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Self-assembly is employed in nature to build multi-dimensional hierarchical 

materials and represents a viable synthetic approach to construct next-generation 

functional materials for a large number of applications. This dissertation describes the 

design, synthesis and characterization of multifunctional nanostructured hybrid 

materials on multiple length scales by co-assembly of organic and organic/inorganic 

components. These materials are promising for a number of applications, and in 

particular for energy conversion devices.  

In the first part, organic-inorganic co-assembly is coupled with conventional 

heating (102-105 s) to generate hybrid materials for solid-state hybrid solar cells. A 

polyisoprene-block-polystyrene-block-polyethylene oxide (PI-b-PS-b-PEO) triblock 

terpolymer was employed to structure-direct alumina sol to form mesoporous block 

copolymer (BCP) directed alumina superstructures. In situ grazing incidence wide-

angle X-ray scattering and scanning electron microscopy were utilized to probe the 

structural evolution of methylammonium lead trihalide perovskite on mesoporous BCP-

directed alumina superstructures during thermal annealing. A crystalline precursor 

structure not previously described was discovered to be highly crucial in enhancing 

perovskite film morphology and coverage, leading to better performing hybrid 

perovskite solar cells. Time/temperature control in thermal annealing enabled tuning the 



 

macroscopic perovskite film morphology and the crystal texture simultaneously.  

Extending the concept of time/temperature control in structure formation, the 

second part of the dissertation focuses on directed self-assembly using transient heating 

(10-8-10-3 s) to generate porous crystalline semiconductor and organic nanostructures. 

In a first example, a 308 nm pulsed XeCl excimer laser was used to induce transient 

melting of amorphous silicon in colloidal self-assembly-directed silica templates, which 

subsequently solidified into crystalline silicon nanostructures with hexagonal non-

close-packed symmetry. Subsequently, by harnessing the thermal stability enhancement 

of organic polymers under transient heating, direct laser writing of porous organic 

structures is discussed by combining block copolymer-resol co-assembly with a 

10.6 µm continuous wave CO2 laser-induced transient heating. Organic-organic hybrid 

thin films of PI-b-PS-b-PEO mixed with resorcinol-formaldehyde resol oligomers were 

heated by the CO2 laser on sub-millisecond time scales, inducing PI-b-PS-b-PEO 

decomposition and resol thermopolymerization, to form hierarchical porous resin 

polymer structures with 3D connectivity, high surface areas and exceptional chemical, 

mechanical and thermal properties. The porous resin structures are highly suitable for a 

number of potential applications, e.g., microfluidic reactors, BCP organic templating to 

generate crystalline silicon network nanostructures, and energy conversion and storage. 
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CHAPTER 1 

 

INTRODUCTION 

 

Nature is a great source of inspiration for many intriguing examples of 

hierarchical functional materials, ranging from protein molecules, microscopic 

Aulacoseira (diatom) and Euplectella sp. biosilicas, to larger bones and wood hybrid 

fibrous composites1–5, see Figure 1.1. Their multi-functional properties is a collective 

consequence of both the structure and individual components. In retrospect, these 

natural structural materials have evolved continuously over many millenniums to 

develop their multi-dimensional complexities and functionalities; however, current 

synthetic approaches developed to construct structures with multi-length scale features 

and morphologies integrating novel functional properties are still limited. Hence, new 

design and synthesis strategies are required to realize hierarchical functional materials 

for emerging technologies6.  

Hierarchical structures, in particular three-dimensional (3D) nanomaterials, are 

often challenging to fabricate using top-down techniques. For example, conventional 

photolithography is quickly approaching the theoretical resolution limits and requires 

multiple processing steps to fabricate 3D features7,8. Bottom-up self-assembly of 

building blocks2,9–25 provides a direct pathway to construct a plethora of tailored 

superstructures and morphologies with different length scales for many applications, 

including catalysis26,27, electronics28, energy storage29,30, hybrid solar cells30–32, 

membrane separation20, and photonics and metamaterials33–38.  

Block copolymers (BCP) provide a unique platform to fabricate ordered 

mesoscale morphologies (2-50 nm) with 2D and 3D periodicity in the bulk16–19,30. A 
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linear BCP is a macromolecule consisting of a sequence of two or more chemically 

distinct polymeric chains (blocks) linked by covalent bonds. In the melt phase, the 

immiscible blocks repel one another and microphase segregate to form a variety of 

ordered structures. However, most all-organic ordered BCP morphologies have poor 

mechanical and thermal stability and functional properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. A general overview of natural hierarchical structures ranked in descending order of 

their critical dimensions. Reproduced with permission5. Copyright 2011, Wiley-VCH.
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Organic-inorganic/organic hybrid materials represent a novel class of materials 

enabling improved physical and functional properties. BCPs are utilized to direct the 

structure of organic/inorganic additives into a myriad of mesoscopic morphologies with 

new and enhanced properties21–25,39–44. Wiesner and co-workers first employed 

polyisoprene-block-polyethylene oxide (PI-b-PEO) as a structure-directing agent 

(SDA) for organically modified aluminosilicate sol nanoparticles to form a myriad of 

BCP-directed aluminosilicate hybrid materials23,45–47. The mesostructured materials 

remained stable up to 600 C when PI-b-PEO SDA was removed during calcination 

leaving behind the mesoporous inorganic phase45,46.  

New properties and functionalities are incorporated into BCP-directed hybrid and 

mesoporous structured materials by tuning the macromolecular chemistry, morphology 

and additive materials selection. Electrically conductive mesoporous polycrystalline 

structures with lamellar and hexagonal morphologies were formed employing PI-b-PEO 

and polyisoprene-block-polydimethylaminoethyl methacrylate (PI-b-PDMAEMA) 

diblock copolymers to structure-direct transitional metal oxide sols and ligand-

stabilized platinum nanoparticles, respectively, after heat treatment39,40. The addition of 

a third block to the BCP increases the degree of freedom and expands the composition 

window of 3D periodic continuous network morphologies that are expected to provide 

high mechanical stability and connectivity18. To this end, polyisoprene-block-

polystyrene-block-polyethylene oxide (PI-b-PS-b-PEO) and polyisoprene-block-

polystyrene-block-poly(N,N-dimethylamino)ethyl methacrylate (PI-b-PS-b-

PDMAEMA) have been utilized as SDAs for inorganic and organic additives to form 

highly ordered 3D mesoporous aluminosilicate, niobia, titania, carbon and binary gold-

platinum structures with continuous gyroid morphology48–50,44. Remarkably, gyroidal 

mesoporous carbons exhibited long range order even after pyrolysis at 1600 C 
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attributed to enhanced mechanical integrity inherited from the 3D network structure44. 

Mesoporous gyroidal anatase titania was deployed in dye-sensitized solar cells as a 

highly porous electron-collecting electrode providing continuous connectivity for 

charge transport and continuous pore network for backfilling with the hole transport 

material31,32 

In Chapter 2, the first application of a mesoporous PI-b-PS-b-PEO terpolymer-

directed alumina as superstructure support for hybrid perovskite solar cells is reported. 

Synchrotron radiation based grazing incidence wide- and small-angle X-ray scattering 

(GIWAXS/GISAXS) and scanning electron microscopy (SEM) were employed to 

generate the structure-property correlations for methylammonium lead trihalide 

perovskite on BCP-directed alumina superstructure. Real-time GIWAXS measurements 

of hybrid perovskite thermally annealed on a hotplate provide insight into control of 

crystal growth and film morphology leading to improved mesoporous BCP-directed 

alumina perovskite solar cell performance. Changes in hybrid perovskite structure 

formation on BCP-directed alumina superstructure and other solar cell device 

architectures induced by a rapid increase of annealing temperature are discussed in 

Chapter 3.  

To access more complex functional nanostructures, BCP-directed mesoporous 

aluminosilicate and niobia template formation was coupled with transient laser 

annealing to generate single-crystal epitaxial silicon (Si) and nickel silicide (NiSi) 

nanostructures51. A 40 ns full-width-half-maximum pulsed XeCl excimer laser 

irradiation melted both the amorphous Si and NiSi as well as part of the Si substrate. 

The molten Si and NiSi backfilled the mesoporous BCP-directed inorganic templates, 

which subsequently solidified with the single-crystal orientation directed epitaxially by 

the Si substrate in less than 100 ns, see Figure 1.2. It should be noted that high pattern 
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transfer fidelity was enabled by thermal stability enhancement of BCP-directed 

amorphous aluminosilicate and niobia template retaining structure integrity up to 

1414 C (Si m.p.) under transient heating. Thompson and co-workers have also reported 

similar enhancement effects for organic systems heated by CO2 laser spike annealing 

on sub-millisecond time frames remaining stable up to 800 C52.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. (a-e) Schematic illustration of single-crystal epitaxial nanostructure fabrication and 

(f) laser irradiation of template covered silicon substrate. Plan view and cross-sectional (insets) 

scanning electron microscopy images of (g) PI-b-PS-b-PEO directed niobia template and (h) 

inverse single-crystal epitaxial Si nanostructure after niobia template removal. (i) Cross-

sectional high resolution transmission electron microscopy image shows the congruence of 

lattice fringes in the single-crystal silicon nanostructure in (g) and Si substrate. From ref. 51. 

Reprinted with permission from AAAS.  
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Chapter 4 describes the pulsed laser induced melt-solidification of amorphous Si 

into larger 2D/3D crystalline Si nanostructures with non-close-packed symmetry using 

alternative colloidal self-assembly-directed silica templates. In Chapter 5, CO2 laser 

spike annealing was applied on block copolymer-directed resol hybrid systems for direct 

laser writing of mesoporous 3D resin polymer network structures. Under transient 

heating on sub-millisecond time frames, temperature stability of resin polymer was 

enhanced beyond conventional limits retaining the mesostructure while BCP was 

thermally decomposed to generate porosity in air. The porous structure formation is 

rapid (<5 min) and grating patterns are defined directly by the CO2 laser beam. Pyrolysis 

heat treatment condensed the phenolic resin into an electrically conductive mesoporous 

amorphous carbon phase. The enhanced thermal stability obtained via transient heating 

enabled the resin structure to be employed as a template to form mesoporous crystalline 

Si nanostructures in Chapter 6. Finally, a summary of the dissertation and suggestions 

for future work are provided in Chapter 7.  
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CHAPTER 2 

 

THERMALLY INDUCED STRUCTURAL EVOLUTION AND PERFORMANCE 

OF MESOPOROUS BLOCK COPOLYMER-DIRECTED ALUMINA 

PEROVSKITE SOLAR CELLS  

 

Abstract 

Structure control in solution-processed hybrid perovskites is crucial to design and 

fabricate highly efficient solar cells. Here, we utilize in situ grazing incidence wide-

angle X-ray scattering and scanning electron microscopy to investigate the structural 

evolution and film morphologies of methylammonium lead tri-iodide/chloride 

(CH3NH3PbI3-xClx) in mesoporous block copolymer derived alumina superstructures 

during thermal annealing. We show the CH3NH3PbI3-xClx material evolution to be 

characterized by three distinct structures: a crystalline precursor structure not described 

previously, a 3D perovskite structure, and a mixture of compounds resulting from 

degradation. Finally, we demonstrate how understanding the processing parameters 

provides the foundation needed for optimal perovskite film morphology and coverage, 

leading to enhanced block copolymer-directed perovskite solar cell performance.  

 

 

 
 
 

  

Reproduced with permission from Tan, K. W.*, Moore, D. M.*, Saliba, M.*, Sai, H., Estroff, L. A., 
Hanrath, T., Snaith, H. J. & Wiesner, U. Thermally induced structural evolution and performance of 
mesoporous block copolymer-directed alumina perovskite solar cells. ACS Nano 8, 4730–4739 (2014). 
Copyright 2014 American Chemical Society.  
(*These authors contributed equally to this work.) 
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Introduction 

Harnessing sunlight to generate photovoltaic electricity based on thin film solar 

cell technologies is desirable to deliver green, sustainable energy at reduced materials 

and fabrication cost.1,2 Thin film hybrid solar cells using solution-processable materials2 

such as semiconductor nanocrystals,3,4 organic polymers,5,6 or dye-sensitized solar 

cells7–9 have achieved 7-12% power conversion efficiencies (PCEs). Recently, a new 

class of highly efficient solid-state hybrid perovskite solar cells has been reported 

pushing PCEs above 15%.10–34  

Organic-inorganic hybrid materials enable the combination of both organic and 

inorganic qualities into a single molecular composite. These hybrid materials have been 

studied extensively for their electrical, mechanical, and optical functional properties and 

have been applied, for example, in field-effect transistors, optoelectronic devices and 

hybrid solar cells.35–38 Another area of intense scientific research and commercial 

interest is utilizing the methylammonium lead trihalide (CH3NH3PbX3; X = I, Br, Cl) 

semiconducting perovskite in thin film photovoltaics.10–34 The CH3NH3PbX3 perovskite 

semiconductor material is highly attractive due to the ease of solution processing and 

excellent absorption properties in the near-infrared spectrum to generate charge 

carriers.10,12,13,18 Moreover, ambipolar charge transport properties and long carrier 

lifetimes enable the direct transport of both photogenerated electron and hole charge 

carriers to the respective collecting electrodes.14,15,18,19,28,29,34  

The photovoltaic device architecture provides an alternative approach to enhance 

device performance.39–41 In particular, block copolymer (BCP) self-assembly-directed 

materials have improved charge transport and light management of mesoscopic solar 

cells via control of morphology,37,38,41–46 porosity and pore size,46–50 material 

crystallinity,51,52 electronic37,52 and optical47,53 properties. For example, well-ordered 
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bicontinuous BCP gyroid morphologies enable easy backfilling of the hole transport 

materials and complete mesopore interconnectivity in solid-state dye-sensitized solar 

cells.37,38 Moreover, porous BCP nanostructures provide control over single-crystal 

epitaxial nanostructures,51 and may enable tuning the feature size and morphology of 

well-defined CH3NH3PbX3 nanocrystallites within the BCP mesoporous heterojunction 

electrode to achieve excellent photovoltaic device performance.19,24,32–34 Combining 

BCP structure control with the organic-inorganic hybrid perovskite, observation of 

structural evolution at multiple length scales is expected to be key to establishing 

structure-property correlations. To the best of our knowledge, such evolution of 

thermally annealed hybrid perovskites obtained via a single-step spin coating process 

has not been reported.  

In this work we employed in situ time-resolved grazing incidence wide-angle x-

ray scattering (GIWAXS) to probe the structure of methylammonium lead tri-

iodide/chloride (CH3NH3PbI3-xClx) perovskites in mesoporous block copolymer-

directed alumina (MBCP-Al2O3) during thermal annealing. Optimized structure and 

film morphology of the organic-inorganic hybrid perovskites resulted in enhanced 

meso-superstructured solar cell performance.  

 

Results and Discussion 

GIWAXS of CH3NH3PbI3-xClx Perovskites. One of the key advantages of the 

CH3NH3PbX3 hybrid perovskite photovoltaic devices is the ease of solution-processing. 

The organic (CH3NH3I) and inorganic precursors (PbCl2) are dissolved in a common 

solvent (N,N-dimethylformamide), deposited on a substrate by spin coating, and 

annealed at relatively low temperatures of 90-100 C for 5-120 min to induce perovskite 
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crystallization.12–23,25–27 However, crystallographic data obtained from one-dimensional 

(1D) powder X-ray diffraction provides only limited structural information, in particular 

for the highly oriented perovskite thin films.12,13,18,19,22–26 To this end, we employed 

GIWAXS with 2D detection capability to probe the crystallographic orientations of 

planar CH3NH3PbI3-xClx perovskite thin films. 

 

 

 

 

 

 

Figure 2.1. 2D GIWAXS profiles of CH3NH3PbI3-xClx perovskite films on flat substrates 

prepared from (a) 5 wt%, (b) 10 wt%, (c) 20 wt%, (d) 40 wt% precursor solutions, and annealed 

at 100 C for 45 min. (e) Azimuthally integrated intensity plots of the GIWAXS patterns. The 

bottom black curve is the XRD spectrum of the CH3NH3PbI3-xClx perovskite measured in 

powdered form.  

 

Characterization of Mesoporous Block Copolymer-Directed Alumina Thin 

Films. In a solvent mixture of non-polar toluene and polar n-butanol, the structure 

directing polyisoprene-block-polystyrene-block-polyethylene oxide (PI-b-PS-b-PEO) 

triblock terpolymer forms micelles with the hydrophobic PI and PS in the core, and a 

hydrophilic PEO corona.46–49 The added Al2O3 sol is selectively attracted to the PEO 

corona by hydrogen bonds.42 Upon solvent evaporation, the organic-inorganic micelles 
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self-assemble into a randomly packed arrangement. Mesoporous block copolymer-

directed alumina (MBCP-Al2O3) thin films with interconnected porosity are generated 

when the organic components are removed by calcination as evidenced by the scanning 

electron microscopy (SEM) and atomic force microscopy (AFM) images in Figures 2.2 

and S2.1, respectively. The MBCP-Al2O3 pores are interconnected in both in-plane and 

out-of-plane directions. From SEM and AFM, the pore diameter is ~36 nm and the film 

thickness is 70-80 nm after calcination. In 2D grazing incidence small-angle X-ray 

scattering (GISAXS) patterns, we observe two intense diffraction peaks at qxy = 

0.157 nm-1 (Figure 2.2c) consistent with a disordered mesoporous material with a 

macroscopically homogenous in-plane d-spacing of 2π/qxy ≈ 40 nm.49 The oscillations 

at the diffraction peaks are attributed to the form factor of the film thickness.57 In 

contrast, the porosity of Al2O3 nanoparticulate films is macroscopically inhomogeneous 

as shown in Figure S2.2.18–20  

 

 

 

 

 

Figure 2.2. (a) Plan view and (b) cross-sectional SEM micrographs, and (c) 2D GISAXS profile 

at incidence angle of 0.16 of MBCP-Al2O3 film after calcination.  

 

In Situ X-ray Characterization of MBCP-Al2O3 Perovskite Structural 

Evolution. The mesoporous support in solution-processed nanostructured 
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CH3NH3PbX3 perovskite solar cells fulfills multiple roles. For example, mesoporous 

TiO2 acts as the distributed heterojunction with large surface areas for the generation of 

charges by the CH3NH3PbI3 perovskite absorber, and collects and transports the 

electrons to the collecting electrode.10–17,24,32–34 Moreover, mesoporous superstructures 

improve the coating of perovskite material to enhance coverage and light harvesting 

efficiency,19 and act as a physical barrier to prevent the formation of “shunt paths” by 

direct contact of the hole transport material and electron selective layer.18–22 We applied 

in situ GIWAXS to study the structural evolution of solution-processed CH3NH3PbI3-

xClx perovskite on MBCP-Al2O3 thin films during annealing in real time.  

As mentioned earlier, we observed similar GIWAXS patterns for the 20 wt% and 

40 wt% perovskite thin films (Figure 2.1c,d). Here we chose to deposit a 20 wt% 

perovskite precursor solution on the MBCP-Al2O3 thin film for isothermal-time-

dependent (ITD) annealing in air and nitrogen, respectively. The precursor solution 

filled the interconnected mesopores and formed a “wet capping layer” on the 

superstructure scaffold with incomplete solvent removal. After deposition the sample 

was immediately loaded on a sample-stage held at 100 C. It should be noted that in this 

way the ITD MBCP-Al2O3 perovskite samples underwent an immediate jump from 

ambient temperature to 100 C. GIWAXS measurements were collected in real time 

over a dwell of 50 min. In the employed beam configuration, GIWAXS measured the 

perovskite material within the MBCP-Al2O3 scaffold and capping layer as the incidence 

angle of the incoming X-ray beam was above the critical angle of the silicon substrate. 

In situ 2D GIWAXS profiles and azimuthally integrated intensity plots of the ITD 

MBCP-Al2O3 perovskite structural evolution in nitrogen and air, respectively, are 

shown in Figure 2.3.  

