized in Table 1. 

 

Table. 1 Key parameters for average performing of perovskite films and 

corresponding solar cells based on 600 nm CMs etching for different time. AVT is 

average visible transmission of the whole perovskite films without top electrode; AL 

AVT is the active layer AVT, which excludes absorption losses in the FTO anode and 

the top electrode.  

etching 
time (min) 

AVT 
(%) 

AL 
AVT 
(%) 

JSC 
(mA/cm2) 

VOC 
(V) 

FF 
(-) 

PCE 
(%) 

0 24 27 12.3±0.7 0.85±0.15 0.53±0.10 5.7±2.4 
5 31 35 14.8±0.4 0.95±0.02 0.63±0.05 9.0±0.9 
8 34 38 15.0±0.4 0.97±0.02 0.66±0.02 9.7±0.4 
10 32 36 12.5±0.7 0.95±0.02 0.64±0.04 7.8±0.7 

 

Similarly, the active layer AVT and device PCE value of patterned perovskite 

films fabricated from the PS CM templates of different original diameter (420 nm, 1 

µm and 1.5 µm) and different etching time were also systematically studied. These 

results are shown in Fig. S4 in the supporting information, which demonstrates that the 

original 600 nm PS sphere is the optimal option under current conditions but all other 



diameters show a similar trend in device PCE and active layer AVT for different 

etching times. 

3.2.2 Effect of the perovskite precursor concentration 

 

 

Fig. 4 SEM images (top view) showing perovskite film formation within SiO2 HC 

scaffolds on FTO/c-TiO2 substrate derived from 600 nm-8 min etching PS core CMs 

and infiltrated with different perovskite precursor concentration (a) 10 wt% (b) 20 wt% 

(c) 30 wt% and (d) 40 wt%. (e) Transmittance spectra of active layers of these 

perovskite films. (f) Box-plot of the PCE performance for the corresponding solar cell 

devices based on these perovskite films. 

For a SiO2 HC scaffold structure derived from PS CMs, the ability to template the 

perovskite materials is limited [17,27]. Here we investigate the influence of perovskite 

precursor concentration on the film morphology. Based on 600 nm-8 min etching PS 



CMs, we fabricated SiO2 HC scaffold patterned perovskite films with perovskite 

precursor concentrations varying from 10 wt% to 40 wt%. Fig. 4 a-d show the top 

view SEM images of corresponding perovskite film morphologies. The corresponding 

cross-sectional SEM images (supporting Information, Fig. S5) proposed the thickness 

of SiO2 HC scaffold is about 200 nm. When the perovskite concentration is below 20 

wt%, the perovskite films appear to be completely uniform, and show random 

formations of perovskite domains within SiO2 HC scaffold. Since the existence of 

SiO2 HC pores, the perovskite growth is limited by the honeycomb walls. This results 

in good filling behaviour within the pores and therefore presents patterned perovskite 

domains with controllable size and coverage. However, the honeycomb pores are 

significantly smaller than the randomly formed perovskite crystals when higher 

concentration precursor was filled, an additional capping layer will formed on top of 

SiO2 HC scaffold (Fig. 4c and 4d), the thickness and coverage of capping layer will 

increase as the increase of concentration. For 40 wt% samples, the perovskite capping 

layer caps most of the surface of honeycomb region and present dark red color. Fig. 4e 

shows the active layer transmittance of these perovskite films infiltrated from different 

precursor concentration. The active layer AVT decreases dramatically from 66% to 

17%，with the perovskite precursor concentration varying from 10 wt% to 40 wt%. It 

is noteworthy that for 20 wt% and 30 wt% concentrations, although the AL AVT is 

close, the spectrum line of 30 wt% presents a flatter spectrum over a broad range than 

20 wt% films. As a result, the color of the 30 wt% film is much closer to neutral color, 

as displayed on the CIE xy chromacity diagram in Fig. S6 in the supporting 



information. This means a random super thin capping layer may be have beneficial 

effects in improving the film’s color-neutrality. The exact mechanism is not very clear 

and need to be studied further. The photographs of 20 wt% and 30 wt% films are 

shown in inset of Fig. 4f. 

The PCE performance of solar cells made of different perovskite precursor 

concentration are also invested, as shown in Fig. 4f. With the increasing of the 

precursor concentration from 10 wt% to 40 wt%, the average PCE increases from 2.2% 

to 9.8%, which is mainly attributed to the enhanced light absorption with thickness 

increasing. Among which, the cells with 30 wt% perovskite film demonstrate 

significant improvement in PCE of 9.1% compared with these based on 20 wt% 

perovskite films with PCE only 6.2%. The improvement may be lies in the high Voc 

and FF for the existence of thin capping layer. Considering the active layer AVT and 

cells PCE comprehensively, the patterned perovskite film with thin capping layer 

infiltrated from 30 wt% precursor concentration present excellent performance in 

future BIPV application. All the solar cells parameters are summarized in Table 2. 

