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ABSTRACT	OF	THE	DISSERTATION	

	

Scalable	Lithographic	Approaches	for	Nanoscale	Chemical		

Patterning	and	Hierarchical	Nanostructure	Fabrication	

	

by	

	

Qing	Yang	

Doctor	of	Philosophy	in	Chemistry	

University	of	California,	Los	Angeles,	2018	

Professor	Paul	S.	Weiss,	Chair	

	

The	 ability	 to	 fabricate	 materials,	 structures,	 devices,	 and	 systems	 with				

nanometer-scale	precision	 is	 the	key	to	obtain	superior	properties	and	performance.	The	

scalability	of	lithographic	approaches	can	promote	them	from	research	implementation	to	

practical	 applications.	 My	 graduate	 research	 focuses	 on	 several	 unconventional	

lithographic	 techniques	 we	 have	 developed,	 which	 can	 create	 high-precision	 nanoscale	

patterns	and	three-dimensional	(3D)	hierarchical	structures	with	high	reproducibility,	low	

cost,	high	throughput,	and	high	precision.	

A	 hybrid	 patterning	 strategy	 called	 polymer-pen	 chemical	 lift-off	 lithography	

(PPCLL)	 was	 developed.	 We	 used	 pyramidal	 and	 v-shaped	 polymer-pen	 arrays	 for	 the			

sub-micron	 chemical	 patterning.	 By	 introducing	 the	 stamp	 support	 system	 and	 height	

gradients,	 we	 obtained	 linear-arrays	 of	 chemical	 patterns	 with	 linewidths	 ranging	 from	
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sub-50	nm	to	sub-500	nm	in	sub-20	nm	increments.	We	also	showed	our	capability	to	tune	

feature	 size	 by	 controlling	 the	 compression	 distance.	 In	 doing	 so,	 we	 extended	 the	

patterning	 capability	 of	 PPCLL	 to	 generate	 more	 complex	 hollow	 patterns	 and	 gold	

nanorings.	Self-collapse	 lithography	(SCL)	was	another	chemical	 lift-off	 lithography	(CLL)	

based	 patterning	 technique.	 When	 elastomeric	 stamps	 with	 microscale	 relief	 features	

contacted	with	the	self-assembled	monolayer	(SAM)	functionalized	substrates,	the	roof	of	

the	stamp	collapses,	resulting	in	the	removal	of	SAM	molecules	in	contact	regions.	With	this	

technique,	chemical	patterns	with	feature	size	from	~2	µm	to	below	30	nm	were	obtained	

by	decreasing	stamp	relief	heights.	

We	developed	a	robust	and	general	strategy	called	multiple-patterning	nanosphere	

lithography	 (MP-NSL)	 to	 fabricate	 periodic	 3D	 hierarchical	 nanostructures	 in	 a	 highly	

scalable	and	tunable	manner.	The	application	of	MP-NSL	enables	the	fabrication	of	silicon	

nanotubes	 at	 the	 wafer	 scale	 with	 nanometer-scale	 control	 of	 outer	 diameter,	 inner	

diameter,	 height,	 hole-depth,	 and	 pitch. By	 adopting	 a	 multiple-patterning	 nanosphere	

lithography	 strategy,	 we	 are	 able	 to	 fabricate	 mechanically	 stable	 volcano-shaped	

nanostructures,	 called	 “nanovolcanos”	 with	 controllable	 heights,	 hole	 diameters/depths,	

and	 pitches. The	 sub-20-nm	 sharp	 features	 of	 nanovolcanos	 enable	 penetration	 of	 cell	

membranes	 and	minimize	 disruption	 of	 cell	 functions.	 Biomolecular	 payloads	 containing	

the	 gene-editing	 packages	 are	 assembled	 and	 encapsulated	 into	 supramolecular	

nanoparticles.	 The	 holes	 (calderas)	 of	 the	 nanovolcanos	 can	 carry	 high	 payloads	 of	

biomolecular	cargos	that	are	readily	accessed	once	cell	membranes	are	penetrated.	 
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Figure	5.1.	Self-aligned	multiple-patterning	nanosphere	lithography	(MP-NSL)	for	Si	

nanotube	arrays.	(A)	A	schematic	illustration	of	the	process.	Step	1:	a	monolayer	of											

close-packed	polystyrene	(PS)	nanospheres	is	formed	at	a	water/air	interface,	then	

transferred	onto	a	Si	wafer.	The	size	of	the	nanospheres	defines	the	ultimate	pitches	

(p)	 of	 the	 Si	 nanotubes.	 Step	 2:	 oxygen	 plasma	 RIE	 reduces	 the	 sphere	 size	 and	

defines	 the	 outer	diameters	 (do)	 of	Si	 nanotubes.	Step	3:	 deep	 reactive	 ion	 etching	

(DRIE)	 etches	 Si	 into	 nanopillars	 by	 using	 the	 nanospheres	 as	 masks.	 The	 outer	

heights	(ho)	of	Si	nanotubes	are	controlled	by	the	etch	time.	Step	4:	a	second	oxygen	

plasma	RIE	further	reduces	the	sizes	of	polymer	nanoparticles	and	defines	the	inner	

diameters	(di)	of	Si	nanotubes.	Step	5:	Ni	is	deposited	to	form	Ni	nanorings	on	the	Si	

nanopillars	 and	 it	 functions	 as	 a	DRIE	mask.	Step	6:	 polystyrene	nanoparticles	are	

removed	 by	 10	 min	 oxygen	 plasma	 etching	 to	 expose	 the	 center	 part	 of	 the	 Si	

nanopillars.	 Step	 7:	 DRIE	 is	 performed	 again	 to	 etch	 holes	 and	 to	 define	 the	 hole	

depth	(hi).	Step	8:	Ni	is	removed	by	HCl	and	pristine	Si	nanotube	arrays	are	obtained.	

Scanning	electron	microscope	(SEM)	images	of	key	intermediates:	(B)	monolayer	of							

closed-packed	polystyrene	nanospheres	(diameter:	1	µm)	formed	on	a	Si	wafer;	(C)	

polystyrene	 nanoparticles	 on	 Si	 wafer	 after	 first	 size	 reduction;	 (D)	 polystyrene	

nanoparticles	 on	 top	 of	 periodic	 Si	 nanopillar	 arrays;	 (E)	 second	 size	 reduction	 of	

polystyrene	nanoparticles	by	oxygen	plasma	(step	4);	and	(F)	Ni	nanorings	on	top	of	

Si	nanopillars.	The	region	displayed	as	dark	is	Si	and	the	region	displayed	as	bright	is	

Ni.	 (G)	 Etching	of	 the	 inner	 regions	by	DRIE	 to	 form	Si	 nanotubes	 (step	7).	 Images				

(D,	E,	G)	were	taken	at	a	tilt	of	30°.	Scale	bars:	1	µm............................................................148	
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Lithography is the Path to the  
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1.1 State-of-the-Art Lithography Techniques 

In 2000, President Bill Clinton announced the establishment of the National 

Nanotechnology Initiative (NNI), which involves more than 20 federal departments and 

independent agencies working together to understand and to control materials at the nanoscale.1 

Reducing the dimensions of materials to the nanometer scale significantly improves their 

performance, and generates unique properties. Over the past 20 years, the application of 

nanotechnology to diverse materials has opened up new and exciting opportunities in many 

fields, including integrated circuits (ICs),2-10 data storage,11-13 displays,14-16 flexible and wearable 

electronics,17-24 solar cells,25-29 lithium-ion battery (LIB),30-47 supercapacitors,48-54 

sensing/diagnostics,55-69 gene/drug delivery,70-82 and tissue engineering.71,83,84  

The development of nanotechnology relies on the ability to fabricate nanoscale materials, 

structures, devices, and systems with controlled dimensions and properties. The semiconductor 

manufacturing market, for example, is currently on the order of $500 billion per annum.7 

Increasingly sophisticated nanofabrication techniques are the major driving force in 

miniaturizing the functional components and building up the structural hierarchy. In 2014, Intel’s                        

fifth-generation transistors were commercialized with a minimum feature size of 14 nm, which 

was well beyond the diffraction limit.3 Within the semiconductor industry, the most advanced 

lithography techniques can fabricate transistors with sub-20-nm features in full-scale production. 

However, the high cost (over $50 million per tool and over $5 million per mask sets85) and 

complex protocols make them impractical for use by research laboratories and small companies. 

Therefore, my graduate research aims to elaborate alternative lithography approaches that can 

create nanoscale patterns and nanostructures with merits of low cost, high throughput, 

scalability, and nanometer-scale control. 
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In the next few sections of this chapter, I discuss the mainstream lithography techniques 

that are frequently used in research laboratories. They can be categorized into two main 

approaches: parallel replication and direct writing. Sections 1.1.1 and 1.1.2 discuss conventional 

photolithography and soft lithography, two representative parallel replication techniques. The 

throughputs of these two approaches are high, but their resolution is limited by light diffraction 

or molecular diffusion. Diffraction limits the resolution of conventional photolithography to 

approximately half of the illuminating wavelength.4 The lateral diffusion of ink molecules in soft 

lithography results in poor pattern fidelity with a resolution limit of ~100 nm.86 I introduce 

electron-beam lithography (EBL) and scanning probe lithography (SPL) as two direct-write 

patterning approaches in section 1.1.3. Direct-write patterning is a maskless technique that can 

write software-designed patterns with dimensions as low as 5 nm,87 but it suffers from low 

throughput and high cost. Reducing expenses and simplifying the process while maintaining 

nanometer-scale resolution remains an unsolved problem. 

Second, I introduce two novel lithography techniques that form the basis of the 

lithography approaches developed in later chapters. The first technique is chemical lift-off 

lithography (CLL), which uses oxygen-plasma-activated polydimethylsiloxane (PDMS) stamps 

to remove molecules in the contact area selectively (section 1.2);86 this strategy produces      

high-throughput and fidelity chemical patterns in a straightforward manner. The second 

technique is nanosphere lithography (NSL), which uses hexagonally close-packed nanospheres 

(e.g., polystyrene and SiO2) as lithography masks to pattern underlying substrates (section 

1.3).88-91 By patterning the nanosphere multiple times, we can fabricate a series of periodic   

three-dimensional nanostructures with fully controlled parameters. 
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1.1.1 Conventional Photolithography and Beyond  

Photolithography, as the primary fabrication workhorse of the semiconductor industry, is 

a top-down process that utilizes ultraviolet (UV) light to replicate patterns from photomask to 

photoresist. In this technique, light-sensitive polymers, known as photoresists, are spin-coated 

onto target substrates, followed by a dehydration bake (also called soft bake). Exposure of 

photoresists to UV light through photomasks transfers patterns by changing the photoresist 

solubility in the exposed regions. There are two types of photoresists: positive and negative 

tones. In the former, the exposed regions can be dissolved, while they will remain when the 

unexposed areas are dissolved in the latter. Following the above treatment, the substrates are 

baked again (known as a post-exposure bake) and then immersed in the developing solvent to 

remove the exposed or unexposed regions of photoresists, creating the same or complementary 

patterns thereof on the substrates. The patterns are further transferred to underlying substrates via 

deposition (e.g., of metals and oxides) or etching of the open regions. There are three common 

configurations of photolithography: contact printing, proximity printing, and projection.87 The 

most common form of photolithography in research laboratories is contact printing, where 

photomasks are placed in hard contact with substrates, and UV radiation at 365 nm (known as 

the i-line) is used to expose the photoresist. In general, contact printing and proximity printing 

can be used to generate resist patterns at the micron scale. Projection printing utilizes a radiation 

at 193 nm and optical lens systems to reduce the feature size to 37 nm.4,87 

More advanced photolithography techniques have been developed, including liquid 

immersion, multiple patterning, short wavelength X-ray, and extreme ultraviolet (EUV) 

photolithography, to push the resolution limits below 10 nm. While these methods can produce 

large-area, nanometer-scale patterning, they are accessible only to a few major semiconductor 
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companies due to complex processes and great costs involved. The initial investments required 

are prohibitively high for research institutes, start-ups, and biotechnology companies. Moreover, 

current photolithography techniques are only suitable for planar and hard substrates such as 

silicon and silicon dioxide wafers, with limited applicability to flexible and nonplanar 

electronics.  
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1.1.2 Benchtop Lithography Approach: Soft Lithography 

Soft lithography, a set of benchtop patterning techniques developed by Professor George 

Whitesides and others, is often adopted as an alternative approach to conventional 

photolithography in many areas.92-101 Soft and flexible elastomeric stamps, molds, and 

conformable photomasks are used to transfer patterns onto target substrates at high throughput 

addressing large areas.93 The most commonly used elastomeric material is the 

polydimethylsiloxane stamp, which can be reused many times without degradation.94 One 

advantage of soft lithography is that it can pattern various types of materials or structures on 

curved, nonplanar, and flexible substrates at micro- or nanoscale resolution.93,95,102,103 A series of 

techniques based on soft lithography has been developed, including microcontact printing 

(µCP),94,104-108 replica molding (REM),109 microtransfer molding,110 solvent-assisted 

micromolding,111 microdisplacement printing,112,113 microcontact insertion printing,114 and     

phase-shift edge lithography.115,116 

Among these techniques, microcontact printing has been broadly adopted in many 

applications as a straightforward, inexpensive approach for fabricating microscale features over 

large areas.94 This technique involves two major parts: (1) fabrication of masters/stamps and (2) 

use of the stamps to transfer patterns onto target substrates. Part (1) employs one of two primary 

techniques, photolithography or electron-beam lithography, to fabricate masters. While the 

former can fabricate large-area masters, resolution is limited to approximately half of the 

wavelength due to light diffraction. Alternatively, EBL can write small features, but it is slow 

and expensive. After fabrication of masters, PDMS pre-polymers are cast over the masters and 

cured. The PDMS stamps are then peeled off the masters and ready for use. In part (2), the 

stamps are first “inked” with alkanethiol molecules, proteins, nanoparticles, or DNA molecules. 
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They are subsequently brought into conformal contact with target substrates, and the “inks” are 

transferred onto the contact regions. When alkanethiol molecules are used, they form            

well-ordered self-assembled monolayers (SAMs) on noble metal surfaces. The SAMs can serve 

as “molecular resists” against different wet etchants, enabling patterns to be transferred 

reproducibly onto underlying substrates.117-119 The function of the resists is limited by pinhole 

defects that give developer access to the substrate.120-123 

There are, however, two major drawbacks to this technique. First, the fabrication of 

masters relies on either conventional photolithography, which is high throughput but limited in 

resolution, or e-beam lithography, which produces masters with sub-micron features but is 

expensive and low throughput. Second, the resolution of patterns created by µCP is limited by 

lateral diffusion of low-molecular-weight molecules across the substrate surface, causing poor 

pattern fidelity. The field emission scanning electron microscopy (FESEM) image in Figure 1.1 

presents a pattern of 11-mercaptoundecanoic acid (MUDA) SAMs on a gold substrate.124 In 

these data, at a primary electron beam energy of 1 kV, the darker regions surrounded the squares 

correspond to the lateral diffused MUDA molecules along the edges; they have lower mass 

coverage compared to the square regions. Regions with more ordered packing emit more 

secondary electrons, resulting in higher intensity in FESEM. 
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Figure 1.1. Field emission scanning electron microscopy (FESEM) image of patterned          

11-mercaptoundecanoic acid (MUDA) SAMs on a gold substrate. The figure is reprinted 

from reference 124 with permission. 
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1.1.3 Direct-Write Lithography Approaches: Electron-Beam Lithography and Scanning 

Probe Lithography 

Electron-beam lithography is a maskless, direct-writing technique that uses a high energy 

electron beam to pattern electron-sensitive polymers. The resolution is limited by the electron 

beam spot size, which can be as low as 5 nm. In the general procedure, electron-sensitive 

polymers are spin-coated onto target substrates, and the electron beam exposes the polymers in a 

programmed spot-by-spot process. Subsequent development of the polymers dissolves the 

exposed regions. As writing time increases exponentially with decreasing feature size, EBL is 

intrinsically expensive and slow, taking hours to write one chip pattern. The lack of throughput 

limits its application primarily to research or mask production. 

Scanning probe lithography is sometimes coupled with atomic force microscopy (AFM) 

to “write” patterns directly onto target substrates via mechanical, chemical, and thermal 

methods.125 Techniques that utilize SPL include dip-pen nanolithography,126 nanoshaving,127 and 

nanografting.128 While these methods can produce high-resolution features (<100 nm), their      

time-consuming writing process and high costs preclude them from use in large-scale 

manufacturing. 
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1.2 Chemical Lift-Off Lithography 

Self-assembled monolayers129,130 are formed by spontaneous adsorption and organization 

of amphiphilic organic molecules on metal substrates (Figure 1.2). They are usually prepared by 

immersing the substrates into solutions containing amphiphilic organic molecules. One of the 

most widely studied systems is the long-chain alkanethiols on gold surfaces, where the molecules 

are chemisorbed onto the surface and form ordered monolayer films. The strong affinity between 

the thiol head group and the gold surface leads to the assembly process, and the van der Waals 

interactions between alkyl chains maximize the packing efficiency of molecules. The terminal 

group on the SAM molecule determines the property and functionality of the surface. 

 

Figure 1.2. Schematic diagram of alkanethiol molecules self-assembled on a noble metal 

substrate. The figure is reprinted from reference 129 with permission. 

We utilized the well-ordered property of SAM molecules to prevent the problem of 

lateral diffusion in microcontact printing. Instead of using elastomer stamps to print “ink” 

molecules onto the target substrate, a subtractive patterning process is applied, where SAM 

molecules are removed only from the contact region between the PDMS stamp and the substrate. 

This technique is known as "chemical lift-off lithography,86 and Figure 1.3 illustrates the process 

of this technique. The gold substrates are first coated with self-assembled monolayers of 
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hydroxyl-terminated alkanethiol molecules. Upon treatment with oxygen plasma, siloxyl groups 

are generated on the PDMS surface, making the stamp hydrophilic. When this PDMS stamp is 

brought into contact with hydroxyl-terminated SAM molecules on the gold substrate, a 

condensation reaction occurs between the siloxyl and hydroxyl groups, forming a Si-O-C 

linkage. After a few hours, the stamp is peeled off the substrate, removing the SAM molecules in 

the contact regions. The high fidelity chemical patterns observed indicate the elimination of 

lateral diffusion. We attribute this result to the well-ordered nature of SAMs, strong 

intermolecular interactions between the hydrophilic SAM molecules, and a diffusion barrier 

created by the Au step edges.86 
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Figure 1.3. Schematic diagram illustrating the process of chemical lift-off lithography. The 

figure is reprinted from reference 86 with permission. 

Moreover, we found that gold atoms are also removed from the substrate upon desorption 

of alkanethiol molecules. The presence of gold species is confirmed by the following X-ray 

photoelectron spectroscopy (XPS) measurement of the PDMS substrate (Figure 1.4). When the 

experiment was performed using the oxygen-plasma-activated PDMS stamp, two peaks appeared 

on the XPS spectrum; the binding energies at 80 and 84 eV are characteristic of gold 4f5/2 and 

4f7/2 transitions. Without oxygen plasma treatment, no gold peaks were observed. Furthermore, 

only hydroxyl-terminated SAMs can be lifted-off by activated PDMS stamps, while           
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methyl-terminated SAMs remain intact, which is further evidence of chemical reactions at the 

interface. 

 

Figure 1.4. X-ray photoelectron spectroscopy measurements on PDMS stamps after CLL. 

The binding energies at 80 and 84 eV are characteristic of gold 4f5/2 and 4f7/2 transitions. 

Oxygen plasma is required for lift-off of SAM molecules. The figure is modified from 

reference 86 with permission. 

We have demonstrated that CLL is a versatile technique for patterning both gold 

substrates and flat PDMS stamps (Figure 1.5).131 On the gold side, after lift-off, the remaining 

SAM molecules in the non-lift-off regions act as resists for etching of exposed gold regions, and 

gold structures were fabricated (top). On the other side, when alkanethiol molecules are moved, 

gold atoms are also removed from the substrate. As a result, we can pattern featureless PDMS 

stamps with different geometries of organogold species. We characterized the patterned PDMS 

stamps with AFM (middle) and variable-pressure SEM (bottom). 
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Figure 1.5. Chemical lift-off lithography can be used to pattern gold substrates as well as 

PDMS stamps. Scanning electron microscopy (SEM), atomic force microscopy (AFM), and 

variable-pressure SEM were used to characterize the materials. The figure is reprinted 

from reference 131 with permission. 

Hence, we have developed many applications using CLL as the patterning tool. For 

example, we fabricate high-performance field-effect transistors (FET) for dopamine sensing 

down to picomolar (pM) concentrations (Figure 1.6a),58,132 functional bio-substrates with 

reduced        DNA-substrate interactions and improved DNA hybridization efficiencies (Figure 

1.6b),133 and spin-filtering substrates with the DNA probes acting as spin filters (Figure 1.6c).134 

 

 

 



15 
 

 

Figure 1.6. Applications of chemical lift-off lithography: (a) field-effect transistors (FET) 

based biosensor, (b) functional bio-substrates with improved DNA hybridization 

efficiencies, and (c) spin-filtering substrates. The figures are adapted from references 58, 

133, 134 with permissions. 
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1.3 Nanosphere Lithography 

Nanosphere lithography (NSL)88-90 is a facile, versatile, and inexpensive nanofabrication 

tool that employs close-packed monolayers (or bilayers, trilayers, and other more complex 

arrangements) of nanospheres, such as polystyrene and SiO2, to serve as masks for patterning 

underlying substrates. The sphere size defines the periodicity/pitch distance between features. 