For the study of the ITD MBCP-Al2O3 perovskite behavior in nitrogen, the wet 
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sample was loaded into a custom-made environmental chamber on the heated stage at 

100 C under flowing nitrogen.58 Under these conditions, the wet sample exhibits 

multiple orders of scattering rings in the GIWAXS profile (Figure 2.3a), indicating the 

formation of crystalline material. Interestingly, from the integrated intensity plots in 

Figure 2.3c, at short times (3 min time point) we observe a distinct set of scattering 

peaks at lower q values (<9 nm-1) that are neither characteristic for CH3NH3I, PbCl2, 

PbI2, nor for the CH3NH3PbI3-xClx perovskite structure. After 10 minutes the expected 

peaks for the mixed halide perovskite are observed (compare Figure 2.3c with Figure 

2.1e). This observation suggests the formation of a distinct crystalline structure, which 

in the following discussion we will refer to as the “crystalline precursor structure”. We 

assigned the peak at q ≈ 11 nm-1 as the signature scattering peak for this crystalline 

precursor structure. Further investigation is currently underway to identify the structure 

of this crystalline precursor material. Somewhere between 3 and 10 min of annealing in 

nitrogen under the set conditions, the film underwent a transition to form the mixed 

halide perovskite structure, at which point the intensity of the peak at q ≈ 11 nm-1 for 

the crystalline precursor in Figure 2.3c vanishes. The film started to degrade into PbI2 

after about 20-30 min of annealing, as indicated by the appearance of a scattering peak 

at q = 9 nm-1. The degradation may be attributed to the presence of moisture in the 

chamber,13,22,23,54,56 but at this point X-ray beam induced damage cannot be excluded 

either. For comparison, Figure 2.3b shows the GIWAXS profile of the MBCP-Al2O3 

perovskite film after 50 min annealing in nitrogen at 100 C.  
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Figure 2.3. 2D GIWAXS profiles for ITD annealing of MBCP-Al2O3 perovskite films at 100 

C in (a, b) nitrogen and (d, e) air for different time points as indicated, together with (c, f) 

respective azimuthally integrated intensity plots. The dotted line at q ≈ 11 nm-1, dashed line at 

q = 10 nm-1, and dash-dotted line at q = 9 nm-1 denote the signature scattering peaks for the 

crystalline precursor, perovskite, and PbI2 structures, respectively.  

 

From the beginning of ITD annealing at 100 C in air, we observe multiple orders 

of scattering rings in the GIWAXS profile (Figure 2.3d), consistent with the rapid 

formation of a polycrystalline perovskite phase in the presence of MBCP-Al2O3. Figure 
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2.3f shows the azimuthally integrated intensity plot of the ITD experiments in air with 

the perovskite signature peak at q = 10 nm-1. Within 10 min at 100 C, the perovskite 

started to degrade to PbI2 as signified by the new peak formed at q = 9 nm-1. The 

degradation is likely to initiate from the perovskite film surface56 and may be attributed 

to moisture in the air13,22,23,54 and X-ray beam induced damage. Over the dwell of 50 min 

at 100 C, the scattering peaks remained in the same positions as shown in Figure 2.3e,f, 

suggesting minimal reorientation changes to the perovskite structure. Under air the 

perovskite structure already showed first indications of degradation via the peak at q = 

9 nm-1 by the 10 min time point. We suspect that the absence of the crystalline precursor 

structure may be due to a more rapid transition in air as compared to nitrogen. We 

observe similar behavior, i.e. the absence of the crystalline precursor for CH3NH3PbI3-

xClx on a MBCP-TiO2 superstructure annealed in air, albeit with more severe 

degradation into PbI2 (Figure S2.3).  

To delineate how individual parameters contribute to the structural evolution of 

CH3NH3PbI3-xClx on MBCP-Al2O3, we conducted time-temperature-dependent (TTD) 

GIWAXS measurements with a slow temperature ramp applied to the wet MBCP-Al2O3 

perovskite sample in nitrogen. To that end, 20 wt% precursor solution was deposited on 

the MBCP-Al2O3 thin film and loaded into the environmental chamber held at 30 C 

under flowing nitrogen. The temperature of the heating stage was raised by 10 C at 

every 10 min time interval. It took approximately 2-3 min for the heated stage to reach 

the set temperature. Figure 2.4 displays four representative 2D GIWAXS profiles (a-d) 

while the integrated intensity plots (e) reveal the TTD structural evolution of the MBCP-

Al2O3 perovskite sample from 30-100 C over the dwell of 120 min.  
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Figure 2.4. 2D GIWAXS profiles for TTD annealing of MBCP-Al2O3 perovskite films in 

nitrogen after (a) 3 min, (b) 50 min, (c) 60 min and (d) 120 min, together with (e) azimuthally 

integrated intensity plots. The dotted line at q ≈ 11 nm-1, dashed line at q = 10 nm-1, and dash-

dotted line at q = 9 nm-1 denote the signature scattering peaks for the crystalline precursor, 

perovskite, and PbI2 structures, respectively. The difference in background brightness of the 

GIWAXS patterns is a shadow artifact of the experimental setup.   
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At the beginning of the experiment, the crystalline precursor was detected in the 

GIWAXS profile via the peak at q ≈ 11 nm-1, see also GIWAXS pattern in Figure 2.4a 

showing results for the 3 min (30 C) time point. At the 50 min time point (80 C) a 

scattering ring appeared at q = 10 nm-1 (Figure 2.4b), indicating the transition from the 

crystalline precursor to polycrystalline perovskite. This structural transition was 

completed at the 60 min time point (90 C, Figure 2.4c), similar to the 10 min time point 

for the ITD annealed MBCP-Al2O3 perovskite at 100 C in nitrogen (compare with 

Figure 2.3c). Perovskite film degradation was observed at the 70 min time point after 

the temperature was raised to the final value of 100 C, and progressed till the final time 

point at 120 min (Figure 2.4d). Similar to the ITD annealing in nitrogen, three distinct 

structures were identified during the TTD processing of CH3NH3PbI3-xClx in MBCP-

Al2O3 superstructures: (1) crystalline precursor, (2) perovskite, and (3) PbI2 as a 

perovskite degradation product.  

From the present and previous work, we conclude that transitions between these 

different structures are driven by a combination of annealing temperature, 

environmental atmosphere and film thickness.22,26,27 A yet-to-be identified crystalline 

precursor structure was observed upon spin coating the CH3NH3PbI3-xClx precursor 

solution on MBCP-Al2O3, and displayed noteworthy thermal stability during the TTD 

ramp annealing. We postulate that the crystalline precursor undergoes a solid-solid 

phase transformation to the 3D perovskite structure at 80 C. This transition occurs 

relatively rapid (<10 min) and is largely completed at 90 C. To the best of our 

knowledge, this is the first experimental observation of a transformation from a 

crystalline precursor to the perovskite crystal structure for methylammonium lead 

trihalide perovskite materials, suggesting a phase transformation pathway consistent 

with Ostwald’s “Rule of Stages” in which a metastable precursor is first formed, 
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followed by transformation into the more stable product.59,60  

We further note that macroscopic coverage of the substrate with perovskite layers 

is largely affected by the heat treatment profile. In plan view SEM images (Figure 

S2.4a,b) we observe large (>2 µm) perovskite crystallite islands and pores in the capping 

layer on MBCP-Al2O3 under ITD annealing conditions. In contrast, the discrete 

perovskite islands and pores are on the sub-micron length scale for the TTD annealed 

MBCP-Al2O3 perovskite film shown in Figure S2.4,e. Since the only difference in the 

heat treatment profile is at the initial stage before perovskite formation, this result 

suggests that the crystalline precursor coverage and the subsequent phase 

transformation contributes significantly to the final film coverage, which in turn greatly 

affects device performance (vide infra). 

MBCP-Al2O3 Perovskite Solar Cell Performance. Figure 2.5 shows SEM 

images of MBCP-Al2O3 perovskite films prepared from 40 wt% precursor solutions and 

annealed either instantaneously at 100 C (ITD), or with a slow temperature ramp to 

100 C (TTD) in nitrogen. While the crystallite domain sizes are very similar for the 

ITD and TTD annealed films (Figure 2.5c,d), the capping film coverage is drastically 

different. Figure 2.5a shows that large pores (>1 µm) were formed in the capping layer 

of the MBCP-Al2O3 perovskite films annealed instantly at 100 C (ITD). In contrast, 

when the MBCP-Al2O3 perovskite film was annealed with a slow temperature ramp of 

5 C / 5 min in nitrogen to 100 C and held for 45 min at the final temperature (TTD), 

significantly better perovskite film coverage was achieved. The 40 wt% perovskite film 

morphology is highly similar to the 20 wt% perovskite films (Figure S2.4). We 

hypothesize that the crystalline precursor which is present for a longer dwell period 

during TTD annealing, promotes film formation with fewer macroscopic defects than 

in ITD annealed films.  
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We fabricated MBCP-Al2O3 perovskite solar cells annealed under ITD and TTD 

conditions (see Table S2.1). Comparing the best performing MBCP-Al2O3 perovskite 

solar cells in Figure 2.5e, the values of short-circuit current density (JSC), open-circuit 

voltage (VOC) and fill factor (FF) of the TTD-N2 device increased by at least 15% 

relative to the ITD-air device. At the same time, the power conversion efficiency 

increased from 5.2% to 8.3%. We attribute the device performance improvement to the 

enhanced perovskite film morphology and coverage, enabling more uniform charge 

generation and collection, and reduced leakage with less available shunt paths.19,22,26,27     

 

 

 

 

 

 

 

Figure 2.5. Plan view SEM micrographs of perovskite crystallization on MBCP-Al2O3 annealed 

under (a, b) ITD, and (c, d) TTD conditions in nitrogen. (e) Current density/voltage curves of 

best performing MBCP-Al2O3 perovskite solar cells measured under stimulated AM1.5 sunlight 

of 100 mW/cm2 irradiation for different annealing conditions (ITD versus TTD).  

 

Conclusion 

In conclusion, we employed in situ 2D GIWAXS in combination with SEM to 
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follow the structural evolution of CH3NH3PbI3-xClx perovskite on mesoporous block 

copolymer Al2O3 thin films under thermal annealing. Solution-processed perovskite 

films underwent transitions between three distinct crystalline structures during thermal 

annealing: a crystalline precursor, a perovskite and a degradation product in the form of 

PbI2. Finally, we demonstrated by annealing the MBCP-Al2O3 perovskite films with a 

well-controlled temperature ramp in a dry environment that the perovskite capping film 

coverage and the power conversion efficiency of block copolymer-directed alumina 

perovskite solar cells can be greatly improved. To the best of our knowledge, the 

crystalline precursor has not previously been described and its exact structure is 

currently unknown. We showed that the evolution between these structures markedly 

depends on the annealing conditions. A clear understanding of CH3NH3PbX3 wet 

solution processing conditions in combination with bicontinuous BCP gyroidal titania 

electrodes37,38 with an interconnecting pore network may allow complete perovskite 

infiltration, and enhance the photogenerated electron collection and transport for 

optimal solar cell performance.24,32–34   

 

Methods  

Materials. All materials were used as received. Anhydrous grades of toluene, n-

butanol, tetrahydrofuran, chloroform, N,N-dimethylformamide and terpineol, 97% 

aluminum tri-sec-butoxide, >97% titanium isopropoxide, 20 wt% aluminum oxide 

nanoparticles in isopropanol (<50 nm, product number 702129), 57 wt% hydriodic acid 

in water, 33 wt% methylamine solution in ethanol, and lead chloride were obtained from 

Sigma-Aldrich. 70% nitric acid and 37% hydrochloric acid were obtained from 

Mallinckrodt Baker and EMD Millipore, respectively. 10 cP and 46 cP ethyl cellulose 

were obtained from TCI America.  
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Mesoporous Block Copolymer-Directed Alumina (MBCP-Al2O3) and Titania 

(MBCP-TiO2) Films. MBCP-Al2O3 thin films were prepared using 50 mg of 

poly(isoprene)-block-poly(styrene)-block-poly(ethylene oxide) (ISO, Mn = 38.3 kg/mol, 

with a polydispersity index of 1.07 containing 68.4 wt% PI and 18.0 wt% PS) dissolved 

in 500 mg of toluene and n-butanol solvent mixture (1:1, w/w). In a separate vial, 

104 mg of 97% aluminum tri-sec-butoxide, 478 mg of n-butanol and 478 mg of toluene 

were added sequentially. The white cloudy suspension was left undisturbed for 15 min, 

followed by vigorous stirring for 30 min to allow homogenization. 55 µL of 70% nitric 

acid was added and the mixture was stirred overnight (>12 h). The transparent alumina 

sol was added into the ISO solution and stirred for 45 min. The ISO-Al2O3 solution was 

processed by spin coating on silicon at 2000 rpm (45 s) in a nitrogen drybox. The 

MBCP-Al2O3 hybrid thin films were baked at 50 C (2 h), 100C (2 h), and 130 C (2 h) 

sequentially in the drybox, and calcined in a tube furnace at 450 C (3 h) with a ramp 

rate of 1 C/min.  

MBCP-TiO2 thin films were prepared using a modified method as described 

elsewhere.38 Briefly, 50 mg of ISO was dissolved in 1.35 g of tetrahydrofuran and 

chloroform solvent mixture (4:5, w/w). In a separate vial, 53.9 µL of >97% titanium 

isopropoxide, 16.8 µL of 37% HCl acid, and 216 µL of tetrahydrofuran were mixed and 

stirred vigorously. The yellow-colored titania sol was added into the ISO solution and 

stirred for 45 min. The ISO-TiO2 solution was processed by spin coating on silicon at 

2000 rpm (45 s) in the drybox. The MBCP-TiO2 hybrid thin films were baked at 50 C 

(2 h), 100C (2 h), and calcined in a tube furnace at 450 C (3 h) with a ramp rate of 

1 C/min.  

Mesoporous Alumina Nanoparticle (NP) Films. Mesoporous Al2O3 

nanoparticle (NP) thin films were prepared as described elsewhere.18–20 The binder-free 
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mesoporous Al2O3 NP film was prepared by spin coating 6.67 wt% Al2O3 NPs in 

isopropanol on silicon at 2500 rpm (60 s), and baked at 150 C (1 h). The 2 wt% Al2O3 

NP-binder paste was prepared by mixing 1 g of Al2O3 NPs, 3.33 g terpineol, 1 g 10 cP 

ethyl cellulose and 1 g 46 cP ethyl cellulose in 43.67 g isopropanol. The mixture was 

stirred vigorously at 70 C for 30 min. The mesoporous Al2O3 NP film with binder was 

prepared by spin coating the Al2O3 NP-binder mixture on silicon at 2500 rpm (60 s), 

and calcined in a tube furnace at 500 C (3 h) with a ramp rate of 1 C/min.  

Mesoporous Alumina Thin Film Characterization. Scanning electron 

microscopy (SEM) images were acquired on Au-Pd coated mesoporous alumina thin 

films using LEO 1550 and TESCAN MIRA3-LM field emission SEMs equipped with 

in-lens detectors. Atomic force microscopy (AFM) images were obtained on a Veeco 

Multimode II SPM with a Nanoscope III controller in tapping mode at ambient 

conditions. GISAXS was measured at the G1 beamline of the Cornell High Energy 

Synchrotron Source (CHESS). The G1 beamline setup consists of a multilayer 

monochromator of wavelength  = 0.1225 nm with a CCD area detector with a 71.73 µm 

pixel size and a total of 1024  1024 pixels. The sample-to-detector distance was 

2.745 m. The incident angle of the beam was varied between 0.1  and 0.3  with typical 

exposure times <2 s. GISAXS patterns were analyzed with an in-house software61 and 

the FIT2D program.62  

Wide-Angle X-ray Scattering Measurements of Methylammonium Lead Tri-

Iodide/Chloride Hybrid Perovskite. Methylammonium iodide (CH3NH3I) was 

prepared using 57 wt% hydriodic acid (HI) in water and 33 wt% methylamine solution 

(CH3NH2) in ethanol as reported elsewhere.18 5-40 wt% of methylammonium iodide 

(CH3NH3I) and lead chloride (PbCl2) (3:1 by molarity) dissolved in N,N-

dimethylformamide was dispensed on the MBCP-Al2O3 and flat glass coverslip 
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substrates by spin coating at 3000 rpm (45 s) in air. For ex situ measurements, the hybrid 

perovskite samples were annealed by a slow temperature ramp of 10 C / 10 min and 

held at 100 C for 45 min in a nitrogen atmosphere. The annealed perovskite films were 

carefully scratched from the substrate and powdered for X-ray diffraction (XRD) 

analysis. The XRD characterization was performed on a Rigaku Ultima IV multipurpose 

X-ray diffraction system using Cu-Kα radiation (40 kV, 44 mA, wavelength  = 1.5418 

Å) and unit cell refinement analysis with the MDI Jade 9 software.   

For in situ GIWAXS measurements, after spin coating the sample was 

immediately loaded on a temperature-controlled stage at the D1 beamline of CHESS. 

The D1 beamline setup consists of a multilayer monochromator of wavelength 

 = 0.1161 nm. GIWAXS patterns were collected on Fuji image plates placed in a holder 

at a distance of 177 mm from the sample. The incident beam angle was above the silicon 

critical angle (~0.25 ) with exposure times <5 s. The direct beam was blocked with lead 

tape. The exposed plates were scanned for digital processing with a GE Healthcare 

Typhoon FLA-7000 image plate reader. Digital images were analyzed using the FIT2D 

program.62 The resolution of the letter-sized image  plate is 2000  x  2500  pixels  with  

a  100  µm  pixel  size. The measurements in nitrogen were conducted in a custom-made 

environmental chamber mounted on the temperature-controlled stage.58  

Isothermal-Time-Dependent (ITD) Perovskite Crystallization. A 20 wt% 

precursor solution was dispensed on the MBCP-Al2O3 substrate by spin coating and 

immediately loaded on the temperature-stage held at 100 C at the D1 beamline. 

GIWAXS measurements were taken at different time intervals over a dwell of 50 min. 

The measurements were conducted in ambient air and nitrogen. 

Time-Temperature-Dependent (TTD) Perovskite Crystallization. A 20 wt% 

precursor solution was dispensed on the MBCP-Al2O3 substrate by spin coating and 
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loaded on the temperature-stage held at 30 C at the D1 beamline. The stage was slowly 

heated at a ramp rate of 10 C / 10 min to the final temperature of 100 C. The MBCP-

Al2O3 perovskite sample was held at 100 C for 60 min. The GIWAXS measurements 

were taken at different time intervals in nitrogen.  

MBCP-Al2O3 Hybrid Perovskite Solar Cell Assembly. MBCP-Al2O3 

perovskite solar cells (>20 cells for each annealing history) were fabricated as reported 

elsewhere.18 Briefly, HCl-etched FTO glass substrates were coated with a dense TiO2 

compact layer prepared by spin coating a mildly HCl-acidified solution of titanium 

isopropoxide in ethanol, and sintered at 500 C for 45 min. The MBCP-Al2O3 hybrid 

films were prepared by spin coating on the TiO2/FTO substrates at 2000 rpm (45 s). The 

substrates were baked at 50 C (2 h), 100C (2 h), and 130 C (2 h) sequentially in the 

drybox and calcined at 450 C (3 h) with a ramp rate of 1 C/min.  

