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Abstract 

Patterning semiconducting materials are important for many applications such as 

microelectronics, displays, and photodetectors. Lead halide perovskites are an emerging class of 

semiconducting materials that can be patterned via solution-based methods. Here we report an all-

benchtop patterning strategy by first generating a patterned surface with contrasting wettabilities 

to organic solvents that have been used in the perovskite precursor solution then spin-coating the 

solution onto the patterned surface. The precursor solution only stays in the area with higher 

affinity (wettability). We applied sequential sunlight-initiated thiol-ene reactions to functionalize 

(and pattern) both glass and conductive fluorine-doped tin oxide (FTO) transparent glass surfaces. 

The functionalized surfaces were measured with the solvent contact angles of water and different 

organic solvents and were further characterized by XPS, selective fluorescence staining, and 

selective DNA adsorption. By simply spin-coating and baking the perovskite precursor solution 

on the patterned substrates, we obtained perovskite thin-film microarrays. The spin-coated 

perovskite arrays were characterized by XRD, AFM, and SEM. We concluded that Patterned 

substrate prepared via sequential sunlight-initiated thiol-ene click reactions is suitable to fabricate 

perovskite arrays via the benchtop process. In addition, the same patterned substrates can be reused 
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several times until a favorable perovskite microarray is acquired. Among a few conditions we have 

tested, DMSO solvent and modified FTO surfaces with alternatively carboxylic acid and alkane is 

the best combination to obtain high-quality perovskite microarrays. The solvent contact angle of 

DMSO on carboxylic acid-modified FTO surface is nearly zero and 65±3o on octadecane modified 

FTO surface. 

 

Keywords: thiol-ene click chemistry, visible-light photopatterning, FTO glass surface 

functionalization, solvent contact angles, peovksite microarrays  

 

Introduction 

Organic-inorganic hybrid perovskites (OHPs) are materials with a chemical formula of 

ABX3. For example, in MAPbX3, methylammonium (MA) ions, lead ions, and halides (Cl-, Br- or 

I-) occupy the A, B, and X sites in the OHP crystal lattice, respectively. The surge of interests in 

these materials is largely due to their excellent optoelectronic properties and their low-cost 

solution-based processing that lead to the development of new solar cells, light emitting devices, 

lasers, sensors, and etc.1–7 Micropatterned perovskite thin films are necessary for miniaturized 

integrated optoelectronic systems. In the literature, both bottom-up and top-down methods have 

been employed to fabricate a patterned array of perovskites. Bottom-up approaches have been 

explored, such as printing perovskite patterns through inkjet and roller printing,8–10 or using 

patterned PDMS molds and packed colloidal spheres for growing perovskite crystals in confined 

spaces.11–18 Various other templates have also been used, such as anodized aluminum oxide 

membranes and patterned TiO2 films for the confined crystallization of perovskite arrays.19–21 Top-

down approaches, such as photolithography, e-beam lithography, and atomic force microscopy 



4 

 

have been employed.22,23 Conventional photolithography involves photoresist that is patterned and 

developed on top of the perovskite layer followed by etching of exposed perovskite thin films.24,25 

This method has been modified by pre-patterning the substrates followed by the spin coating of 

perovskite precursors to avoid the step to lift-off the photoresist.26–31 Although these top-down 

methods provide good quality patterned thin films, several steps involved in the patterning and 

curing of the photoresist, lift-off, and etching drive up the cost and processing time of fabrication 

and affect the perovskite properties that jeopdize scaling-up. High-quality, low-cost, and yet 

simple micropatterning techniques are still highly desired. 

We rationalize that simple benchtop surface patterning method, such as thiol-ene click 

chemistry,32,33 may provide a chemically-patterned substrate for the spin-coating of perovskite 

precursors. The excellent quality of thin films from the spin-coating process has been demonstrated 

in the literature.34 In addition, literature reports have shown that by properly introducing organic 

self-assembled layers at the interfaces, the performance of perovskite solar cells can be greatly 

enhanced.34–36 The thiol-ene click reaction has been studied extensively in the literature to be an 

orthogonal coupling reaction between any alkenes and thiols.37 The photo-initiated thiol-ene click 

reaction produces high yields even in the presence of water and oxygen, which greatly simplifies 

the process.38 In our previous work,32 we have studied the photochemical kinetics of the reaction 

between vinyltrimethoxysilane (VTMS) with either thioglycolic acid (TGA) or cysteamine 

hydrochloride (CAH) under sunlight. This reaction can be directly adapted in the surface 

functionalization of oxides surfaces such as glass and fluorine-doped tin oxide (FTO) substrates. 