One advantage of NSL is that the nanosphere dimensions range from less than 100 nm to 

hundreds of microns. This technique generally involves two steps: the first step is assembling the 

nanospheres into hexagonally close-packed arrangements, and the second step is patterning the 

underlying substrates via deposition or etching. Nanosphere lithography is highly scalable and, 

through the use of an automatic dispensing system, wafer-scale production can be achieved with 

a rate of    3000 wafers/hour.135 

Over the years, various strategies have been developed to assemble the nanospheres into 

high-quality monolayers.91 In my research projects, I use the Langmuir-Blodgett method (see the 

experimental setup in Figure 1.7), which assembles the polystyrene spheres into close-packed 

arrangement at the water-air interface, and then they are transferred onto target substrates. Before 

use, the polystyrene (PS) spheres are sonicated for least 30 minutes to ensure there are no 

aggregates. The silicon substrates are pre-cleaned by sonication, and oxygen plasma is used to 

increase the surface hydrophilicity. The polystyrene spheres are then slowly added to the 

water/air interface through a tilted glass slide. By carefully removing the water, the high-quality 

monolayers are transferred to the silicon wafers underneath (see Figure S5.1 for example). 
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Figure 1.7. Experimental setup to prepare high-quality polystyrene monolayers via the 

Langmuir-Blodgett method. 

 Following the preparation of the monolayers, there are two directions to pattern the 

underlying substrates: deposition or etching. In either case, oxygen plasma is first used to tailor 

the sphere size. The concentric shrinkage of the PS spheres allows precise reduction of the 

nanosphere diameter without changing the pitch distance. In the case of deposition, depending on 

the goal of fabrication, the etching time should be carefully adjusted. For example, after oxygen 

plasma etching, noble metals can be deposited for the fabrication of biosensors based on the 

localized surface plasmon resonance (LSPR) effect.136 Less oxygen plasma etching time 
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produces bowtie structures (see Figure 1.8a for silver bowtie arrays). Increasing the etching time 

produces a continuous metal film, and nanohole arrays are fabricated after removing the PS 

spheres (see Figure 1.8b for gold nanohole arrays). Dry etching is another option, and it can be 

used to fabricate three-dimensional (3D) nanostructures. Figure 1.8c illustrates the production of 

silicon nanopillars after dry etching. In our recent work, we have extended the capability of 

nanosphere lithography to fabricate more complicated 3D nanostructures by introducing the 

multiple-patterning concept. 

 

Figure 1.8. Nanosphere lithography can be used to fabricate a variety of nanostructures 

through single-step patterning (deposition or etching). In either case, oxygen plasma is first 

used to reduce the sphere size (A). For example, we can fabricate (B) silver bowties, (C) 

gold nanoholes, and (D) Si nanopillars. 
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1.4 Conclusions and Dissertation Overview 

While the continuous invention and refinement of lithographic techniques are improving 

current technologies and enabling new applications, current approaches are still insufficient for 

all our demands (nanometer-scale precision, high throughput, high reproducibility, and low cost). 

Therefore, my graduate work has been focusing on the development of several lithographic 

techniques to fabricate nanoscale chemical patterns and 3D hierarchical nanostructures. 

Chapters 2, 3, and 4 discuss two chemical patterning techniques based on chemical         

lift-off lithography. Chapter 2, introduces polymer-pen chemical lift-off lithography, in which 

we combine chemical lift-off lithography and large areas of polymer pens with nanoscale tips. 

Through the use of the stamp support system and height gradients, we obtained chemical patterns 

with linewidths ranging from	sub-50 nm to sub-500 nm with sub-20 nm increments. Chapter 3 

demonstrates our ability to tune the feature size by controlling the compression distance. By 

adding external force, we were able to fabricate more complex hollow patterns at the sub-micron 

scale, which were difficult to obtain otherwise. The following gold etching with the remaining 

SAM molecules as the masks yielded arrays of gold nanorings. Chapter 4 explores self-collapse 

lithography, in which we utilize the soft, flexible nature of PDMS stamps to create roof collapse, 

resulting in removal of SAM molecules from the contact area. With this technique, chemical 

patterns with feature sizes from ~2 µm to below 30 nm were obtained by decreasing stamp relief 

heights from 1 µm to 50 nm. Likewise, the Young’s modulus of the stamp can also be used to 

adjust the feature size.  

Chapter 5 introduces how we apply the multiple patterning strategy to nanosphere 

lithography and fabricate a series of 3D hierarchical nanostructures with fully tunable 

dimensions. This approach allows the fabrication of silicon nanotubes with nanometer-scale 
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control over all dimensions (outer and inner diameters, height, hole-depth, and pitch distance). In 

Chapter 6, we adapt the multiple-patterning strategy and fabricate volcano-shaped 

nanostructures known as “nanovolcanos.” The sub-20-nm sharp features of these structures 

enable cell membranes penetration with minimal disruption on cell functions. The holes of the 

nanovolcanos can contain high payloads of biomolecular cargos to be delivered once cell 

membranes have been penetrated. We expect this platform to be applicable to delivering 

therapeutic payloads and to offer solutions to clinical problems. 
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2.1 Abstract 

We designed and fabricated large arrays of polymer pens having sub-20-nm tips to 

perform chemical lift-off lithography (CLL). As such, we developed a hybrid patterning strategy 

called polymer-pen chemical lift-off lithography (PPCLL). We demonstrated PPCLL patterning 

using pyramidal and v-shaped polymer-pen arrays. Associated simulations revealed a   

nanometer-scale quadratic relationship between contact linewidths of the polymer pens and two 

other variables: polymer-pen base linewidths and vertical compression distances. We devised a 

stamp support system consisting of interspersed arrays of flat-tipped polymer pens that are taller 

than all other sharp-tipped polymer pens. These supports partially or fully offset stamp weights 

thereby also serving as a leveling system. We investigated a series of v-shaped polymer pens 

with known height differences to control relative vertical positions of each polymer pen precisely 

at the sub-20-nm scale mimicking a high-precision scanning stage. In doing so, we obtained 

linear-array patterns of alkanethiols with sub-50-nm to sub-500-nm linewidths and minimum 

sub-20-nm linewidth tunable increments. The CLL pattern linewidths were in agreement with 

those predicted by simulations. Our results suggest that through informed design of a stamp 

support system and tuning of polymer-pen base widths, throughput can be increased by 

eliminating the need for a scanning stage system in PPCLL without sacrificing precision. To 

demonstrate functional microarrays patterned by PPCLL, we inserted probe DNA into PPCLL 

patterns and observed hybridization by complementary target sequences. 
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2.2 Introduction 

Substantial progress has been made in chemical patterning methods to push resolution 

from micron to nanometer scales for applications in electronics,1-7 optics,8,9 energy,10,11 and 

biology,12,13 e.g., integrated circuits,14-16 displays,17-19 ultra-sensitive biosensors,20-25 

nanomotors,26 biomolecule micro-/nano-arrays,27-31 wearable sensors,32-35 and other advanced 

metamaterials.36 Nano- and microfabrication are dominated by patterning methods based on 

energetic beams, such as light, electrons, ions, and X-rays. Conventional photolithography can 

be used to fabricate structures over large areas, however, resolution is limited and costs of the 

masks are high. Advanced lithography techniques, such as liquid immersion/multiple patterning 

photolithography,37,38 X-ray lithography,39,40 or extreme ultraviolet photolithography41-43 can 

push resolution to nanometer scales but availability is limited due to high set-up and maintenance 

costs. Direct-write techniques, such as electron-beam lithography (EBL)44-50 and focused         

ion-beam lithography (FIB)51,52 are used to generate nanoscale patterns, but time-consuming 

serial writing processes limit their throughput.53  

Without using energetic beams, microcontact printing (µCP) is a high-throughput, 

straightforward molecular printing technique for chemical patterning at the micro- and 

nanometer scales.54,55 Microcontact printing involves elastomeric stamps with molecular “inks” 

such as organic molecules, proteins, or DNA that enables ink transfer to planar or curved 

substrates composed of metals, glass, or polymers to produce patterns. Organic ink molecules, 

such as alkanethiols, serve as molecular resists in successive wet etching steps to transfer 

patterns to underlying substrates, e.g., metals.56,57 Nonetheless, ink molecules are known to 

diffuse laterally beyond the contact areas during printing, resulting in resolution limited to 

~100 nm for µCP.58-60 
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We have developed strategies to minimize or to eliminate lateral diffusion of ink 

molecules via modified µCP methods.61-66 For example, microdisplacement printing67,68 and 

microcontact insertion printing59,69 are used to print molecules on alkanethiol self-assembled 

monolayer (SAM) -modified substrates through displacement or insertion processes, 

respectively. The SAMs in the unpatterned regions prevent ink molecules from diffusing beyond 

the contact areas.59,70 We also developed a “subtractive” stamping process called chemical        

lift-off lithography (CLL),60,71 in which oxygen plasma-activated polydimethylsiloxane (PDMS) 

stamps selectively remove hydroxyl- (-OH) (or other sufficiently reactive groups such as amine-) 

terminated alkanethiols only in the contact areas with high pattern fidelity and without 

observable lateral diffusion. The remaining SAM molecules in the non-lift-off regions act as 

resists for selective etching of exposed gold in the patterned regions. High-fidelity chemical 

patterns with linewidths as narrow as 40 ± 2 nm were achieved using CLL, with features 

reaching 20 nm via double patterning60 and even 5 nm (corresponding to patterns ca. ten 

molecules across).71 However, for CLL, like µCP, the fabrication of masters with        

nanometer-scale resolution relies on low-throughput, high-cost EBL/FIB limiting applicability. 

Dip-pen lithography can write chemical patterns directly on substrates at sub-50 nm 

resolution by using atomic force microscopy with tip-coated molecular “inks”, e.g., alkanethiols, 

but again, throughput is low due to time-consuming serial writing.72 Polymer-pen lithography 

(PPL)73-77 combines high-resolution dip-pen lithography72,78 and µCP by using a scanning stage 

equipped with massively parallel polymer-pen arrays (with sub-80 nm tip diameters) to write 

patterns with ink molecules directly at ~100 nm resolution with high throughput.73 Reusable 

masters for producing polymer pens are fabricated by conventional photolithography at         

micron-scale resolution via anisotropic etching of Si(100).73 The use of a scanning stage enables 
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nanometer-scale control of polymer pens in the x, y, and z planes. Another advantage of PPL is 

that feature sizes can be tuned from 80 nm to >10 µm by varying dwell times and vertical pen 

compression in a single stamp.76 However, lateral diffusion of ink molecules persists limiting the 

resolution of PPL similar to issues with µCP.  
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2.3 Materials and Methods 

Materials. Prime quality 4″ Si(100) wafers (P/B, 1-10 ohm-cm) were purchased from 

University Wafer Inc. (Boston, MA, USA). 11-Mercapto-1-undecanol was purchased from   

Sigma-Aldrich (St. Louis, MO, USA). Sylgard 184® silicone elastomer kit was purchased from 

Ellsworth Adhesives (Germantown, WI, USA). The 32-mer DNA molecules thiolated at the 5¢ 

end (5¢-/5ThioMC6-D/GAC TGA CCT CGG ACG CGA CTG ACC TCG GAC GA-3¢ with 

molecular weight 10148.8 g/mol and melting temperature 70.1 °C) and Alexa 488      

fluorophore-labeled complementary DNA (5¢-/5Alex488N/TCG TCC GAG GTC AGT CGC 

GTC CGA GGT CAG TC-3¢ with molecular weight 10529.0 g/mol and melting temperature 70.1 

°C) were purchased from Integrated DNA Technologies (Coralville, IA, USA). The DNA stock 

solutions were diluted to 1 µM with TE buffer (10 mM Tris and 0.1 mM EDTA). The ZEP 520A 

e-beam resist, SPR700-1.2 photoresist, MF-26A developer, and 30 wt% potassium hydroxide 

(KOH) solutions were obtained from the Integrated Systems Nanofabrication Cleanroom (ISNC) 

at UCLA. 

Characterization. Scanning electron microscopy (SEM) images were taken using a Zeiss 

Supra 40VP scanning electron microscope (SEM). The polydimethylsiloxane (PDMS) stamps 

were made conductive by sputtering 5-nm Au for SEM imaging. ImageJ 

(https://imagej.nih.gov/ij/) was used to quantify the dimensions of the micro/nanostructures and 

chemical patterns in the SEM images. Surface roughness was characterized using a Bruker 

Dimension Icon Scanning Probe Microscope.  

Fabrication of Si masters and PDMS stamps was shown in Scheme S2.1. Growth of 

SiO2 on Si(100) (Step 1): a 500-nm-thick SiO2 film was thermally grown on piranha-cleaned 

Si(100) wafers. The SiO2/Si wafers are also available for purchase elsewhere. Photolithography               
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(Step 2): the pattern in the photomask was designed using AutoCAD software (Autodesk, Inc.). 

Photomasks for fabricating a Si master comprised of a 2D array of squares or lines whose 

linewidths are >1 µm were fabricated by conventional photolithography. The designed 

linewidths are equal to the base linewidths of the polymer pens. Positive photoresist SPR700-1.2 

was spin-coated on the SiO2/Si wafer surface, followed by a 90 sec soft bake at 90 °C on a 

hotplate. A Karl Suss contact aligner was used to expose the photoresist on the wafer selectively 

with the pattern from photomask with an optimal exposure time of 16.5 sec (UV wavelength = 

365 nm, intensity = 8.5 mW/cm2). The exposed wafer was baked post-exposure at 110 °C for 

90 seconds, immersed in MF-26A developer for 1 min (development), rinsed with deionized 

water, and blown dry with N2 gas. Electron-beam lithography (Step 2): for proof of concept for 

PPCLL, we designed a line array pattern with a series of linewidths in sequence from 3500 nm to 

4000 nm, as listed in Table 2.1, with neighbor center-to-center distances of 14 µm. Between 

each two neighboring lines, we inserted a line with 6 µm linewidth, which served as the pattern 

for the support elements. All of the lines have the same 200 µm length. Positive electron-beam 

resist ZEP 520A was spin-coated (3000 RPM, 30 sec) on a (2 cm × 2 cm) Si(100) wafer with a 

500-nm-thick SiO2 coating. The edge of the Si(100) wafer was pre-cut to be parallel to the 

Si<110> direction. A pre-bake was performed at 180 °C for 2 min. An electron-beam writer 

(Vistec EBPG 5000+ ES) was used to write the designed patterns on the substrate with repeated 

line arrays with an overall area of 1 cm × 1 cm. One min development in ZED-N50 was used to 

expose the SiO2 with pattern. Reactive ion etching (RIE) of SiO2 (Step 3): after patterning by 

photolithography or EBL, the exposed SiO2 was selectively etched by RIE (Oxford 80 Plus) 

using a gas mixture of CHF3 (25-sccm) and Ar (25 sccm) at 35 mTorr. Anisotropic etching of 

Si(100) (Step 4): The anisotropic etching took place in a mixture of 4:1 KOH (30%) and 
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isopropanol at 75 °C with variable times depending on the feature sizes. SiO2 and resist removal 

(Step 5): the fabrication of the Si master was completed by removing the remaining SiO2 and 

resist in a 25% HF solution for 5 min. Preparation and removal of PDMS stamps (Steps 6-7): a 

10:1 mass ratio of Sylgard® 184 elastomer silicone elastomer base and curing agent were 

thoroughly mixed and then degassed in a vacuum desiccator. This mixture was poured onto the 

Si master and cured overnight at 65 °C. After curing, PDMS stamps were carefully removed 

from the Si master. 

Surface functionalization of Au/Cr/Si substrate for PPCLL: The 5-nm Cr and 100-nm 

Au films were deposited on clean silicon wafers in a CHA Solution E-Beam Evaporator at high 

vacuum (10-8 Torr) with evaporation rates of 0.1 nm/s. the Cr/Au/Si wafers were annealed in a 

hydrogen flame for 5-10 sec to create Au(111) surfaces and then immersed into 0.5 mM an            

11-mercapto-1-undecanol ethanolic solution overnight for SAM formation on the Au surface.  

Activation of PDMS stamps: Clean PDMS stamps were treated in oxygen plasma 

(Harrick Plasma, Ithaca, NY) for 40 seconds at a power of 18 W and a pressure of 10 Psi to 

generate hydrophilic surfaces.  

DNA insertion and fluorescence microscopy: DNA was inserted into lifted-off areas as 

previously reported. Substrates after PPCLL were incubated in a 1 µm solution of thiolated DNA 

in 0.01 M PBS (pH = 7.4) for ~17 h to insert the DNA into the lifted-off areas. The substrates 

were then rinsed with deionized water and blown dry with N2 gas. The inserted DNA was 

hybridized by incubating the substrates with a 1 µm solution of Alexa 488-labeled 

complementary DNA in 0.01 M PBS (pH = 7.4) for 30 min. Samples were imaged using an 

inverted fluorescence microscope (Axio Observer.D1, Carl Zeiss MicroImaging, Inc., 
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Thornwood, NY, USA) with excitation and emission wavelengths of 470 ± 20 nm and             

525 ± 25 nm, respectively. 
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2.4. Results and Discussions 

To advance feature resolution in chemical patterning in highly multiplexed and facile 

directions, we developed a hybrid method termed polymer-pen chemical lift-off lithography 

(PPCLL) that combines the advantages of PPL (massively parallel polymer pens with      

nanometer-scale tips for high-throughput patterning and feature size tunability by controlling 

vertical compression distances) and CLL (high-fidelity patterning without lateral diffusion) to 

enable large-area, low-cost, and sub-20-nm resolution patterning capabilities simultaneously. 

Fabrication of polymer pens with nanometer-sized tip diameters is described (Scheme S2.1). 

Films of 500-nm-thick SiO2 were grown on 4" Si(100) wafers via thermal oxidation, followed by 

spin coating with photoresist (SPR700-1.2). Conventional photolithography was then used to 

create micron-scale square or line array patterns on photoresist-coated SiO2/Si(100) wafers. The 

linewidths of the masters govern the base linewidths of the polymer pens. Overall areas are 

1.5 cm × 1.5 cm for each square or line array pattern. It is critical to align edge axes of the 

square/line features on each photomask such that they are parallel with the primary flat edge of 

each Si(100) wafer, which is parallel to the <110> direction of Si(100). Imperfect alignment 

resulted in blunt pen tips.  

Next, reactive ion-etching (RIE) was used to etch exposed SiO2 selectively to reveal the 

underlying Si(100). Subsequently, a solution with a 4:1 ratio of 30% KOH and isopropanol was 

used to etch Si(100) wafers anisotropically to generate recessed pyramidal or v-shaped structure 

arrays having base dimensions matched to the designed patterns in the photomasks.77 The Si 

master fabrication was completed by removing remaining SiO2 in 25% HF solution for 5 min. 

Finally, PDMS stamps containing arrays of polymer pens were produced from the masters. Both 
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the masters and stamps can be reused many times. (Experimental details are provided in 

Materials and Methods.) 

 

Figure 2.1. Scanning electron microscopy (SEM) images of: (a) Si master with recessed 

pyramidal structures having base linewidths of 3 µm and a periodicity of 4 µm; (b) 

polydimethylsiloxane (PDMS) stamp with pyramidal polymer-pen arrays replicated from 

the master in (a); (c) polymer-pen chemical lift-off lithography (PPCLL) pattern produced 

using the stamp in (b) without external compression; (d) Si master with recessed v-shaped 

structures with base linewidths of 3.8 µm and a periodicity of 7 µm; (e) PDMS stamp with 

v-shaped polymer pen arrays replicated from the master in (d); (f) typical PPCLL pattern 

produced using the stamp in (b) without external compression. (Insets: high magnification 

SEM images) (The images (c) and (f) are processed to visualize the patterns better; the 

unprocessed images are shown in Figure S2.3). 

As shown in the scanning electron microscopy (SEM) images in Figure 2.1, high-quality 

Si masters containing large arrays of recessed pyramidal or v-shaped structures and stamps 

containing large arrays of protruding pyramidal/v-shaped polymer pens were fabricated using 
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this method. The recessed pyramids or v-shaped structures of the masters had typical tip 

diameters dtip of 8 nm, whereas protruding pyramids and v-shaped polymer pens had average 

measured tip diameters dtip of 19 ± 2 nm and 15 ± 2 nm, respectively. Typical polymer pen tips 

with dtip of 15 nm and 14 nm are shown in the insets of Figure 2.1. The larger tip diameters of 

the features on the PDMS stamps compared to those of the masters were likely due to              

tip-rounding effects caused by the high surface tension of PDMS when it is applied to the 

masters (and before curing).79 The sub-20-nm tip-diameters dtip of the polymer pens are 

comparable to the smallest features fabricated using EBL,48 however, polymer pens produced by 

the method described above avoid EBL and thus, the need to produce each set of pens serially. 