A 40 wt% perovskite precursor solution was dispensed on the MBCP-Al2O3 

scaffold by spin coating at 2000 rpm (45 s). For the ITD-air processed MBCP-Al2O3 

perovskite solar cells, the devices were fabricated in ambient air and heated in a oven at 

100 C for 45 min.  For the TTD-nitrogen processed MBCP-Al2O3 perovskite solar 

cells, the devices were fabricated in a nitrogen glovebox. After drying at ambient 

temperature for at least 20 min, the samples were slowly heated on a hotplate from 

ambient temperature to 100 °C at a ramp rate of 5 °C / 5 min, and held at 100 °C for 

45 min. The electron blocking layer was formed by spin coating 80 mM 2,2’,7,7’-

tetrakis-(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) in 

chlorobenzene solution with 68.3 mM tert-butylpyridine and 22.6 mM lithium 

bis(trifluoromethanesulfonyl)imide additives (170 mg/mL in acetonitrile) and aged 

overnight in a dessicator (in air). Silver contact electrodes of 150 nm were thermally 

evaporated to complete the devices. 
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MBCP-Al2O3 Hybrid Perovskite Solar Cell Characterization. More than 20 

solar cells were measured for each annealing condition (ITD versus TTD) with a 

Keithley 2400 under AM 1.5G 100 mW/cm2 simulated sunlight (Abet Technologies Sun 

2000) calibrated against an NREL certified KG5 filtered silicon reference diode. The 

cells were masked with a square aperture defining an active area of typically 0.07 cm2 

and measured in a light-tight sample holder. 
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APPENDIX A 

 

 

 

 

 

 

Figure S2.1. (a) AFM surface profile of the MBCP-Al2O3 film.  (b) Histogram of the MBCP-

Al2O3 pore size distribution. A Gaussian fitting curve is added to guide the eye. 

 

 

 

 

 

 

 

 

 

Figure S2.2. Cross-sectional SEM micrographs and GISAXS profiles of (a, b) binder-free Al2O3 

and (c, d) Al2O3 with binder nanoparticulate (NP) films measured at incidence angle of 0.18 . 

The in-plane porosity in the Al2O3 NP films is macroscopically inhomogeneous.  
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Figure S2.3. (a) Plan view and (b) cross-sectional SEM micrographs of MBCP-TiO2 film. (c) 

Integrated intensity plot of GISAXS profile of MBCP-TiO2 measured at an incidence angle of 

0.16 . The first scattering peak at qxy = 0.189 nm-1 provides a macroscopically homogeneous 

in-plane d-spacing of 2π/qxy ≈ 33 nm. (d) In situ GIWAXS azimuthally integrated intensity plots 

of CH3NH3PbI3-xClx perovskite on MBCP-TiO2 as observed under ITD annealing at 100 C in 

air.  
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Figure S2.4. Plan view and cross-sectional SEM micrographs of 20 wt% perovskite on MBCP-

Al2O3 prepared by (a-c) ITD  (100 C for 45 min), and (d-f) TTD (5 C / 5 min ramp rate, 100 

C for 45 min) annealing in nitrogen. Large perovskite crystallite islands and pore regions were 

observed for the ITD annealed MBCP-Al2O3 perovskite films compared to the TTD annealed 

samples.    
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Table S2.1. MBCP-Al2O3 perovskite solar cell performance parameters averaged over a batch 

of at least 20 devices measured under 100 mW/cm2 stimulated AM1.5 sunlight irradiation.   

 
Short-circuit 

density current 
(mA/cm2) 

Open-circuit 
voltage (V) 

Fill factor 
Power conversion 

efficiency (%) 

ITD-annealed in 
air 13.7  1.7 0.73  0.08 0.36  0.06 3.6  1.0 

TTD-annealed in 
N2 

15.7  2.9 0.94  0.02 0.44  0.05 6.3  1.2 
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CHAPTER 3 

 

THE INFLUENCE OF THERMAL PROCESSING PROTOCOL UPON THE 

CRYSTALLIZATION AND PHOTOVOLTAIC PERFORMANCE OF ORGANIC-

INORGANIC LEAD TRIHALIDE PEROVSKITES  

 

Abstract 

In this work, we investigate the thermally-induced morphological and crystalline 

development of methylammonium lead mixed halide perovskite (CH3NH3PbI3-xClx) 

thin films and photovoltaic device performance with meso-superstructured and planar 

heterojunction architectures. We observe that a short rapid thermal annealing at 130 C 

leads to the growth of large micron-sized textured perovskite domains and improved the 

short circuit currents and power conversion efficiencies up to 13.5% for the planar 

heterojunction perovskite solar cells. This work highlights the criticality of controlling 

the thin film crystallization mechanism of hybrid perovskite materials for high-

performing photovoltaic applications. 

 

 

 

 
 
 
 

  

Reproduced with permission from Saliba, M.*, Tan, K. W.*, Sai, H., Moore, D. M., Scott, T., 
Zhang, W., Estroff, L. A., Wiesner, U. & Snaith, H. J. Influence of thermal processing protocol upon 
the crystallization and photovoltaic performance of organic–inorganic lead trihalide perovskites. J. 
Phys. Chem. C (2014). doi:10.1021/jp500717w. Copyright 2014 American Chemical Society.  
(*These authors contributed equally to this work.) 
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Introduction 

Organic-inorganic hybrid perovskites, previously investigated for field-effect 

transistors and light emitting applications,1,2 have emerged in recent years at the 

forefront of solution-processable and abundant thin-film photovoltaic technologies 

yielding power conversion efficiencies (PCEs) over 15%.3–9 The methylammonium 

trihalide10 (CH3NH3PbX3, X = Cl, Br, I) perovskite-based solar cells11–35 have 

undergone a number of changes in the selection of materials and designs of device 

configuration; for example the first embodiment, the electrolyte based sensitizer 

configuration using a mesoporous TiO2 photoanode (essentially a dye-sensitized solar 

cell36 where the dye is replaced by the hybrid perovskite),11,12 the solid-state sensitized 

approach,14,15 the meso-superstructured device configuration consisting of a 

mesoporous alumina insulator scaffold,15 or the scaffold-less planar heterojunction 

configuration.16 

Recent investigations into the perovskite film morphology formation have 

provided insights towards identifying key parameters to attain consistently high-

performing solar cells. Park and co-workers spin coated 10-40 wt% of CH3NH3PbI3 

dissolved in -butyrolactone on a 5.5 µm thick mesoporous titania photoanode, forming 

2-3 nm perovskite nanocrystals after annealing at 40-160 C.12 Graetzel and colleagues 

utilized a two-step sequential process by first depositing PbI2 on a 350 nm thick 

mesoporous TiO2 layer, and subsequent dip-coating into a solution of CH3NH3I 

precursor in isopropanol to grow ~22 nm CH3NH3PbI3 nanocrystallites.20,37 The 

nanoporous nature and large surface area of the titania film enabled ultrafast growth of 

perovskite crystals within the pores and high performing devices of over 15% PCE.20 

Even the removal of the mesoporous scaffold did not deter high performances of planar 

heterojunction perovskite-based solar cells and recent investigations of vapor 
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deposition16 and solution processing28 have demonstrated over 15% PCE. Despite the 

distinction in the state of the precursors (liquid versus vapor), the resulting hybrid 

perovskite films to date fulfill similar criteria: high film uniformity and coverage, and 

large perovskite crystallites (100-1000 nm) to harness the excellent carrier 

properties.16,23–29,33,38 

In this work, we prepared methylammonium lead mixed halide (CH3NH3PbI3-

xClx) perovskites with different crystal domain sizes via a direct single-step spin coating 

process, followed by growth under different thermal annealing conditions. We 

subsequently correlated the resulting film morphologies with performances in alumina-

based meso-superstructured and planar heterojunction solar cell architectures.  

 

Experimental Section 

Materials. All materials were used as received. Anhydrous grades of toluene, n-

butanol, N,N-dimethylformamide, 97% aluminum tri-sec-butoxide, 20 wt% aluminum 

oxide nanoparticles in isopropanol (<50 nm, product number 702129), 57 wt% 

hydriodic acid in water, 33 wt% methylamine solution in ethanol, and lead chloride 

were obtained from Sigma-Aldrich. 70% nitric acid was obtained from Mallinckrodt 

Baker.  

Mesoporous Block Copolymer-Directed Alumina Thin Films. Mesoporous 

block copolymer-directed alumina (BCP-Al2O3) thin films were prepared using 50 mg 

of poly(isoprene)-block-poly(styrene)-block-poly(ethylene oxide) (ISO, 

Mn = 38.3 kg/mol, with a polydispersity index of 1.07 containing 68.4 wt% PI and 18.0 

wt% PS) dissolved in 500 mg of toluene and n-butanol solvent mixture (1:1, w/w). In a 

separate vial, 104 mg of 97% aluminum tri-sec-butoxide, 478 mg of n-butanol and 
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478 mg of toluene were added sequentially. The white cloudy suspension was left 

undisturbed for 15 min, followed by vigorous stirring for 30 min to allow 

homogenization. 55 µL of 70% nitric acid was added and the mixture was stirred 

overnight (>12 h). The transparent alumina sol was added into the ISO solution and 

stirred for 45 min. The ISO-Al2O3 solution was prepared by spin coating on silicon at 

2000 rpm (45 s) in a nitrogen drybox. The MBCP-Al2O3 hybrid thin films were baked 

at 50 C (2 h), 100C (2 h), and 130 C (2 h) sequentially in the drybox, and calcined in 

a tube furnace at 450 C (3 h) with a ramp rate of 1 C/min. From scanning electron 

microscopy, the BCP-Al2O3 thin film thickness was 70-80 nm.  

Mesoporous Alumina Nanoparticle Thin Films. Mesoporous alumina 

nanoparticle (NP-Al2O3) thin films were prepared by spin coating 2.2 wt% of <50 nm 

Al2O3 NPs in isopropanol on silicon at 2500 rpm (60 s), followed by drying at 150 °C 

for 1 h.17 From scanning electron microscopy, the NP-Al2O3 thin film thickness was 

~100 nm.  

Methylammonium Lead Tri-Iodide/Chloride (CH3NH3PbI3-xClx) Perovskite 

Thin Films. Methylammonium iodide (CH3NH3I) was prepared using 57 wt% 

hydriodic acid (HI) in water and 33 wt% methylamine solution (CH3NH2) in ethanol as 

reported elsewhere.15 All of the following procedures were conducted in a nitrogen 

atmosphere. A 40 wt% solution of methylammonium iodide (CH3NH3I) and lead 

chloride (PbCl2) (3:1 by molarity) dissolved in N,N-dimethylformamide was spin coated 

on the BCP-Al2O3 films, Al2O3-NP films and silicon substrates at 2000 rpm for 45 s. 

The wet perovskite samples were allowed to dry at ambient temperature for at least 

20 min. All samples were slowly heated from ambient temperature to 100 °C at a ramp 

rate of 5 °C / 5 min on a Fisher Scientific hotplate (product code: 10049552), i.e. we 

increased the hotplate temperature by 5 °C after every 5 min dwell.  
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We modified the final annealing step to prepare different crystalline perovskite 

thin film samples. In the “time-temperature-dependent” annealing procedure, the 

sample was held at 100 °C for 45 min. In the “flash” annealing procedure, the samples 

were first held at 100 °C for 5 min, then rapidly heated to the final value of 130 °C 

(<3 min), and held there for another 5 min. The thermally annealed perovskite samples 

were removed from the hot plate and quenched on a metal block heat-sink at ambient 

temperature. The different annealing procedures are displayed in Figure S3.1. We note 

that the time-temperature-dependent annealing step here is not the usual annealing step 

we have employed in previous studies. Previously unless otherwise stated we have 

placed the coated substrates directly in an oven or on a hot plate already set at the 

crystallization temperature, i.e. a very short ramp time. Within this manuscript time-

temperature-dependent (TTD) is referring to the slow ramp to 100 °C. 

Hybrid perovskite solar cell assembly. The hybrid perovskite solar cell devices 

were prepared with modifications from previous reports.17,19,24 HCl-etched FTO glass 

substrates were coated with a dense TiO2 compact layer prepared by spin coating a 

mildly HCl-acidified solution of titanium isopropoxide in ethanol, and sintered at 

500 °C for 45 min in air.19 The respective meso-superstructured Al2O3 scaffolds were 

prepared on the TiO2/FTO substrates as described above.17 All perovskite samples were 

prepared by thermal annealing on a hotplate in a nitrogen glovebox as described above. 

The hole transport material layer was applied in the glovebox by spin coating 80 mM 

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

OMeTAD) in chlorobenzene solution with 64 mM tert-butylpyridine (tBP) and 24 mM 

lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) additives (170 mg/mL in 

acetonitrile) and aged overnight in a dessicator (in air). Silver contact electrodes of 

150 nm thickness were thermally evaporated to complete the devices. 
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Scanning Electron Microscopy and Grazing Incidence Wide-Angle X-ray 

Characterization. Scanning electron microscopy (SEM) images were acquired on Au-

Pd coated mesoporous alumina thin films and perovskite films using a LEO 1550 SEM 

equipped with an in-lens detector. The perovskite surface area coverage was estimated 

using the ImageJ software.24 Grazing incidence wide-angle X-ray scattering (GIWAXS) 

was measured at the D1 beamline of the Cornell High Energy Synchrotron Source 

(CHESS). The D1 beamline setup consists of a multilayer monochromator of 

wavelength  = 0.14715 nm. GIWAXS patterns were collected on a Dectris Pilatus 300k 

area detector mounted vertically at a distance of ~142 mm from the sample. The incident 

beam angle was above the silicon critical angle (~0.25 °) and exposure times <5 s. The 

resolution of the area detector was 487 × 619 pixels with a 172 µm pixel size. The 

GIWAXS patterns were analyzed using the FIT2D software39 and displayed in 

scattering vector q coordinates, where q = 4πsinθ/, θ is half of the total scattering angle, 

and  is the X-ray wavelength. 

UV-vis Spectroscopy. UV-vis absorbance measurements were performed on 

TTD and flash annealed planar perovskite films on microscope glass slides prepared as 

described above using a Carry 300 Bio (Agilent Technologies) with an integrating 

sphere accessory. 

Photoluminescence Characterization. Time-resolved and time-integrated 

photoluminescence (PL) spectra of TTD and flash annealed planar perovskite films 

without spiro-OMeTAD or top electrodes were acquired using a time-correlated single 

photon counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH). The respective 

samples were photo-excited through the glass using a 507nm laser head (LDH-P-C-510, 

PicoQuant GmbH) with pulse duration of 117 ps, fluence of ~0.03 nJ/cm2, and a 

repetition rate of 2 MHz. Time-resolved measurements were acquired from emission at 
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770 nm. 

Hybrid Perovskite Solar Cell Characterization. The solar cells were measured 

with a Keithley 2400 under AM 1.5G 100 mW/cm2 simulated sunlight (Abet 

Technologies Sun 2000) calibrated against an NREL certified KG5 filtered silicon 

reference diode. The cells were masked with a square aperture defining an active area 

of typically 0.07 cm2 and measured in a light-tight sample holder. 

 

Results and Discussion 

Characterization of CH3NH3PbI3-xClx Perovskites. The organic-inorganic 

nature of CH3NH3PbX3 allows high flexibility and simple processing by either vapor 

deposition, solution processing, or a combination of both. Various groups investigated 

different processing parameters to optimize the perovskite film formation via single-

step spin coating, for example probing solute concentration, solvent selection, 

environmental atmosphere, spin coating speed and annealing conditions.24–26,29 We 

recently observed a “crystalline precursor structure” present in films of the mixed halide 

(CH3NH3PbI3-xClx) hybrid material prior to a phase transformation to the final 

perovskite structure during thermal annealing.29 We postulated the crystalline precursor 

promotes more controlled perovskite film formation on mesoporous block copolymer-

directed alumina (BCP-Al2O3) superstructures and planar substrates by annealing via a 

ramp rate.29  

Figure 3.1 shows results of grazing incidence wide-angle X-ray scattering 

(GIWAXS) measurements of CH3NH3PbI3-xClx perovskite films prepared on different 

substrates by controlled ramp thermal annealing. A 40 wt% perovskite solution was 

deposited on ~100 nm mesoporous alumina nanoparticle thin films (NP-Al2O3, Figure 
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3.1a,b), 70-80 nm mesoporous block copolymer-directed alumina thin films (BCP-

Al2O3, Figure 3.1c) and planar silicon substrates (Figure 3.1d) in nitrogen atmosphere. 

After drying at ambient temperature, all the perovskite samples were slowly heated from 

ambient temperature to 100 C at a ramp rate of 5 C / 5 min to promote uniform film 

formation (see Figure S3.1).29  

 

 

 

 

 

 

 

 

Figure 3.1. GIWAXS profiles of CH3NH3PbI3-xClx perovskite films (a) TTD annealed at 100 

C for 45 min on NP-Al2O3; flash annealed at 130 C for 5 min on (b) NP-Al2O3, (c) BCP-

Al2O3, and (d) planar silicon substrates. (e) Azimuthally and (f) radially integrated intensity 

plots from the corresponding GIWAXS patterns (a)-(d). 

 

To ensure complete phase transformation of the precursors into the perovskite 

structure, we applied the “time-temperature-dependent” (TTD) annealing treatment 

holding the NP-Al2O3 perovskite sample at 100 C for 45 min. The corresponding 

GIWAXS profile in Figure 3.1a displays scattering rings for all seven reflections 
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along q, indicating the NP-Al2O3 perovskite film is polycrystalline. Similar 

polycrystalline scattering patterns were reported for the same thermal treatment of BCP-

Al2O3 perovskite samples and perovskite films on planar substrates.29 Interestingly 

when we applied a “flash” annealing by rapidly increasing the temperature to 130 C 

for 5 min after the ramp to 100 C (see Figure S3.1), GIWAXS results for all perovskite 

samples (Figure 3.1b-d) exhibited “spotty” patterns, signifying the formation of highly 

textured perovskite crystal domains. The azimuthally integrated scattering intensity 

plots versus scattering vector q (Figure 3.1e) for the different GIWAXS patterns are 

consistent with the CH3NH3PbI3-xClx crystallographic pattern.29,30 The azimuthal 

scattering intensity distribution of the peak at q = 10 nm-1 suggests an orientation in the 

in-plane direction relative to the substrate. To illustrate the degree of orientation of the 

perovskite crystal domains in the in-plane direction, we radially integrated over the peak 

at q = 10 nm-1 of the two NP-Al2O3 perovskite samples (Figure 3.1a,b) and plotted the 

results against the azimuth angle  (Figure 3.1f). The comparison shows that after the 

ramp annealing to 100 C there already is a preferential in-plane orientation, which gets 

significantly more pronounced after the flash annealing.  

Scanning electron microscopy (SEM) images in Figure 3.2 reveal distinctly 

different perovskite crystal domain sizes depending on the annealing procedure. The 

TTD annealed perovskite samples at 100 C for 45 min on NP-Al2O3 (Figure 3.2a), 

BCP-Al2O3 (Figure 3.2e) and silicon substrates (Figure 3.2i) display a broad distribution 

of crystal domain sizes from about 100 to 1000 nm. This is consistent with the 

polycrystalline pattern we observed for the NP-Al2O3 perovskite sample in the 

GIWAXS measurement (Figure 3.1a). From the cross-sectional SEM images (Figure 

3.2b,f,j), the polycrystalline domains form a relatively rough surface. When the 

perovskite samples were flash annealed to 130 C, a very different film morphology  
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Figure 3.2. Plan view and cross-sectional SEM micrographs of perovskite films on (a-d) NP-

Al2O3, (e-h) BCP-Al2O3 and (i-l) planar silicon substrates prepared by the respective thermal 

annealing procedures as indicated.   
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consisting of micron-sized crystal domains (Figure 3.2c,g,k and respective cross-

sections in Figure 3.2d,h,l) emerged. This is consistent with the highly oriented spotty 

patterns obtained from GIWAXS (Figure 3.1b-d). All the resulting perovskite films 

have a maximum thickness of approximately 400 nm after thermal annealing.  