In this report, we have fabricated perovskite thin film arrays on reusable thiol-ene-

chemically-patterned glass and FTO substrates. The oxide surface is initially functionalized using 

VTMS uniformly then patterned by sequential sunlight-initiated thiol-ene reactions under a 
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photomask. The first thiol-ene reaction results in the grafting of TGA (or CAH) molecules to the 

surface, thus producing hydrophilic regions on the substrate. In the second thiol-ene treatment step, 

octadecane thiol (ODT) is used to produce hydrophobic regions. These surfaces show 

distinguishing affinities (wettability) to water and many organic solvents. The wetting hysteresis 

behavior of the perovskite precursor solution on the patterned hydrophilic/hydrophobic surface 

provides a simple method to fabricate perovskite thin film arrays under ambient conditions with a 

single spin-coating step. Furthermore, the chemically-patterned substrate can be reused several 

times after sonicating off the old film. 

 

Results and Discussion 

Detailed sample preparation procedures have been described in the experimental section 

of the supporting information (SI). Briefly, the cleaned glass or fluorine-doped tin oxide (FTO)  

glass substrate was first functionalized with vinyltrimethoxysilane (VTMS). Then different thiols, 

namely cysteamine hydrochloride (CAH), thioglycolic acid (TGA), and octadecanethiol (ODT) 

are patterned onto the substrate via photoinitiated thiol-ene click reaction using photomasks and 

simulated sunlight (Figure 1). The idea is to test the effect of solvent affinity and surface functional 

group (such as surface charge and acidity) on the feasibility of surface patterning and the quality 

of the perovskite arrays. We have reported the reaction kinetics of these reactions in the bulk 

solution under the same conditions very recently.32 We characterized these patterned samples using 

XPS and fluorescence microscope by selectively labeling the surfaces. Then we used the patterned 

substrate to fabricated perovskite microarrays using the simple spin-coating method. Both 

functionalized glass and FTO glass substrates show consistent properties in perovskite patterning. 
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We will focus our discussion more on FTO substrates because they are more interesting for 

optoelectronic applications than glass. 

 
Figure 1. Scheme of the patterning procedure for the stepwise thiol-ene coupling reactions on 

the surface of a vinyl-functionalized substrate with 2,2-dimethoxy-2-phenylacetophenone 

(DMPA) added as the photoinitiator. CAH or TGA was used in the first thiol treatment, while 

ODT is used during the second thiol treatment step. 

 

Physico-Chemical Properties of Chemically-Patterned Substrates 

Water contact angles are simple and distinct indications of the successful surface 

modifications. Figure 2 clearly shows the effectiveness of each thiol-ene coupling reaction step. 

When the oxygen plasma-treated FTO was coated with vinyl groups, the static water contact angle 

changed from near 0° (super hydrophilic, noted as wet) to 109±1° because the vinyl group is non-

polar and hydrophobic. The latter value is significantly higher than the literature value 76° for a 

vinyl-modified surface39 due to the roughness of the FTO substrate, which can trap air bubbles in 

the crevices.40 When the vinyl-substrate was modified with TGA or CAH, water angles decrease. 

The carboxylic acid moiety in TGA (pKa1 (-COOH) = 4.32, pKa2 (-SH) = 10.2)41,42 can hydrogen 

bond with water molecules, and are partially deprotonated. The ammonium chloride moiety in 

CAH (pKa1 (-SH) = 8.27, pKa2 (-NH2) = 10.53)41,43 ionizes and interacts favorably with water. In 

both cases, the static contact angle will decrease after the vinyl-substrate is treated with either TGA 

or CAH. From a static water contact angle of 109° on a vinyl-functionalized surface, the contact 
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angle was reduced significantly to 46±3° for a carboxyl-functionalized surface, and to 68±4° for 

an amine-functionalized surface. The contact angle of the FTO-ODT substrate was compared 

against an equivalently-functionalized surface using a solution of trichloro-octadecylsilane (ODS) 

in toluene and showed very similar values, which indicates the possible similarities in their 

monolayer brush arrangement on the surface.44,45 

 
Figure 2. Static water contact angles of the functionalized FTO-substrates. Error bars are the 

standard deviation of 9 measurements of 3 independent samples. See supporting information for 

the data and example images. 