Average tip diameters of the polymer pens fabricated here are smaller than most reported 

polymer pens (usually >50 nm),73 because the square or narrow rectangular features on the 

photomasks have small widths (<6 µm) and their edges were perfectly aligned to Si<110> 

directions to allow Si{111} facets to converge into sharp points or sharp lines during the 

anisotropic etching of Si(100). 
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Scheme 2.1. Schematic illustrations of polymer-pen chemical lift-off lithography (PPCLL) 

using pyramidal (top) and v-shaped (bottom) polymer pen arrays. In both cases, in the first 

step, hydroxyl-terminated alkanethiol molecules form self-assembled monolayers (SAMs) 

on Au/Cr/Si substrates. The polydimethylsiloxane (PDMS) stamps carrying the       

polymer-pen arrays are then activated with oxygen plasma treatment. In the second step, 

an activated PDMS stamp is brought into conformal contact with the SAM on a Au/Cr/Si 

substrate using a known vertical compression distance. Condensation reactions occur 

between the    hydroxyl-terminated SAM molecules and the activated PDMS stamp to form 

strong covalent bonds. In the third step, the PDMS stamp is lifted off of the substrate, 

removing a portion of SAM molecules (~70%) together with Au adatoms from the contact 

areas to produce a complementary pattern on the substrate and an organogold monolayer 

on the stamp in the regions of contact. The contact/feature linewidth (L) is controlled by the 

vertical compression distance (z) of the stamp during contact via the relationship L = f(z).  
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As-fabricated PDMS stamps with polymer pen arrays were used in PPCLL as illustrated 

in Scheme 2.1. Step 1: a 40-sec O2 plasma treatment generated hydrophilic siloxy (Si-OH) 

groups on PDMS stamp surfaces containing pyramidal/v-shaped polymer pens. This step is 

called “activation”.80 Step 2: activated PDMS stamps were brought into conformal contact with 

Au/Cr/Si substrates (Au: 100 nm over Cr: 5 nm) functionalized with hydroxyl-terminated 

alkanethiol SAM molecules. 11-Mercapto-1-undecanol SAM molecules were used throughout 

this study, but alkanethiols with other backbones, chain lengths, and terminal functional groups 

can be used.31,60 A condensation reaction occurs between Si-OH groups on activated PDMS 

stamps and the terminal hydroxyl groups of the self-assembled alkanethiol molecules to form 

covalent bonds,     i.e., Si-O-SAM thereby enabling lift-off.60 Step 3: the PDMS stamps were 

removed to lift-off SAM molecules only in the contact areas producing complementary patterns 

of SAMs on the Au/Cr/Si substrates. Note that in this lift-off process, a layer of Au adatoms is 

removed along with the lifted SAM molecules. We hypothesize that this occurs because weaker 

Au-Au bonds in the top layer of the substrate surfaces are preferentially broken during lift-off, 

rather than the Au-S bonds between the substrate and alkanethiols.60  

As previously reported,76,77 deformation of polymer pens and thus, the areas contacted by 

each pen can be controlled in PPL by compressing the polymer pens onto the substrates using a 

scanning stage with vertical compression-distance control. For example, square features can be 

obtained with linewidths ranging from 500-2000 nm by controlled vertical compression with      

sub-micron increments.76 However, time-dependent lateral diffusion results in larger feature 

sizes than actual contact areas in PPL. By contrast, in PPCLL, patterned features and contact 

areas are identical in size. If the vertical compression distance is controlled at the         
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nanometer-scale, then presumably contact areas can be correspondingly controlled. However, in 

practice, nanometer-scale differences in deformation and contact areas are challenging.  

Alternately, computational simulations can be used to predict deformation at the 

nanometer scale. Here, we simulated compression of v-shaped polymer pens, in addition to the 

more well-studied pyramidal polymer pens.76,81 Zheng et al. simulated deformation of pyramidal 

polymer pens and found that contact radii increased linearly with vertical compression distances 

from sub-100-nm to sub-micron with nanometer-scale resolution.81 To simulate the vertical 

compression-distance dependent deformation of v-shaped polymer pens at the nanometer scale, 

we constructed a 2D Mooney-Rivlin model using a finite-element method via ANSYS software 

(Ansys Inc., Canonsburg, PA). We simulated vertical compression distances (z) from 0 nm to 

560 nm with a minimum step size in z of 2 nm for v-shaped polymer pens having a base 

linewidth (w) = 4000 nm and a tip diameter of 22 nm. An element size of 8 nm was used to 

model polymer-pen tips (from the tip to 400 nm in height). For the remainder of the polymer-pen 

height, an element size of 40 nm was used.  

The initial contact was set to occur at a vertical compression distance of z = 10 nm. As 

shown in Figure 2.2, as z increased, the v-shaped polymer pen tips flattened and the contact 

linewidths (L) increased. After fitting, we found a quadratic dependence between z and L at               

w = 4000 nm:  

L = f(z) = a + bz + cz2  Eq. (2.1) 

where a = 0 nm, b = 0.444, c = 5.72 × 10-4 nm-1, z > 10 nm, with L in nm. According to 

Eq. (2.1), we can precisely and robustly control the feature size by controlling z. Note, that the 

standard deviation of the difference between the simulation results and fitted curve is only 
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1.4 nm, and can be further reduced by decreasing the element size and step size in the 

simulations. Therefore, Eq. (2.1) accurately represents the relationship between z and L. 

 

Figure 2.2. (a) Simulation: cross-sectional view of a v-shaped polymer pen (base linewidth: 

4-µm) vertically compressed onto a rigid Au surface with a vertical compression distance of 

z and a resulting contact linewidth of L = f(z). (b) Simulation results: increasing the vertical 

compression distance z leads to increased contact linewidth (L). The relationship between 

vertical compression distance z and L is fitted using the quadratic equation                           

L = f(z) = a + bz + cz2, where a, b, and c are constants. 

The above simulations demonstrate that feature-size resolution can be tuned at the 

nanometer scale in PPCLL. However, in practical experiments, resolution is affected by the 

following additional factors: (a) precision of vertical compression distance, which relies solely 

on the resolution of the scanning stage – typically, a piezoelectric stage has a resolution <1 nm; 

and (b) surface smoothness of the polymer pens and substrates. As shown in Figure S2.1, atomic 

force microscopy characterization shows that the surfaces used here have an arithmetic average 
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roughness (Ra) of 0.4 ± 0.1 nm for a recessed structure in the master and 1.1 ± 0.1 nm for a 

polymer pen. The value of Ra for the Au/Cr/Si substrate is ~1 nm (data not shown).  

The integration of a piezoelectric scanning stage75,77 and a high-quality leveling 

technique into PPCLL, such as an optical- or force-feedback leveling system, would enable an 

ultimate theoretical resolution of <2 nm to be reached.75 Without using these advanced 

equipment-intensive techniques, we nevertheless demonstrate nanometer-scale feature size 

control in PPCLL by designing and implementing a support-arm array system and polymer pen 

arrays with height gradients, as described in the following experiments and simulations. 

In the first experiment, activated PDMS stamps containing large arrays (3750 × 3750 and 

1 × 2150) of pyramidal (w = 3 µm, period = 4 µm) or v-shaped polymer pens (w = 3.8 µm, period 

= 7 µm) were placed on substrates without external compression. Stamps conformally contacted 

substrates without the need for a leveling system. The contact time was set to 4-6 h to ensure     

high-quality pattern transfer. Our previous CLL work showed features could be transferred with 

contact times as short as 1 min; however, shorter contact times resulted in poorer features after 

wet etching.  

The PPCLL patterns were imaged by SEM. The different intensities observed in SEM 

images were due to different chemical components on the surfaces.59 As shown in Figure 2.1c,f, 

a square-dot array pattern (~600 nm linewidth) and a line-array pattern (~300 nm linewidth) 

were achieved. Moreover, the lateral diffusion of ink molecules was avoided in PPCLL, 

otherwise much enlarged features would have been observed after such long contact times.59,76 

The periodicities of the dot/line arrays were consistent with the stamp patterns. The enlarged 

feature sizes, compared to the original 20 nm tip diameters, was the result of polymer pen 

deformation caused by the weight of the stamps, which increased the contact linewidth to 
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>20 nm. However, features were still 1-2 orders of magnitude smaller than the base linewidths of 

the polymer pens in the photomask. Without using sophisticated fabrication techniques, we 

achieved sub-micron feature scales over large areas simply by this “contact & lift” process. Our 

results demonstrate that PPCLL is an economical and high-throughput method for producing 

sub-micron features over large areas.  

We learned from the first set of experiments that the stamp weight deforms the tips such 

that no leveling is necessary. The height of each pyramidal/v-shaped polymer pen (h) is 

determined by its base linewidth (w) using the equation: ℎ = $
%
∙ tan 𝜃 = $

√%
, here θ is the angle 

between the Si(100) and Si(111) facets. Thus, polymer pens with a series of different base 

linewidths (wi) have different heights (hi) by design. As illustrated in Figure 2.3a, the distances 

(Di = D0 - hi) from the tip of each polymer pen to the surface are different, where the subscript i 

(i > 0) is used to distinguish different polymer pens, and D0 (D0 > hi) is the initial vertical 

distance from the base of the polymer pens to the surface of each substrate before contact. Under 

conformal contact, all of the polymer pens have the same initial vertical compression distance, z. 

However, upon initial contact with the substrate and due to their height differences, each 

polymer pen has a different effective vertical compression distance, zi' = z − Di. Contact only 

occurs when zi' > 0, i.e., z > Di. Each contacted polymer pen has a contact linewidth, L = f(zi'). 

We hypothesize that this process would be similar to vertical compression distances in PPCLL 

controlled using a piezoelectric scanning stage system.  
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Figure 2.3. (a) Illustration of a polydimethylsiloxane (PDMS) stamp used in polymer-pen 

chemical lift-off lithography (PPCLL) having support elements (taller v-shaped polymer 

pens with flat tips) interleaved with v-shaped polymer pens (sharp tips with designed base 

linewidths wi): before contact, after placement on a substrate but with no vertical 

compression, and after vertical compression. Here, D0 (D0 > hi) is the initial vertical 

distance from the base of the polymer pens to the surface of each substrate before contact; 

hi is the height of a polymer pen; Di is distance from the polymer pen tip to the substrate,                         

Di = D0 – hi; z is the vertical compression distance and L is resulting contact linewidth. (b) 

Simulation of results where v-shaped polymer pen base linewidths (w) and vertical 

compression distances (z) were varied to control contact-dependent linewidths (L), i.e.,             

L = f(w, z). 

To test this hypothesis, we added the base linewidth w as another variable in our 

simulations, in addition to the vertical compression distance z, i.e., L = f(w, z). In this simulation, 

we designed a series of w values ranging from 3500 nm to 4000 nm in increments of 25 nm. The 
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initial vertical distance from the base of all of the v-shaped polymer pens to the surfaces of 

substrates was set at D0 = 3000 nm, which is a reasonable distance to keep all of the v-shaped 

polymer pens from contacting the substrates. Then, vertical compression distances z, ranging 

from 0 nm to 700 nm with a step size of 5 nm, were applied in the contact simulation between 

each v-shaped polymer pen and the substrate. After fitting the simulation results for all of the 

polymer pens with L = f(z), we derived a series of fitted curves. We plotted and connected all the 

fitted curves in the same 3D space to form a curved surface. The curved surface was well fit by:  

L = f(z, w) = a + bz + cw + dzw + ez2 + fw2  Eq. (2.2) 

where a = 2783, b = -2.786, c = -1.602, d = 7.572 × 10-4, e = 5.729 × 10-4, f = 2.232 × 10-4 (the 

fitted curved surface is plotted in Figure 2.3b). The Eq. (2.2) is a universal equation wherein we 

can design and control desired contact linewidths L either through w or z. Furthermore, when z is 

fixed, w becomes the only variable influencing L. Under these conditions, Eq. (2.2) is reduced 

to:  

L = f(w) = a" + b"w + c"w2  Eq. (2.3) 

Based on the above simulation results, in the second experiment, we added two 

components in PPCLL, i.e., a stamp support system and polymer pens with height gradients. The 

supporting elements are taller polymer pens with flat tips (obtained by incomplete anisotropic 

etching of Si(100)) distributed between the polymer pens used for pattering, as illustrated in 

Figure 2.3a. Here, the support elements have fixed base linewidths of 6 µm (Figure 2.4a). These 

support elements serve as weight-bearing pillars to support the stamp56 and the flat tips further 

serve as a low-cost leveling system. Properly designed support elements can either keep the               

patterning-purpose polymer-pen arrays away from the substrate by fully cancelling the weight of 

the stamp or they can control the degree of tip deformation of the patterning-purpose polymer 
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pens by partially offsetting the stamp weights. The support elements can also be integrated into 

other PPL designs as an initial contact indicator to estimate how much extra vertical compression 

distance or force is needed to obtain desired contact areas.75,77  

For the second component, a series of v-shaped polymer pen arrays was designed with 

base linewidths from 3500 to 4000 nm, as listed in Table 2.1. The support elements were 

designed with linewidth increments of 25, 50, and 100 nm. For the 25-nm increment (shown in 

bold in Table 2.1), the corresponding height increment of the polymer pens was %,	./
√%

= 18	𝑛𝑚. 

As shown in Figure 2.4a, the v-shaped polymer pens were separated by the support elements. 

Electron-beam lithography was used to produce base linewidths with small increments (25 nm to 

100 nm) for proof-of-concept purposes (details of EBL are in Materials and Methods). The 

differences between the designed base linewidths (wdesign) and the measured base linewidths 

(wmeasured) of the v-shaped polymer pens were 100 nm, as listed in Table 2.1.  

Using this stamp design, a PPCLL experiment without an extra compression force 

beyond the weight of the stamp was performed. As seen in the SEM image in Figure 2.4, 

v-shaped polymer pens with larger base linewidths generated larger PPCLL feature linewidths, 

which indicated larger contact areas, as expected. A full set of SEM images are shown in 

Figure S2.4. As listed in Table 2.1, we obtained a series of linewidths of 31 ± 4 nm, 48 ± 4 nm, 

67 ± 4 nm, 81 ± 7 nm, 101 ± 7 nm, and 120 ± 5 nm, 134 ± 7 nm, 141 ± 5 nm, 156 ± 8 nm,       

169 ± 8 nm, 202 ± 5 nm, 223 ± 9 nm, 248 ± 6 nm, and 309 ± 9 nm. Among these, the smallest 

linewidth was 31 ± 4 nm. For wdesign from 3550 to 3750 nm, the designed base linewidth 

increment Δwdesign was fixed at 25 nm resulting in an average measured base linewidth increment 

of Δwmeasured = 26 ± 6 nm, and an average calculated height increment of Δhcalculated = 18 ± 4 nm 

based on Δwmeasured increment (shown in bold in Table 2.1). Such small increments resulted in 
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average measured pattern linewidth increments ΔLmeasured at the sub-20-nm scale, 15 ± 4 nm. 

Both the sub-40-nm linewidth and the sub-20-nm linewidth increments are comparable to the 

critical dimensions and resolutions of many vacuum-based nanolithography techniques.44-52 

 

Figure 2.4. (a) A scanning electron microscope (SEM) image of a polymer-pen array having 

designed height gradients and a stamp support system; Inset: cross-sectional view to show 

height differences. (b) A SEM image of a polymer-pen chemical lift-off lithography 

(PPCLL) pattern produced by the stamp in (a). (c) A plot of experimental and simulation 

results of the relationship between the linewidths of the PPCLL patterns and the v-shaped 

polymer pen base linewidths. Below are four SEM images of typical PPCLL patterned lines 

corresponding to the four data points circled in different colors. Note, L1, L2, L3, and L4 are 

measured linewidths; w1, w2, w3, and w4 are the corresponding base linewidths in nm. (The 

images (b) and insets of (c) are processed to visualize the patterns better; the unprocessed 

images are shown in Figures S2.3 and S2.4.) 
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Table 2.1. Measured and simulated patterning results of polymer-pen chemical lift-off 

lithography using stamp support elements and v-shaped polymer pens over a series of 

designed base linewidths. All values are in nm. 

Footnote: wdesign is the designed base linewidth of the v-shaped polymer pens; wmeasured is the 

measured linewidth of each PPCLL line pattern; Lsimulated is the simulated contact linewidth based 

on Eq. (2.3) L = f(w, z), for w = wmeasured and z = 547 nm;Δwdesign, Δwmeasured, and ΔLmeasured are 

the increments corresponding to wdesgin, wmeasured, and Lmeasured;Δhcalculated is the height increment 

of v-shaped polymer pen calculated fromΔhcalculated = 4
√%
Δwmeasured. 

 

wdesign wmeasured Lmeasured Lsimulated Δwdesign Δwmeasured Δhcalculated ΔLmeasured 

3500 3569 31 ± 4 34 - - - - 

3550 3643 48 ± 4 65 50 74 52 17 

3575 3673 67 ± 4 79 25 30 21 18 

3600 3706 81 ± 7 94 25 33 23 14 

3625 3735 101 ± 7 108 25 29 21 20 

3650 3768 120 ± 5 124 25 33 23 19 

3675 3792 134 ± 7 136 25 24 17 14 

3700 3807 141 ± 5 143 25 15 11 7 

3725 3826 156 ± 8 153 25 19 13 15 

3750 3851 169 ± 8 166 25 25 18 13 

3800 3915 202 ± 5 201 50 64 45 33 

3850 3960 223 ± 9 227 50 45 32 21 

3900 4006 248 ± 6 254 50 46 32 25 

4000 4095 309 ± 9 309 100 89 63 61 
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Next, we compared the measured results with the universal equation Eq. (2.2) from the 

simulation results. The measured feature linewidths Lmeasured and the measured base linewidths 

wmeasured of the corresponding v-shaped polymer pens are plotted in Figure 2.4c. To calculate the 

corresponding vertical compression distance z in Eq. (2.2), we first applied the largest measured 

wmeasured = 4095 nm and Lmeasured = 309 nm in Eq. (2.2) to get z = 547 nm. Then, by fixing z at 

547 nm, we obtained Eq. (2.3), where a" = 1431 nm, b" = -1.188, and c" = 2.232 × 10-4 nm-1. 

We plotted Eq. (2.3) in Figure 2.4c and found that the calculated data fit the experimental data 

well. Based on wmeasured, we calculated Lsimulated. The almost negligible differences (~5 nm 

average) between the Lmeasured and Lsimulated could be due to imperfect estimates of the PDMS 

properties used in the simulations.  

To visualize the fabricated patterns, to test the applicability of PPCLL, and to 

demonstrate the potential for biological patterning applications, DNA hybridization experiments 

were performed. We have demonstrated that CLL can be used to produce DNA patterns with 

high hybridization efficiencies.7 Using PPCLL to pattern DNA in a similar fashion represents an 

economical and high-throughput avenue for fabricating functional DNA micro/nano 

arrays.7,23,60,82 As shown in the scheme in Figure 2.5a, SAM molecules were removed from the 

contacted regions by PPCLL and thiolated single-stranded DNA molecules were inserted into the 

patterned regions through Au-S bonding.  

Single-stranded patterned DNA was hybridized with fluorescently labeled 

complementary DNA enabling visualization of the chemical lift-off patterns via fluorescence 

microscopy. In Figure 2.5b, an image of a PPCLL pattern is shown illustrating regions (lines of 

varying widths) of patterned, hybridized DNA. The patterns are consistent with SEM data, which 

provides additional confirmation that PPCLL has indeed occurred. The DNA hybridization 
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experiments show that PPCLL can be used to pattern biomolecules that retain functionality, i.e., 

hybridization in this case. Being able to adjust pattern sizes and to create large-area substrates 

with binding sites and bioactive species illustrates that PPCLL might be used to fabricate 

biological devices, such as, biosensors, nucleotide arrays, and selective capture substrates. 

(Experimental details are provided in Materials and Methods.) 

 

Figure 2.5. (a) After polymer-pen chemical lift-off lithography (PPCLL) patterning, 

thiolated DNA molecules are inserted into the patterned regions and fluorescently labeled 

complementary target DNA is hybridized on the substrate. (b) A typical fluorescence 

microscopy image after hybridization. (False color (green) is used to enhance pattern 

image.) 
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2.5 Conclusions and Prospects 

In summary, we demonstrated and tested PPCLL through simulation and experiments. 

Polymer-pen chemical lift-off lithography offers high pattern fidelity, low-cost, large-area, 

nanometer-scale resolution patterning capabilities by combining the advantages of polymer-pen 

lithography and chemical lift-off lithography. Through the use of stamp support elements and 

polymer pens with designed size gradients, we demonstrated sub-40-nm feature patterning and 

sub-20-nm feature linewidth increments without a piezoelectric scanning stage or a leveling 

system used in many conventional nanolithography techniques. Nonetheless, we plan to couple 

PPCLL with a piezoelectric scanning stage system to realize higher resolution patterning.   

Polymer-pen chemical lift-off lithography is a promising nanofabrication technique for a broad 

range of applications in electronics, optics, energy, and biology. 
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2.6 Supplementary Materials 

 

Scheme S2.1. The fabrication scheme of silicon masters and polydimethylsiloxane (PDMS) 

stamps. 
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Figure S2.1. Atomic force microscope (AFM) height images of (a) inverted pyramid on a 

silicon master and (b) protruding pyramid on a polydimethylsiloxane (PDMS) stamp. The 

AFM data were collected using a Bruker Dimension Icon Scanning Probe Microscope. 