Perovskite-Based Hybrid Solar Cell Performances. We fabricated 

CH3NH3PbI3-xClx meso-superstructured (MSSC) and planar heterojunction perovskite 

solar cells on the mesoporous NP-Al2O3 superstructure and on a planar TiO2 compact 

layer/FTO glass, annealed by TTD (100 C for 45 min) and flash (130 C for 5 min) 

procedures after the slow temperature ramp. In the following, the thermally annealed 

samples are designated by X-Y, where X represents substrate (NP or planar) and Y is 

the highest temperature at which the perovskite was annealed. Figure 3.3 displays the 

schematic (Figure 3.3a) and current density/voltage plots (Figure 3.3b,c) of the 

respective best performing perovskite solar cells along with a table inset of their 

performance parameters.  

In Table 3.1 we summarize the average device performance parameters: short-

circuit current (JSC), open-circuit voltage (VOC), fill factor (FF) and power conversion 

efficiency (PCE) of the TTD 100 C and flash 130 C annealed samples. We note that 

in this study we employed 100 nm thick mesoporous scaffolds, which are thinner than 

for the best MSSCs thus far which employed ~400 nm thick mesoporous Al2O3. 17,20,31,32 

Here, a perovskite capping layer was formed on the ~100 nm NP-Al2O3 thin films (see 

Figure 3.2b,d). All NP-Al2O3 perovskite MSSCs exhibited similar average values for 

JSC ~18 mA/cm2 and VOC around 0.9 V. However, the average FF (0.53 to 0.44) and 

PCE (8.4% to 6.9%) decreased for the NP-130 MSSCs compared to NP-100 devices. 

The best performing NP-Al2O3 perovskite MSSC was annealed at 100 C for 45 min 
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Figure 3.3. (a) Schematic of meso-superstructured and planar heterojunction perovskite solar 

cells. Current density/voltage curves of differently annealed (b) NP-Al2O3 MSSC and (c) planar 

heterojunction perovskite solar cells measured under stimulated AM1.5 sunlight of 100 

mW/cm2 irradiation.  

 

Table 3.1. Meso-superstructured (14 devices) and planar heterojunction (22 devices) 

perovskite solar cell performance parameters measured under 100 mW/cm2 stimulated AM1.5 

sunlight irradiation. 

 
short-circuit 

current density 
(ma/cm2) 

open-circuit 
voltage (v) 

fill factor 
power 

conversion 
efficiency (%) 

NP-100 17.7  2.9 0.92  0.04 0.53  0.05 8.4  1.8 

NP-130 17.5  1.7 0.91  0.07 0.44  0.09 6.9  1.6 

Planar-100 17.9  2.2 0.92  0.03 0.61  0.05 9.9  1.5 

Planar-130 19.0  1.6 0.91  0.02 0.63  0.04 10.7  1.3 
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achieving a PCE of 10.5% (Figure 3.3b). However, when the Al2O3 perovskite MSSC 

was flash annealed at 130 C for 5 min, the PCE decreased to 8.9% due to lower VOC 

and JSC values (Figure 3.3b).  

We attribute the lower FFs and PCEs for the NP-130 MSSC devices to the reduced 

perovskite surface coverage.17,24 The higher 130 C annealing temperature (albeit 

shorter annealing duration) led to larger pores in the perovskite capping layer and 

exposed the mesoporous Al2O3 scaffold layer (see Figure 3.2a,c). From plan view SEM 

images, we estimated the perovskite capping layer coverage reduced by 5% (from ~82% 

to ~77%) for the NP-130 perovskite films compared to TTD annealed samples (Figure 

3.4). Moreover, the cross-sectional SEM images in Figure S3.2 indicate that the NP-

Al2O3 regions with no perovskite capping layer are only partially filled and may permit 

direct contact of the hole-transporter with the TiO2 compact layer, resulting in lower 

shunt resistance.17,24 

 

 

 

 

 

 

 

Figure 3.4. Perovskite surface coverage on NP-Al2O3 and planar surfaces prepared by TTD and 

flash thermal annealing.   
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We applied identical thermal annealing procedures to planar heterojunction 

perovskite solar cells formed directly on TiO2 compact layer with the average device 

parameters summarized in Table 3.1. The first clear observation is that they performed 

much better than the equivalent MSSCs of the same study. Comparing between the 

different annealing protocols, while the average VOC (~0.9 V) and FFs (~0.6) are 

indistinguishable for differently annealed planar perovskite devices, the average JSC and 

PCE of planar-130 devices improved from 17.9 to 19.0 mA/cm2 and 9.9% to 10.7%, 

respectively, as compared to the planar-100 devices. The current density/voltage curves 

of the best performing devices are plotted in Figure 3.3c. In particular, the FF of 0.69 

for our best single-step spin coating processed, thermally annealed planar heterojunction 

perovskite solar cells are in good agreement or even exceeding other champion 

perovskite photovoltaic devices prepared by sequential solution processing,20,28 vapor 

deposition,16,35 and combined solution-vapor-processing.27 

We can attribute the high FF (~0.6) and PCE (>10%) for the planar heterojunction 

perovskite solar cells to the formation of a uniform perovskite absorber layer with a 

reduced number of pores by a controlled ramp from ambient temperature to 100 C (see 

Figure 3.2i,k).16,24–27,29 Indeed, as we show in Figure 3.4, we observe perovskite surface 

coverage greater than 95% for both planar perovskite films thermally annealed at 100 

C for 45 min and 130 C for 5 min. The higher JSC and PCE values of the planar-130 

with respect to planar-100 perovskite solar cells are likely due to the formation of more 

uniform, micron-sized textured perovskite domains as observed via GIWAXS (Figure 

3.1d) and SEM (Figure 3.2k). Figure S3.3 displays highly similar planar perovskite film 

morphologies on TiO2 compact layer/FTO glass substrates synthesized by TTD and 

flash thermal annealing. UV-vis absorbance plots for planar-100 and planar-130 

perovskite films in Figure S3.4 display similar light absorption spectra for both planar-
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100 and planar-130 perovskite films. Non-radiative recombination of charge carriers is 

likely to occur at the grain boundaries, which we can reason from faster 

photoluminescence (PL) decay for perovskite films with smaller crystalline 

domains.17,23,40 Indeed, we observe longer PL lifetimes and higher steady-state PL 

intensity for the flash annealed planar-130 films (see Figure S3.5). However, we do note 

that there could be additional influences of the flash annealing beyond changes to the 

domain size, such as changes to the stoichiometry of the perovskite material, which 

could also be influencing the PL lifetime. Whether the charge carrier mobility is strongly 

influenced by domain size is yet to be observed. In addition, the precise nature of the 

electronic contact at the perovskite/TiO2 and perovskite/spiro-OMeTAD interfaces may 

be strongly influenced by the crystallinity of the perovskite at these contacts.27 All 

considered, it appears that the larger domain sizes are advantageous for more optimum 

photovoltaic operation, as would be expected for a conventional thin film 

semiconductor. The proviso is that the macroscopic film morphology also has to be as 

uniform as possible, absent from pinholes.  

 

Conclusion 

In summary, we have demonstrated film morphology control in CH3NH3PbI3-xClx 

perovskite thin films by tuning the thermal annealing conditions after a slow ramp. 

Using grazing incidence wide-angle X-ray scattering and scanning electron microscopy, 

we found that a short rapid annealing at 130 C promoted the growth of highly uniform 

micron-sized textured perovskite domains, while a longer dwell at 100 C resulted in 

100-1000 nm polycrystalline perovskite domains. The rapid 130 C and longer 100 C 

thermal annealing resulted in very different perovskite solar cell performances with the 

meso-superstructured and planar heterojunction device architectures. In general, the 100 
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C annealed MSSC devices performed better than 130 C annealed samples attributed 

to the higher perovskite surface coverage. The planar perovskites devices outperformed 

the MSSC mesostructured counterparts mainly due to higher fill factor and short-circuit 

currents, obtained from >95% perovskite surface coverage. Moreover, the 130 C flash 

thermal annealing resulted in planar heterojunction solar cells with highly textured 

perovskite domains and average power conversion efficiency improvement from 9.9 to 

10.7%, as compared to the 100 C annealed planar devices. We postulate that 

improvement arises from reduced recombination losses at the grain boundaries as 

inferred from PL decay measurements. The best performing planar heterojunction 

perovskite solar cell achieved a high power conversion efficiency of 13.5%. This study 

highlights the importance of simultaneously controlling both the macroscopic 

morphology and the crystalline domain size.  
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APPENDIX B 

 

 

 

 

 

 

 

 

 

 

Figure S3.1. Representative plot of TTD and flash thermal annealing protocols. 

 

 

 

 

 

 

 

 

Figure S3.2. Cross-sectional SEM micrographs of perovskite capping layer-free regions on (a) 

NP-100 and (b) NP-130 mesosuperstructured perovskite thin films. 
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Figure S3.3. Plan view and cross-sectional SEM micrographs of (a, b) planar-100, and (c, d) 

planar-130 perovskite films on TiO2 compact layer/FTO glass substrates.  

 

 

 

 

 

 

 

 

Figure S3.4. UV-vis absorbance plot for the planar-100 (black) and planar-130 (red) perovskite 

films measured with an integrating sphere accessory.   
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Figure S3.5. (a) Steady-state and (b) time-resolved photoluminescence measurements for 

planar-130 (red) and planar-100 (black) perovskite films on glass substrates. 
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CHAPTER 4 

 

COLLOIDAL SELF-ASSEMBLY-DIRECTED LASER-INDUCED NON-CLOSE-

PACKED CRYSTALLINE SILICON NANOSTRUCTURES 

 

Abstract 

This report describes an ultrafast, large area, and highly flexible method to 

construct complex two- and three-dimensional silicon nanostructures with deterministic 

non-close-packed symmetry. Pulsed excimer laser irradiation is used to induce a 

transient melt transformation of amorphous silicon filled in a colloidal self-assembly-

directed inverse opal template, resulting in a nanostructured crystalline phase. The 

pattern transfer yields are high and long-range order is maintained. This technique 

represents a potential route to obtain silicon nanostructures of various symmetries and 

associated unique properties for advanced applications such as energy storage and 

generation. 

 

 

 

 

 

 
 

  

Reproduced with permission from Tan, K. W., Saba, S. A., Arora, H., Thompson, M. O. & Wiesner, 
U. Colloidal self-assembly-directed laser-induced non-close-packed crystalline silicon nanostructures. 
ACS Nano 5, 7960–7966 (2011). Copyright 2011 American Chemical Society.  
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Introduction 

Silicon-based nanomaterials have great potential for a wide variety of applications 

due to silicon’s abundance and implicit compatibility with current semiconductor 

processing technologies. Structures based on silicon have been widely adapted as 

photonic crystals,1-6 solar cells,7-12 sensors13,14 and thermoelectric devices.15-20 In 

particular, non-close-packed silicon nanostructures are highly desirable for their wide 

photonic bandgap and may be beneficial for other surface-enhanced properties.5,6,21-28  

Non-close-packed silicon nanostructures based on sacrificial inverse opal 

templates have been demonstrated, but only in the amorphous phase (a-Si).5,6 While a 

myriad of methods to obtain crystalline silicon (c-Si) nanostructures exist, including, 

for example, slow heating of a-Si2,3,10,29 and magnesium reduction of silica4,30-32 (SiO2) 

into c-Si at 600–675 °C, these thermal crystallization techniques in the solid phase 

require several hours at elevated temperatures in an inert environment. The 

stoichiometric yields of c-Si from magnesium reduction of SiO2 are also relatively low 

(34.9 vol %).30 An alternative approach is using pulsed lasers to induce an extremely 

short transient melt-crystallization conversion of a-Si precursors into c-Si enabling 

thermal processing on many different substrates such as glass and polyimide.33,34 Pulsed 

laser irradiation has been coupled to nanoimprinting,35,36 nanosphere lithography37-39 

and block copolymer-directed templating40 to obtain Si nano-gratings, pillars and 

porous thin films. To the best of our knowledge, however, it has not been applied to 

rapid transformations of colloidal crystal templates into non-close-packed c-Si 

structures. 

In this work, we demonstrate a facile, rapid and versatile method to fabricate non-

close-packed c-Si colloidal nanostructures using a laser-induced transient melt process. 

We employed a hexagonally arranged close-packed (hcp) sacrificial colloidal crystal 
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template to define and construct two-dimensional (2D) hexagonal-non-close-packed 

(hncp) c-Si arrays and 3D ordered macroporous hncp c-Si nanostructures. The 

crystallinity and non-close-packed symmetry of such highly ordered silicon 2D 

nanoarrays and 3D interconnecting pore network nanostructures are known to enhance 

electrical conductivity, photonic, and other surface properties significantly and could 

improve device performance, for example, in optoelectronics, photovoltaics and 

thermoelectrics.2,3,5,6,29  

 

Results and Discussion  

Scheme 4.1 illustrates the experimental processes. Polystyrene (PS) colloids (0.5 

wt %) with diameters of either 530 nm or 350 nm were mixed with deionized water and 

hydrolyzed tetraethylorthosilicate (TEOS) solution.32 A monolayer colloidal crystal of 

PS spheres surrounded by TEOS-derived SiO2 was formed using the flow-controlled 

vertical deposition (FCVD) method.41-43 The resulting latex beads were slowly calcined 

in air at 500 °C, leaving behind a highly ordered hcp SiO2 inverse monolayer colloidal 

crystal. This inorganic template was subsequently filled with ~100 nm thick a-Si 

overlayer by sputter deposition or plasma-enhanced chemical vapor deposition 

(PECVD) and irradiated with a 40 ns full-width-half-maximum pulsed XeCl excimer 

laser (308 nm wavelength) in air to induce the melt conversion of a-Si to the crystalline 

phase. The entire duration of laser-induced melt and solidification was approximately 

20–100 ns. Finally, the SiO2 template was removed in concentrated hydrofluoric (HF) 

acid solution leaving the hncp Si nanostructured array seen in Scheme 1c.  

Scanning electron microscopy (SEM) images in Figure 4.1 show the various 

stages of the process. A hcp SiO2 inverse template (530 nm pore size, Figure 4.1b) 
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obtained from PS monolayer colloidal crystal surrounded by a SiO2 matrix (Figure 4.1a) 

was filled with ~100 nm of a-Si by top-down sputter deposition (Figure 4.1c). Melt of 

the a-Si overlayer was induced by a single 308 nm laser pulse at the single-crystal Si 

melt threshold of 600 mJ/cm2 and rapidly solidified after 30 ns.40 The SiO2 template is 

transparent at this wavelength, and the laser irradiation energy is absorbed solely by Si. 

c-Si is formed when a-Si melts and solidifies as confirmed by characteristic time 

resolved reflectance measurements (Figure S4.2).35,40,44,45 From Figure 4.1d the long-

range hexagonal order of the resulting ncp c-Si nanostructured arrays was largely 

preserved after removing the template in an HF acid solution.  

We postulate the c-Si nanostructure assumed the observed teardrop-shape due to 

a combination of templated dewetting46,47 and the rapid solidification process. Upon 

irradiation, a-Si in the SiO2 pore melts and diffuses radially to the center driven by 

template dewetting. The molten Si would attempt to form a hemispherical shape to 

minimize the surface tension.48 However, during this extremely short melt duration, the 

liquid Si (density of 2.53 g/cm3) expands upon solidification (density of 2.30 g/cm3) and 

perturbs the adjacent liquid Si creating capillary waves.34,49 These molten capillary 

waves are confined between coalescing solid grain boundaries from all directions and 

froze into protruding ridge and hillock features with a teardrop-shape as a result of 

heterogeneous nucleation and growth mechanism.34,49 We also observe interconnected 

nanostructures (e.g., see lower left corner in Figure 4.1d) that may be attributed to 

insufficient driving force and the ultrashort time scale for the liquid Si to dewet 

completely into the pores. From SEM data, the c-Si nanostructures are smaller than the 

pores with an average width and height of around 410 nm and 300 nm, respectively, 

consistent with other experimental observations.46  
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Scheme 4.1. Schematic illustration of hncp c-Si nanostructure generation. (a) The PS monolayer 

colloidal crystal surrounded by a SiO2 matrix is grown using a one-step flow-controlled vertical 

deposition method on Si substrates. (b) PS beads are removed by slow calcination at 500 °C. a-

Si is deposited as an overlayer on the hcp SiO2 inverse colloidal crystal template and irradiated 

by a pulsed excimer laser. (c) The template is dissolved in HF revealing the 2D hncp c-Si 

nanostructured arrays on the Si substrate.   

 

 

 

 

 

 

 

 

 

Figure 4.1. Plan view and cross-sectional (insets) SEM micrographs of the sputter-deposited 

and processed sample. (a) hcp PS monolayer colloidal crystal using 530 nm diameter beads 

surrounded by the SiO2 matrix. (b) hcp SiO2 inverse monolayer colloidal crystal template after 

calcination. (c) a-Si overlayer back-filled by top-down sputter deposition. (d) hncp c-Si 

nanostructures after HF etching.   
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SEM results from a smaller, 350 nm PS colloidal template (Figure 4.2a) are shown 

in Figure 4.2. A ~100 nm thick a-Si film was deposited into the smaller SiO2 inverse 

monolayer colloidal crystal template (Figure 4.2b) using PECVD. Figure 4.2c depicts 

hydrogenated a-Si deposited conformally within the pores and on the walls of the SiO2 

template. Due to the presence of hydrogen in PECVD a-Si films, microscopic blistering 

of the surface is observed for films irradiated at high fluences due to the explosive 

release of the trapped gas upon melting.34,50,51 Alternatively, the hydrogenated a-Si films 

were irradiated with 4 sequential laser pulses at 500–700 mJ/cm2, generating a more 

controlled and stepwise heating and release of hydrogen. The resulting hncp c-Si 

nanostructures imaged in Figures 2d with SEM and 3b with atomic force microscopy 

(AFM) exhibit an average width of around 170 nm and height of 60–70 nm. 

Figure 4.3 shows the AFM height profile images and corresponding Voronoi 

tessellation constructions of both the hcp SiO2 template and hncp c-Si nanostructured 

arrays resulting from the laser-induced melting and solidification process. A n-sided 

polygon represents a SiO2 template pore or c-Si nanostructure at the center having an 

equivalent n number of nearest neighbors.40,52,53 The majority green-colored hexagon 

(six-fold) spatial areas in the Voronoi diagrams contain a total of 577 six-coordinated 

template pores (Figure 4.3c) and 571 six-coordinated c-Si nanostructures (Figure 4.3d) 

over a scan area of 10 × 10 μm2. Both the AFM results and Voronoi diagrams affirm 

quantitatively the hexagonal pattern transfer from the cp SiO2 inverse colloidal template 

to the ncp c-Si nanostructures with almost 100 % fidelity. 
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Figure 4.2. Plan view and cross-sectional (insets) SEM micrographs of samples formed and 

processed with PECVD a-Si deposition. (a) hcp PS monolayer colloidal crystal using 350 nm 

diameter beads surrounded by the SiO2 matrix. (b) hcp SiO2 inverse monolayer colloidal crystal 

after calcination. (c) a-Si overlayer deposited by PECVD. (d) hncp c-Si nanostructures after HF 

etching. 
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Figure 4.3. 3D AFM height profile images and corresponding Voronoi tessellation 

constructions of (a,c) the 350 nm hcp SiO2 inverse monolayer colloidal crystal template and 

(b,d) the final hncp c-Si nanostructures of the PECVD sample. The vertical height axes range 

from (a) ±200 nm for the template and (b) ±50 nm for the c-Si nanostructures. The scan area for 

the AFM images and Voronoi analysis is 10 × 10 μm and the color bar indicates the number of 

sides of the calculated polygon. The vast majority of the scan areas show 6-fold neighbors with 

only isolated defect regions.  
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Beyond two dimensions, we applied the laser-induced transient melt process to 

obtain 3D ordered macroporous (3DOM) c-Si inverse opals with hncp symmetry based 

on micromolding in inverse silica opals (MISO).5 We began with a multilayered SiO2 

inverse opal prepared by the FCVD method with 350 nm PS beads. Figure 4.4a shows 

the uniform deposition of hydrogenated a-Si by PECVD on the inner walls of the SiO2 

interconnected spherical cavities, yielding an hncp SiO2/a-Si core-shell inverse colloidal 

crystal. The SiO2/a-Si composite material was subsequently irradiated with a total of 43 

sequential laser pulses at fluences from 5–550 mJ/cm2. The low energy fluences allowed 

for a slow and controlled release of hydrogen while higher energies induced melt and 

converted the a-Si into c-Si retaining the inverse opal morphology. The open structure 

and SiO2 template walls reduced the melt threshold from 600 to 550 mJ/cm2. Selective 

HF etching of the SiO2 template results in an all c-Si single network of hncp inverse 

opal morphology seen with four- and six-monolayer periodicities in Figures 4b and 4e, 

respectively. Energy dispersive X-ray (EDX) analysis indicates that the resulting laser-

induced c-Si 3DOM material consists almost entirely of silicon (< 9 % residual oxygen 

content, data not shown).  