 

Direct conformation of the click chemistry on the glass surface is then obtained from the 

x-ray photoelectron spectra (XPS) (Figure 3) using both Al and Mg sources (Figure 3B). The 

peak assignments are based on the XPS database from the National Institute of Standards and 

Technology.46 XPS peaks form the glass components Na (1072, 64, 30, eV; Auger 988 eV), Si 

(1844, 150, 102 eV), O (532, 25, eV) are significant on the survey spectra (Figure 3A, 3B). Small 

carbon and sulfur contamination are observed in all samples. XPS peaks from the organic 

functional layer N (400 eV) and C (284.8, and 288 eV) can be observed in the accumulated fine 

scans (Figure 3C, 3D). The oxidized carbon contamination on VTMS treated glass (288 eV peak 

in Figure 3C) is likely to be negatively charged which is removed by the positively charged CAH 

and appears again in TGA modified surface. This is because TGA has a COOH group that has a 

C1s peak of around 288 eV. The nitrogen peak observed on the surface of VTMS-CAH modified 
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glass absent on the VTMS-TGA glass is a strong indicator of the successful thiol-ene coupling 

reaction (Figure 3D).  

 

 
Figure 3. (A) XPS survey spectra of the Glass-vinyl, Glass-CAH, and Glass-TGA modified 

glass substrates. (B) Survey spectra of Glass-vinyl modified glass using Al and Mg x-ray source. 

The (C) C1s, and (D) N1s spectra of the substrates obtained using Al source. 

 

The production of a chemically patterned substrate was validated by labeling the surface-

bound amine moieties with a fluorescent ATTO 633 NHS-ester dye via EDC-NHS click chemistry, 

one of the mostly used covalent labeling methods.47,48 For this portion, a vinyl-functionalized glass 

substrate was used to see if the surface bound thiols from a previous thiol-ene treatment step will 

affect the reaction of the second thiol to the remaining surface vinyl-groups. More specifically, we 

want to check if the presence of amine or carboxylic acid groups on the substrate will affect the 

surface-localized photoinitiated thiol-ene reaction.  

Figures 4A and 4B show the good resolution achievable by our method when comparing 

the fluorescently labelled pattern with the TEM copper grid photomask (Figure SI-4A) that has 

square-shaped holes. Therefore, if the vinyl-functionalized substrate is initially treated with TGA 
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followed by CAH, the fluorescent pattern generated will be the one shown in Figure 4A. Since 

the ATTO 633 dye has aromatic moieties, it is possible for the dye to be simply adsorbed on 

unreacted vinyl-functionalized regions (Figure SI-4C) and still generate the image in Figure 4A. 

To test if consecutive thiol-ene reactions are possible on the same substrate, we reversed the 

sequence of the thiol treatment. The negative of the pattern is shown in Figure 4B, which is an 

image of a vinyl-functionalized substrate treated first with CAH then with TGA. If the second 

treatment with TGA did not work, then the whole surface would be fluorescent because it would 

have both vinyl and amine areas. If the first treatment with CAH did not work, then the whole 

surface would have been functionalized with carboxylic acids during the second treatment step 

(because there is no photomask used in the second step), and the whole substrate would not be 

fluorescent. Since both treatment sequences generated the expected results, consecutive thiol-ene 

reactions on the same substrate have worked. Thus, the microscope images of the dye labeled 

patterned substrates in Figures 4A and 4B shows proof of the orthogonality of click reactions on 

the substrate surface. However, we should note that the first step reaction has not reached surface 

saturation under our experimental conditions thus there is a small amount of unreacted vinyl left 

on the surface which causes the background signal in Figures 4A and 4B. We did not use FTO-

CAH-ODT substrates in this experiment since the ATTO633 dye will also likely adsorb on the 

ODT-functionalized surfaces, similar to the vinyl-functionalized surfaces, which will not give us 

conclusive results. In summary, we have clearly shown that, in this case, the presence of the 

surface-bound thiol in the first thiol-ene treatment does not affect the reaction of the second thiol 

with the remaining vinyl groups on the substrate.  
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Figure 4. (A and B) Fluorescence microscope images of patterned glass substrates labeled with 

ATTO-633-NHS dye (red). (A) The vinyl-functionalized glass was treated first with TGA, then 

CAH. (B) The vinyl-functionalized glass was treated first with CAH followed by TGA. Combed 

λ-DNA (green) on a Glass-CAH-TGA substrate under (C) 20× and (D) 100× magnification. The 

combing direction was from right to left. Scale bars = 40 µm in A, B, and C; 20 µm in D. 

 

Due to the negatively-charged phosphate groups along the backbones of DNA molecules, 

strands of DNA can be immobilized and stretched on positively-charged surfaces. Thus, we further 

demonstrate the feasibility of making patterned positive-negative charged surfaces, as shown in 

Figures 4C and 4D. For this experiment, we have utilized a patterned glass substrate that was the 

same as the patterned substrate used in Figure 4B. 