 

 

 

 

Table. 2 Key parameters for average performing of perovskite films and 

corresponding solar cells based on 600 nm-8 min CMs with different concentration of 

the perovskite precursor solution. 



Conc. 
 (wt%) 

AVT 
(%) 

AL  
AVT 
(%) 

JSC 
(mA/cm2) 

VOC 
(V) 

FF 
(-) 

PCE 
(%) 

10  59 66 4.0±0.3 0.86±0.02 0.65±0.04 2.2±0.13 
20  36 40 11.9±1.9 0.89±0.09 0.53±0.07 6.2±0.65 
30  34 38 16.5±0.5 0.98±0.02 0.56±0.04 9.1±0.70 
40  15 17 17.5±1.3 0.98±0.02 0.56±0.05 9.8±1.06 

 

3.2.3 Advantages of nanoscaffold strategy and champion solar cells performance 

The comparison in active AVT and solar cells performance of semitransparent 

perovskite films fabricated from direct dewetting, solution processing and our SiO2 

HC scaffold (600 nm-8 min) strategy were shown in Fig. 5. The perovskite precursor 

concentration was fixed as 30 wt%. The dewetting method is to spin coat perovskite 

films directly on FTO/c-TiO2 substrate, and microstructured arrays of perovskite 

“islands” will formed [20]. While the solution processing method is to fabricate 

perovskite films on a mesostructured layer of Al2O3 coated FTO/c-TiO2 substrate, the 

transparency can be achieved by controlling the thickness of perovskite film via 

decrease the perovskite precursor concentration [6]. The provskite film fabricated from 

30 wt% precursor solution only present 5.8% active layer AVT, much lower than 

dewetting and SiO2 HC scaffold strategy. Thus 20 wt% precursor solution was chosen, 

and the fabricated film presents 29.6% active layer AVT. The SiO2 HC scaffold 

patterned film presents similar active layer AVT of 38% compared with the dewetting 

film of 40% (Fig. 5a), and the two films show similar color coordinates on the CIE xy 

1931 chromacity diagram, which is much closer to the daylight illuminant D65 

compared with solution method films (Fig. 5b). Solar cells based on SiO2 HC scaffold 

patterned perovskite films exhibit excellent PCE performance, which is similar to 



solution ones (30 wt%) and much higher than dewetting ones. For the existence of 

insulated SiO2 HC scaffold, the Voc and FF were effectively enhanced by suppression 

of recombination, or avoiding the direct contact between the hole-blocking layer 

(c-TiO2) and the hole-transporting layer (spiro-OMeTAD) [22,41]. Therefore, the SiO2 

HC scaffold strategy provide new venue for fabricate high-efficiency and 

neutral-colored semitransparent device for BIPV and other industrial semitransparent 

applications. 

 

Fig. 5 (a) Transmittance spectra of active layers of perovskite films fabricated by 

dewetting, SiO2 HC scaffold and solution method with precursor concentration as 30 

wt% (or 20 wt%). (b) Color coordinates of the semitransparent perovskite films with 

transmittance spectra shown in (a) on the CIE xy chromaticity diagram. (c) Box-plot 

of the device performance for the corresponding solar cells based on perovskite films 

fabricated by these three methods. 

 



Finally, we show in Fig. 6a the J-V curve for the champion solar cells fabricated 

by SiO2 HC scaffold template from the 600 nm-8 min etching PS CM with 30 wt% 

perovskite precursor. When measured under simulated AM 1.5G (100 mWcm-2) solar 

irradiation in air, the cells exhibited outstanding performance with Jsc= 15.6 mAcm-2, 

Voc = 0.98 V, FF = 0.66 and PCE = 10.3% when scanned from forward bias (FB) to 

short circuit (SC), and Jsc= 15.70 mAcm-2, Voc = 0.89 V, FF = 0.53 and PCE = 7.5% 

when scanned from SC to FB. The hysteresis between forward and backward J-V scan 

is due to a combination of the presence of mobile ions and electronic traps near the 

charge collection layers as has been recently elucidated [42-44]. The inset shows the 

photograph of this cell without top electrode which demonstrates near-neutral color 

and semitransparency. A reasonable method to compare cells that exhibit hysteresis is 

to measure the stabilized power output under load near the maximum power point over 

time. We recorded the photocurrent of this cell held at a forward bias of 0.71 V as a 

function of time to gain some understanding of the stabilized power output under 

working conditions (Fig. 6b). The photocurrent stabilizes within seconds to 

approximate 8.9 mAcm-2, and yielding a stabilized PCE of 6.6% measured after 100 s. 