Figures 4.4c and 4.4d display high magnification SEM micrographs of a-Si and 

c-Si inverse opals after HF etching, respectively. The darker contrast of the interstitial 

sites between three interconnecting quasi-spherical shells in both images suggests the 

placement of air voids that were formed after the removal of SiO2 template and 

explicitly confirmed in the interior view of the a-Si inverse opal (Figure 4.4c). The 

white-dotted regions in Figure 4.4d highlights the quasi-cylindrical air channels 

connected to the quasi-spherical c-Si shells, a distinctive feature of hncp inverse 

opals.5,6,25 From the SEM data, the quasi-spherical pore size in the laser-induced c-Si 

inverse opal material was reduced up to 40 % which can be attributed to the shrinkage  
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Figure 4.4. Cross-sectional and plan view (insets) SEM micrographs of (a) hncp SiO2/a-Si core-

shell composite inverse opal and (b) laser-induced hncp c-Si inverse opal nanostructures with 

four-monolayer-periodicity after HF etching. Cross-sectional SEM images of (c) HF-etched a-

Si inverse opal and (d) HF-etched laser-induced c-Si inverse opal nanostructures in high 

magnifications. The white-dotted region lines in Figure 4d highlight the quasi-cylindrical air 

channels connected to the quasi-spherical c-Si shells. (e) Cross-sectional SEM micrograph of 

laser-induced hncp c-Si inverse opal nanostructures with six-monolayer-periodicity after HF 

etching.  
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of the SiO2 template during calcination23 and the thicker Si walls. This shrinkage is 

crucial to obtain the ncp symmetry. An interesting feature in the 3DOM nanostructures 

is the absence of dewetting of the molten Si from the SiO2 pore walls. In contrast to the 

2D nanoarrays, the absence of a clearly preferable single-crystal Si substrate could have 

resulted in the uniform a-Si melting within the porous structure.   

For complete shape and structural control, we need to either fully dehydrogenate 

the PECVD a-Si film, deposit gas-free amorphous precursors, or irradiate in-situ after 

deposition to reduce the total number of laser pulses and accumulated silicon melt 

duration. We postulate the best method is to achieve homogenous nucleation and 

epitaxial growth of a single-crystal silicon nanostructure from the substrate.40,54,55 In 

particular, we expect an interconnected and epitaxial ncp single-crystal 3D structure to 

facilitate optimal electrical charge transport properties and impart improved mechanical 

properties from the lack of grain boundaries. In analogy to results on block copolymer 

templates, this approach may not only be applied to form single-crystal homoepitaxial 

but also heteroepitaxial ncp nanostructured arrays on Si enabling new functionalities 

and the engineering of novel device prototypes.40 

 

Conclusion  

In conclusion, we have performed the first experiments to demonstrate a highly 

rapid and versatile method using colloidal crystal templates coupled with pulsed 

excimer laser-induced melting to obtain ncp c-Si arrays of varying scales at ambient 

conditions. The resulting hncp c-Si nanostructured arrays maintain uniform separations 

and excellent long-range order as established by the hcp colloidal crystal template. Our 

results suggest a general strategy coupling soft-matter self-assembly with pulsed laser 
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irradiation to direct and design intricate complex nanopatterned crystalline inorganic 

materials that could be used in advanced applications such as sensors, catalysis and 

energy conversion.  

 

Methods 

Colloidal Crystal Template Synthesis. PS colloids with diameters of 530 nm 

and 350 nm from Interfacial Dynamics and PolySciences, respectively, were used as 

received. Colloidal suspensions of 0.5 wt % were mixed in deionized water and 

hydrolyzed TEOS solution (TEOS:0.1 M HCl:EtOH, 1:1:1.5 by weight) as described 

elsewhere.32  Si substrates used were cleaned with piranha solution (H2SO4:H2O2, 3:1 

by volume) and rinsed profusely with deionized water before use. The PS colloidal 

crystal and surrounding SiO2 matrix were grown on these substrates using the FCVD 

method.41-43 The PS beads were removed by slow calcination at 500 °C for 2 hours at a 

ramp rate of 2 °C/min in air. TEOS (98 %, Sigma-Aldrich), HCl acid (37 %, VWR), 

absolute EtOH (Pharmco), H2SO4 acid (97 %, VWR), H2O2 (30 %, VWR) were used as 

received.  

a-Si Deposition. a-Si was sputter-deposited into the 530 nm SiO2 monolayer 

inverse opal template using a RF magnetron source with argon ions at a base pressure 

of 1.9 × 10-6 torr and deposition rate of 9.8 nm/min for 10 min. a-Si was deposited into 

the 350 nm SiO2 monolayer inverse opal template by PECVD at 400 °C for 2.2 min 

with a deposition rate of 46 nm/min. a-Si was deposited into the (350 nm) multilayered 

SiO2 inverse opal template by PECVD at 400 °C for 3.3 min with a deposition rate of 

46 nm/min. 



 

73 

Excimer Laser Irradiation. The laser irradiation setup is described elsewhere.40 

Briefly, a 40 ns full-width-half-maximum pulsed XeCl excimer laser (308 nm 

wavelength) was used to melt the a-Si in the SiO2 template. Reflectance of the sample 

surface was monitored using a 650 nm diode laser. The laser irradiated area on the 

sample was 3.2 × 3.2 mm. A single laser pulse of 600 mJ/cm2 energy fluence was used 

to melt the 530 nm sputter-deposited a-Si monolayer sample. Four sequential laser 

pulses of 600, 700, 700 and 500 mJ/cm2 energy fluences were used to melt the 350 nm 

PECVD a-Si monolayer sample. A total of 43 sequential laser pulses at fluences from 5 

to 550 mJ/cm2 were used to dehydrogenate and melt the 350 nm PECVD a-Si 

multilayered sample.    

Template Removal. The sputter-deposited samples were treated in 20 % HF acid 

solution and PECVD samples were treated in 49 % HF acid solution for 3–5 min to 

completely dissolve the SiO2 templates.  

Characterization. AFM images were obtained on a Veeco Nanoscope III in 

tapping mode with TappingMode Etched Si Probe (325 kHz resonance frequency, 27 

N/m force constant, 10 nm tip radius of curvature; all other values nominal) at ambient 

conditions. A LEO 1550 field emission SEM equipped with an in-lens detector and an 

EDX spectrometer (Quantax EDS, XFlash 3000 silicon drift detector, Bruker Nano 

GmbH) was used to image and identify the EDX signals of the samples. Voronoi 

tessellation diagrams were constructed using a self-written algorithm.40,53  
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APPENDIX C 

 

 

 

 

 

 

Figure S4.1. (a,b) Cross-sectional SEM micrographs of the laser-induced 3DOM hncp 

crystalline silicon nanostructures showing the open quasi-spherical shells. 

 

 

 

 

 

 

 

 

Figure S4.2. Time resolved reflectance signal of sample. The silicon surface is irradiated by a 

single 40 ns XeCl excimer laser pulse (308 nm wavelength) of 600 mJ/cm2 energy fluence. The 

higher reflectivity indicates silicon in the molten state. The signal trace clearly establishes 

recrystallization into crystalline silicon after 30 ns. 
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CHAPTER 5 

 

DIRECT LASER WRITING OF BLOCK COPOLYMER SELF-ASSEMBLY-

DIRECTED HIERARCHICAL POROUS STRUCTURES   

 

Abstract  

Bottom-up synthetic methods using atomic and molecular building blocks provide 

access to complex and composite porous materials at the mesoscale (2-50 nm) for 

emerging technologies and applications1–3. In particular, block copolymer (BCP) self-

assembly has been adapted to synthesize mesoporous and hierarchical porous structures 

for catalysis, membrane filtration and bioengineering4–9. Despite significant progress in 

the field of organic molecule-directed self-assembly to fabricate tunable pore size 

structures, time-consuming post-processing treatments are often required to generate the 

desired final properties10–19. Moreover, a rapid single-step process that can 

simultaneously provide control over mesoscopic pore structure and macroscopic 

material shape has not yet been demonstrated. Here we describe a method providing 

direct access to porous three-dimensionally (3D) continuous polymer network structures 

and shapes by combining BCP-resol co-assembly with CO2 laser-induced transient 

heating. The CO2 laser source transiently heats the BCP-directed resol hybrid films to 

high temperatures at the beam position, inducing locally controlled resol 

theromopolymerization and BCP decomposition. This enables shaping of BCP-directed 

porous resin structures with tunable 3D interconnected pores in a single process. Pore 

size can be varied from as small as 10 nm to sub-micrometer scale of ~600 nm. 

Carbonization at high temperatures imparts additional electrical conductivity to the 

porous structures. Together with the chemical, mechanical and thermal properties of the 



 

81 

hierarchical porous resin structures, the method may enable further adaptation to a 

number of applications, including microfluidics, sensing and energy storage3,9,20,21.   
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Introduction 

Porous materials with structures bridging from nano- to macroscopic length scales 

are expected to open new frontiers for a wide variety of emerging applications1–3. Well-

ordered mesoporous materials derived from small-molecule surfactant and BCP self-

assembly have been explored extensively over the past two decades in the form of 

amorphous4,5,10–13,15,22,23, polycrystalline14,16–18 and single crystal19 solids. Multiple time 

consuming processing steps are often required to generate the final structures. For 

example, the removal of organic components by conventional thermal processing to 

create the desired porosity typically takes several hours (~104-105 s)4,5,13,14,17–19,22,23. 

Several methods to fabricate hierarchical porous polymer scaffolds using BCPs have 

recently been devised that circumvent some of the complexities of previous approaches, 

but they still involve multiple steps, and control over macroscopic shape is limited6–9.  

Laser-induced transient heating of organic materials has been explored as an 

alternative thermal annealing approach to alter morphology as well as materials 

properties and to enable direct pattern transfer24–27. By reducing the heating duration to 

0.5 ms, CO2 laser-induced transient heating ( = 10.6 µm) significantly enhanced the 

temperature stability of a methacrylate based photoresist by ~400 C compared to a 60 

s hotplate heat treatment24. However, severe film degradation and extensive damage 

was observed for CO2 laser spike annealing of polystyrene-block-polymethyl 

methacrylate copolymer thin films on longer dwells (>10 ms)25. One dimensional (1D) 

grating patterns were formed in polystyrene thin films by thermocapillary dewetting 

effects induced with a green laser ( = 532 nm) of ~10 ms dwell, however, the line-edge 

roughness increased as line spacing widths decreased26. A contrasting example is 

transient heating of semiconducting polyaniline nanofibers with a near-infrared laser 

( = 788 nm) resulting in welded films with reduced electrical conductivity27.  
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Here we demonstrate a simple and rapid method for the direct generation of 3D 

porous organic structures and shapes in a single process by combining BCP self-

assembly directed resol structure formation with CO2 laser-induced transient heating. A 

schematic of block copolymer-based writing induced by transient heating experiments 

(B-WRITE) method is shown in Fig.1a. Two polyisoprene-block-polystyrene-block-

polyethylene oxide (PI-b-PS-b-PEO, ISO) triblock terpolymers were synthesized by 

anionic polymerization with polydispersity indexes of 1.07 and 1.04, molar masses of 

38.3 kg/mol and 68.9 kg/mol, and compositions of, 68.4 wt% PI, 18.0 wt% PS, and 

13.6 wt% PEO (ISO-38) and 29.6 wt% PI, 64.8 wt% PS, and 5.6 wt% PEO ( ISO-69), 

respectively23. In Stage I, the structure-directing ISO was mixed with resorcinol-

formaldehyde resol oligomers to form an organic-organic hybrid thin film by spin-

coating on a highly boron-doped silicon (Si) substrate and cured at 100 C23. In Stage 

II, the hybrid thin film was heated by a continuous wave CO2 laser focused into a 

~90 µm by 600 µm beam of a 0.5 ms dwell24. The hybrid film does not strongly interact 

the far infrared photons below a critical thickness (vide infra) with Si absorbing most of 

the photons to heat the surface and cooled by thermal conduction on sub-millisecond 

timeframes24. The cured resol additives were thermopolymerized by a series of 

increasing laser powers (10-35 W ≈ 125-550 C) to form highly crosslinked phenolic 

resins22,23. Finally, a higher laser power (40 W ≈ 670 C) induced transient ISO 

decomposition and resulted in nanoporous phenolic resin structures in Stage III. This 

unique combination of positive-tone ISO and negative-tone resol additives with CO2 

laser-induced transient heating enables direct writing of mesoporous resin structures in 

a single process. In the following, the samples are designated as ISO-X-R-Y, where X 

is the ISO molar mass, R denotes the resols and Y represents the heat treatment method 

(BW: B-WRITE; CA: calcination-in-air; CN: calcination-in-nitrogen). Temperatures 

associated with laser heating experiments were determined using a method described 
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elsewhere24.  

 

 

 

 

 

 

 

 

 

Figure 5.1. Direct laser writing of BCP-directed resol hybrid samples using the B-WRITE 

method. a, Schematic representation. b-d, Optical (b), plan view (c) and cross-sectional (d) SEM 

micrographs of nanoporous phenolic resin grating pattern in a 6 wt% ISO-38-R hybrid sample. 

Each trench was direct-laser-written in less than 5 min. The grid paper has 5 mm markings. e 

and f, Normalized thickness plots of neat 5 wt% ISO (e) and 6 wt% ISO-resol (f) thin film 

samples remaining after heated by a single CO2 laser irradiation (solid lines) and furnace 

calcination in air (dotted lines). g, Normalized thickness plot of 6 wt% ISO-resol hybrid samples 

heated by multiple passes of CO2 laser irradiation (solid lines) and furnace calcination in 

nitrogen (dotted lines). 

 

As a first example, a 6 wt% ISO-38-R hybrid sample was deposited on Si by spin-

coating a solution of ISO-38 terpolymer mixed at a mass ratio of 3:1 with oligomeric 

resols in tetrahydrofuran (THF), followed by curing at 100 C (Table S5.1). We 
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determined 20 passes at sequential laser powers of 10-30 W (125-435 C) and 10 passes 

at 35 W (550 C) were able to crosslink the cured resols into resin and inhibit 

thermocapillary dewetting26. A total of 10 passes at 40 W laser power (670 C) induced 

ISO decomposition to generate porosity. The optical image in Fig. 5.1b shows linear 

trenches in the cured ISO-38-R hybrid film generated by the B-WRITE method. Each 

trench was ~2 cm long and took roughly 4 min 35 s (~102 s) to fabricate in air. Scanning 

electron microscopy (SEM, Fig. 5.1c,d) and profilometry (Fig. S5.1b) show that the 

~150 µm wide trench consists of a ~200 nm thick nanoporous resin thin film with 

continuous 3D network structure. In order to better understand the thermal behavior of 

the organic films under CO2 laser-induced transient heating, we employed SEM, 

profilometry, and Fourier transform infrared spectroscopy (FTIR) to investigate film 

morphology, thickness and chemical composition for different laser heating 

temperatures as compared to furnace calcination.  

We first investigated films on Si spin coated from 5 wt% neat ISO-38/69 solutions 

and 6 wt% ISO-38/69-R mixed solutions (Table S5.1) in THF and annealed by either 

furnace calcination (dotted lines) in air for 1 h or by a single CO2 laser irradiation (solid 

lines) of 0.5 ms dwell (Fig.1e,f ). The ISO-69-R sample was prepared by mixing ISO-

38 terpolymer with oligomeric resols at a mass ratio of 2.4:1 in tetrahydrofuran (THF), 

followed by curing at 100 C. It is apparent from Fig. 5.1e and f that for both neat ISO 

and mixed ISO-resol thin film samples, thermal stability is dramatically increased by 

more than 300 C when moving from annealing durations of 1 h in a furnace to 0.5 ms 

with CO2 laser-induced transient heating. We note that the nanoporous resin structure 

was formed by a single laser irradiation at 670 C, however, film delamination occurred 

attributed to thermocapillary dewetting effects26. To this end, we introduced multiple 

passes of sequential CO2 laser powers for the B-WRITE method. The lower laser powers 
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(125-550 C) allowed for a more controlled polymerization of the cured resols, while 

the higher power (670 C) induced ISO decomposition, leaving an uniform nanoporous 

resin network structure (Fig. 5.1b-d, 5.2 and S5.1).  

Two similar annealing temperature regimes were also observed in Fig. 5.1g for 

both neat ISO and ISO-resol thin film samples heated by furnace calcination in nitrogen 

for 1-3 h (dotted lines) and multiple CO2 laser irradiation passes of 0.5 ms dwell (solid 

lines). During calcination in nitrogen, both ISO and resol components in the hybrid 

samples remained thermally stable up to 300 C retaining over 90% film thickness; 

however, film thickness decreased rapidly to 20-30% at 450 C and 10-20% at 600 C. 

The rapid thickness loss is attributed mainly to crosslinking of resols22,23 and ISO 

decomposition at 450 C (see thermogravimetric analysis, Fig. S5.2) to form the 

mesoporous resin structure observed in SEM (Fig. 5.2d,h). This is consistent with most 

of the FTIR intensity peaks vanishing at 450 and 600 C in nitrogen (Fig. S5.2b,c)22,28. 

The mesoporous structure is constituted of crosslinked phenolic resin at 450 C and 

amorphous carbon at 600 C22,23. ISO-resol hybrid samples heated by the B-WRITE 

method in air retained over 80% of the original thickness below 435 C and a high 35-

55% at 670 C (Fig. 5.1g). From FTIR (Fig. S5.2b,c), the hydroxyl intensity peak in the 

3200-3500 cm-1 band decreased steadily from ambient to 435 C, indicating 

crosslinking of cured resols into resin by transient heating22,23,28. The alkyl stretching 

vibrational peaks in the 2800-3000 cm-1 band assigned to the ISO terpolymers remained 

relatively unchanged up to 435 C and diminished significantly from 550-670 C, 

indicating ISO decomposition22,23,28. Taken together with SEM characterization, we infer 

the cured ISO-resol hybrid films (Fig. 5.2a,e) underwent densification attributed to 

crosslinking of resols and loss of low molecular weight by-products with increasing 

transient temperatures up to 435 C22. At 550 C there was sufficient thermal energy to 
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Figure 5.2. SEM characterization of porous resin structures. a to h, Plan view and cross-

sectional (insets) images of 6 wt% ISO-38-R (a-d) and 6 wt% ISO-69-R (e-h) samples at 

ambient temperature after curing (a and e); 550 C (b and f) and 670 C (c and g) by transient 

heating; and 450 C (d and h) by furnace calcination in nitrogen, respectively. i and j, 

Macroscopic cross-sectional SEM images of 6 wt% ISO-69-R-BW nanoporous resin network 

structure. Insets show the white boxed cross-sections in high magnifications. The straight edge 

in (j) was formed by a single CO2 laser irradiation at 30 W of 25 ms dwell. k and l, Plan view 

and cross-sectional (inset) images of 20 wt% F127-R-BW mesoporous resin samples of 1:1 (k) 

and 1:2 (l) mass ratios, respectively. m and n, Plan view and cross-sectional (inset) images of 

10 wt% (m) and 12.5 wt% (n) ISO-38-R-BW hierarchical porous resin structures. 
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initiate ISO decomposition (Fig. 5.2b,f). The resulting nanoporous resin network 

structure was formed when ISO terpolymers mostly decomposed at 670 C (Fig. 5.2c,g).  