Surface roughness was measured inside the square dashed-line areas for each image using 

the instrument software, Nanoscope Analysis. The Ra is the arithmetic average of absolute 

values and Rq is the root mean square of the data points. 
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Figure S2.2. A scanning electron microscope image of a polydimethylsiloxane (PDMS) 

stamp with gradient arrays. Insets: photographs of (i) a silicon master and (ii) a PDMS 

stamp.  
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Figure S2.3. Unprocessed images of Figures 2.1c, 2.1f, and 2.4b. 
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Figure S2.4. A full set of scanning electron microscope images of line patterns with a series 

of different linewidths (Lmeasured) patterned from a series of corresponding v-shaped 

polymer pens with linewidths (wmeasured) as listed in Table 2.1. 
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3.1 Abstract 

Polymer-pen chemical lift-off lithography (PPCLL) combines the advantages of polymer 

pen lithography (large-area polymer pens with nanometer-scale tips) and chemical lift-off 

lithography (high-fidelity patterning without lateral diffusion) to provide large-area chemical 

patterning. Polymer pen arrays are used to pattern self-assembled monolayer (SAM) molecules 

on gold substrates. By adjusting the relative polymer pen heights, we tuned the feature size of 

chemical patterns at nanoscale resolution (Chapter 2). The universal equation (Eq. 2.2) 

correlated the feature size L with two variables, base linewidth w and vertical compression 

distance z. In this work, we first demonstrate our ability to tune feature size by controlling the 

compression     distance z. Through the addition of an external force to compress the polymer 

pens, we extend the ability of PPCLL to generate more complex hollow patterns, which are 

difficult to obtain otherwise, via a “subtraction” process between consecutive             

deformation-controlled contact and lift processes. Selective gold etching using the SAM patterns 

as masks readily produced arrays of gold nanorings over large areas. 
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3.2 Introduction 

The development of novel lithographic techniques is of great interest, as they enable new 

opportunities and applications. Significant progress has been made in improving fabrication 

skills within the fields of electronics,1-6 optics,7-10 energy,11-13 and biology.14-21 While 

conventional photolithography remains the dominant top-down approach for scalable 

microfabrication, in its simplest form optical diffraction limits its critical resolution to 

approximately half of the wavelength. There are three common setups of photolithography: 

contact printing, proximity printing, and projection printing. Contact printing is the most 

common approach in research laboratories and can straightforwardly be used to generate resist 

patterns at the micron scale. In a projection printing system, feature size can scaled down to a 

few tens of nanometers by using a shorter wavelength (193 nm) and optical lens system.22,23 

Other techniques, such as electron-beam lithography (EBL)24-30 and focused ion-beam 

lithography (FIB),31,32 can generate sub-micron features, but time-consuming serial writing 

processes and high costs restrict their throughput and accessibility.33 

Microcontact printing (µCP) was developed as an alternative to conventional 

photolithography, because of its ability to print “ink” molecules economically, high throughput, 

and straightforwardly over large areas.34-36 In µCP, “ink” molecules, such as alkanethiols, DNA, 

and proteins, are first coated onto polymeric stamps and then directly printed onto substrates via 

conformal contact. The chemical patterns (e.g., alkanethiols) can subsequently serve as resists in 

successive wet etching steps to transfer patterns onto underlying substrates.36,37 However, the 

“ink” molecules are known to diffuse laterally beyond the contact areas during the printing 

process, resulting in poor pattern fidelity. In addition, experimental conditions, including time, 

pressure, temperature, and humidity, need to be strictly controlled for consistent results.38-40 
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Alkanethiol molecules can form well-ordered self-assembled monolayers (SAMs) on gold 

surfaces. Our previous work has revealed that pre-assembled SAMs can prevent diffusion of 

“added” alkanethiol molecules beyond the contact areas.39 Based on this discovery, modified 

µCP strategies via displacement41,42 and insertion39,43 of alkanethiol molecules have been 

developed to increase pattern fidelity by minimizing the lateral diffusion of ink molecules. 

Recently, our group has developed a subtractive chemical patterning process called chemical  

lift-off lithography (CLL).44,45 Activated polymeric stamps selectively remove alkanethiol 

molecules with reactive terminal groups (such as -OH, -COOH, or -NH2) in the contact regions. 

Pattern dissolution is prevented by pre-formed, well-ordered SAMs, strong intermolecular 

interactions between hydrophilic SAM molecules, and a diffusion barrier created by the Au step 

edges during lift-off. While high-fidelity patterns with features down to 20 nm have been 

obtained via CLL,44,45 large-area fabrication of nanoscale silicon masters and stamps remains a 

challenge. 

Nanoscale mechanical deformation of polymer stamps can be realized via approaches 

such as proper instrumentation (e.g., piezoelectric stages),40,46,47 stamp design,19 or even         

self-collapse of soft structures.48 Theoretically, the resolution obtained through these 

deformation-based approaches can readily surpass the limit of conventional photolithography 

and reach   sub-5-nm resolution or even smaller.19,48 Previous PPCLL research (Chapter 2) 

combined nanoscale polymer-pen arrays with high-fidelity chemical lift-off lithography and 

successfully obtained molecular patterns with tunable feature size through proper design of the 

polymer pen base linewidths.19 The arrays, fabricated via conventional photolithography and 

anisotropic Si etching, have tips smaller than 20 nm in diameter. By fabricating a series of         

v-shaped polymer pens with designed base linewidth increments, we controlled the compression 
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distances and contact areas under the same compression, producing large-area square and line 

patterns with sub-50-nm linewidth and sub-20-nm tunability.  

This chapter describes a modified version of PPCLL known as deformation-controlled 

polymer-pen chemical lift-off lithography (DC-PPCLL). We adjusted the compression distance z 

to achieve more complex hollow patterns at sub-micron level, which are difficult to obtain with 

conventional microcontact printing techniques. In the modified procedure, we performed 

multiple contact and lift steps; polymer pen tips were completely filled with lifted alkanethiol 

molecules and therefore deactivated for the following process. External force was applied to 

increase compression distance and to introduce additional contact area between the polymer pens 

and SAM-modified gold substrates by increasing tip deformation. Condensation reactions 

occurred in the newly added contact areas around the tips, while the original tip-contact region 

remains intact. The molecules in the newly added (ring-like) regions were removed after the   

lift-off process. As a result, we fabricated sub-micron, hollow chemical patterns. Following 

selective gold etching, large arrays of hollow gold nanorings were obtained. This strategy 

provides a straightforward solution for fabrication large-area nanoring production, which has 

potential applications in optical devices and biosensors. 
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3.3 Materials and Methods 

Materials. Iron(III) nitrate nonahydrate (³99.95%, trace metal basis), thiourea (ACS 

reagent, ³99.0%), and 11-mercapto-1-undecanol (99%) were purchased from Sigma-Aldrich   

(St. Louis, MO, USA). Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS) was 

purchased from Gelest, Inc. (Morrisville, PA, USA). Prime quality Si(100) wafers (100 mm, P/B, 

1-10 ohm-cm) were purchased from University Wafer, Inc. (Boston, MA, USA). Sylgard 184® 

silicone elastomer kit was purchased from Ellsworth Adhesives (Germantown, WI, USA). The 

gold and chromium targets, SPR700-1.2 photoresist, MF-26A developer, isopropanol, 30 wt% 

potassium hydroxide (KOH) solution, and hydrofluoric acid (48%) were obtained and used from 

the Integrated Systems Nanofabrication Cleanroom (ISNC) at UCLA. 

Characterization. A Zeiss Supra 40VP scanning electron microscope (SEM) was used to 

take the SEM images. The water contact angle was characterized using a custom-built system 

with an ApproÒ B/W camera (model: BV-7105EN). A thin layer of gold was sputtered onto the 

polydimethylsiloxane (PDMS) stamps in order to make them sufficiently conductive for SEM 

imaging. The dimensions of micro/nanostructures and chemical patterns in the SEM images were 

measured using ImageJ software (https://imagej.nih.gov/ij/). A Zeiss Axiotech optical 

microscope was used to monitor the Au etching process. 

Fabrication of truncated Si masters and PDMS stamps. The detailed fabrication process 

was illustrated in Scheme S2.1 and Section 2.3. Anisotropic etching of Si(100) was performed in 

a mixture of 4:1 KOH (30%) and isopropanol at 75 °C with variable times. After fabrication of 

truncated pyramids on silicon masters, they were placed in a vacuum desiccator with a few drops 

of tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS) in a petri dish. The substrates 

were kept under vacuum conditions for 40 minutes to allow the evaporation and deposition of 
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TFOCS on the silicon surface. The Sylgard® 184 elastomer silicone elastomer base and curing 

agent (10:1 mass ratio) were thoroughly mixed and degassed in a vacuum desiccator. Then, the 

mixture was poured onto the TFOCS-modified Si masters and cured overnight at 65 °C. After 

curing, PDMS stamps were carefully peeled off the Si master. 

Surface functionalization of Au/Cr/Si substrates. The 10-nm Cr and 30-nm Au films 

were evaporated using a CHA Solution E-Beam Evaporator at high vacuum (10-8 Torr) with 

evaporation rates of 0.1 nm/s. The Au/Cr/Si wafers were annealed in a hydrogen flame and then 

immersed into 0.5 mM 11-mercapto-1-undecanol ethanolic solution overnight for the formation 

of self-assembled monolayers on the Au surfaces.  

Oxygen Plasma Activation of PDMS stamps. Clean PDMS stamps were treated in 

oxygen plasma (Harrick Plasma, Ithaca, NY) for 40 seconds at a power of 18 W and a pressure 

of 10 psi to generate hydrophilic surfaces.  

Contact and Lift with Polymer-Pen Elastomer Stamps. (1) Single contact and lift: after 

oxygen plasma activation, a pair of tweezers was used to place the PDMS stamp on             

SAM-modified substrate carefully. In some experiments, metal blocks with different weights 

were placed on top of PDMS stamps to increase the compression distance. For stamp removal, 

the substrate was held with one pair of tweezers, and another pair of tweezers was used to lift the 

stamp. (2) Multiple contacts and lifts: the general procedures were the same as single contact and 

lift. After 30 minutes, the stamp was transferred to a new SAM-modified substrate without       

re-activating the PDMS stamp. The process was repeated four times and, for the fifth repetition, 

metal blocks with different weights (20 – 300 g) were placed on top of PDMS stamp to increase 

the compression distance, as well as the contact area. 
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Gold Etching. The gold etchant was made by mixing 20 mM iron nitrate and 30 mM 

thiourea in 1:1 volume ratio. After chemical patterning, the gold substrates were immersed into a 

freshly-prepared gold etchant, and the etching process was monitored by the Zeiss Axiotech 

optical microscope. Etching was stopped when clear gold patterns were observed. The substrates 

were then rinsed with plenty of DI water and dried with a nitrogen gun. 
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3.4 Results and Discussions 

The fabrication of silicon molds and PDMS stamps are similar to procedures that have 

been previously reported with PPCLL (see Section 2.3 for experimental details). We first used 

conventional photolithography to pattern photoresists into square hole arrays (15 µm in 

diameter) on a 4-inch SiO2/Si(100) wafer. Note that the square features on the photomask were 

set to align with the flat edge of the Si(100) wafer, which is parallel to Si<110>. The exposed 

SiO2 was then etched via reactive-ion etching (RIE) to reveal the underlying Si(100). 

Subsequently, a mixture of 30% KOH and isopropanol (volume ratio 4:1) was used to etch the 

Si(100) anisotropically. Incomplete Si(100) etching resulted in recessed pyramids, and the tip 

sizes were determined by the etching time.49 Residual photoresists and SiO2 were removed with 

acetone and hydrofluoric acid, respectively. The resulting silicon master was cleaned and 

silanized with TFOCS. Finally, PDMS stamps containing flat-tip polymer-pens arrays were 

replicated from the Si masters.  

 

Figure 3.1. (a,b) Scanning electron microscopy (SEM) images of silicon masters and PDMS 

stamps consist of flat-tip pyramid arrays (base linewidth = 15.2 ± 0.1 µm, tip =                   

3.6 ± 0.1 µm). (c) The change of tip dimensions over silicon etching time. Inset: illustration 

of the anisotropic etching of Si(100) to generate recessed silicon pyramids. Note: image (b) 

was taken at a 30° relative to the surface normal. 
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The obtained Si masters and PDMS stamps containing large arrays of flat-tip pyramid 

structures are shown in scanning electron microscopy (SEM) images in Figure 3.1a,b. The 

recessed pyramids in the Si master had a base linewidth of 15.2 ± 0.1 µm and an average tip size 

of 3.6 ± 0.1 µm. The tip dimensions of Si pyramids determined the feature sizes of chemical 

patterns without further compression, which was adjustable from microns (flat tips) to sub-20 nm 

(sharp tips) through increasing the Si etching time (Figure 3.1c). For the 15-micron feature size 

patterns, pyramid tips with diameters from 15 to 2 µm correspond to silicon etching time from       

0 to 10 min. The anisotropic etching of silicon is a result of significant etch rate differences 

between crystalline planes. For Si(100), the etch rate on Si{100} planes is about 200 times faster 

than that on Si{111} due to the latter’s higher atomic density. 

Basic patterning procedures were similar to those in PPCLL (see Scheme 2.1 for more 

details). First, PDMS stamps were treated with 40 seconds of oxygen plasma to generate 

hydrophilic siloxy (Si-OH) groups on the surface. The activated PDMS stamps were then 

brought into conformal contact with the Au/Cr/Si substrates, which were pre-functionalized with                

11-mercapto-1-undecanol alkanethiol molecules. Condensation reaction between siloxy groups 

on PDMS surface and hydroxyl groups from alkanethiol molecules formed covalent bonds                 

(Si-O-SAM) that were strong enough to lift off the SAM molecules. Finally, the PDMS stamps 

were peeled off the substrates, removing SAM molecules only in the contact areas and producing 

complementary chemical patterns.  
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Figure 3.2. Schematic illustrations of deformation-controlled polymer-pen chemical lift-off 

lithography (PPCLL) with and without external force. Polymer-pen chemical lift-off 

lithography without external force: the oxygen-plasma-activated PDMS stamp was brought 

into conformal contact with the SAM-coated Au/Cr/Si substrate and compressed only by its 

weight F0. The stamp was then lifted-off to remove a layer of organogold monolayer from 

the contact areas, leaving complementary square arrays on the gold surface. The square 

size (L) can be expressed as L = f(F0). After multiple cycles of PPCLL without external 

force, the tip areas of the stamp are fully “deactivated”. Polymer-pen chemical lift-off 

lithography with external force: tip-deactivated stamp was brought into contact with a 

fresh SAM-coated Au/Cr/Si substrate with external stress of F1. After chemical lift-off, a 

hollow pattern with feature thickness of ∆L=1/2 (f(F0+F1)-f(F0)) was created. 
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As illustrated in Figure 3.2, DC-PPCLL contains two key steps: (1) PPCLL(s) without 

external force, and (2) PPCLL with external force. In the first step, the contact and lift 

experiments were performed without external force. The only compression force involved during 

contact came from the stamp’s own weight F0. After 30 minutes, the polymer pens were       

lifted-off from the substrate with organogold monolayers removed from the contact areas, 

forming a square pattern with size L0 = f(F0). This process was repeated multiple times with new 

SAM-coated Au/Cr/Si substrates to deactivate the tip-contact area. For the second part, a          

tip-deactivated stamp was brought into contact with a fresh SAM-coated Au/Cr/Si substrate with 

an external stress of F1, which further deformed the polymer pens and introduced new contact 

areas around the tips. After lift-off, hollow rings with a thickness of ∆L=1/2(f(F1+F0)-f(F0)) 

were obtained. Through DC-PPCLL, nanoscale features can be generated from micron-scale tips, 

which is rarely reported in soft lithography. One special property of chemical lift-off lithography 

is that condensation reactions only occur at the contact regions between the stamp and the 

substrate. As a result, DC-PPCLL produces hollow chemical patterns by fully deactivating the 

stamp tip (no lift-off in the tip-contact area) and increasing compression (introducing new 

contact area) afterwards. While lengthening the contact time (e.g., overnight) could increase the 

lift-off yield in the tip areas, the overall stamp reactivity also decreased over time, because of the 

gradual decrease in Si-OH density of the stamp. To maximize the tip-area lift-off yields while 

preserving reactivity, we proposed to performing multiple cycles of PPCLLs with reduced time, 

which was expected to cover the tip areas completely with lifted-off molecules. 

The reactivity of PDMS stamps depends on the density of the Si-OH groups generated 

through oxygen plasma treatment on the stamp surface. This density can be characterized by the 

hydrophilicity of the flat stamp, which is determined by the water contact angle experiment. As 
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illustrated in Figure S3.1, the water contact angle had a value θ = 97° before oxygen plasma 

“activation” of the PDMS stamp, indicating a hydrophobic stamp. Immediately after activation, 

the water contact angle became θ = 30°, which suggested the generation of high-density Si-OH 

groups on the surface. Surprisingly, we discovered that this hydrophilicity could be maintained 

for an extended period of time before reverting to the hydrophobic state. Two hours later, the 

water contact angle was θ = 42°, and even after 16 hours, the stamp was still not restored to its 

initial hydrophobicity (water contact angle θ = 62°). The extended period of hydrophilicity 

enabled performing multiple contact and lift experiments without sacrificing the stamp reactivity. 

 

Figure 3.3. (a) Scanning electron microscopy (SEM) images of square chemical pattern 

fabricated by polymer-pen chemical lift-off lithography (PPCLL) without external weight. 

(c) After selective Au etching, Au square holes were observed. The dimension of chemical 
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patterns was identical to the tip size, but the Au square holes were slightly larger due to 

lateral etch. (b,d) SEM images of hollow chemical pattern fabricated by            

deformation-controlled polymer-pen chemical lift-off lithography (DC-PPCLL) and hollow 

Au rings after etching. 

To test this concept for complex hollow pattern fabrication, we purposely used polymer 

pens with flat tips (with a base linewidth of 15.2 ± 0.1 µm and a tip size of 3.6 ± 0.1 µm), since 

larger contact areas provided better registry between the stamps and substrates. After performing 

PPCLL without external weight, we observed square chemical patterns in SEM (Figure 3.3a); 

the chemical pattern had a diameter of 3.7 ± 0.0 µm, which was consistent with the tip size. 

Arrays of square holes with 3.8 ± 0.1 µm in diameter were obtained after selective Au etching 

(Figure 3.3c). After fully deactivating the tip area, we performed PPCLL with external weight; 

the SEM image in Figure 3.3b revealed a hollow chemical pattern with a ring diameter of       

247 ± 31 nm. The inner diameter was consistent with the tip size. We further verified that the 

observed chemical pattern was due to the removal of SAM molecules by performing subsequent 

Au etching. As illustrated in in Figure 3.3d, hollow Au rings with diameters of 365 ± 35 nm 

were fabricated. The ring thickness was slightly larger than the chemical pattern size, which was 

likely due to lateral etching of Au over time. To examine the effects of the polymer pen tip 

“deactivation” process on nanoring fabrication, we performed etching experiments with varying 

numbers of PPCLLs without weight. The corresponding SEM images in Figure S3.2 indicated 

that increasing the number of PPCLLs reduced the number of defects, thereby improving the 

quality of the center gold regions. This result was consistent with our previous studies, which 

calculated that the lift-off yield was about 70%.18,44 Therefore, one contact and lift process was 

not sufficient to deactivate the tip areas completely. Multiple rounds of contact and lift were used 
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to optimize nanoring fabrication. As a result, we were able to fabricate large areas of hollow Au 

nanorings (Figure S3.3). Hollow metal nanorings have been demonstrated in optics-related 

applications, such as optical trapping and filtering.50 
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3.5 Conclusions and Prospects 

In summary, we were able to fabricate large areas of hollow gold nanorings using 

deformation-controlled polymer-pen chemical lift-off lithography. The average ring size was at 

the sub-micron scale (365 ± 35 nm). One special property of chemical lift-off lithography is that 

the contact area is equal to the feature size, which allows us to “deactivate” the tip area of the 

polymer pens selectively via multiple contacts and lifts. External force was added to increase the 

compression distance z and introduce new contact area between the polymer pens and                 

SAM-modified gold substrates. By creating a reactivity difference between the tip area and 

surrounding regions, we can control the lift-off yield in different areas and successfully fabricate 

complex hollow ring structures at sub-micron scales. Future work includes correlating simulation 

results with experimental findings to provide guidance for more precise tuning of nanoring size. 
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3.6 Supplementary Materials 

 

Figure S3.1. Water contact angle measurement of the polydimethylsiloxane (PDMS) stamp 

before and after oxygen plasma treatment. 
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Figure S3.2. Scanning electron microscopy (SEM) images of Au nanorings with different 

numbers of polymer-pen chemical lift-off lithography (PPCLL) without external weight. 

The number of defects in the central gold regions decreased with increased number of 

“deactivations” steps. 
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Figure S3.3. Scanning electron microscopy (SEM) image of hollow Au nanorings over a 

large area after selective etching. 

 

 

 

 

 

 

 

 

 

 



99 
 

3.7 References 

1. Carlson, A.; Bowen, A. M.; Huang, Y.; Nuzzo, R. G.; Rogers, J. A. Transfer Printing 

Techniques for Materials Assembly and Micro/Nanodevice Fabrication. Adv. Mater. 2012, 24, 

5284–5318. 