This is substantial, but indicates that further work should be done to improve the 

stabilized output of the solar cells, most likely achievable by using more suitable 

electron extraction layers, such as fullerene derivatives [45-47]. 



 

Fig. 6 (a) FB-SC and SC-FB J-V curves measured under AM1.5 simulated sun light 

with a scan rate of 0.15 Vs-1 for the best-performing PSC device based on the 600 

nm-8 min etching CM with 30% perovskite precursor. The inset is the photograph of 

the same cell without top electrode which demonstrates neutral color and 

semitransparency. (b) Photocurrent density and PCE as a function of time for the same 

cell held at a forward bias of 0.71 V. The cell was placed in the dark prior to the start 

of the measurement. 

4. Conclusions 

In summary, we have presented an improved, scalable and reproducible technique 

for fabricating highly ordered SiO2 HC scaffold patterned perovskite thin films. The 

SiO2 HC scaffold structure could be finely controlled by PS sphere size chosen and O2 

plasma etching time. These patterned perovskite films exhibited near-neutral-color and 



tunable semitransparency. Solar cells constructed with these patterned perovskite films 

exhibited respectable solar cell efficiency with enhanced Voc and FF. O2 plasma 

treatment effectively increased the photoactive layer AVT and device PCE at the same 

time. Solar cells fabricated from 600 nm-8 min etching PS CM with 30 wt% 

perovskite precursor yielded a maximum PCE of 10.3% with relatively high 

photoactive layer AVT of 38%. The present approach offers a new platform for the 

development of high-performance semitransparent solar cells when combined with 

transparent or semitransparent electrodes, which represents a major step forward for 

the practical application of semitransparent technology. Notably, effort is now 

required to apply this approach to device configurations (and n- and p-type material 

choices) which exhibit negligible current voltage hysteresis. The precise adjustability 

of the scaffold pores could lead to a perfectly tunable 2D geometry of perovskite 

arrays, interesting for optoelectronic applications such as 2D-distributed feedback 

lasers or light emitting diodes [48-51]. 
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Fig. S1 Schematic depiction of the proportion change for honeycomb coverage before (a) and after (b) 

etching. 

 

Theoretically, following a simple sphere model, the proportion of perovskite coverage can be calculated by 

the following equation:	

         
π π

η = = =
⋅ ⋅

2
2

2

1
32

1 62 3
2

perovskite
perovskite

triangle

rA r
A RR R

                      	 (1)	

Actually, the proportion of perovskite domains will be affected by various factors during the fabricating 
process, and will not cover the PS sphere space accurately. Thus, the coverage of inversed SiO2 
honeycomb structure was chosen to describe the ratio of transparent area.   Correspondingly, the 
coverage proportion of SiO2 honeycomb region is:  

                  
2

1SiO perovskiteη η= −                                         (2) 

Where the R is the diameter of the original colloid spheres and the r is the residual PS core’s size. Thus the 

original 0
perovskiteη in theory is about 90.7%, the corresponding

2

0
SiOη is 9.3%. For the PS	 cores array, the 

t
perovskiteη  is mainly determined by the original PS diameter (R) and the residual PS core’s size (r). Here, 

the 600 nm PS colloidal monolayer was taken as an example. After etching for 8 min, the PS cores shrunk 

to 345 nm, according to Eq.(1) and (2), the 8
perovskiteη  is about 30% and the 

2

8
SiOη is about 70%. Thus, we 

can obtain different 
2SiOη  value by choosing PS spheres of different diameters or controlling the O2 

plasma etching time.  



 
Fig. S2 SEM images of uniform PS core arrays generated by self-assembly of PS spheres with varied 
diameters and O2 plasma etching time. The scale bar is 1µm. 
 

 
Fig. S3 SEM images of SiO2 HC derived from 600 nm PS monolayer after O2 plasma etching for 10 min, 
which showing series shallow pore arrays. The scale bar is 1µm. 

 



Fig. S4 The active layer AVTs (a) and device PCEs (b) of perovskite solar cells fabricated from PS CM 
templates with varied diameters of PS spheres and O2 plasma etching time. The perovskite precursor 
concentration used here is 20 wt%. 
	

 
Fig. S5 Cross-sectional SEM images show the morphology of SiO2 honeycomb structure patterned 
perovskite films derived from 600 nm-8 min etching PS core CMs. The used perovskite concentration is (a) 
10 wt% (b) 20 wt%, (c) 30 wt% and (d) 40 wt%. 

 
Fig. S6 Color coordinates on the CIE xy chromaticity diagram for the semitransparent perovskite films 
infiltrated from different precursor concentration. 