Although thermal stability of ISO-resol hybrid thin films was enhanced by a 

smaller value of ~200 C, the nanoporous resin structure generated by B-WRITE 

method were thicker than conventional pyrolysed resin structure by approximately 

threefold at the respective final annealing temperatures (Fig. 5.1g). SEM suggests pore 

size and porosity of the resin structure is dependent on the heat treatments (compare 

Fig. 5.2c,d and 5.2g,h). We performed fast Fourier transform (FFT) analysis on plan 

view SEM images of ISO-69-R resin structures and plotted the radially integrated 

intensity against the reciprocal space scattering vector q (Fig. S5.3a). The integrated 

intensity peak for ISO-69-R-CN mesoporous resin samples formed at 450 C in nitrogen 

corresponds to an estimated homogenous characteristic length scale of ~48.2 nm in the 

in-plane direction.  In contrast, porosity of ISO-69-R-BW samples is estimated to be 

macroscopically inhomogeneous with a wide pore size distribution of 30-200 nm (Fig. 

5.2g and S5.3a). Nonetheless, lower magnification cross-sectional view SEM images in 

Fig. 5.2i and j show the ISO-69-R-BW nanoporous resin network structure is highly 

uniform over large areas defined by the CO2 laser. The increase in porosity is ascribed 

to the rapid evolution and release of gaseous decomposition products during transient 

heating causing the local expansion of pores and structure thicknesses29,30.  

To illustrate the versatility of the B-WRITE method, we varied the structure-

directing BCP and experimental parameters to control pore formation during transient 

heating. First, we changed the hybrid system using the smaller molecular weight 

Pluronic F127 BCP surfactant mixed with phenol-formaldehyde resols at 1:1 mass ratio 

in ethanol22,23 to form mesoporous resin structure with pore sizes of 20-50 nm (Fig. 

5.2k). By decreasing the F127 to resol mass ratio to 1:2, the pore size of the resulting 
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resin structure was reduced to 10-30 nm with a different morphology (Fig. 5.2l). Similar 

pore size reduction effects were observed for the ISO-38-R and ISO-69-R hybrid 

systems with lower BCP to resol mass ratios (Fig. S5.3). Keeping ISO-38 to resol mass 

ratio constant at 3:1, we increased the hybrid film thickness from ~500 nm (6 wt%) to 

~1.0 µm and ~1.6 µm by increasing the mixed solution concentrations (10 and 12.5 

wt%, respectively).  Fig. 5.2m and n show thicker hierarchical porous resin structures 

with pore sizes of 50-400 nm and 50-600 nm for 10 wt% and 12.5 wt% ISO-38-R 

samples, respectively. Clearly the unique combination of BCP-directed self-assembly 

with transient thermal annealing allows tuning of film morphology, pore size and 

porosity of the 3D continuous network structure. We note the ~1.6 µm thick ISO-38-R 

hybrid sample set the empirical critical film thickness for the B-WRITE method, i.e., 

the thicker hybrid film strongly absorbs the CO2 laser photons.  

The excellent material properties of transient-heated porous resin structure permit 

further heat and chemical processing. Fig. 5.3a shows a majority blue-colored ISO-69-

R-CN sample containing seven brown-colored laser-irradiated lines with varying widths 

(150-1,000 µm) formed by the B-WRITE method, followed by heating to 450 C in 

nitrogen for 1 h. Profilometry (Fig. 5.3b) and SEM (Fig. 5.3c) of laser-irradiated lines 

confirmed the transient-heated crosslinked resin mostly retained the thickness and 

porosity after the subsequent conventional heat treatment. We found the B-WRITE 

method can be further simplified by applying CO2 laser-induced transient heating on as-

deposited ISO-resol hybrid samples (with no thermal curing). For the as-deposited ISO-

69-R hybrid samples, CO2 laser irradiations were increased to 40 passes of 10-30 W 

laser powers to crosslink the resol oligomers and inhibit thermocapillary dewetting26. 

Fig. 5.3d and f display the nanoporous resin line patterns after laser-induced transient 

heating and removal of non-irradiated ISO-69 terpolymer and resol oligomers by rinsing 
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in THF. We further adjusted the macroscopic line dimensions by ablating the resin 

material directly with a 30 W laser power (25 ms dwell) to form nanoporous resin lines 

with highly straight edges (see SEM in Fig. 5.2j and profilometry profile in Fig. 5.3e). 

We note only 20 passes of sequential laser powers (10-30 W) were required for the as-

deposited ISO-38-R hybrid samples, attributed to the elastomeric nature of majority PI 

block.  

Raman spectroscopy on ISO-69-R-BW nanoporous resin structure indicates 

negligible graphitic carbon was formed by the B-WRITE method (Fig. 5.3g). Pyrolysis 

heat treatment at higher temperatures led to carbonization of phenolic resin at 600 C 

with the D- and G-band centered at approximately 1326 and 1596 cm-1, respectively; 

carbonization at 800 C led to the narrowing and shifting of the D- and G-bands to 1312 

and 1598 cm-1, respectively, suggesting a higher degree of graphitization22,23. Cross-

sectional SEM in Fig. 5.3i reveal the ISO-69-R-BW nanoporous carbon sample 

contracted by 50-60% in the out-of-plane direction during carbonization at 800 C. We 

performed four-point probe measurements on carbonized ISO-69-R-BW samples on Si 

substrates with a ~100 nm SiO2 overlayer. Applying linear fit to the current/voltage 

curves, the electrical conductance of ISO-69-R-BW nanoporous carbon sample heated 

at 600 C was ~0.05 mS (Fig. S5.4a). At 800 C, the conductance improved to 4.38 mS, 

giving a sheet resistance of 144.8 Ω/□ (Fig. 5.3h). Even with the high porosity, the 

conductance of ISO-69-R-BW nanoporous carbon sample was slightly lower than that 

of the dense carbonized resin film (13.0 mS) heated under identical conditions at 800 

C (Fig. S5.4b).  

As a proof of concept experiment, we fabricated a microfluidic device that connect 

multiple length scales to demonstrate the versatility of hierarchical structure formation 

with the B-WRITE method. First, a trench was written into a cured resol film on Si with 
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Figure 5.3. Grating pattern inversion and carbonization of ISO-69-R-BW nanoporous resin 

films. a-f, Optical (a and d), profilometry profile (b and e), cross-sectional and plan view (inset) 

SEM (c and f) images of pattern inversion by furnace calcination at 450 C in nitrogen (a-c) and 

THF rinsing (d-f). The grid paper has 5 mm markings. Profilometry measurements were 

performed in the colored box regions of (a) and (d). Representative cross-sectional SEM were 

taken in the dotted box regions shown in (b) and (e). Red arrows in (d) and (e) indicate straight 

line edges of the resin network structure formed by a single CO2 laser irradiation pass at 30 W 

of 25 ms. g, Raman spectroscopy of ISO-69-R-BW samples as prepared by B-WRITE method 

(grey curve), and carbonized at 600 C (red curve) and 800 C (blue curve) in nitrogen. h-i, 

Current-voltage plot (h) and cross-sectional and plan view (inset) SEM micrographs (i) of ISO-

69-R-BW nanoporous samples carbonized at 800 C in nitrogen.  
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a 30 W laser power (25 ms dwell), followed by depositing a 6 wt% ISO-38-R hybrid 

film on the trench and resol film as an overlayer. We then applied the B-WRITE method 

to form the ISO-38-R-BW nanoporous resin network structure in the trench and sealed 

with a polydimethylsiloxane film (Fig. 5.4a). From profilometry and SEM (Fig. S5.5), 

the B-WRITE microfluidic device channel was about 13 mm in length (port-to-port), 

630 µm in width and 1.4 µm in thickness, containing a ~200 nm thick ISO-38-R-BW 

nanoporous resin network structure in the channel to provide additional surface areas 

that may be desirable for microfluidic sensing and catalysis applications31. The bright 

field and fluorescence optical micrographs in Fig. 5.4b and c confirmed dimethyl 

sulfoxide containing 2.82 mM tetramethylrhodamine (TRITC) dye flowed through the 

B-WRITE microfluidic channel using a pressure-controlled pump. For more complex 

structure formation, we combined photolithography, ISO-resol co-assembly and laser-

induced transient heating techniques together. Fig. 5.4d displays the top overview of the 

ISO-69-R hybrid sample deposited on a patterned Si substrate prepared by 

photolithography and transformed to nanoporous resin network structure by the B-

WRITE method. Cross-sectional SEM in Fig. 5.4e-g show conformal adhesion of the 

nanoporous resin film to the curved Si surfaces, demonstrating the compatibility of the 

B-WRITE method with established semiconductor processing technologies.  

Finally, we employed the nanoporous resin structure as template for an all-laser-

induced organic-inorganic nanostructure fabrication method. We applied the B-WRITE 

method to form an ISO-69-R-BW nanoporous resin network structure and heated in 

nitrogen at 400 C to enhance adhesion, followed by backfilling with amorphous Si by 

chemical vapor deposition (CVD)32. The resin/a-Si core-shell composite sample was 

irradiated with a single 40 ns XeCl excimer laser pulse at 550 mJ/cm2 to induce transient 

melt-crystallization of amorphous precursor into polycrystalline Si19, verified by 2D X-
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ray diffraction and Raman spectroscopy (Fig. S5.6). SEM images in Fig. 5.4h-j display 

the resulting nanoporous polycrystalline silicon nanostructures after CF4 reactive ion 

etching, piranha solution and hydrofluoric acid (HF) treatments, confirming successful 

pattern transfer via BCP organic templating. Remarkably, the organic resin template not 

only permit amorphous silicon CVD directly at 350 C32, it even withstood the transient 

melt-crystallization of Si at 1414 C. In analogy to the single crystal epitaxial 

nanostructure results19, organic BCP pattern transfer by laser annealing could be 

enhanced, for example, applying thermal/solvent annealing on as-deposited BCP-resol 

hybrid thin films to form ordered morphologies, and complete removal of native SiO2 

layer in diluted HF using the inert resin template.  

The synergetic coupling of BCP-directed self-assembly with CO2 laser-induced 

transient heating has multiple advantages, including: (1) BCP-directed resol self-

assembly provides direct access to 3D continuous network structure formation and pore 

size control; (2) a deterministic direct pattern transfer by the CO2 laser; (3) enhanced 

materials properties that permit further processing for new functionalities and 

applications. This facile and scalable methodology may be used to create novel 

arbitrary-shaped miniaturized devices that require high surface areas and connectivity, 

spanning from micro-batteries and electrochemical capacitors to microfluidic sensors 

and catalytic reactors3,20,21,31.  
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Figure 5.4. Hierarchical porous resin structure formation and pattern transfer. a, Optical 

micrograph of the resol-based microfluidic device fabricated by the B-WRITE method on the 

probe station. b and c, Bright-field (b) and fluorescence (c) optical micrographs of dimethyl 

sulfoxide with TRITC dye in the microfluidic channel. d-g, Plan view (d) and cross-sectional 

(e-g) SEM micrographs of hierarchical porous resin structure formation coupling 

photolithography, ISO-resol co-assembly and B-WRITE method. Inset in (e) shows the white 

boxed cross-section in higher magnification. h, Cross-sectional SEM micrograph of nanoporous 

polycrystalline Si nanostructures formed by organic templating using an all-laser nanostructure 

fabrication approach. i and j, Higher resolution cross-sectional (i) and plan view (h) SEM 

micrographs of the laser-induced polycrystalline Si nanostructure in (h).  
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Methods  

Materials. Synthesis of ISO terpolymers by sequential anionic polymerizationm, 

resorcinol-formaldehyde resol oligomers and phenol-formaldehyde resol oligomers 

were reported elsewhere23. Anhydrous tetrahydrofuran and Pluronic F127 were 

obtained from Sigma Aldrich. Absolute ethanol (200 proof), sulfuric acid (97%) and 

hydrogen peroxide (30%) were obtained from Koptec, Fisher Chemical and Macron 

Fine Chemicals, respectively. 0.01-0.02 Ω.cm boron-doped Si substrates 

(4P0.01-.02SSP-INV) were obtained from WRS Materials. Sylgard 184 silicone 

elastomer kit was obtained from Dow Corning. 

Block Copolymer-Directed Resol Hybrid Thin Film Synthesis. Si substrates 

were treated in piranha solution (sulfuric acid/hydrogen peroxide = 3:1, v/v) and rinsed 

profusely in deionized water before use. All organic thin film samples were deposited 

on Si by spin-coating at 2000 rpm for 45 s in a nitrogen drybox. ISO-directed resol 

hybrid thin films (Table S5.1) were prepared by mixing the ISO terpolymers with 

resorcinol-formaldehyde resols in tetrahydrofuran for 1 h prior to deposition on Si23. 20 

wt% F127-directed resol hybrid thin films (Table S5.1) were prepared by mixing F127 

BCP surfactant with phenol-formaldehyde resols in ethanol for 2 h prior to deposition 

on Si22,23. Unless noted otherwise, the hybrid samples were cured in a vacuum oven at 

100 C overnight (>12 h).  

Block Copolymer Based Writing Induced by Transient Heating Experiments 

(B-WRITE) Method. The CO2 laser-induced transient heating setup is described 

elsewhere24. The transient temperature of Si substrate during laser irradiation is 

determined by the laser power and dwell time. The scan type may be a unidirectional 

single pass (in the lateral x direction), bidirectional multiple pass (non-overlapping), or 

bidirectional multiple pass with overlap of 55 µm scan step (in the transverse y 
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direction), to cover the irradiated area. The irradiated area is approximately rectangular, 

having a width w defined by the full-width-half-maximum of the laser intensity profile 

(x direction), and length l defined by the substrate dimension (y direction). To prevent 

thermocapillary dewetting effects during transient heating, the irradiated width w is 

approximately 40% wider for the sequential 10-35 W laser powers (e.g., w = 0.7 mm) 

than the final 40 W laser power (e.g., w = 0.5 mm). Unless noted otherwise, the CO2 

laser-induced transient heating dwell is 0.5 ms.  

Transient Resol Thermopolymerization. (1) All cured BCP-resol hybrid 

samples were irradiated with 20 passes (overlap) laser powers at 10 W, 20 W, 30 W, 

and 10 passes (overlap) at 35 W, sequentially. (2) The as-deposited ISO-38-R hybrid 

samples were irradiated with 20 passes (overlap) laser powers at 10 W, 20 W, 30 W, 

and 10 passes (overlap) at 35 W, sequentially. (3) The as-deposited ISO-69-R hybrid 

samples were irradiated with 40 passes (overlap) laser powers at 10 W, 20 W, 30 W, 

and 10 passes (overlap) at 35 W, sequentially.   

Transient BCP Decomposition. For trenches with <150 µm width, the samples 

were irradiated with 10 passes (non-overlap) at 40 W. For trenches with >150 µm width, 

the samples were irradiated with 5 passes (overlap) at 40 W. 

Furnace Heat Treatment. For calcination in air, the organic samples were slowly 

heated in a tube furnace at 1 C/min rate to the respective temperature of 150, 225, 300, 

275 and 450 C, and held at the final temperature for 1 h. For calcination in nitrogen, 

the organic samples were slowly heated in a tube furnace at 1 C/min rate to the 

respective temperature of 150, 300, 450 and 600 C, and held at the final temperature 

for at least 1 h (3 h at 600 C). 

Electrical Conductivity Measurements. The 6 wt% ISO-69-R hybrid samples 
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(ISO/resol = 2.4:1, w/w) were deposited on Si with a thermally grown ~100 nm thick 

SiO2 overlayer by spin-coating. ISO-69-R-BW nanoporous resin samples were prepared 

using as-deposited samples by the B-WRITE method as described above, followed by 

rinsing in THF to remove non-irradiated BCP and resol components. For carbonization, 

the samples were heated in nitrogen at 1 C/min rate and held at 600 C for 3 h, and/or 

raised to 800 C for 1 h at 5 C/min rate. Current/voltage data were collected using a 

Cascade Microtech CPS-05 four-point probe station with a Keithley 2400 source meter. 

From optical microscopy and SEM, the dimensions of the ISO-69-R-BW nanoporous 

carbon sample heated at 800 C were w = 634 µm in width and t = 92 nm in thickness. 

The sheet resistance was calculated using Rsheet = (V/I) × (w/s), where w is the line width 

and s is the inter-probe spacing (1 mm)33.  

A 20 wt% resorcinol-formaldehyde resol solution was spin-coated on the SiO2/Si 

substrate and cured in a vacuum oven at 100 C overnight (>12 h). From profilometry, 

the dense film thickness was approximately 660 nm after carbonization at 800 C for 1 

h in nitrogen. 

Resol-Based Microfluidic Device Fabrication by B-WRITE Method. 20 wt% 

resorcinol-formaldehyde resol solution was spin-coated on Si at 2000 rpm for 60 s to 

form a dense resol film, followed by curing in a vacuum oven at 100 C overnight (>12 

h). The trench (channel) was formed with a single pass of CO2 laser irradiation at 30 W 

of 25 m dwell (175 µm scan step). A 6 wt% ISO-38-R hybrid thin film (ISO/resol = 3:1, 

w/w) was spin-coated on the trench and resol film as an overlayer and cured in a vacuum 

oven at 100 C overnight (>12 h).  The ISO-38-R-BW nanoporous resin structure was 

formed in the trench by the B-WRITE method as described above. A (3-aminopropyl)-

trimethoxysilane (APTMS) surface coating was deposited on the sample by vapor 

deposition using the Applied MicroStructures MVD100 tool, followed by heating in an 
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oven at 80 C for at least 1 h. A ~2 mm thick PDMS film was prepared by mixing the 

Sylgard 184 monomer and curing agent at 10:1 mass ratio in a petri dish, degassed in a 

vacuum desiccator and cured at 60 C for 4 h. Holes were punched in the PDMS film 

for the inlet and outlet ports. Finally, the APTMS surface-functionalized sample and 

PDMS were exposed to an oxygen plasma (50 W, Harrick Plasma) for 30-40 s and 

placed in conformal contact at room temperature for >1 h. The microfluidic device flow 

experiment was conducted on the CorSolutions microfluidic probe station with a PV-

1500 packing vessel pump delivering a pulse-free flow of 2.82 mM TRITC dye 

dissolved in dimethyl sulfoxide into the channel with 10-20 psi dry nitrogen.  

Photolithography Patterning of Si Substrates. A thin layer of P-20 primer (20 

% hexamethyldisilazane in propylene glycol monomethyl ether acetate) was spin-coated 

on Si at 4000 rpm for 30 s to promote photoresist adhesion. A ~1.3 µm thick positive-

tone Shipley 1813 photoresist was spin-coated on the primed Si surface at 4000 rpm for 

30 s and (soft) baked at 90 C for 60 s. The resist was exposed with a 365 nm UV 

irradiation at a dose of 34.5 mJ/cm2 using the Karl Suss MA6 tool. The exposed sample 

was (hard) baked at 90 C for 60 s, followed by development in 0.26 N 

tetramethylammonium hydroxide (TMAH) solution and subsequent deionized water 

rinse and nitrogen blow drying. The substrate was subjected to SF6 reactive ion etching 

(RIE) for 140 s (30 sccm, 200 mTorr, 200 W) to form Si trenches using the Oxford 

PlasmaLab 80+ RIE System. Finally, the remaining photoresist was stripped by oxygen 

plasma using the Gasonics Aura 1000 tool.  