2. Smith, J. T.; Franklin, A. D.; Farmer, D. B.; Dimitrakopoulos, C. D. Reducing Contact 

Resistance in Graphene Devices through Contact Area Patterning. ACS Nano 2013, 7, 3661–

3667. 

3. Tsai, H.; Pitera, J. W.; Miyazoe, H.; Bangsaruntip, S.; Engelmann, S. U.; Liu, C.-C.; 

Cheng, J. Y.; Bucchignano, J. J.; Klaus, D. P.; Joseph, E. A.; Sanders, D. P.; Colburn, M. E.; 

Guillorn, M. A. Two-Dimensional Pattern Formation Using Graphoepitaxy of PS-b-PMMA 

Block Copolymers for Advanced FinFET Device and Circuit Fabrication. ACS Nano 2014, 8, 

5227–5232. 

4. Xu, X.; Kim, K.; Fan, D. Tunable Release of Multiplex Biochemicals by Plasmonically 

Active Rotary Nanomotors. Angew. Chem. Int. Ed. 2015, 54, 2525–2529. 

5. Kim, J.; Rim, Y. S.; Chen, H.; Cao, H. H.; Nakatsuka, N.; Hinton, H. L.; Zhao, C.; 

Andrews, A. M.; Yang, Y.; Weiss, P. S. Fabrication of High-Performance Ultrathin In2O3 Film 

Field-Effect Transistors and Biosensors Using Chemical Lift-Off Lithography. ACS Nano 2015, 

9, 4572–4582. 

6. Chen, S.; Bomer, J. G.; van der Wiel, W. G.; Carlen, E. T.; van den Berg, A. Top-Down 

Fabrication of Sub-30 nm Monocrystalline Silicon Nanowires Using Conventional 

Microfabrication. ACS Nano 2009, 3, 3485–3492. 

7. Ozbay, E. Plasmonics: Merging Photonics and Electronics at Nanoscale Dimensions. 

Science 2006, 311, 189–193. 



100 
 

8. Henzie, J.; Lee, M. H.; Odom, T. W. Multiscale Patterning of Plasmonic Metamaterials. 

Nat. Nanotechnol. 2007, 2, 549–554. 

9. Nordlander, P. The Ring: A Leitmotif in Plasmonics. ACS Nano 2009, 3, 488–492. 

10. Priolo, F.; Gregorkiewicz, T.; Galli, M.; Krauss, T. F. Silicon Nanostructures for 

Photonics and Photovoltaics. Nat. Nanotechnol. 2014, 9, 19–32. 

11. Kung, S.-C.; van der Veer, W. E.; Yang, F.; Donavan, K. C.; Penner, R. M. 20 μs 

Photocurrent Response from Lithographically Patterned Nanocrystalline Cadmium Selenide 

Nanowires. Nano Lett. 2010, 10, 1481–1485. 

12. Fan, F.-R.; Lin, L.; Zhu, G.; Wu, W.; Zhang, R.; Wang, Z. L. Transparent Triboelectric 

Nanogenerators and Self-Powered Pressure Sensors Based on Micropatterned Plastic Films. 

Nano Lett. 2012, 12, 3109–3114. 

13. Ge, M.; Rong, J.; Fang, X.; Zhou, C. Porous Doped Silicon Nanowires for Lithium Ion 

Battery Anode with Long Cycle Life. Nano Lett. 2012, 12, 2318–2323. 

14. Ul-Haq, E.; Patole, S.; Moxey, M.; Amstad, E.; Vasilev, C.; Hunter, C. N.; Leggett, G. J.; 

Spencer, N. D.; Williams, N. H. Photocatalytic Nanolithography of Self-Assembled Monolayers 

and Proteins. ACS Nano 2013, 7, 7610–7618. 

15. Moxey, M.; Johnson, A.; El-Zubir, O.; Cartron, M.; Dinachali, S. S.; Hunter, C. N.; 

Saifullah, M. S. M.; Chong, K. S. L.; Leggett, G. J. Fabrication of Self-Cleaning, Reusable 

Titania Templates for Nanometer and Micrometer Scale Protein Patterning. ACS Nano 2015, 9, 

6262–6270. 

16. Xu, X.; Hou, S.; Wattanatorn, N.; Wang, F.; Yang, Q.; Zhao, C.; Yu, X.; Tseng, H.-R.; 

Jonas, S. J.; Weiss, P. S. Precision-Guided Nanospears for Targeted and High-Throughput 

Intracellular Gene Delivery. ACS Nano 2018, 12, 4503–4511. 



101 
 

17. Cao, H. H.; Nakatsuka, N.; Deshayes, S.; Abendroth, J. M.; Yang, H.; Weiss, P. S.; 

Kasko, A. M.; Andrews, A. M. Small-Molecule Patterning via Prefunctionalized Alkanethiols. 

Chem. Mater. 2018, 30, 4017–4030. 

18. Cao, H. H.; Nakatsuka, N.; Liao, W.-S.; Serino, A. C.; Cheunkar, S.; Yang, H.; Weiss, P. 

S.; Andrews, A. M. Advancing Biocapture Substrates via Chemical Lift-Off Lithography. Chem. 

Mater. 2017, 29, 6829–6839. 

19. Xu, X.; Yang, Q.; Cheung, K. M.; Zhao, C.; Wattanatorn, N.; Belling, J. N.; Abendroth, J. 

M.; Slaughter, L. S.; Mirkin, C. A.; Andrews, A. M.; Weiss, P. S. Polymer-Pen Chemical Lift-

Off Lithography. Nano Lett. 2017, 17, 3302–3311. 

20. Zheng, Z.; Daniel, W. L.; Giam, L. R.; Huo, F.; Senesi, A. J.; Zheng, G.; Mirkin, C. A. 

Multiplexed Protein Arrays Enabled by Polymer Pen Lithography: Addressing the Inking 

Challenge. Angew. Chem. Int. Ed. 2009, 48, 7626–7629. 

21. Sullivan, T. P.; van Poll, M. L.; Dankers, P. Y. W.; Huck, W. T. S. Forced Peptide 

Synthesis in Nanoscale Confinement under Elastomeric Stamps. Angew. Chem. Int. Ed. 2004, 43, 

4190–4193. 

22. Pimpin, A. S., W. Review on Micro- and Nanolithography Techniques and Their 

Applications. Eng. J. 2011, 16, 37–56. 

23. Gates, B. D.; Xu, Q.; Stewart, M.; Ryan, D.; Willson, C. G.; Whitesides, G. M. New 

Approaches to Nanofabrication:  Molding, Printing, and Other Techniques. Chem. Rev. 2005, 

105, 1171–1196. 

24. Cumming, D. R. S.; Thoms, S.; Weaver, J. M. R.; Beaumont, S. P. 3 nm NiCr wires made 

using electron beam lithography and PMMA resist. Microelectron. Eng. 1996, 30, 423–425. 



102 
 

25. Hu, W. C.; Sarveswaran, K.; Lieberman, M.; Bernstein, G. H. Sub-10 nm Electron Beam 

Lithography Using Cold Development of Poly(methylmethacrylate). J. Vac. Sci. Technol. B 2004, 

22, 1711–1716. 

26. Chen, S.; Svedendahl, M.; Antosiewicz, T. J.; Kall, M. Plasmon-Enhanced Enzyme-

Linked Immunosorbent Assay on Large Arrays of Individual Particles Made by Electron Beam 

Lithography. ACS Nano 2013, 7, 8824–8832. 

27. Kim, S.; Marelli, B.; Brenckle, M. A.; Mitropoulos, A. N.; Gil, E. S.; Tsioris, K.; Tao, H.; 

Kaplan, D. L.; Omenetto, F. G. All-Water-Based Electron-Beam Lithography Using Silk as A 

resist. Nat. Nanotechnol. 2014, 9, 306–310. 

28. Manfrinato, V. R.; Wen, J. G.; Zhang, L. H.; Yang, Y. J.; Hobbs, R. G.; Baker, B.; Su, D.; 

Zakharov, D.; Zaluzec, N. J.; Miller, D. J.; Stach, E. A.; Berggren, K. K. Determining the 

Resolution Limits of Electron-Beam Lithography: Direct Measurement of the Point-Spread 

Function. Nano Lett. 2014, 14, 4406–4412. 

29. Bat, E.; Lee, J.; Lau, U. Y.; Maynard, H. D. Trehalose Glycopolymer Resists Allow 

Direct Writing of Protein Patterns by Electron-Beam Lithography. Nat. Commun. 2015, 6, 6654. 

30. Gschrey, M.; Thoma, A.; Schnauber, P.; Seifried, M.; Schmidt, R.; Wohlfeil, B.; Kruger, 

L.; Schulze, J. H.; Heindel, T.; Burger, S.; Schmidt, F.; Strittmatter, A.; Rodt, S.; Reitzenstein, S. 

Highly Indistinguishable Photons From Deterministic Quantum-Dot Microlenses Utilizing 

Three-Dimensional in Situ Electron-Beam Lithography. Nat. Commun. 2015, 6, 7662. 

31. Volkert, C. A.; Minor, A. M. Focused Ion Beam Microscopy and Micromachining. MRS 

Bull. 2007, 32, 389–395. 



103 
 

32. Kalhor, N.; Boden, S. A.; Mizuta, H. Sub-10 nm Patterning by Focused He-Ion Beam 

Milling for Fabrication of Downscaled Graphene Nano Devices. Microelectron. Eng. 2014, 114, 

70–77. 

33. Pan, L.; Park, Y.; Xiong, Y.; Ulin-Avila, E.; Wang, Y.; Zeng, L.; Xiong, S.; Rho, J.; Sun, 

C.; Bogy, D. B.; Zhang, X. Maskless Plasmonic Lithography at 22 nm Resolution. Sci. Rep. 2011, 

1, 175. 

34. Kumar, A.; Whitesides, G. M. Features of Gold Having Micrometer to Centimeter 

Dimensions Can Be Formed Through A Combination of Stamping with An Elastomeric Stamp 

and An Alkanethiol ‘‘Ink’’ Followed by Chemical Etching. Appl. Phys. Lett. 1993, 63, 2002–

2004. 

35. Qin, D.; Xia, Y.; Whitesides, G. M. Soft Lithography for Micro- and Nanoscale 

Patterning. Nat. Protoc. 2010, 5, 491–502. 

36. Xia, Y.; Whitesides, G. M. Soft Lithography. Angew. Chem. Int. Ed. 1998, 37, 550–575. 

37. Xia, Y.; Zhao, X.-M.; Kim, E.; Whitesides, G. M. A Selective Etching Solution for Use 

with Patterned Self-Assembled Monolayers of Alkanethiolates on Gold. Chem. Mater. 1995, 7, 

2332–2337. 

38. Delamarche, E.; Schmid, H.; Bietsch, A.; Larsen, N. B.; Rothuizen, H.; Michel, B.; 

Biebuyck, H. Transport Mechanisms of Alkanethiols During Microcontact Printing on Gold. J. 

Phys. Chem. B 1998, 102, 3324–3334. 

39. Srinivasan, C.; Mullen, T. J.; Hohman, J. N.; Anderson, M. E.; Dameron, A. A.; Andrews, 

A. M.; Dickey, E. C.; Horn, M. W.; Weiss, P. S. Scanning Electron Microscopy of Nanoscale 

Chemical Patterns. ACS Nano 2007, 1, 191–201. 



104 
 

40. Huo, F.; Zheng, Z.; Zheng, G.; Giam, L. R.; Zhang, H.; Mirkin, C. A. Polymer Pen 

Lithography. Science 2008, 321, 1658–1660. 

41. Dameron, A. A.; Hampton, J. R.; Smith, R. K.; Mullen, T. J.; Gillmor, S. D.; Weiss, P. S. 

Microdisplacement Printing. Nano Lett. 2005, 5, 1834–1837. 

42. Saavedra, H. M.; Mullen, T. J.; Zhang, P. P.; Dewey, D. C.; Claridge, S. A.; Weiss, P. S. 

Hybrid Strategies in Nanolithography. Rep. Prog. Phys. 2010, 73, 036501. 

43. Shuster, M. J.; Vaish, A.; Cao, H. H.; Guttentag, A. I.; McManigle, J. E.; Gibb, A. L.; 

Martinez, M. M.; Nezarati, R. M.; Hinds, J. M.; Liao, W. S.; Weiss, P. S.; Andrews, A. M. 

Patterning Small-Molecule Biocapture Surfaces: Microcontact Insertion Printing vs. 

Photolithography. Chem. Commun. 2011, 47, 10641–10643. 

44. Liao, W.-S.; Cheunkar, S.; Cao, H. H.; Bednar, H. R.; Weiss, P. S.; Andrews, A. M. 

Subtractive Patterning via Chemical Lift-Off Lithography. Science 2012, 337, 1517–1521. 

45. Andrews, A. M.; Liao, W.-S.; Weiss, P. S. Double-Sided Opportunities Using Chemical 

Lift-Off Lithography. Acc. Chem. Res. 2016, 49, 1449–1457. 

46. Liao, X.; Braunschweig, A. B.; Zheng, Z.; Mirkin, C. A. Force- and Time-Dependent 

Feature Size and Shape Control in Molecular Printing via Polymer-Pen Lithography. Small 2010, 

6, 1082–1086. 

47. Liao, X.; Braunschweig, A. B.; Mirkin, C. A. "Force-Feedback" Leveling of Massively 

Parallel Arrays in Polymer Pen Lithography. Nano Lett. 2010, 10, 1335–1340. 

48. Zhao, C.; Xu, X.; Yang, Q.; Man, T.; Jonas, S. J.; Schwartz, J. J.; Andrews, A. M.; Weiss, 

P. S. Self-Collapse Lithography. Nano Lett. 2017, 17, 5035–5042. 



105 
 

49. Eichelsdoerfer, D. J.; Liao, X.; Cabezas, M. D.; Morris, W.; Radha, B.; Brown, K. A.; 

Giam, L. R.; Braunschweig, A. B.; Mirkin, C. A. Large-Area Molecular Patterning with Polymer 

Pen Lithography. Nat. Protoc. 2013, 8, 2548–2560. 

50. Yoo, D.; Gurunatha, K. L.; Choi, H.-K.; Mohr, D. A.; Ertsgaard, C. T.; Gordon, R.; Oh, 

S.-H. Low-Power Optical Trapping of Nanoparticles and Proteins with Resonant Coaxial 

Nanoaperture Using 10 nm Gap. Nano Lett. 2018, 18, 3637–3642. 

 

 

 

 

 

 

 

 



106 
 

Chapter 4 

 

Self-Collapse Lithography 

 

The information in this chapter was published in  

Nano Lett. 2017, 17, 5035–5042 and has been reproduced here. 
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4.1 Abstract 

We report a facile, high-throughput soft lithography process that utilizes nanoscale 

channels formed naturally at the edges of microscale relief features on soft, elastomeric stamps. 

Upon contact with self-assembled monolayer (SAM) functionalized substrates, the roof of the 

stamp collapses, resulting in the selective removal of SAM molecules via a chemical lift-off 

process. With this technique, which we call self-collapse lithography (SCL), sub-30-nm patterns 

were achieved readily using masters with microscale features prepared by conventional 

photolithography. The feature sizes of the chemical patterns can be varied continuously from 

~2 µm to below 30 nm by decreasing stamp relief heights from 1 µm to 50 nm. Likewise, for 

fixed relief heights, reducing the stamp Young’s modulus from ~2.0 to ~0.8 MPa resulted in 

shrinking the features of resulting patterns from ~400 to ~100 nm. The self-collapse mechanism 

was studied using finite element simulation methods to model the competition between adhesion 

and restoring stresses during patterning. These results correlate well with the experimental data 

and reveal the relationship between the linewidths, channel heights, and Young’s moduli of the 

stamps. In addition, SCL was applied to pattern two-dimensional arrays of circles and squares. 

These chemical patterns served as resists during etching processes to transfer patterns to the 

underlying materials (e.g., gold nanostructures). This work provides new insights into the natural 

propensity of elastomeric stamps to self-collapse and demonstrates a means of exploiting this 

behavior to achieve patterning via nanoscale chemical lift-off lithography. 
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4.2 Introduction 

The rapid development of new and more complex nanoscale technologies, including 

those in electronics,1-4 displays and lighting,5-8 nanofluidics,9,10 wearable and flexible         

sensors,3,11-13 ultrasensitive biosensors,14-17 and medical devices18-21 is transforming modern life. 

To meet demands for further advances in these areas, needs must be met for economical and                        

high-throughput molecular patterning techniques to enable efficient nanofabrication. 

Conventional photolithography methods cannot achieve robust nanoscale patterns as their 

resolutions are limited by optical and/or UV light sources and are prohibitively slow for       

large-area patterning. Additionally, current costs of state-of-the-art nanolithography tools, 

including parallel approaches (e.g., extreme ultraviolet patterning,22 and X-ray patterning23) and 

direct-write methods (e.g., electron-beam lithography,24,25 focused ion-beam milling,26 and 

scanning probe lithography27,28), require highly specialized equipment and significant 

infrastructural investments that limit availability outside of large corporations, and academic and 

government research centers. 

Several molecular patterning strategies have been developed as economical and 

accessible alternatives to conventional nanofabrication methods, including soft lithographic 

microcontact printing (µCP),29-32 replica molding,33,34 nanoimprint lithography,35 polymer pen 

lithography,36-40 nanotransfer printing,41 decal transfer printing,42 and nanoskiving.43 The most 

widely utilized of these methods, µCP, achieves micro- and nanoscale patterning of molecular 

“inks” (e.g., alkanethiols29-32 or biomolecules44-46) via stamps replica-molded from masters 

prepared by conventional photolithography. Some molecular inks (e.g., alkanethiols) have been 

shown to serve as etch resists that enable the transfer of the desired patterns into the underlying 

substrates.14,47  
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The quality of the final patterns produced via µCP is limited by a variety of factors, 

including diffusion of molecular inks and/or the deformation of stamp features.31,32,48 For 

example, lateral diffusion of ink molecules on surfaces results in enlarged features with lower 

contrast that can, in some cases, results in the complete loss of the transferred pattern.31 This 

effect becomes even more significant when patterning sub-µm features, and often limits the 

resolution of µCP to ~100 nm. Several modified µCP approaches have been developed by our 

group to minimize or to eliminate lateral diffusion of ink molecules.49-52 Microdisplacement 

printing50,53 and microcontact insertion printing49,54,55 were invented to print molecules on 

alkanethiol self-assembled monolayer (SAM) modified substrates through displacement or 

insertion processes, respectively. The SAMs in the unpatterned regions prevent ink molecules 

from diffusing beyond the contact areas.54,56 We also developed a subtractive molecular 

patterning method called chemical lift-off lithography (CLL) that effectively eliminates          

ink-molecule diffusion and is capable of high-fidelity patterning down to 20-nm 

linewidths.14,52,57 Further refinements of CLL have achieved feature sizes down to ~5 nm.51 

In addition to lateral diffusion, the accuracy of transferred patterns can also be affected 

adversely by deformations of stamps upon physical contact with substrates during µCP                 

(e.g., mechanical sagging, sliding, and/or compression of stamp features).32,58-60 For example, 

when an external load is applied to a polydimethylsiloxane (PDMS) stamp, the relief features sag 

causing the roof of the stamp to collapse and to contact the substrate. Recent studies 

demonstrated that this roof-collapse phenomenon could occur spontaneously even without the 

application of an external load when the aspect ratio of the stamp features was engineered to be 

sufficiently large.58-60 This “self-collapsing” behavior occurs due to the adhesion force between 

the stamp and substrate. Several groups, including Rogers, Huang, and coworkers have 
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investigated stamp designs that minimize self-collapse, which include tailoring feature aspect 

ratios, adhesion energy, and Young’s modulus.40,61-63 While seen initially as a disadvantage for 

pattern reproduction, other groups, including Erickson and colleagues have harnessed            

self-collapse for the fabrication of 60 nm nanofluidic channels from microchannels under 

controlled loads.64,65 We have also exploited this phenomenon for precise control of patterns 

using polymer-pen arrays and integral supporting structures.40 However, to the best of our 

knowledge, self-collapse has not been specifically exploited for nanolithography. 

Here, we report control of self-collapse behavior of PDMS stamps precisely at the 

nanoscale when integrated with CLL to establish a new nanolithography method—self-collapse 

lithography (SCL). Using SCL, we achieve sub-30 nm features by tailoring the dimensions of the 

stamp features, as well as the stiffness of the PDMS. 
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4.3 Materials and Methods 

Materials. Prime quality 4″ Si(100) wafers (P/B, 1-10 Ω-cm) were purchased from 

University Wafer Inc. (Boston, MA, USA). Sylgard 184® silicone elastomer kits                       

(lot # 0008823745) were purchased from Ellsworth Adhesives (Germantown, WI, USA). All 

other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as 

received. The SPR 700-1.2 photoresist and MF-26A developer were obtained from the Integrated 

Systems Nanofabrication Cleanroom (ISNC) at UCLA. 

Characterization. Scanning electron microscopy (SEM) images were obtained using a 

Zeiss Supra 40VP scanning electron microscope with an Inlens SE Detector (Inlens secondary 

electron detector). Optical images were taken with a Zeiss Axiotech optical microscope. 