In addition to the patterning method discussed, the thiol moiety can be anchored on the 

substrate instead of the vinyl in the surface thiol-ene click reaction. The glass substrate may be 

initially treated with mercaptopropyl trimethoxysilane (MTS) to produce a thiol-functionalized 

surface (Figure SI-5), which can then be patterned in a similar manner by using a solution of the 

desired alkene/alkyne. The free choice between either thiol or vinyl functional groups will provide 

some flexibility in the choices of functional molecules to immobilize on the substrate. That is, both 

anchoring molecules, vinyltrimethoxysilane, and mercaptopropyl trimethoxysilane can be paired 
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with a wide selection of commercially available counterpart molecules for surface 

photolithography through thiol-ene coupling reactions.  

 

Preparation and Characterization of Perovskite Thin-Film Microarrays 

A few aprotic organic solvents have been used in perovskite film preparation,49 including 

dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), and γ-butyrolactone (GBL). To 

determine the most suitable solvent for this work, the interactions of each solvent with the 

hydrophilic and hydrophobic regions of the patterned FTO substrate were evaluated through their 

contact angles, which are summarized in Figure 5. The smaller the contact angle, the better the 

wettability and the larger affinity. Both DMF and DMSO have very favorable interactions with 

the ammonium chloride and carboxylic acid functionalized FTO surfaces. GBL interacts less 

favorably with these hydrophilic surfaces. All three solvents showed high contact angles on the 

octadecyl-functionalized surface with DMSO having the largest contact angle of 65±3°. These 

results indicate that DMSO is the most appropriate solvent for the perovskite patterning project. 

 
Figure 5. Static contact angles of DMSO, DMF, and GBL on the functionalized FTO substrates.  

*wet: solvent droplet spread out over the whole substrate with very small contact angles. Error 

bars are the standard deviation of 9 measurements of 3 independent samples for each substrate 

type. See supporting information for the data and images. 

 

Perovskite precursor in DMSO solutions can form perovskite microarrays with different 

quality and reproducibility by spin-coating on patterned glass substrates (Figure SI-7), and 
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patterned FTO substrates FTO-TGA-ODT and FTO-CAH-ODT (Figure 6A and 6B). We haven’t 

found a good condition for DMF-based solution yet. The perovskite microarray is observed under 

a microscope and is further confirmed with fluorescence and x-ray diffraction (XRD) 

spectroscopy. Methylammonium lead iodide perovskites emit between 700 – 850 nm,50–58 which 

is consistent with the filter set of our fluorescence microscope. Further confirmation of the 

perovskite films was done with XRD analysis (Figure SI-6), whose crystal structure is precisely 

consistent with those reported in the literature.51,54,55,57,59–64  

 
Figure 6. Bright-field microscope images of the perovskite thin film microarrays on patterned 

(A) FTO-TGA-ODT and (B) FTO-CAH-ODT substrates spin-coated from a DMSO-based 

precursor; and (C) on an FTO-TGA-ODT spin-coated from a GBL-based precursor. Perovskite 

thin films are black squares. (D to F) Corresponding fluorescence images of A, B, and C, 

respectively. Perovskite is shown red. Scale bars = 40 μm. 

 

Fluorescence images of the perovskite arrays in both FTO substrates are shown in Figures 

6D and 6E excited by a 532 nm wavelength green laser. The perovskite microarray patterns on the 

FTO-TGA-ODT substrate with the thin-films closely matching the shape of the square holes in the 

photomask with nearly 100% reproducibility of ~10 repeats. The thin-films from the same solution 

on the FTO-CAH-ODT surface created less even patterns (Figure 6B) and is less reproducible 

than on the FTO-TGA-ODT surface. That is, sometimes a patchy perovskite film is deposited on 

the FTO-CAH-ODT substrate. We don’t know the reason yet. A possible explanation for this 

observation is that the amines on the surface disrupt the formation of the perovskite crystals, 
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whereas the -COOH on the surface of the FTO-TGA-ODT surface can promote the formation of 

perovskite crystals on its surface by complexing the lead ions. Another possible reason could be 

trace CAH has been clicked onto the masked area catalyzed by leaked light or the base. Compared 

to the dimensions of the square holes in the photomask, all thin-films are slightly smaller (~28 μm 

comparing to 38 μm, ~26% smaller). This is a sign of liquid contraction during the drying and 

baking step, which may be improved by optimizing the spin and baking conditions. It is also 

possibly due to the diffusion of the photo-initiated radicals near the edge of the light spot which 

may be improved with higher light dose and shorter thiol-ene patterning time.  