The 6 wt% ISO-69-R hybrid thin film samples (ISO/resol = 2.4:1, w/w) were spin-

coated on the photolithography patterned Si substrates and cured in a vacuum oven at 

100 C overnight (>12 h). The ISO-69-R-BW nanoporous resin thin film was formed in 

the Si trenches by the B-WRITE method as described above. 
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Laser-Melt-Induced Polycrystalline Si Nanostructure Fabrication. The 6 

wt% ISO-69-R-BW resin structure was prepared by the B-WRITE method using as-

deposited ISO-69-R hybrid sample (ISO/resol = 2.4:1, w/w) as described above and 

further heated in nitrogen at 400 C for 1 h with a ramp rate of 1 C/min to improve 

adhesion to the Si substrate. Amorphous silicon was deposited in the porous organic 

template by static chemical vapor deposition using disilane as precusor at 350 C for 3 

h32. A single pulse of 40 ns FWHM XeCl excimer laser ( = 308 nm) at 550 mJ/cm2 

was used to melt-crystallize the amorphous Si in a homebuilt vacuum chamber (<1 Torr) 

with a UV-transparent quartz window19. The excimer laser-irradiated sample was 

treated in CF4 RIE for 15 s (30 sccm, 40 mTorr, 150 W) to remove the Si overlayer, hot 

piranha solution for 3 h (sulfuric acid/hydrogen peroxide, 3:1 v/v, 75 C) to remove the 

organic template, and 49% hydrofluoric acid for 10-20 s to remove the SiO2 layer.  

Characterization. SEM images were acquired on Au-Pd coated organic thin film 

samples using a LEO 1550 SEM equipped with an in-lens detectors. FFT analysis was 

performed on plan view SEM micrographs in the ImageJ software using a Radial Profile 

Extended plugin script written by Philippe Carl7. Profilometery measurements were 

acquired using a Tencor P-10 profilometer and smoothened with a FFT filter function 

in the GenPlot software. Organic thin film and nanoporous resin structure thickness 

were measured using SEM and profilometer. FTIR data were acquired using a Bruker 

Hyperion FTIR microscope in the attenuated total reflectance and specular reflectance 

modes. The baseline subtraction function was applied using the OriginPro 9.1 software. 

Raman spectroscopy measurements were conducted using a Renishaw InVia confocal 

Raman microscope with the 785 nm and 488 nm excitation laser sources for the 

carbonized ISO-69-R-BW samples and silicon samples, respectively. Optical 

microscopy images were acquired using an Olympus BX51 microscope (upright 
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fluorescence microscope) equipped with a mercury lamp source and a Chroma 41002B 

(605/75) fluorescence filter. 2D X-ray diffraction measurement was performed on a 

Bruker General Area Detector Diffraction System (GADDS) equipped with a Bruker 

HI-STAR area detector using Cu Kα radiation (40 kV, 40 mA, λ = 0.15418 nm). 

Thermogravimetric analysis (TGA) was conducted using a Seiko Exstar TG/DTA 6200 

thermal analyser at a heating rate of 5 C/min in helium. 
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APPENDIX D 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.1. Characterization of nanoporous resin structures in ISO-resol hybrid thin films 

formed by B-WRITE method. a-c, Optical (a), profilometry (b), and plan view SEM (c) 

characterization of 6 wt% ISO-38-R-BW nanoporous resin trenches in the hybrid sample. The 

black box in (b) indicate the nanoporous resin trench region shown in the plan view SEM image 

in (c). The white dotted lines in (c) highlight the contrast difference formed by the CO2 laser-

induced transient heating. d-f, Optical (d and e) and profilometry (f) characterization of 6 wt% 

ISO-69-R-BW nanoporous trenches in the hybrid sample. The black box in (d) indicate the plan 

view optical image in higher magnification displayed in (e). The black dotted lines in the optical 

images (a and e) indicate the profilometry scan direction acquiring the corresponding cross-

sectional profiles (b and f). The grid paper has 5 mm markings.  
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Figure S5.2. a, TGA plots of ISO-38, ISO-69 and F127 BCPs measured at a heating rate of 5 

C/min in helium. b and c, FTIR spectroscopy of cured ISO-38-R (b) and ISO-69-R (c) hybrid 

samples annealed by CO2 laser-induced transient heating in air (white color-coded) and furnace 

calcination in nitrogen (blue color-coded) measured in ATR and specular reflectance modes, 

respectively, after baseline subtraction. The ISO-resol hybrid samples (red curves) display 

multiple intensity peaks in two wavenumber bands: hydroxyl stretching vibrations in 3200-3500 

cm-1 band assigned to the hydrogen bonds and free phenolic hydroxyl group, and alkyl stretching 

vibrations in 2800-3000 cm-1 band assigned to the ISO terpolymers33. During CO2 laser-induced 

transient heating (white color-coded), the hydroxyl peak started to decrease from ambient to 

435 C attributed to crosslinking of resols. The alkyl peaks of ISO terpolymers significantly 

diminished from 550-670 C indicating ISO decomposition. The hydroxyl and alkyl stretching 

vibrational intensity peaks (blue color-coded) indicate the ISO-resol hybrid samples remained 

stable at 300 C during calcination in nitrogen. All the peaks mostly vanished at 450 C 

indicating decomposition of ISO terpolymers to form mesoporous resin structures. 
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Figure S5.3. a, FFT analysis of plan view SEM images of ISO-69-R porous resin samples 

annealed by B-WRITE method and calcination in nitrogen as indicated, plotted again the 

scattering vector q. The ISO-69-R porous resin structure prepared by slow heating in nitrogen 

at 450 C (red curve) has a macroscopically homogenous characteristic length scale of ~48.2 

nm, whereas the porous resin sample prepared by the B-WRITE method in air (blue curve) is 

macroscopically inhomogeneous (ISO/resol = 2.4:1, w/w). The peak for the ISO-69-R porous 

resin structure with higher resol contents formed by B-WRITE method in air indicates a 

macroscopically homogenous characteristic length scale of ~51.2 nm (ISO/resol = 1.5:1, w/w). 

b to e, Plan view (b and d) and cross-sectional (c and e) SEM micrographs of ISO-38-R-BW 

and ISO-69-R-BW porous resin samples prepared by the B-WRITE method with ISO to resol 

mass ratio of 1.5:1, respectively. 
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Figure S5.4. Current-voltage plots of carbonized ISO-69-R-BW nanoporous sample (a) and 

dense resol film (b) annealed at 600 C for 3 h and 800 C for 1 h in nitrogen, respectively. 
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Figure S5.5. Fabrication of the resol-based microfluidic device by the B-WRITE method. a, 

Schematic repsentation. A 20 wt% resol solution was spin-coated on a Si substrate and cured at 

100 C. A trench was directly written into a cured resol film with a 30 W laser power (25 ms 

dwell) (Stage I). An ISO-38-R hybrid film was deposited on the trench and resol film as an 

overlayer and cured at 100 C (Stage II). The nanoporous resol network structure was formed 

in the trench by the B-WRITE method (Stage III). The device was completed by sealing with a 

~2 mm thick polydimethylsiloxane film after (3-aminopropyl)-trimethoxysilane surface 

functionalization (Stage IV). b and c, Profilometry profile and cross-sectional SEM micrographs 

at Stage I. d-f, Profilometry profile and cross-sectional SEM micrographs at Stage II. g-i, 

Profilometry profile and cross-sectional SEM micrographs at Stage III. j, Optical micrograph of 

the resol-based microfluidic device at Stage IV. The grid paper has 5 mm markings. 
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Figure S5.6. Characterization of all-laser-induced polycrystalline Si nanostructure fabrication 

by organic templating. a, The top red curve displays the time-resolved reflectance signal of the 

melt and crystallization of Si in ~50 ns using a 650 nm HeNe diode probe laser. The lower black 

curve indicates the incident excimer laser pulse profile. b, Integrated intensity plot of the X-ray 

diffraction pattern of pulsed excimer laser-induced polycrystalline Si sample (PDF 01-071-

3899) after organic template removal. c, Raman spectroscopy of the amorphous Si overlayer in 

the organic template (green curve) and laser-induced polycrystalline Si sample after template 

removal (red curve). The shift of intensity peaks from ~479 cm-1 (green curve) and ~520 cm-1 

(red curve) indicates the conversion of Si from amorphous to crystalline phase after pulse 

excimer laser annealing.  

 

Table S5.1. Experimental parameters of organic thin film synthesis.  

Organic Film 
BCP/Resol 
Mass Ratio 

Solution Concentration 
(Solvent) 

Average Hybrid Film 
Thickness (nm) 

ISO-38-R 

3:1 6 wt% (Tetrahydrofuran) 503   5 

 10 wt% (Tetrahydrofuran) 1063  7 

 12.5 wt% (Tetrahydrofuran) 1606  36 

 1.5:1 6 wt% (Tetrahydrofuran) 569  3 

ISO-69-R 2.4:1 6 wt% (Tetrahydrofuran) 621  13 

 1.5:1  656  4 

F127-R 
1:1 20 wt% (Ethanol) 875  9 

1:2  661  15 

ISO-38  5 wt% (Tetrahydrofuran) 450  9 

ISO-69   471  4 

Resorcinol-
Formaldehyde 

Resols 
 20 wt% (Tetrahydrofuran) 944  3 
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CHAPTER 6 

 

BLOCK COPOLYMER-DIRECTED ORGANIC TEMPLATING OF LASER-

INDUCED CRYSTALLINE SILICON NANOSTRUCTURES   

 

Abstract  

Three-dimensional (3D) porous polycrystalline silicon network nanostructures are 

formed by coupling mesoporous block copolymer-directed organic resin template 

formation, backfilling of the pore network with amorphous Si and pulsed excimer laser 

irradiation. The mesoporous resin network structure remained highly stable above 

1400 C when heated below sub-millisecond time frames. Raman spectroscopy 

indicates the nanoporous resin network structure condenses into amorphous carbon 

phase during transient heating to support the melt and subsequent solidification of 

silicon, yielding 3D mesoporous crystalline silicon nanostructures. This pattern transfer 

route may represent a direct conversion pathway from ordered block copolymer 

nanostructures to functional materials such as crystalline silicon for potential hybrid 

photovoltaics, photonic, and energy storage applications.  

 

 

 

 

 
 

  

Tan, K. W., Werner, J. G., Goodman, M. D., Jung, B., Sai, H., Kim, H. S., Braun, P. V, Thompson, 
M. O. & Wiesner, U. To be submitted for publication.  
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Introduction 

Three-dimensional (3D) nanostructured materials are gaining increasing 

importance for use in current and emerging applications,[1–3] for example, 

microelectronics,[4] photonic crystals and metamaterials,[5–8] membrane separation,[9–11] 

and energy conversion and storage.[2,12–15] The inherent 3D nature of block copolymer 

(BCP) self-assembly provides a direct pathway to fabricate sub-100 nm structural 

features with well-defined ordered morphologies ranging from 1D lamellae, 2D 

hexagonal cylinders to 3D continuous network morphologies.[1,2,16,17] To further 

advance materials selection and functional properties, BCPs have been combined as 

structure directing agents with organic or inorganic additives as to form ordered porous 

structures with mesoscopic (2-50 nm) and higher length scale features.[10,15,18–34] This is 

often termed as the “soft” templating method. In the alternative “hard” templating 

approach, the porous organic/inorganic BCP structure is utilized as a pattern transfer 

scaffold for backfilling with the functional material, followed by etching to yield 

functional structures with the inverse morphology.[20,24,28,35] Mesoporous 3D continuous 

network morphologies are of particular interest for their high surface area, connectivity, 

pore accessibility and mechanical stability. For example, crystalline titania 

nanostructures with bicontinuous gyroidal morphologies have been synthesized by soft 

and hard BCP templating methods for use in hybrid photovoltaic devices.[12,13] The 

titania gyroidal electrodes facilitate backfilling of the hole transport material through 

the interconnected pore network and enable continuous connectivity of the titania struts 

for enhanced electron collection and transport.[12,13] Moreover, it is desirable to 

construct a mesoporous BCP gyroid structure with high refractive index contrast to 

harness photonic properties of the chiral continuous network, e.g., an alternating 

gyroidal mesoporous silicon (Si) nanostructure.[5] These Si network structures with 3D 
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connectivity and high surface area may also be of interest for hybrid 

photovoltaics,[2,12,13,15,36] energy storage[14,37] and sensors[38].  

We have previously demonstrated the generation of 3D single-crystal Si and NiSi 

nanostructures connected epitaxially to the Si substrate by combining BCP-directed 

aluminosilicate/niobia hard templating with pulsed excimer laser annealing.[35] The 

critical step to achieve single-crystal epitaxy was to ensure a clean interface between 

the amorphous overlayer and Si substrate. However, we have not yet identify an ideal 

template material: (1) BCP-directed inorganic hybrid systems are typically kinetically 

trapped in non-equilibrium morphologies after spin-coating due to rapid sol-gel 

condensation reactions, enhanced solvent evaporation during spin-coating and 

interfacial energy contributions;[1,17,35] (2) chemical inertness and/or high selective etch 

resistance relative to SiO2 is required for complete native oxide removal; (3) excellent 

template stability is necessary during the transient melt-crystallization process for high 

pattern transfer fidelity. We postulate here that a mesoporous BCP-directed all-organic 

hybrid system may be able to fulfill all of the above requirements. Firstly, BCP thin 

films with well-ordered periodic morphologies can be achieved after deposition by 

many different methods, such as thermal/solvent annealing and/or graphoepitaxy.[1,17,25] 

Secondly, many organic systems have high resistance to SiO2 etchants (e.g., 

hydrofluoric acid). Thirdly, thermal stability of polymers is greatly enhanced by 

applying very short transient heating.[39] Here we describe the first example for coupling 

mesoporous BCP-directed organic template formation, backfilling with amorphous Si 

(a-Si), and transient laser annealing to generate 3D porous crystalline Si (c-Si) network 

structures. 

The process is shown schematically in Figure 6.1a-c. We deposited an all-organic 

hybrid thin film on a Si substrate employing a polyisoprene-block-polystyrene-block-
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polyethylene oxide (ISO) triblock terpolymer to structure-direct resorcinol-

formaldehyde resol oligomer additives.[26] After curing at 100 C, the hybrid samples 

were pyrolysed at 450 C in nitrogen. During pyrolysis, the cured resols crosslinked into 

phenolic resins while the ISO terpolymer decomposed, yielding mesoporous BCP-

directed resin thin films with network structure (Figure 6.1a).[22,26] Mesoporous resin 

thin films of different thicknesses were obtained by varying the BCP-resol solution 

concentrations as shown in the scanning electron microscopy (SEM) images (Figure 

6.1d,g,j). After immersing the mesoporous resin template in 0.5% hydrofluoric (HF) 

acid solution for ~2 min to remove native oxide on the Si substrate, we immediately 

loaded the sample into the chemical vapor deposition (CVD) chamber for a-Si 

deposition at 350 C (Figure 6.1b).[6] SEM micrographs in Figure 6.1e,h,k show the 

near-complete backfilling of a-Si in the mesoporous resin templates with a 60-90 nm 

thick dense overlayer. The resin/a-Si composite nanostructure was then irradiated with 

a single 40 ns full-width-half-maximum 308 nm wavelength pulsed XeCl excimer laser 

at 700 mJ cm-2 energy fluence, with the ultraviolet photons mostly absorbed by the Si 

material to melt the a-Si precursor that subsequently solidified into c-Si within 50 ns 

(Figure S6.1, Appendix E).[35] Finally, the template was removed by CF4 reactive ion 

etching (RIE), hot piranha solution and concentrated HF acid solution treatments to 

obtain the resulting porous inverse c-Si nanostructures (Figure 6.1c,f,i,l and S6.2). 

Plan view and cross-sectional SEM micrographs in Figure 6.1d,g,j show 

mesoporous resin thin films of about 100, 200 and 400 nm thickness after pyrolysis, 

respectively, with interconnected pores in both in-plane and out-of-plane directions. 

From SEM and grazing incidence X-ray scattering (GISAXS), the average pore 

diameter is ~39.5  9.3 nm with a macroscopically homogeneous characteristic length 
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Figure 6.1. Schematic illustration, as well as, cross-sectional and plan view (insets) SEM 

micrographs of (a,d,g,j) mesoporous BCP-directed resin templates after pyrolysis; (b,e,h,k) a-

Si deposition into organic template by CVD followed by pulsed laser irradiation; (c,f,i,l) 

resulting porous inverse c-Si nanostructures after template removal.   
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scale of 2/qxy ≈ 43.9 nm in the in-plane direction (Figure 6.2a),[15,31,32] where 

q = 4π sinθ/λ, θ is half of the total scattering angle, and λ is the X-ray wavelength 

(λ = 1.18 Å). The highly crosslinked resin exhibited remarkable materials properties 

throughout the hard templating and transient laser annealing processes. First the 

chemically inert organic template remained highly stable during the ~2 min immersion 

in 0.5% HF acid solution with no observable film delamination. We further note that a-

Si CVD was performed directly on the thermally stable organic template at 350 C 

without requiring an additional inorganic material backfilling process.[6] After pulsed 

excimer laser irradiation and template removal, SEM in Figure 6.1f,i,l and S6.2 show 

that the resulting porous inverse c-Si nanostructures were approximately 100-400 nm 

thick, respectively. Closer examination at higher magnifications revealed characteristic 

mesoscopic length scale features of the interconnected Si struts and pores. Figure 6.2b 

shows the GISAXS profile of a 350-400 nm thick inverse c-Si network structure with 

two diffuse diffraction peaks around q = 0.140 nm-1. From the integrated intensity 

GISAXS curves in Figure 6.2c, the proximity of the scattering peaks around q = 0.143 

nm-1 (dotted line) suggests a moderate degree of pattern transfer fidelity from the 

mesoporous resin template to laser-induced mesoporous c-Si structures. This indicates 

that the organic template maintained excellent structural integrity during the transient 

melt-recrystallization of silicon at 1414 C (vide infra). We note that despite immersing 

the organic template in 0.5% HF acid solution for ~2 min prior to a-Si CVD, the 

resulting laser-induced Si network nanostructures was unexpectedly polycrystalline, 

i.e., the laser-induced Si crystal orientation was not directed epitaxially by the substrate 

during transient melt-solidification process (Figure S6.1b).[35] The cause is currently 

unknown; as the CVD chamber lacks a load-lock mechanism, we speculate that a new 

native SiO2 layer may have regrown on the Si substrate due to small amounts of oxygen 

or moisture remaining after chamber evacuation prior to a-Si deposition.[6]  
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In order to understand the organic template behavior thermally annealed by 

transient heating, we irradiated the ~200 nm thick mesoporous resin templates with a 

10.6 µm wavelength CO2 laser on sub-millisecond time frames. The mesoporous resin 

template is transparent to the CO2 laser (below a critical thickness) with Si absorbing 

the laser irradiation and converting into thermal energy to heat the surface, subsequently 

cooled by thermal conduction at the respective dwell time frames.[39] Figure 6.3a and 

S6.3a show the plots of the mesoporous resin template remaining thickness after a single 

CO2 laser irradiation as a function of laser power and corresponding annealing 

temperature[39,40] on 0.05, 0.2, 0.5 and 2 ms dwells, respectively. Looking at Figure 6.3a 

the first clear observation is that thermal stability of mesoporous organic template 

increased as dwell duration was reduced over nearly two orders of magnitude on the 

sub-millisecond time frame. Notably the organic film thickness remained unchanged up 

to 1320 C (92 W) of 0.05 ms dwell. Around the melting temperature of Si (1414 C), 

mesoporous resin film thickness decreased by about 20% (75 W of 0.2 ms), 40% (62 W 

of 0.5 ms) and 90% (48 W of 2 ms) heated on increasing dwell time frames. Despite the 

decrease of film thickness with increasing laser powers, representative SEM images of 

0.2 and 2 ms dwells in Figure 6.3b confirm that the laser irradiated samples retained 

their mesoporous network film morphology. From these SEM measurements, the resin 

network strut width (9.1  1.7 nm) decreased by approximately 10% and 14% at 90 W 

(0.2 ms dwell) and 44 W (2 ms dwell), respectively. We performed Raman spectroscopy 

on CO2 laser-irradiated samples of 0.2 and 2 ms dwells to investigate the associated 

chemical changes by transient heating (Figure S6.3b,c). Prior to CO2 laser irradiation 

(0 W), broad D and G bands were detected for mesoporous resin templates pyrolysed at 

450 C around 1340 and 1560 cm-1, respectively. The bands shifted and became 

narrower as laser powers increased, suggesting laser-induced condensation of the 

phenolic networks by transient heating.[22,26] The Raman spectra of samples irradiated 
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Figure 6.2. GISAXS profiles of (a) mesoporous resin template and (b) 350-400 nm thick laser-

induced c-Si nanostructures at incidence angles of 0.12  and 0.15, respectively. (c) Integrated 

intensity plots of corresponding GISAXS patterns. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3. (a) Film thickness plots of mesoporous resin template remaining versus transient 

heating temperature by a single pass of CO2 laser irradiation of 0.05, 0.2, 0.5 and 2 ms dwells. 