Growth of SiO2 on Si (100). A 1-µm SiO2 film was thermally grown on Si(100) wafers. 

If needed, SiO2/Si wafers are also available for purchase elsewhere. 

Photolithography. Photomasks were designed using the AutoCAD software suite 

(Autodesk, Inc.) with patterns consisting of two-dimensional (2D) arrays of lines, circles, or 

squares. The linewidths of the feature investigated here were >2 µm and thus, were fabricated by 

conventional photolithography. Positive photoresist SPR700-1.2 was spin-coated on SiO2/Si 

wafer surfaces, followed by a 90-sec soft bake at 90 °C on a hotplate. A Karl Suss contact aligner 

was used to expose the photoresist on the wafer with the pattern from a photomask with an 

optimal exposure time of 16.5 sec (UV wavelength = 365 nm, intensity = 8.5 mW/cm2). Each 

exposed wafer was post-exposure baked at 110 °C for 90 sec, immersed in MF-26A developer 

for 1 min, rinsed with deionized water, and blown dry with N2 gas.  
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Reactive ion etching (RIE) of SiO2. After patterning by photolithography, the exposed 

SiO2 was selectively etched by RIE (Oxford 80 Plus) with a gas mixture of CHF3 (25 sccm) and 

Ar (25 sccm) at 35 mTorr. Channel heights were tuned by varying the etch times. A Dektak 

profilometer was used to confirm the heights of the etched features. Once the desired channel 

height was obtained, the remaining photoresist was removed from each surface using a Matrix 

Asher or dissolved using acetone. The molds were then coated with silane 

(trichloro(1H,1H,2H,2H-perfluorooctyl)silane) as a release layer. 

Preparation of PDMS stamps. The Young’s modulus of polydimethylsiloxane (PDMS) 

was tuned by varying the mass ratio of the Sylgard® 184 elastomer silicone elastomer base and 

curing agent at 5:1, 10:1, 15:1, or 20:1 ratios. Base and curing agent were thoroughly mixed. The 

mixture was poured into a petri dish containing the Si masters and then degassed in a vacuum 

desiccator and cured overnight at 65 °C. Afterwards, PDMS stamps were carefully removed 

from the Si masters. 

Surface functionalization of Au/Ti/Si substrate for self-collapse lithography. The 

10-nm Ti and 30-nm Au films were deposited on clean silicon wafers with a CHA Solution 

E-Beam Evaporator at high vacuum (10-8 Torr) at an evaporation rate of 0.1 nm/s. The Au/Ti/Si 

wafers were annealed in a hydrogen flame for ~10 s to create Au(111) surfaces and then 

immersed into 1 mM 11-mercapto-1-undecanol ethanolic solution overnight for self-assembled 

monolayer formation on the Au surfaces.  

Activation of PDMS stamps. Clean PDMS stamps were treated in oxygen plasma 

(Harrick Plasma, Ithaca, NY) for 40 s at a power of 18 W and a pressure of 10 psi to generate 

hydrophilic surfaces.  
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Contact and removal of stamps. A pair of tweezers was used to place each PDMS stamp 

on a substrate without applying a compression force. In the stamp removal process, one pair of 

tweezers was used to hold the substrate and another pair was used to lift off the stamp. In the 

future, more precise control can be achieved by coupling the stamp to a scanning stage system. 

Estimate of the Young’s modulus of PDMS stamps. The Young’s modulus of PDMS 

stamps prepared using a 10:1 ratio (X:Y) of Sylgard 184 pre-polymer base (X) and curing agent 

(Y) is approximately 1.75 MPa (cured at 65 °C). The Young’s moduli of PDMS cast from 

different ratios of X:Y were estimated based on previously reported values,66,67 where stamps 

used in the present study were 2.0 MPa (5:1), 1.15 MPa (15:1), and 0.85 MPa (20:1).  

Error analyses. The errors in linewidths were based on 10 measurements of the patterned 

molecules on three different PDMS stamps. The three PDMS stamps were prepared using one 

silicon master for a fixed height. The errors in the heights originate from the RIE process and 

were determined by five measurements at different locations on the same substrate. The errors in 

heights were determined to be 100 ± 15 nm, 200 ± 10 nm, 300 ± 20 nm, 400 ± 25 nm,             

500 ± 10 nm for heights under 500 nm. The errors in widths were determined to be within 10%, 

measured over five lines on the same substrate, which is not critical for this study, as described 

in the manuscript. 

Wet etching. After PDMS stamps were lifted-off from SAM-modified substrates, each 

substrate was immersed into an aqueous solution of 20 mM iron nitrate and 30 mM thiourea to 

etch Au films selectively.14 The etching rate was ~1 nm/min and the samples were put into the 

etching solution for 30 min. After 30 min of etching, the substrates were rinsed with DI water 

and blown dry with a N2 gun. 
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4.4. Results and Discussions 

A typical SCL process is illustrated in Figure 4.1. Step 1, a Au (30 nm)/Ti (10 nm)/Si 

substrate is immersed into a hydroxyl-terminated alkanethiol solution (1 mM                   

11-mercapto-1-undecanol in ethanol) for ~12 h to form a self-assembled monolayer (SAM) on 

the Au surface. Next, a PDMS stamp with the desired pattern is “activated” by exposure to 

oxygen plasma for 40 s, which generates hydrophilic silanol (—Si-OH) groups on the stamp 

surface. Step 2, an activated stamp is placed in conformal contact with the SAM-functionalized 

Au surface without an externally applied load. The Au surface is flame annealed before 

functionalization. The surface roughness is ~1 nm, which is necessary for the subsequent      

high-resolution chemical patterning. Self-collapse of the stamp’s recessed features occurs 

spontaneously due to adhesion forces between the PDMS and the SAM on the Au surface. As the 

self-collapsing regions of the stamp, as well as the stamp protruding features contact the surface, 

covalent bonds form via condensation reactions between the -OH moieties of the SAM and the 

silanol groups of the activated PDMS stamp47. Upon lifting the PDMS stamp off the substrate 

(Step 3), alkanethiol molecules are removed selectively from the Au surface in the stamp-contact 

regions, leaving intact SAMs in the non-contacted areas. As observed in CLL, Au atoms are also 

removed during lift-off as the Au-S bonds between alkanethiol adsorbates and Au surface atoms 

are stronger than Au-Au bonds at the surface of the substrate.51,52 Note that as discovered in our 

previous work and shown in Figure 4.1c,f, not all of the molecules in the contact regions are 

removed in the CCL process (and the remaining molecules can form a matrix for controlled 

chemical patterning).57  
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Figure 4.1. Schematic illustration of self-collapse lithography (SCL). (a,d)                      

Hydroxyl-terminated alkanethiols form a self-assembled monolayer (SAM) on the surface 

of an Au/Ti-coated Si substrate. A polydimethylsiloxane (PDMS) stamp is activated by 

oxygen plasma treatment. (b,e) The activated stamp is brought into conformal contact with 

the SAM-coated Au surface without externally applied forces. (c,f) The chemical lift-off 

process removes the SAM from regions of the functionalized surface in direct contact with 

the stamp, thereby producing a pattern from molecules remaining in non-contacted 

regions.57  

For self-collapse to occur, the aspect ratios (channel width/height) of stamp features and 

Young’s modulus must satisfy specific criteria.61 We assembled stamps with recessed channels 

having widths and heights configured to collapse at desired locations, resulting in controlled, 

reproducible patterns. Scanning electron microscope (SEM) images, as seen in Figure 4.2, 
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demonstrate the removal of SAMs in regions that were in conformal contact with the stamps. 

Due to stamp self-collapse, narrow structures with linewidths much smaller than the original 

channel dimensions were observed on the SCL-patterned surface. In Figures 4.2a,b, arrays of 

lines ~170 nm wide were produced via SCL using PDMS stamps with 6 µm wide channels and 

300 nm channel heights. The patterned lines were straight and continuous for tens of 

micrometers, corresponding to the edges of the original microscale channel. Despite one side of 

the line being determined by the edge of the stamp contact and the other side being determined 

by the collapsed polymer, no significant differences in the two sides of the patterned features 

were observed in these and other patterns. 
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Table 4.1. Gap linewidths (L) produced using stamps with different channel heights (h) and 

channel widths (w), with a fixed Young’s modulus (E = 1.75 MPa). 

h L w 

50 nm 27 ± 5 nm 1 µm 

100 nm 48 ± 6 nm 4 µm 

200 nm 78 ± 6 nm 6 µm 

300 nm 168 ± 12 nm 6 µm 

400 nm 235 ± 17 nm 10 µm 

400 nm 227 ± 19 nm 20 µm 

500 nm 411 ± 9 nm 20 µm 

700 nm 872 ± 82 nm 20 µm 

1 µm 1710 ± 98 nm 80 µm 

 

We identified a set of basic design rules that govern SCL to understand the effects of key 

parameters on the final patterns. It has previously been reported that for reproducible               

self-collapse to occur, the channel width needs to be larger than a threshold value fixed for each 

value of the Young’s modulus of the stamps, where the potential energy for the collapse is 

employed to determine the threshold.61 The aspect ratios (channel width/height) of the stamp 

features were engineered to be sufficiently large to enable self-collapse.61 We denote stamp 

features as follows: channel width as w, channel height as h, and the non-collapsed gap linewidth 

as L (Figure 4.2c). We first examined the dependence of L on h. Stamps with discrete values of 

h, within the range of 50 (w = 1 µm) to 400 nm (w = 10 µm), produced patterned lines with         

L values of 27 ± 5, 48 ± 6, 78 ± 6, 168 ± 12, and 235 ± 17 nm, respectively, as shown in 
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Figure 4.2d and reported in Table 4.1. The channel width for each height is highlighted in the 

table. Note that when w is larger than this threshold value, at fixed h, changes in w have little 

influence on L,61 in agreement with our experimental results. For example, we obtained similar 

values of L at 235 or 227 nm for different values w at 10 or 20 µm, respectively, with h fixed at 

400 nm.61,63 We kept the thickness of PDMS stamps the same (5 mm) in all experiments, and the 

influence of gravity was neglected in this study. Note that the applied external force and the 

thickness of the PDMS could also be used to control L, e.g., larger widths can be achieved by 

applying external stress, which is currently under investigation. 

 

Figure 4.2. (a, b) Scanning electron microscope (SEM) images of linear arrays with               

sub-200 nm linewidths created by self-collapse lithography using a stamp with 

microchannel features (6 µm channel width, 300 nm channel height). (c) Schematic 
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illustration of a collapsed stamp (L: gap linewidth; w: channel width; and h: channel 

height). (d) Plot of gap linewidths L obtained using different channel heights h with a fixed 

Young’s modulus of 1.75 MPa. The channel width for each data point is listed in Table 4.1. 

Insets correspond to a representative SEM image for each data point.  

Next, we investigated the relationship between L and the Young’s modulus (E) of 

stamps. The PDMS stamps were prepared using different ratios (X:Y) of Sylgard 184             

pre-polymer base (X) and curing agent (Y) to control the relationship with the patterned 

linewidths. Values of E were estimated based on previous reports with details included in the 

Supporting Information.66-68 Stamps with E ranging from 0.85 to 2.0 MPa were molded from a 

master with relief channel heights fixed at 400 nm. When these stamps were utilized for SCL, L 

was found to decrease proportionally with decreasing E (Table 4.2). These results indicate that 

SCL patterns can be fine-tuned by varying stamp stiffness, i.e., a smaller L can be achieved by 

using softer stamps. 

Table 4.2. Gap linewidths (L) produced using stamps with different Young’s moduli (E), 

and a fixed channel height (h = 400 nm) and width (w = 10 µm).  

E L 

2.0 MPa  366 ± 12 nm 

1.15 MPa  165 ± 16 nm  

1.75 MPa  235 ± 17 nm 

0.85 MPa  100 ± 17 nm 
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A key distinction between SCL and other soft lithographic strategies is that nanoscale 

patterns are generated from the deformation of micron-scale features on stamps molded from 

conventional photolithographically prepared masters. The self-collapse process transfers the     

two-dimensional pattern of the stamp features to the surface while avoiding scaling issues that 

limit conventional lithographic methods. In principle, the scale over which stamp patterns are 

reduced is limited only by the precision to which masters can be fabricated and the degree of 

control over stamp stiffness.  

 

Figure 4.3. (a) Schematic illustration of the self-collapse model used in finite element 

analysis (FEA) simulations, where 𝜎r represents the restoring stress and 𝜎a denotes the 

adhesion stress between the PDMS stamp and the substrate. (b) A typical FEA simulation 

result illustrating the stress distribution on a self-collapse stamp (only the restoring stresses 

normal to the substrate are depicted). (c) Relationships between simulated stresses and gap 

sizes L at different channel heights h. (d) Experimentally measured gap widths and channel 

heights (squares) plotted with simulated values (circles, triangles) using Young’s moduli 
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(E) of 2.0 and 2.1 MPa. (e) Simulated gap linewidths plotted as a function of channel height 

with a parabolic fit. (f) Plots of simulated and experimental results showing variations in 

gap linewidths at different values of E. 

Adhesion forces between the stamp and the underlying substrate drive the self-collapse of 

recessed elastomer features. Previously, this process has been approximated using a classic crack 

growth model (i.e., crack growth stops when the required work equals the adhesion energy) by 

Huang et al.61,63 Here, we examined the self-collapse process more directly by modeling stress 

distributions along the gap (L) between collapsed regions and the edges of the original features. 

Two stresses compete at the edges of the gap: an elastic restoring force (𝜎r) and an adhesion 

force (𝜎a), both acting normal to the substrate. Interactions between 𝜎r and 𝜎a can be used to 

predict L during SCL (Figure 4.3a). The adhesion force acts to collapse the top of the channel, 

pulling it toward the substrate surface, while the restoring force acts to retain the shape of the 

channel, pulling it away from the substrate. At equilibrium (𝜎r = 𝜎a), a stable gap (L) is formed 

between the collapsed top and edges of the channel. 

Finite element analysis (FEA) simulations were carried out using the ANSYS software 

suite (Ansys Inc. Student version 16.0, Canonsburg, PA) to model the distributions of 

mechanical stress within a stamp with minimum mesh sizes fixed at 100 nm (Figure 4.3b). We 

employed an inverse method to simulate the mechanism of self-collapse, where the roofs of 

simulated channels of specified widths were displaced toward their corresponding substrates by 

an amount equal to the channel height, h. By varying the widths of the simulated channel roof, 

we obtained a series of restoring stresses along the gap edges and their corresponding gap 

linewidths, L. In this way, we simulated the collapse of stamps configured with different channel 
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heights to obtain an approximate relationship between the restoring stress and gap width at 

different channel heights.  

As illustrated in Figure 4.3c, increases in stamp channel heights result in increases in the 

resulting gap linewidths as less of each channel’s roof makes contact with the substrate surface at 

fixed stress. A comparison of the results from our FEA simulations at adhesion stresses of       

2.0 and 2.1 MPa with those obtained from SCL experiments are shown in Figure 4.3d. There is 

excellent agreement between simulated responses and experimental data, indicating that our 

stress-balance model correlates well and is predictive of the self-collapse phenomenon. 

Moreover, the simulation results can be used to predict the line widths of patterns with smaller 

features. Fitting a parabolic function to the 2.0 MPa curve (Figure 4.3e): 

L = f(h) = ah + bh2     Eq. (4.1) 

we determined the fitting constants a = 0.038 nm-1 and b = 0.00156 nm-2. Using Eq. (4.1), we 

can estimate the L of a pattern produced with any h at stable collapse regions, which enables the 

manipulation of SCL-generated patterns via strategic design of stamp features. For example, to 

achieve a linewidth of 100 nm, a stamp with channel heights of h ≈ 242 nm is needed, according 

to Eq. (4.1). With proper design and optimization, we estimate that SCL will be able to produce 

linewidths as small as 5 nm (corresponding to patterns about 10 molecules across).40,51  

In addition to channel height, our studies demonstrate how the mechanical stiffness of 

PDMS affects linewidths of the final pattern. We modeled the behavior of stamps using different 

ratios (X:Y) of Sylgard 184 pre-polymer base (X) and curing agent (Y) to determine the 

relationship with the pattern linewidth. Simulation results of stress and L, at a fixed channel 
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height of 400 nm, are shown in Figure S4.1 using different values of E: 2.0 MPa (5:1), 

1.75 MPa (10:1), 1.15 MPa (15:1) and 0.85 MPa (20:1). Analyses of these data were used to 

visualize the relationship between E and L (Figure 4.3f). A trend emerges showing that a 

decrease in E (i.e., as the PDMS stamp becomes softer) results in smaller values of L when 

patterning using stamps with identical channel heights. Therefore, stamps derived from a single 

master may be used to generate a range of feature sizes by varying E. 

 

Figure 4.4. (a–c) Schematic illustrations of a ring chemical pattern fabricated via                    

self-collapse lithography (SCL). (a) Hydroxyl-terminated alkanethiols form a                  

self-assembled monolayer (SAM) on the surface of an Au/Ti-coated Si substrate. (b) A 

stamp with recessed circular features is activated by oxygen plasma and then placed into 

conformal contact with the functionalized Au surface, without an external force. The 
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central portions of the recessed features on the stamp contact the underlying SAM in 

smaller circular regions due to self-collapse. (c) The chemical lift-off process removes the 

SAM in direct contact with the polydimethlysiloxane (PDMS) surfaces from the Au 

substrate, leaving raised (dark), ring-like SAM patterns behind. (d–f) Contrast enhanced 

SEM images of (d) ring patterns (L ~1.71 µm), patterned by SCL with a stamp with 

recessed circles (50 µm in diameter and 1 µm in height), (e) a ring pattern (L ~235 nm) 

patterned using recessed circles (40 µm in diameter and 400 nm in height), and (f) raised 

(dark) squares (L ~1.71 µm) patterned with recessed square structures (100 µm on each 

edge and 1 µm in height). 

To demonstrate the versatility of SCL, we produced a variety of patterns, including arrays 

of circle and square features from PDMS stamps comprised of micron-scale, recessed circular or 

square features, as illustrated in Figures 4.4 and 4.5. Nanoscale patterning of other shapes can be 

similarly achieved by careful design of the stamp mold. To date, we have produced robust arrays 

of ~250 nm linewidth circular rings via SCL from stamps comprised of circular holes with 

diameters ~40 µm and heights ~400 nm (Figure 4.4e). By deconstructing these patterns into 

component lines and angular elements, it is possible to extend SCL further to achieve more 

complex pattern configurations, such those needed for circuits for nanoelectronics. 

The chemical patterns produced via SCL can be utilized as templates for selectively 

patterning a variety of materials, including metals and biomolecules. For example, the intact 

SAM that remains on a gold substrate following SCL can resist selective chemical etching, 

enabling the creation of Au nanostructures, including large-area arrays of Au micro-/nano-rings, 

wires, or square structures (Figure 4.5). We used atomic force microscopy for depth analysis to 
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image the SAM patterns by CLL, and, in our previous work, wet etching processed samples.52 

Nanostructures of other materials such as silver and copper can be fabricated similarly. As 

demonstrated by our prior work in developing CLL, SCL may also be applied to pattern 

biomolecules at the nanoscale.40,51,52,57,69 

 

Figure 4.5. Optical microscope images of Au micro/nanostructures fabricated by                    

self-collapse lithography (SCL) followed by selective etching. (a) The Au rings with 

linewidths of 1.71 µm were fabricated using stamps patterned with 100-µm-diameter 

circles recessed by 1 µm. (b) Here, Au lines 870 nm wide were fabricated using stamps 

possessing recessed linear features that were 40 µm wide and 700 nm deep. (c) Sub-2 µm 

Au squares fabricated using stamps patterned with recessed square features that were 
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100 µm on an edge and 1 µm in height. (d) Sub-250 nm Au squares fabricated using stamps 

with recessed squares that were 40 µm in width and 400 nm in height. 
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4.5 Conclusions and Prospects 

In summary, SCL represents a facile and robust nanolithography technique to achieve    

sub-30 nm resolution by exploiting the elasticity of PDMS structures and natural stamp-substrate 

adhesion forces. A wide range of shapes and feature sizes can be patterned by strategically 

designing stamp feature dimensions (e.g., height/width) and/or Young’s modulus. Importantly, 

this soft-lithographic approach can be used as a complement or alternative to slow and expensive 

direct-writing processes (e.g., electron-beam lithography). The SCL technique provides new 

insight into how a previously undesirable characteristic of soft lithography can be exploited, via 

CLL, to yield nanoscale patterns. Finite element model simulations suggest a straightforward 

mechanism for the self-collapse process through the competition between restoring and adhesion 

stresses along the gap edge produced between the protruding and collapsed stamp features. 