A GBL-based precursor solvent failed to produce perovskite arrays on an FTO-CAH-ODT 

surface but works on an FTO-TGA-ODT surface (Figure 6C, 6F). However, isolated small 

crystals have been observed in the ODT surface under this condition.  

Finally, a DMF-based perovskite precursor produces a continuous unpatterned film on both 

FTO-TGA-ODT and FTO-CAH-ODT surfaces, possibly because the different affinities of DMF 

on the patterned areas are too small to break the solution into patterned droplets during our spin-

coating condition. 

SEM images (Figure 7) show that the perovskite films deposited from a precursor in 

DMSO are smooth but slightly wavy, while the films deposited from a precursor in GBL are larger 

in size, have raised edges and have debris scattered between the films. This suggests that GBL 

does not work as well as DMSO with the anti-solvent ethyl acetate. DMSO solution should have 

dried faster than the GBL solution. 
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Figure 7. SEM images of perovskite thin-film microarrays on FTO-TGA-ODT deposited from 

a precursor in DMSO (A) and from a precursor in GBL (B). Spin-coating rate 4000 rpm. 

Perovskites are the squares. Scale bars 150 μm, inset scale bars 15 μm. 

 

The perovskite film microarrays were also characterized using AFM (Figure 8). The 

perovskite films deposited from a precursor in DMSO have a roughness of 37.92 nm and a 

maximum film thickness of ~1 μm but have a wavy surface and a tapering edge at 4000 rpm spin 

rate. On the other hand, the perovskite films deposited from a precursor in GBL have a roughness 

of 37.62 nm, flat and with scattered pinhole defects. The most noticeable feature of this sample is 

the raised edge of the film, which has a maximum thickness of ~1 μm compared to 0.5 μm in the 

middle of the film. This coffee-ring stain effect has been described in literature and occurs due to 

the higher evaporation rate at the edges compared to the center of the thin liquid film.65,66 This 

results in the net capillary flow of the solution towards the edges which causes a pileup of crystals 

along the perimeter of the film.67 The coffee ring stain effect can be inhibited by controlling the 

viscosity of the solvent, the temperature of the substrate,68–71 and the drying speed. 
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Figure 8. Atomic force microscope images of a perovskite film surface on FTO-TGA-ODT 

deposited from a precursor solution in DMSO (A) and in GBL (B).  Corresponding images of 

the film edge from a precursor in DMSO (C) and in GBL (D), and (E and F) cross-sectional 

height traces of the film edges along the red lines in C and D, respectively. The baseline on the 

right is the bare FTO surface. 

 

Among many samples and many spin-coatings, some of the deposited perovskite 

microarrays do not have a good pattern. Fortunately, the perovskite layers can be sonicated and 

washed off and the patterned substrate can be dried and reused again several times with no 

degradation observed (Figure 9). This shows that the patterned substrate is robust to the solvent 

washing, spin-coating, and heat during perovskite baking.  

 

 
Figure 9. Light microscope images of perovskite thin film microarrays (dark) on an FTO-TGA-

ODT substrate reused six times. The substrate was sonicated in DMSO solvent, rinsed with 

ethanol and acetone, blown dry with nitrogen, spin-coated with perovskite DMSO solution, and 

baked during each cycle. Scale bar 50 μm.  
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Conclusions 

Based on the changes in the contact angles after each step of the surface modification and 

patterning process, and the XPS spectra of the modified substrates, we have shown that we can 

implement sequential sunlight-initicated thiol-ene click chemistry to create multi-functional 

patterned oxide substrates. The quality of the patterned substrates was then characterized by 

labeling the surface-bound amine groups with fluorescent dyes, and by combing DNA strands on 

a surface patterned with a microarray of positively-charged regions surrounded by negatively-

charged areas.  

We have also demonstrated the feasibility of a low-cost and versatile method for preparing 

micropatterned perovskite thin-film microarrays by exploiting the heterogeneous wettability of a 

chemically patterned FTO substrate. The perovskite precursor solution stays in the area of smaller 

solvent contact angle forming micro-droplets during the spin-coating and then dried locally after. 

The FTO-TGA-ODT substrates provide strong anchoring sites for the film, from the favorable 

interaction of the surface-bound -COOH groups and the lead ions in the precursor solution. 

Perovskite precursors in DMSO, GBL, and DMF solution have been spin-coated on FTO glass 

substrates with TGA-ODT patterns and CAH-ODT patterns. The DMSO solution on TGA-ODT 

patterned FTO surface shows the best result under our experimental conditions. The patterned 

substrate can be reused for ideal microarrays. This quick, low-cost, and versatile all-benchtop 

method for creating perovskite microarrays may be useful for fabricating miniaturized perovskite 

based optoelectronic devices. 
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