(b) Plan view and cross-sectional SEM micrographs of mesoporous templates after CO2 laser-

induced transient heating as indicated. (c) Film thickness plots of resin template remaining after 

a single 40 ns pulsed excimer laser irradiation at energy fluences between 100 and 800 mJ cm-

2. Inset shows the plan view SEM of a mesoporous sample after laser irradiation at the highest 

fluence of 800 mJ cm-2.  
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at 75 W (0.2 ms dwell; extrapolated to 1480 C) and 40 W (2 ms dwell; extrapolated to 

1000 C) in Figure S6.3b and c, respectively, are very similar to that of the Raman 

spectrum of a mesoporous amorphous carbon film pyrolysed in a furnace at 600 C for 

3 h. The phenolic network condensation into amorphous carbon at higher temperatures 

corroborates well with thermal stability enhancement of mesoporous resin samples at 

shorter dwells. At even higher laser powers, e.g., 48 W of 2 ms dwell (extrapolated to 

1445 C), thermal decomposition of the mesoporous template resulted in significant 

film thickness losses (Figure 6.3a) and diminished Raman spectrum intensities (Figure 

S6.3c).   

Figure 6.3c shows the evolution of the thickness of the mesoporous organic 

template after a single 40 ns pulsed excimer laser irradiation at fluences of 100-800 

mJ cm-2. We observe a rapid film thickness loss of over 60% from 100 to 300 mJ cm-2, 

and a more gradual decrease at higher energy fluences of 400 to 800 mJ cm-2. We 

hypothesize that the thickness loss is partially due to laser ablation as phenolic resin 

readily absorbs the ultraviolet excimer laser irradiation[41,42] and gets heated transiently 

to temperatures much greater than the melting point of Si (>1414 C). Raman 

spectroscopy indicates that the phenolic resin networks condensed into amorphous 

carbon along with a ~30% film thickness loss at 100 mJ cm-2 energy fluence (Figure 

S6.3d). Interestingly the template retained mesoporous structural features for all 

excimer laser energy fluences up to 800 mJ cm-2 (see plan view SEM inset in Figure 

6.3c).  

We observed that the dense a-Si overlayer in Figure 6.1e,h,k plays a key role for 

successful 3D pattern transfer from mesoporous organic resin template to the excimer 

laser-induced c-Si nanostructures. Upon laser irradiation at 700 mJ cm-2, most of the 

photons are absorbed by the a-Si overlayer and converted into thermal energy to induce 
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Si melting as indicated by the sharp spike in time-resolved reflectance measurements 

(Figure S6.1a).[35,43] As the Si melt front (at 1414 C) propagates through the a-Si into 

the substrate, the resin scaffold condenses into amorphous carbon and acts as a “hard” 

support for liquid Si that subsequently solidifies after ~40 ns.[28,29] In our control 

experiments we indeed observed no mesoporous structural features for samples with 

little or no a-Si overlayer after pulsed excimer laser annealing and template removal, 

confirming the critical role of the dense a-Si overlayer (Figure S6.4). Some photons 

(e.g. at the 700 mJ cm-2 energy fluence) may get absorbed by the resin material causing 

ablation near the top of the mesoporous organic template. This results in the formation 

of asymmetrical laser-induced c-Si network nanostructures with graded nanoporosity; 

in Figure 6.1f,i,l (and Figure S6.2) the largest pores are observed at the air/Si interface 

and get increasingly smaller towards the Si substrate interface (see Figure 6.1f,i,l and 

S6.2).  

As discussed in the introduction one of the advantages of working with all-organic 

over inorganic thin film templates is the accessibility of well-ordered complex 3D BCP 

morphologies which subsequently could be transferred into the corresponding c-Si 

structures via pulsed laser annealing. In order to demonstrate this potential we 

performed a proof-of-principle experiment to generate laser-induced gyroidal c-Si 

nanostructures by BCP-directed organic templating. BCP gyroid structures usually 

consist of two interpenetrating gyroidal sub-volumes related by an inversion operation. 

If these two sub-volumes are constituted by the same material (e.g. in AB diblock 

copolymers), the structure is referred to as a double gyroid (GD, 3Ia d  ). In the case that 

the two sub-volumes are made up of different materials (e.g. in ABC triblock 

terpolymers) the structure is called the alternating (or single) gyroid (GA, 14 32I ). For 

our experiments, ISO-resol hybrid samples with alternating gyroid (GA) morphology 
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were first prepared by evaporation-induced self-assembly.[26] Subsequently, 700-

900 nm thick cryo-microtomed sections of such a highly ordered GA ISO-resol hybrid 

sample and collected on the Si substrate. SEM images in Figure 6.4a and b show a highly 

porous resin thin film with mesoscopic GA network morphology obtained after 

removing ISO terpolymer by pyrolysis at 450 C. Lower magnification SEM images in 

Figure S6.5a and b demonstrate that the ~600 nm thick GA mesoporous resin films 

adhered smoothly on Si substrate with no observable crack formation or delamination, 

attributed to the “soft” nature of the all-organic hybrid thin films. SEM images in Figure 

6.4c-f demonstrate that periodically ordered 3D porous Si inverse nanostructures could 

be obtained after a-Si CVD, excimer laser annealing at a lower energy fluence of 500 

mJ cm-2, and template removal. Plan view SEM images show that the interconnected 

pores of the GA mesoporous resin template (Figure 6.4a) and the network struts of the 

resulting laser-induced Si nanostructures (Figure 6.4e) shared similar dimensions of 60-

70 nm. Cross-sectional SEM images in Figure 6.4d and f also reveal that the excimer 

laser-induced melt-crystallization of Si was incomplete as the bottom third of the 

samples show a dense layer. Despite only having about two thirds of the backfilled a-Si 

transformed into mesoporous gyroidal c-Si structures by melt infiltration,[44] this proof-

of-concept experiment has demonstrated the possibility to generate highly ordered and 

periodic gyroidal c-Si nanostructures by combining mesoporous BCP-directed organic 

templating with pulsed laser annealing.  

In conclusion, we have described the first examples of coupling mesoporous BCP-

directed organic resin templating with transient laser-induced melt-crystallization to 

generate 3D porous c-Si network nanostructures. The mesoporous resin remained highly 

stable up to the melting temperature of Si (1414 C) in air when heated with a 10.6 µm 

CO2 laser on sub-millisecond time frames. It was found that a dense a-Si overlayer was 
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critical to shield the mesoporous resin template from strongly absorbing the 308 nm 

excimer laser irradiation to prevent massive template ablation and structural collapse. 

Raman spectroscopy revealed that the mesoporous resin scaffold material further 

crosslinked into amorphous carbon phase during transient heating thereby supporting 

the excimer laser-induced Si melt-crystallization to form 3D porous c-Si nanostructures. 

Besides disordered network structures, we have demonstrated the transition from BCP-

directed inorganic to organic templating enables the formation of periodically ordered 

gyroidal c-Si nanostructures via pulsed laser annealing. We expect that the methodology 

introduced here can be further enhanced, for example, achieving ordered morphologies 

in ISO-resol hybrid thin films directly via solvent annealing[21,25] and/or laser spike 

annealing[39,45] before the pyrolysis heat treatment. For complete melt-conversion into 

the crystalline phase, the Si melt time can be extended by increasing the transient 

heating dwell to enhance the Si melt flow and infiltration into the resin template before 

solidification. Finally, by arresting the regrowth of a new SiO2 layer on the Si substrate 

before a-Si deposition, it should be possible to generate mesoporous single-crystal 

epitaxial Si nanostructures[35] with different periodically ordered morphologies that may 

enable new functionalities and advanced applications.   
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Figure 6.4. Plan view and cross-sectional SEM micrographs of (a,b) cryo-microtomed GA 

mesoporous resin template and (c,d) periodically ordered gyroidal Si inverse nanostructures 

after pulsed excimer laser annealing and template removal. (e,f) Higher magnification SEM 

images of the black boxes annotated in (c,d), respectively.    
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Experimental Section 

Mesoporous BCP-directed resin template synthesis. 4, 6 and 8 wt% ISO-resol 

solutions were prepared by dissolving polyisoprene-block-polystyrene-block-

polyethylene oxide triblock terpolymer (PI-b-PS-b-PEO, ISO, Mn = 68.9 kg/mol, with 

a polydispersity index of 1.04 containing 29.6% PI, 64.8 wt% PS and 5.4 wt% PEO) 

with resorcinol-formaldehyde resol oligomers (ISO/resol = 2.4:1, w/w) in anhydrous 

tetrahydrofuran (Sigma Aldrich) and stirred for 1 h. ISO terpolymer and oligomeric 

resorcinol-formaldehyde resols were synthesized according to protocols described 

elsewhere.[26] Hybrid thin films with disordered network morphology were spin-coated 

on Si substrates (4P0.01-.02SSP-INV, WRS Materials) at 2000 rpm (45 s) in a nitrogen 

drybox, followed by curing at 100 C in a vacuum oven overnight (>12 h). The ISO-

resol hybrid samples with GA morphology (ISO/resol = 3.125:1, w/w) were prepared by 

evaporation-induced self-assembly as reported elsewhere.[26] The GA hybrid samples 

were sectioned with a Leica Ultracut UC7 cryo-ultramicrotome at -60 C, collected on 

a water/dimethyl sulfoxide (6:4, v/v) solution surface and transferred to Si substrates. 

Mesoporous phenolic resin thin films were formed by heating the hybrid samples in a 

tube furnace at 450 C (1 h) in nitrogen with a ramp rate of 1 C/min. For Raman 

spectroscopy measurements, mesoporous resin samples were heated in a tube furnace 

at 600 C (3 h) in nitrogen with a ramp rate of 1 C/min for conversion into amorphous 

carbon. 

Native SiO2 layer removal and amorphous silicon chemical vapor deposition. 

The mesoporous resin template was first immersed in 0.5% HF acid solution (100:1) for 

about 2 min, blown dry with nitrogen and immediately loaded into the CVD chamber 

prior to chamber evacuation for a-Si deposition. A static CVD system was used to 
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deposit a-Si into the mesoporous resin template at 350 C (3 h) with disilane as 

precursor.[6]  

10.6 µm Wavelength CO2 Laser Irradiation. The CO2 laser-induced transient 

heating setup used in the experiments is described elsewhere.[39] Mesoporous resin thin 

films with ~200 nm thickness were irradiated with a single pass of CO2 laser irradiation 

at 28-92 W and dwells of 0.05, 0.2, 0.5 and 2 ms dwells.  

308 nm Wavelength Pulsed Excimer Laser Irradiation. The 40 ns pulsed XeCl 

excimer laser setup used here with some modifications is described elsewhere.[35]  All 

samples were held in a homebuilt vacuum chamber holder (<1 Torr) with a quartz 

window for excimer laser irradiation. Mesoporous resin thin film samples were 

irradiated at 100-800 mJ cm-2 energy fluences. The resin/a-Si composite samples with 

disordered network morphology were irradiated with a single pulse of 700 mJ cm-2 

energy fluence. The GA resin/a-Si composite samples were irradiated with a single pulse 

of 500 mJ cm-2 energy fluence.  

Template Removal. The excimer laser-irradiated samples were sequentially treated 

in CF4 RIE for 10-20 s (30 sccm, 40 mTorr, 150 W) to remove the Si overlayer, hot 

piranha solution (97% H2SO4/30% H2O2 = 3:1, v/v) held at 75 C for 3 h to remove the 

template, and 49% HF for 10-30 s to remove the SiO2 layer. 

Characterization. SEM images were acquired on Au-Pd coated mesoporous resin 

samples using a LEO 1550 SEM equipped with an in-lens detectors. Thin film thickness 

was determined from SEM and profilometry measurements using a Tencor P-10 

profilometer. Raman spectroscopy measurements were conducted using a Renishaw 

InVia confocal Raman microscope with a 785 nm excitation laser source. 2D X-ray 

diffraction measurements were performed on a Bruker General Area Detector 



 

125 

Diffraction System (GADDS) equipped with a Bruker HI-STAR area detector using Cu 

Kα radiation (40 kV, 40 mA, λ = 0.15418 nm). GISAXS was measured at the G1 

beamline of the Cornell High Energy Synchrotron Source (CHESS). The G1 beamline 

setup consists of a multilayer monochromator of wavelength  = 0.118 nm with a 

Dectris Pilatus 200k area detector mounted vertically at a distance of 2.657 m from the 

sample. The resolution of the area detector was 487 × 407 pixels with a 172 µm pixel 

size. The incident angle of the beam was varied between 0.1  and 0.3  with typical 

exposure times <2 sec. GISAXS patterns were analyzed with the FIT2D program.[46] 
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APPENDIX E 

 

 

 

 

 

 

 

 

Figure S6.1. (a) Time-resolved reflectance measurement (red curve) of a single pulsed excimer 

laser irradiation at 700 mJ cm-2 on a ~400 nm thick a-Si/resin template sample using a 650 nm 

wavelength HeNe diode probe laser. The sharp increase in reflectance trace indicates Si melting 

at ~0 ns while the decline signifies recrystallization at 40-50 ns. The oscillations in the 

reflectance trace during Si melt state are attributed to thin film interference effects in the resin/Si 

composite material. The black curve indicates the incident excimer laser pulse profile.  (b) 2D 

X-ray diffraction integrated intensity plot of a 350-400 nm thick excimer laser-induced 

polycrystalline Si inverse nanostructures after template removal.   
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Figure S6.2. Cross-sectional SEM micrographs of (a) ~200 and (b) 350-400 nm thick excimer 

laser-induced asymmetrical porous c-Si nanostructures.  
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Figure S6.3. (a) Film thickness plots of resin templates annealed by a single pass of CO2 laser 

irradiation at different dwells as indicated. (b-d) Raman spectra of resin samples annealed by 

CO2 laser-induced transient heating at (b) 0.2 ms and (c) 2 ms dwells, and (d) after 40 ns pulsed 

excimer laser irradiation. The red curves in the Raman spectra are that of the mesoporous 

amorphous carbon samples pyrolysed in a tube furnace at 600 C for 3 h under nitrogen. 
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Figure S6.4. Cross-sectional and plan view (insets) SEM micrographs of (a) resin/a-Si 

composite nanostructures after removing the a-Si overlayer by CF4 RIE, and (b) collapsed 

excimer laser-induced c-Si structure after template removal.    
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Figure S6.5. (a) Plan view and (b) cross-sectional SEM micrographs of (a,b) cryo-microtomed 

GA mesoporous resin templates at lower magnifications. (c) Plan view SEM image of 

periodically ordered gyroidal Si inverse nanostructures after pulsed excimer laser annealing and 

template removal. The black boxed annotation in (c) is shown in (d) with higher magnification. 

(e,f) Cross-sectional SEM micrographs of periodically ordered gyroidal Si inverse 

nanostructures after pulsed excimer laser annealing and template removal.  
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CHAPTER 7 

 

CONCLUSIONS 

 

Self-assembly provides a simple, efficient and scalable route to realize 

biologically-inspired structures with multi-level length scales, materials complexity and 

functional properties. In this dissertation, I have demonstrated two approaches in the 

design, synthesis and characterization of mesoscopic and multi-modal hybrid structures 

from the bottom-up.  

In the first part, grazing incidence wide-angle X-ray scattering was employed to 

probe the structural evolution of methylammonium lead trihalide perovskites on a 

mesoporous polyisoprene-block-polystyrene-block-polyethylene oxide terpolymer-

directed alumina superstructure during thermally annealing on a hotplate. The BCP-

directed alumina superstructure provided a homogenous interconnecting mesoscale 

pore for solution backfilling and subsequent crystallization of the hybrid perovskite. A 

slow temperature ramp (from ambient to 100 C) in a dry environment was found to 

promote the formation of an unidentified solid-state precursor structure that remained 

stable up to 80 C before transforming into crystalline tetragonal perovskite. From 

scanning electron microscopy (SEM), the presence of the precursor structure was 

correlated with enhanced final film coverage and BCP-directed alumina perovskite solar 

cell performance. Furthermore, by combining the slow ramp with a short rapid increase 

of annealing temperature (to 130 C), hybrid perovskite crystal growth was accelerated 

with domain sizes attaining several micrometers. The micron sized perovskite domain 

film coverage on a planar substrate was estimated to be more than 95%, resulting in a 

planar heterojunction perovskite solar cell with 13.5% power conversion efficiency. 
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Hence, time/temperature control provides a simple means via (hotplate) thermal 

annealing to improve materials physical property and functionality.  

In the second half of the dissertation, I reported the rapid direct conversion of 

polystyrene/silica colloidal crystal templates (CCTs) to non-close-packed inverse 

crystalline silicon (Si) nanostructures with almost 100% fidelity using pulsed excimer 

laser irradiation. Similar to BCP-directed inorganic templates, the thermal stability and 

structural integrity of the amorphous silica template was sufficient to support laser-

induced Si melting and solidification. Exploiting the unique physical property 

enhancements provided by transient heating, I demonstrated a multi-level formation of 

porous structures in a single process by coupling BCP-directed resol self-assembly with 

sub-millisecond CO2 laser-induced transient heating. In this block copolymer-based 

writing induced by transient heating experiments (B-WRITE) method, the all-organic 

hybrid system was irradiated sequentially at increasing laser powers in air to induce 

thermopolymerization of resol oligomers, followed by BCP decomposition, resulting 

nanoporous 3D resin polymer network structures. The pore size was tunable over two 

orders of magnitude (10-1000 nm) by varying the BCP, BCP/resol composition and 

hybrid film thickness. When heated at higher temperatures in nitrogen, the resin 

structure condensed into electrically conductive nanoporous carbons. Moreover, 

arbitrary-shaped patterns up to the millimeter scale could be directly defined by the laser 

beam without a mask. To this end, a microfluidic device was constructed using the B-

WRITE method with the resin network structure in the channel providing additional 

surface areas that may be useful for catalysis and sensing applications. The B-WRITE 

method is also compatible with current semiconductor processing methods to form more 

complex hierarchical porous structures. Finally, I utilized the mesoporous resin 

structure as a template for laser-induced melt-conversion to porous crystalline Si 
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network nanostructures. From Raman spectroscopy measurements, I proposed that the 

phenolic resin condensed into amorphous carbon during sub-millisecond transient 

heating, enabling enhancement of thermal and mechanical stability to support the melt 

and subsequent solidification of Si.  

The findings described in this dissertation provide ideas for a number of future 

experiments. The B-WRITE method could be extended to other platforms, for example, 

flexible substrates and direct fabrication of portable miniaturized sensing and energy 

storage devices. Ordered mesoporous BCP-directed resol hybrid samples prepared by 

annealing protocols could be coupled with laser irradiation to form single-crystal 

epitaxial Si and other functional inorganic nanostructures. 3D bicontinuous 

interconnecting single-crystal semiconducting Si or gallium arsenide exhibiting a lack 

of grain boundaries allowing optimal charge transport, as well as the ability to 

epitaxially grow along specific crystal axes, may be integrated with hybrid perovskite 

materials for significant energy conversion improvements.  
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