Results from these simulations correlate well with experimental data and elucidate design rules 

for using controlled self-collapse to generate complex patterns at the nanoscale that can be 

applied broadly to applications in nanoelectronics, biosensing, energy storage, and catalysis. 
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4.6 Supplementary Materials 

 

Figure S4.1. Plots of simulation results at different Young’s moduli. The relationships 

between stress at the critical point and gap linewidths at a 400-nm channel height are 

shown. 
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Figure S4.2. Scanning electron microscope (SEM) images of (a) ring patterns (L ~1.71 µm) 

patterned by a stamp with recessed circles (50 µm diameter and 1 µm height). (b) A ring 

pattern (L ~235 nm) by a stamp with recessed circles (40 µm diameter and 400 nm height), 

(c) hollow squares (L ~1.71 µm) by a stamp with recessed square structures (100 µm length 

and 1 µm height). 
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Figure S4.3. Scanning electron microscope (SEM) images of line patterns at the corners 

with a stamp height of 500 nm. 
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5.1 Abstract 

While three-dimensional (3D) configurable hierarchical nanostructures have wide 

ranging applications in electronics, biology, and optics, finding scalable approaches remains a 

challenge. We report a robust and general strategy called multiple-patterning nanosphere 

lithography (MP-NSL) for the fabrication of periodic 3D hierarchical nanostructures in a highly 

scalable and tunable manner. This nanofabrication technique exploits the selected and repeated 

etching of polymer nanospheres that serve as resists and that can be shaped in parallel for each 

processing step. The application of MP-NSL enables the fabrication of periodic, vertically 

aligned Si nanotubes at the wafer scale with nanometer-scale control in three dimensions 

including outer/inner diameters, heights/hole-depths, and pitches. The MP-NSL method was 

utilized to construct 3D periodic hierarchical hybrid nanostructures such as multilevel 

solid/hollow nanotowers where the height and diameter of each level of each structure can be 

configured precisely as well as 3D concentric plasmonic nanodisk/nanorings with tunable optical 

properties on a variety of substrates. 
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5.2 Introduction 

Periodic semiconductor nanostructures, such as pyramids, holes, wires, pillars, tubes, and 

cones are increasingly applied in the design of solar cells, biosensors, biomaterials, and               

drug-delivery systems due to their superior optical/electrical properties, biocompatibility, and 

mechanical properties.1-10 In particular, periodic single-crystalline silicon (Si) nanotubes11 

assembled via electron-beam lithography and nanoimprint lithography demonstrate better light 

conversion efficiency than other structures in hybrid solar cells, while their biocompatibility12 

and tubular structures also suggest their tantalizing potential as tools to enable improved studies 

of cellular mechanics,13-15 circulating tumor cell capture/release,16 and intracellular biochemical 

delivery.17,18 However, despite this interest and their broad applicability, the deployment of 

periodic Si-nanotube-based devices with controlled dimensions has been limited by the lack of 

simple and scalable fabrication approaches for these structures. 

Current strategies for the fabrication of periodic Si nanostructures, including nanopillars, 

nanocones, and nanoholes, involve nanosphere lithography,19-25 because of its low cost, 

simplicity, and high throughput compared to conventional nanolithographic methods including 

electron-beam lithography and focused ion beam milling. Nanosphere lithography employs 

periodic arrays of self-assembled close-packed mono-/bilayer nanospheres (e.g., polystyrene, 

SiO2, and others) as masks to pattern underlying substrate materials.19 However, the fabrication 

of periodic Si nanotubes with precise dimensional control over large areas remains challenging 

due primarily to the nanosphere template being used only once during processing. This          

“one-time use” approach restricts traditional nanosphere lithography techniques in that only the 

outer diameter of Si nanotubes can be defined fully. For example, previous attempts to generate 
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nanoring-like masks for Si nanotube fabrication lacked suitable control over dimensions (such as 

tube thickness), quality, and reproducibility. 

In this work, we propose and demonstrate a nanosphere lithography strategy named 

multiple-patterning nanosphere lithography (MP-NSL), which circumvents the limitations of 

traditional one-time use methods by adopting a multiple use template concept. The MP-NSL 

method achieves wafer-scale fabrication of periodic Si nanotubes while enabling independent 

control over all structural dimensions during fabrication including inner/outer tube diameters, 

heights, hole-depths, and pitches. To our knowledge, this degree of versatility and precision has 

not previously been reported for structures prepared via nanosphere lithography. Moreover, our 

MP-NSL technique represents a powerful three-dimensional (3D) nanolithographic tool for       

high-throughput fabrication of periodic hierarchical nanoarchitectures, enabling the assembly of 

multilevel solid/hollow Si nanotowers and 3D concentric plasmonic nanodisk/nanorings. 
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5.3 Materials and Methods 

Materials. Prime quality 4″ Si (100) wafers (P/B, 1-10 ohm-cm resistivity) were 

purchased from University Wafer (Boston, MA, USA). All polystyrene spheres (1% solids,      

400 nm to 2 µm) were purchased from Thermo Fisher Scientific Inc. (Fremont, CA, USA). 

Sodium dodecyl sulfate (SDS, 98%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Hydrochloric acid (36.5 to 38.0% w/w) was purchased from Fisher Scientific Inc. (Fair Lawn, 

NJ, USA). Evaporation materials including gold (99.99%) and nickel (99.995%) were purchased 

from K. J. Lesker Company (Jefferson Hills, PA, USA). 

Morphology characterization. The scanning electron micrographs were taken by a Zeiss 

Supra 40VP scanning electron microscope. Focused ion beam samples were made and imaged 

using the Nova 600 SEM/FIB system.  

Polystyrene sphere monolayer formation on Si substrates. The polystyrene nanospheres 

(1% solids) stock dispersion were centrifuged and re-dispersed in water/ethanol mixture          

(1:1 ratio) with 2-4% solids. A 2 cm × 2 cm Si substrate and a 22 mm × 22 mm glass coverslip 

were treated in an oxygen plasma (Harrick Plasma, Ithaca, NY) for 1 min to generate hydrophilic 

surfaces. Next, the Si substrate was put in a 2” petri dish, ~4 mL water was added to immerse the 

Si substrate fully, and then ~50 µL 1 wt% SDS was added. The polystyrene nanosphere 

dispersion in water/ethanol was slowly added to the water/air interface through a tilted glass 

coverslip that was placed against the edge of the petri dish to form close-packed monolayers. 

Then, the water was removed to transfer the polystyrene nanosphere monolayers to the surface of 

Si substrate. Finally, the Si substrate was dried in a vacuum desiccator.  

Oxygen plasma RIE of polystyrene nanospheres. An Oxford 80 Plus system was used to 

tailor the size of polystyrene nanospheres. A time-controlled etching process of the polystyrene 
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nanospheres was carried out under a gas mixture of O2 (35 sccm) and Ar (10 sccm) at a pressure 

of 60 mTorr and radio frequency power of 60 W. The polystyrene-nanosphere-coated Si substrate 

was heated at 120 °C for ~30 s to fix nanospheres on the Si substrate. 

Deep reactive ion etching of silicon. (1) Bosch process. An inductively coupled plasma 

reactive ion etcher (ICP-RIE, Plasma Therm SLR700) was used. It involved alternate cycles of 

passivation and etching steps. During the passivation step, a flow of 24 sccm C4F8 and 12 sccm 

Ar was used at power of 825 W. During the etching step, a flow of 30 sccm SF6 and 12 sccm Ar 

was used at power of 825 W. (2) Single-step dry etching. The single-step RIE of silicon was 

completed in a simultaneous flow of 24 sccm C4F8, 21 sccm SF6, and 5 sccm Ar at a pressure of 

12 mTorr with ICP power of 650 W and platen power of 9 W (STS Advanced Oxide Etcher) to 

achieve silicon pillars/tubes with smooth sidewalls. For both processes, the etching depth of Si 

was controlled by the etching time. 

Fabrication of SiO2 hierarchical nanostructures. SiO2/Si (500-nm-thick SiO2) 

substrates with polystyrene nanoparticles as the masks were etched by an Oxford 80 Plus using a 

gas mixture of CHF3 (25 sccm) and Ar (25 sccm) at 35 mTorr to generate the SiO2 hierarchical 

nanostructures. 

Pattern replication to PDMS substrates. A 10:1 mass ratio of Sylgard® 184 elastomer 

silicone elastomer base and curing agent were thoroughly mixed and then degassed in a vacuum 

desiccator. This mixture was poured onto the Si mold with hierarchical nanostructures and cured 

overnight at 65 °C. After curing, PDMS stamps were carefully removed from the Si mold. 

Metal coating. Desirable substrates were loaded into the vacuum chamber of an electron 

beam metal evaporator (Kurt J. Lesker Company, Jefferson Hills, PA) and held at a base pressure 
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of 1×10−7 Torr. Ni film was deposited at rate of ~1 Å/s, and Au film was deposited at rate of 

~0.5 Å/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 
 

5.4 Results and Discussions 

The process for fabricating periodic Si nanotubes by MP-NSL is illustrated schematically 

in Figure 5.1A with associated scanning electron microscopy (SEM) images of the products 

from key steps shown in Figure 5.1B-G. We fabricated a variety of Si nanotube arrays with 

different parameters: pitches (400 nm to 2 µm), outer heights (100 nm to 6 µm), inner heights 

(100 nm to  2 µm), outer diameters (220 nm to 1.3 µm), inner diameters (130  to 1050 nm), and 

tube thicknesses (sub-50 to 500 nm). Representative SEM images of a selection of Si nanotubes 

are depicted in Figure 5.2. In addition, SEM images of large area, well-ordered nanosphere 

templates and Si nanotube arrays with the corresponding Fourier transform patterns are shown in 

Figures S5.1 and S5.2.  

The template for MP-NSL consists of a monolayer of polystyrene nanospheres, which is 

assembled by slowly distributing an aqueous dispersion of the nanospheres drop cast onto a tilted 

glass slide, as reported elsewhere.20 The monolayer is then transferred to a 2 cm × 2 cm Si 

substrate underneath the water/air interface by gently removing the liquid. Note that the pitch of 

the final Si nanotube arrays is determined by the original diameters of the polystyrene 

nanosphere template, which can be tailored from several hundred nanometers to several microns 

depending on their original size. Here, we specifically chose polystyrene nanospheres with 

diameters of 400 nm, 600 nm, 900 nm, 1 µm, and 2 µm as examples. The assembly of the 

nanosphere template is highly scalable such that one can easily reach the wafer scale manually 

and can conceivably reach the square meter scale using automated nanosphere dispensing 

systems.26  

Next, the diameters of the polystyrene nanospheres are configured via oxygen plasma 

reactive ion etching (RIE) to define the outer diameter (do) of the Si nanotubes. By controlling 
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the oxygen plasma RIE time, one can tailor the nanosphere diameter precisely without changing 

the pitch. For instance, a 4-min oxygen plasma RIE can uniformly and precisely etch            

close-packed polystyrene spheres of 1 µm diameter into ~820 nm diameter nanospheres with 

identical spacing of ~180 nm, as shown in Figure 5.1C. As illustrated in Figure 5.2D and Table 

5.1, the oxygen plasma RIE time and the diameters of polystyrene nanospheres correlate closely 

and the results are highly reproducible. The diameters of the nanospheres notably decrease faster 

with increasing oxygen plasma RIE time due to the polymer nanoparticles becoming flatter with 

a more oblate ellipsoid shape (Figure S5.4).27  

 

Figure 5.1. Self-aligned multiple-patterning nanosphere lithography (MP-NSL) for Si 

nanotube arrays. (A) A schematic illustration of the process. Step 1: a monolayer of           

close-packed polystyrene (PS) nanospheres is formed at a water/air interface, then 

transferred onto a Si wafer. The size of the nanospheres defines the ultimate pitches (p) of 
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the Si nanotubes. Step 2: oxygen plasma RIE reduces the sphere size and defines the outer 

diameters (do) of Si nanotubes. Step 3: deep reactive ion etching (DRIE) etches Si into 

nanopillars by using the nanospheres as masks. The outer heights (ho) of Si nanotubes are 

controlled by the etch time. Step 4: a second oxygen plasma RIE further reduces the sizes 

of polymer nanoparticles and defines the inner diameters (di) of Si nanotubes. Step 5: Ni is 

deposited to form Ni nanorings on the Si nanopillars and it functions as a DRIE mask. Step 

6: polystyrene nanoparticles are removed by 10 min oxygen plasma etching to expose the 

center part of the Si nanopillars. Step 7: DRIE is performed again to etch holes and to 

define the hole depth (hi). Step 8: Ni is removed by HCl and pristine Si nanotube arrays are 

obtained. Scanning electron microscope (SEM) images of key intermediates: (B) monolayer 

of closed-packed polystyrene nanospheres (diameter: 1 µm) formed on a Si wafer; (C) 

polystyrene nanoparticles on Si wafer after first size reduction; (D) polystyrene 

nanoparticles on top of periodic Si nanopillar arrays; (E) second size reduction of 

polystyrene nanoparticles by oxygen plasma (step 4); and (F) Ni nanorings on top of Si 

nanopillars. The region displayed as dark is Si and the region displayed as bright is Ni. (G) 

Etching of the inner regions by DRIE to form Si nanotubes (step 7). Images (D, E, G) were 

taken at a tilt of 30°. Scale bars: 1 µm. 
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Table 5.1. Controlling size reduction of polystyrene nanospheres by oxygen plasma reactive 

ion etching (RIE). 

Pitch = 1 µm Pitch = 2 µm 

Etch time do Etch time do 

2.5 min 910 ± 4 nm 4 min 1860 ± 9 nm 

3 min 900 ± 4 nm 7 min 1630 ± 8 nm 

3.5 min 860 ± 6 nm 10 min 1350 ± 10 nm 

4 min 820 ± 5 nm 13 min 1160 ± 9 nm 

5 min 760 ± 7 nm 15 min 800 ± 10 nm 

6 min 610 ± 7 nm 16 min 740 ± 8 nm 

7 min 480 ± 5 nm   

8 min 330 ± 6 nm   

 

Note that enhancing the adhesion between the polystyrene nanospheres and the 

underlying Si substrate before dry etching helps to prevent the random tilting of the etched 

polymer nanoparticles, which could lead to asymmetries in the final pillar/nanotube arrays 

(Figure S5.5). The nanospheres were coupled to the Si substrate after the initial oxygen RIE step 

by heating briefly to 120 °C for ~30 seconds. This treatment does not result in noticeable lateral 

deformation, but appears to fix the etched polymer nanoparticles to prevent moving or tilting 

during the subsequent processes.  
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Methods for etching Si involve either wet-etching strategies such as metal-assisted 

chemical etching28 or dry-etching approaches such as RIE.9 Here, we chose a dry-etching 

technique, specifically deep reactive ion etching (DRIE), due to its capability for anisotropic 

etching, high reproducibility, and non-toxicity. The outer heights (ho) and inner hole-depths (hi) 

of the Si nanotubes are controlled by the DRIE time. Specifically, DRIE via the Bosch process, 

which consists of multiple cycles of passivation and etching, was applied to achieve               

high-aspect-ratio nanopillars. The alternating cycles of passivation and etching in the Bosch 

process protects the sidewalls of nanostructures from being etched laterally over large depths. 

Figure 5.1D illustrates a typical array of high-aspect-ratio Si nanopillars produced via MP-NSL 

with polystyrene nanoparticles sitting on their tops (ho = 2000 nm). The Bosch process typically 

results in periodic “ripples” on the sidewalls as shown in Figure 5.2, which is called the 

“scalloping effect”. As shown in the high-resolution SEM image in Figure S5.6, the thickness of 

the “ripple” is typically ~25 nm. Note that the top surfaces of the silicon nanopillars remain 

smooth, as they were protected by the PS bead template during etching. However, the 

“scalloping effect” can be minimized and/or eliminated in MP-NSL by using an optimized Bosch 

process29 or cryogenic-DRIE30 to generate Si nanostructures with smooth sidewalls. In the 

present study, low-aspect-ratio Si nanostructures with smooth sidewalls were achieved 

straightforwardly via single-step DRIE, which uses C4F8 and SF6 simultaneously as the etching 

and passivation gases (Figures 5.2G-H and S5.7). 

After the fabrication of Si nanopillars, a second oxygen plasma RIE was applied to 

reduce the size of the polystyrene nanoparticles sitting on top of the pillars (Figure 5.1D). The 

smaller nanospheres remain centered on the pillars and serve as templates for subsequent etching 

treatments to obtain nanotubes. Next, a thin layer of nickel (Ni) was deposited via electron-beam 
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evaporation along the exposed Si at the tops of the nanopillars to avoid undesired etching. Nickel 

was selected as the masking material as it is highly resistant to Si dry etching processes. The thin 

Ni layer, typically 20 nm, forms Ni nanorings at the top of the nanopillars and also covers the 

bottom surface of the Si substrate, Figure 5.1E. The polymer nanoparticles are subsequently 

removed with tape to expose the centers of the Si pillars for etching Figure 5.1F. The                  

inner-diameters of the Ni nanorings define the inner diameter (di) and sidewall thickness                   

(w = do - di) of nanotubes generated after a second round of DRIE. The Ni is then removed via a 

chemical etch treatment (5% HCl) to obtain the final Si nanotube arrays (Figure 5.1G).  

As illustrated in Figure 5.3A, altering the time of the second oxygen plasma RIE step 

enables the inner diameter di and thus the sidewall thickness w of the Si nanotubes to be tuned 

precisely. As a proof of concept, we fabricated a series of Si nanotubes by using 1 µm and 2 µm 

polystyrene spheres as masks for MP-NSL. We first fabricated Si nanopillars with diameters of 

730 ± 7 nm and 1340 ± 12 nm using the 1 µm and 2 µm polystyrene spheres masks, respectively. 

Then, we varied the second oxygen plasma RIE time to control the diameter of the polystyrene 

nanoparticles on top of the Si nanopillars and applied a second DRIE treatment as described 

above to generate ordered Si nanotubes with different sidewall thicknesses. As shown in the 

Tables 5.1 and 5.2: for Si nanopillars with do = 720 nm, a second oxygen plasma RIE time of      

3, 3.25, 3.5, 4, and 4.5 min, resulted in sidewall thicknesses of 105 ± 5, 120 ± 4, 150 ± 5, 200 ± 5, 

and 290 ± 7 nm, respectively, while for 1340 ± 12 nm diameter Si nanopillars, oxygen plasma 

RIE times of 3-7 min resulted sidewall thicknesses ranging from 120 ± 12 to 420 ± 8 nm. Even 

smaller sidewall thickness, such as 45 ± 2, 80 ± 2, 100 ± 3 nm, can be achieved by further 

decreasing the RIE time difference, see Figure 5.2F-H. Such high accuracy control over the 

nanosphere size is comparable to many electron- or ion-beam-based nanolithographies. 
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Table 5.2. Controlling sidewall thicknesses (w) of Si nanotubes by varying the etch time 

difference between two oxygen plasma reactive ion etching. 

Pitch = 1 µm Pitch = 2 µm 

Etch time w Etch time w 

3 min 105 ± 5 nm 3 min 120 ± 12 nm 

3.25 min 120 ± 5 nm 4 min 180 ± 7 nm 

3.5 min 150 ± 5 nm 5 min 250 ± 8 nm 

4 min 200 ± 9 nm 5.5 min 300 ± 8 nm 

4.5 min 290 ± 7 nm 6 min 340 ± 9 nm 

  7 min 420 ± 8 nm 

 

 

Figure 5.2. (A-H) Scanning electron micrographs (SEM) of representative periodic Si 

nanotube arrays with different parameters in nm: pitch (p), outer diameter (do), inner 

diameter (di), sidewall thickness (w = (do - di)/2), and outer height (ho). Images were 

recorded at a tilt of 30°. (Units: nm) 
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The outer height (ho) and inner hole depth (hi) of the Si nanotubes can be controlled 

independently by varying their respective DRIE times. The SEM cross-sectional images shown 

in Figure 5.3F illustrate three representative Si nanotube arrays with different ho/hi ratios, where 

from left to the right, ho > hi, ho = hi (center), and ho < hi. The DRIE etching rates used for each ho 

and hi are shown in Figure 5.3G and Table 5.3. Specifically, an etch rate of 0.66 µm/min was 

used for ho while rates of 0.50 µm/min (0-3 min) and 0.18 µm/min (3-8 min) were used for hi. A 

slower etch rate is observed for hi, which is known as “RIE lag”, i.e., the etching rate is related to 

the feature size, and the smaller the feature size, the lower the etching rate.31 

Table 5.3. Tuning the outer/inner heights (ho/hi) of Si nanotubes by controlling the duration 

of deep reactive ion etching. 

Etch time ho Etch time hi 

1 min 700 ± 25 nm 2 min 1100 ± 20 nm 

3 min 2000 ± 28 nm 3 min 1500 ± 25 nm 

4 min 2800 ± 32 nm 4 min 1700 ± 30 nm 

6 min 4000 ± 38 nm 6 min 2000 ± 20 nm 

8 min 5200 ± 50 nm 8 min 2410 ± 28 nm 

 

The robust and rapid fabrication of periodic 3D hierarchical nanostructures is highly 

desirable for applications in nanophotonics, metamaterials, and biotechnology.32 Direct writing 

fabrication strategies based on two-photon,33 focused ion-beam, or electron-beam34 techniques 

have been developed to assemble 3D hierarchical micro-/nanostructures serially, but their 
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widespread use within these areas has been precluded by low fabrication throughputs and a 

limited selection of compatible materials.  

We find that MP-NSL can serve as a high-throughput 3D nanolithographic tool to 

fabricate a variety of periodic 3D hierarchical nanostructures. For example, as shown in Figure 

5.4A, multilevel Si nanopillars or “nanotowers” with two, three, and four levels were fabricated 

by reducing the polystyrene nanosphere size twice, three, and four times, respectively, with Si 

etching applied after each size reduction. A high-resolution SEM image (Figure S5.6) of 

multilevel silicon nanotowers shows all the levels have smooth surfaces. The smallest diameters 

at the apex of the Si nanotowers achieved so far are ~100 nm when using 900 nm nanospheres 

templates. The sidewall thickness (w) and height (h) of each level were controlled individually 

and precisely by varying the oxygen plasma RIE and DRIE times during processing (Figure 

5.4A). In principle, there is no limitation to the complexity of the nanostructures generated via 

MP-NSL. Potential applications for these multilevel nanotowers include nanobarcodes35 and 

anti-reflective coatings.36 It is also possible to fabricate hollow Si nanotowers by integrating the 

etching processes used to generate Si nanotubes above. Moreover, we have applied MP-NSL to 

pattern similar nanotowers with a wide range of materials, including SiO2, and have used the 

nanostructures as a mold for soft materials, such as polydimethylsiloxane (PDMS) (Figure 

5.4A).37-39  
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Figure 5.3. (A) Schematic illustration of tuning the outer and inner diameters (do and di, 

respectively) of Si nanotubes. (B) Top-view scanning electron microscopy (SEM) images of 

Si nanotubes fabricated from 1 µm polystyrene nanospheres with do = 730 ± 7 nm, and 

sidewall width (w=(do-di)/2) from 105 ± 5 nm to 290 ± 7 nm (scale bar: 400 nm); (C)          

Top-view SEM images of Si nanotubes fabricated from 2 µm polystyrene (PS) nanospheres 

with do = 1340 ± 12 nm, and w from 120 ± 12 nm to 420 ± 8 nm (scale bar: 400 nm). (D) 

Oxygen plasma reactive ion etching (RIE) time dependent size reduction of polystyrene 

nanoparticles. (E) Oxygen plasma RIE time dependent w corresponding to (B,C) with              

do = 1340 ± 12 nm. (F) Schematic illustrations of independent control of ho and hi. From left 
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to right, ho > hi, ho = hi, and ho < hi. Bottom: SEM images of corresponding Si nanotube 

cross-sections prepared by focused ion beam milling with Pt (white part) as protection layer 

(scale bar: 500 nm). (G) Plot of DRIE time dependence of ho and hi. Si etch rates were 

0.66 µm/min for ho and 0.50 µm/min (0-3 min)/ 0.18 µm/min (3-8 min) for hi, respectively. 

Plasmonic nanostructures have attracted broad interest, including for potential 

applications ranging from biosensing and surface-enhanced spectroscopy to optical trapping.40-46 

So far, most plasmonic nanostructures fabricated by nanolithography have been largely          

two-dimensional. Our 3D nanostructures can further serve as templates for achieving periodic 

3D hierarchical plasmonic nanostructures, important for engineering nanophotonics in 3D.47-49 

Simply by evaporating a layer of a plasmonic metal (e.g., gold, silver, aluminum), onto an array 

of periodic Si/SiO2/PDMS nanotowers, we obtained periodic 3D plasmonic nanostructures 

(Figure 5.4A). After Au evaporation, high-resolution SEM imaging reveals that each layer of the 

nanotower structures is smooth (Figure S5.8). The dimensions of these Au nanorings and Au 

nanodisks as well as the relative vertical distances between them are fully tunable with           

sub-20-nm-scale resolution, which presents the tantalizing possibility to design and to 

manipulate the optical properties of these periodic 3D plasmonic nanostructures. For example, 

we evaporated 50 nm of Au on two slightly different two-level Si nanotowers as shown in 

Figure 5.4B, and fully tunable 3D ring/disk plasmonic nanocavities were thereby fabricated. As 

shown in the reflection spectra of these vertically stacked plasmonic nanostructures, multiple 

resonant peaks ranged from visible to        mid-IR were observed. The reflection spectra agree 

well with finite-difference-time-domain (FDTD) simulations. The simulation results indicate that 

multiple peaks and dips result from multimodal plasmonic resonances through hybridization 

between different plasmonic multipole modes of ring and disk cavities vertically FDTD 
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simulations of the electric-field and charge distributions are provided in Figure S5.9). Slight, 

intentional geometry differences between the two plasmonic nanostructures (sample i vs. sample 

ii) result in shifts in the reflection spectra due to changes of the resonance (Figure 5.4B). Thus, 

MP-NSL is a tool to design and to fabricate optically tunable 3D plasmonic nanostructures.  

 

Figure 5.4. (A) By using multiple-patterning nanosphere lithography, a variety of periodic 

hierarchical nanostructures have been designed and fabricated: Si nanotowers with two 
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levels, three levels, and four levels with tunable heights (including negative heights for 

selected levels) and diameters for each level; configurable concentric plasmonic Au 

nanorings/nanodisk on Si substrates (solid/hollow two-level nanotowers), SiO2 

nanostructures (two-level nanotowers), and flexible polydimethylsiloxane (PDMS) 

substrates (negatively replicated hollow nanotowers). (B) Reflection visible-infrared spectra 

of Au/Si nanotowers with different dimensions. Solid lines are the experiment results and 

dotted lines are corresponding simulation results. (Sample sizes in nm, sample i: p=900, 

d1=530, h1=300, d2=320, h2=230, and tAu=50; Sample ii: p=900, d1=570, h1=230, d2=320, 

h2=300, and tAu=50). Note that, the spectra (500 to 6000 nm) were collected using two 

different spectrometers with different ranges (500 to 2500 nm and 2500 to 6000 nm 

respectively) and stitched together at 2500 nm for comparison to simulations (see detailed 

description in the supporting information). 
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5.5 Conclusions and Prospects 

Our results suggest that MP-NSL is a promising 3D nanolithographic tool to achieve a 

variety of periodic 3D hierarchical nanostructures that can be configured to enable applications 

in nanophotonics, optoelectronics, electronics, metamaterials, and biotechnology. This strategy is 

compatible with and could be integrated into micro/nanoscale device manufacturing to add 

components with functions enabled by rationally designed 3D nanostructures. Additionally, by 

using beads with different physicochemical properties and/or geometries, even greater control 

can be achieved.  
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5.6 Supplementary Materials 

Characterization of reflection spectra. In the characterization of the reflection spectra of 

the plasmonic hierarchical nanostructures, we set the incident light and reflected light to be near 

normal to the substrate, as illustrated on the left. Note that we also used these settings for the   

finite-difference time-domain (FDTD) optical simulations. In order to obtain the reflection 

spectra across the wavelength range from 500 to 6000 nm, two spectrophotometers were used. 

One spectrophotometer measured the reflection spectra from 500 to 2500 nm and other measured 

the reflection spectra from 2500 to 6000 nm. An UV-3101PC UV-VIS-NIR Spectrophotometer 

(Shimadzu Co., Japan) with an integrating sphere attachment (ISR-3100) was used to collect the 

reflection spectra of the plasmonic hierarchical nanostructures within the wavelength range        

(500 to 2500 nm). The scan rate was set at 1 nm/s. A customized polarization              

modulation-infrared reflection-adsorption spectroscopy (PM-IRRAS) instrument was used to 

collect the reflection spectra of the plasmonic hierarchical nanostructures in the range of 2500 to 

6000 nm. The scan step size was set at 2 nm with medium scan rate. Due to the differences in 

sensitivities of the two spectrometers, for comparisons to the simulations, the two segments of 

the reflection spectra were stitched together as follows. Sample (i): no changes were made to the 

reflection spectra from 500 to 2500 nm, and the intensity of reflection spectra from 2500 to    

6000 nm was multiplied by 20× in order to combine the spectra. Sample (ii): the overall intensity 

of the reflection spectra obtained from 500 to 2500 nm was increased by 20 (arbitrary units), 

while the intensity of the reflection spectra from 2500 to 6000 nm was multiplied by 20×. See 

Figure S5.9A. 
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Figure S5.1: (A) A typical scanning electron microscope (SEM) image of close-packed 1 µm 

polystyrene spheres in micro-scale. (B) A photograph of Si wafers fully covered by             

close-packed 1 µm polystyrene spheres. The reflected colors indicate the well-ordered 

configuration of the polystyrene microspheres. (C) The corresponding fast Fourier 

transform (FFT) of the SEM image. 
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Figure S5.2. (A) A typical scanning electron microscope (SEM) image of a large area of the 

silicon nanotube arrays. (B) The corresponding fast Fourier transform (FFT) of the image. 

(C) A typical SEM image of large-area silicon nanotube arrays recorded at a tilt of 30°. 
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Figure S5.3. A typical scanning electron microscope (SEM) image of a large area of silicon 

nanostructures recorded at a tilt of 30°. 
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Figure S5.4. A typical scanning electron microscope image of polystyrene nanospheres with 

oblate ellipsoid shapes after oxygen plasma reactive ion etching. 
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Figure S5.5. Enhancing the adhesion between the polystyrene nanospheres and the 

underlying silicon substrate before dry etching helps to prevent tilting of the etched 

polymer nanoparticles, which could lead to asymmetries in the final pillar/nanotube arrays 

without heating. 

 



167 
 

 

Figure S5.6. (A) A high-resolution scanning electron microscope (SEM) image of silicon 

nanopillars made via the Bosch process. The top surfaces of the silicon nanopillars are 

smooth. The average distance between valleys and peaks on the sidewall of a silicon 

nanopillar is ~25 nm. (B) A high-resolution SEM image of four-level silicon nanotowers 

shows the smooth surfaces on the four levels. 
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Figure S5.7. A scanning electron microscope (SEM) image of periodic silicon nanopillars 

with smooth sidewalls fabricated by single-step deep reactive ion etching. 
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Figure S5.8. A high-resolution scanning electron microscope (SEM) image of 50 nm Au 

evaporated silicon nanostructures. 
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Figure S5.9. (A) The visible-infrared reflectance spectra of sample ii. Insets: simulation 

results of the electric-field distribution of sample ii under photoexcitation (cross section). 

(B,C) Simulation of charge distributions on the Au surfaces on different layers of the 

sample ii at the two major dips (1830 nm and 4500 nm), from which we can see the 

1830 nm mode is a combination of different multipole modes from the three layers; while 

the 4500 nm mode corresponds to the quadrupole modes of all three layers. 
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Chapter 6 

 

Fabrication of Silicon Nanovolcanos and 

Their Applications in Direct Gene Delivery 

with High Efficiency and Cell Viability 
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6.1 Abstract 

Membrane-disruptive nanostructures are promising candidates for delivering exogenous 

materials with high throughput, efficiency, and cell viability. Here, we fabricate a silicon 

nanovolcano platform that could penetrate cell membranes and deliver genetic materials 

intracellularly, i.e., to cell nuclei for gene transfer. By adopting a multiple-patterning nanosphere 

lithography strategy, we are able to fabricate mechanically stable volcano-shaped nanostructures 

with controllable heights, hole diameters/depths, and pitches. The sub-20-nm sharp features of 

nanovolcanos enable penetration of cell membranes and minimize disruption of cell functions. 

Biomolecular payloads containing the gene-editing packages are assembled and encapsulated 

into supramolecular nanoparticles. The holes (calderas) of the nanovolcanos can contain high 

payloads of biomolecular cargos that are readily accessed once cell membranes are penetrated. 

Enhanced green fluorescent protein (eGFP) plasmid and small interfering RNA (siRNA) were 

used as     proof-of-concept studies for intracellular delivery. With advances in ease of 

fabrication, fully tunable dimensions, and high parallelism, silicon nanovolcanos could provide a 

versatile platform for a wide range of fundamental and clinical applications. 
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6.2 Introduction 

High-efficiency intracellular delivery of exogenous species, such as DNA,1-9 small 

interfering RNA (siRNA),10-14 proteins,15-19 peptides,20 and other small particles,21-26 can provide 

robust and powerful platforms for broad applications, including intracellular      

imaging/sensing,27-33 gene editing,34-38 delivery of membrane-impermeable drugs,17,39,40 

immunotherapy,10,37,41 and regenerative medicine.35,42,43 Among these efforts, viral-based 

intracellular approaches have had encouraging results in gene delivery with high efficiency and 

specificity because viruses are highly evolved biological machines that can enter cells without 

assistance and then release genetic materials.44 However, the loading capacity, immune response, 

safety concerns, and high cost associated with viral-based approaches have impeded their 

application in advanced clinical stages. To overcome the limitations of viral vectors, attention is 

shifting to the development of non-viral intracellular strategies. For example, cell membrane 

disruption-mediated approaches use mechanical,2,16,45 electrical,4,46 or photothermal17,47,48 

methods to generate transient pores in cell membranes,49 which can be utilized to deliver diverse 

materials into many cell types. Compared to electroporation and thermal processes, direct 

physical penetration via sharp nanostructures preloaded with biomolecular cargos is less 

destructive. Nanostructures with sharp features including nanowires,1,6,8,20,50 nanostraws,2,4,51,52 

nanoneedles,3,6-7,9,23,24 nanopyramids,53,54 and nanomotors28,31,53,55-64 are ideal candidates to pierce 

membranes and to release cargos into the cell’s cytoplasm. Developing a platform with universal 

cargo delivery, high efficiency, and high throughput with minimal cell disruption and scalability 

remains a critical long-term challenge.49  

Here, we fabricated silicon nanovolcano arrays that will be used to deliver biomolecular 

cargos with high efficiency while maintaining high cell viability. Silicon nanovolcano structures 
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with fully tunable parameters (pitch, height, rim diameter, and hole depth) and sub-20-nm sharp 

rim edges were fabricated using our recently developed multiple-patterning nanosphere 

lithography (MP-NSL).65 These nanovolcanos were further combined with supramolecular 

nanoparticles66,67 to promote delivery efficiency. As shown in Figure 6.1, nanovolcanos have 

three key advantages to ensure the intracellular delivery with high efficiency: (1) the       

volcano-shape nanostructure offers mechanical stability during cell penetration. With preserved 

structural integrity, multiple and long-term use without reduced efficiency are possible. (2) The 

sub-20-nm scale sharp rims of nanovolcanos yield higher penetration efficiencies into cell 

membranes68 with minimal influence on cell viability.9 (3) The dimensions of nanovolcanos, 

including hole diameter/depth, are fully tunable. Thus, the maximum payload of biomolecular 

cargos in each nanovolcano can be controlled. Once the nanovolcanos penetrate through the cell 

membrane, the preloaded biomolecular cargos can be readily accessed by the cells.  
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6.3 Materials and Methods 

Materials. Prime quality 4″ Si (100) wafers (p-type/B-doped, 1-10 ohm×cm) were 

purchased from University Wafer Inc. (Boston, MA, USA). Polystyrene spheres were purchased 

from Thermo Fisher Scientific Inc. (Fremont, CA, USA). Dimethyl sulfoxide (DMSO), sodium 

dodecyl sulfate (³98.5%), (3-aminopropyl)triethoxysilane (99%), and 1-adamantane isocyanate 

(97%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid                     

(36.5 to 38.0% w/w) was purchased from Fisher Scientific Inc. (Fair Lawn, NJ, USA). The 

sputtering target nickel (99.995%) was purchased from Kurt J. Lesker Company (Jefferson Hills, 

PA, USA). Lipofectamine® 2000 and SilencerTM GFP (eGFP) siRNA were purchased from 

Thermo Fisher Scientific Inc. (Fremont, CA, USA). Cyclodextrin-grafted polyethyleneimine    

(CD-PEI), adamantane-grafted polyamidoamine dendrimer (Ad-PAMAM), adamantane-grafted 

poly(ethylene glycol) (Ad-PEG), enhanced green fluorescent protein (eGFP) plasmid were 

prepared and purified following previous method. The U87 glioblastoma cells were purchased 

from American Type Culture Collection (ATCC). Dulbecco’s modified Eagle’s medium 

(DMEM) was purchased from Invitrogen (Carlsbad, CA, USA). 

Fabrication of silicon nanovolcanos. The polystyrene spheres were assembled into     

close-packed monolayers and transferred to silicon substrates following reported method.65 

Oxygen plasma (Oxford Plasmalab 80 Plus, Oxford Instruments, Abingdon, UK) was then 

applied to reduce the size of spheres. The etching conditions were 35 sccm of O2 and 10 sccm of 

Ar at a radio frequency (RF) power of 60 W and pressure of 60 mTorr. Single-step deep reactive 

ion etching (STS Advanced Oxide Etcher) was performed with 23 sccm of C4F8, 27 sccm of SF6, 

and 5 sccm of Ar at inductively coupled plasma power of 650 W, platen power of 9 W, and 

pressure of 12 mTorr to achieve cone-shape structure. Nickel film was deposited via        
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electron-beam evaporator (Kurt J. Lesker Company) at rate of 1 Å/s. Then, the polystyrene 

spheres were removed by Scotch tape. A second single-step DRIE was performed to etch holes. 

For both silicon etching processes, nanovolcano height and hole depth can be independently 

controlled by etching time. Finally, nickel was removed by immersing the substrates into 

concentrated hydrochloric acid solution.  

  Preparation of supramolecular nanoparticles (SMNPs). A centrifuge tube containing  

600 µL nuclease-free water, 2.0 µL DMSO solution containing 3.96 µg Ad-PAMAM, 10.56 µg 

Ad-PEG, 9.0 µg CD-PEI, and the reported amounts of nuclei acids (eGFP plasmid or siRNA) 

were added and vortexed vigorously.  

 Surface functionalization of silicon nanovolcanos. In a vacuum desiccator, 20 µL of 

(3-aminopropyl)triethoxysilane was added to a petri dish containing silicon nanovolcano 

substrates and let the substrates stay under vacuum conditions for 40 min. Then the substrates 

were immersed into 1-adamantane isocyanate in DMSO solution (1.0 mM) for 2 h. The          

post-modified substrates were washed three times with DMSO to remove excess 1-adamantane 

isocyanate.  

Scanning electron microscopy (SEM) and focused ion beam (FIB). SEM images were 

recorded using a Zeiss Supra 40VP scanning electron microscope. Cross-sectional samples were 

prepared and imaged using a Nova 600 SEM/FIB system.  

Dynamic light scattering (DLS) measurements. DLS measurements were performed 

using a Zetasizer Nano instrument (Malvern Instruments Ltd., United Kingdom) equipped with a 

10 mW helium-neon laser (λ = 632.8 nm) and a thermoelectric temperature controller. 
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6.4. Results and Discussions 

The fabrication process for the silicon nanovolcanos by MP-NSL is shown in Figure 

6.1a. (See Figure S6.2 for the full process). Nanosphere lithography employs close-packed 

nanospheres/microspheres as lithography masks to pattern underlying substrates,69-72 which is 

highly scalable.73 By applying the multiple patterning strategy, we can fabricate complex          

three-dimensional nanostructures such as nanotubes, nanotowers with fully tunable dimensions. 

In a typical fabrication sequence, polystyrene (PS) microspheres are first assembled into                

close-packed monolayers at the water/air interface as previously described.65 Then, the 

monolayers are transferred to silicon substrates and oxygen plasma etching is used to reduce the 

sphere size. Single-step deep reactive ion etching (DRIE) etches silicon with high uniformity and 

reproducibility. In this process, C4F8 and SF6 are simultaneously introduced as passivation and 

etching gases. The ratio between two gases can be adjusted to achieve truncated cones. With a 

fixed flow rate of SF6, increasing or decreasing C4F8 results in truncated cones with larger or 

smaller rims, which will thereby determine the hole diameter of nanovolcanos (see Table 6.1: #1 

vs #2 and Figure S6.3). Subsequently, the PS particles centered on top of the truncated cones 

serve as masks for metal deposition. A thin film of nickel (~15 nm) is deposited as a protecting 

layer since nickel is highly resistant to dry etching processes. Polystyrene spheres are then 

removed by adhesive tape to expose the apex of truncated cones for hole etching. The hole depth 

is independently controlled via a second single DRIE step. Finally, the nickel film is removed by 

immersing substrates into hydrochloric acid. (The fabrication details are provided in Materials 

and Methods). A representative scanning electron microscopy (SEM) image of silicon 

nanovolcanos is shown in Figure 6.1b. The typical height of nanovolcanos used in this work is 

3.0 ± 0.1 µm with hole diameters of 610 ± 20 nm. Moreover, we are able to fabricate 
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nanovolcanos with fully tunable parameters: pitch distances (1, 2, and 5 µm), heights (from    

~1.6 to ~4.7 µm), and hole diameters (from ~600 nm to ~1.6 µm), which are summarized in 

Table 6.1 and Figure S6.4. 

 

Figure 6.1. (a) Schematic of the nanovolcano fabrication process. An array of polystyrene 
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(PS) spheres is first assembled on a silicon wafer, which is then exposed to oxygen plasma 

to reduce the sphere size. Single-step dry etching of the silicon defines the cone-shape 

structure. Next, a thin layer of nickel is deposited to serve as a protective layer prior to 

removal of the polystyrene spheres. Hole-depth can be controlled independently via a 

second drying etching step. The nickel layer is removed by immersing substrates into 

hydrochloric acid. Scanning electron micrographs of representative (b) silicon 

nanovolcanos with hole diameters of 610 ± 20 nm and height of 3.0 ± 0.1 µm. (c, d) Top and 

side views of a typical nanovolcano: edge width is generally less than 20 nm. Note: for (b) 

and (d), images were taken at 30° tilt. Therefore, the actual height should be double the 

measured height. 

Suitable nanovolcano geometries and structural parameters are critical for effective 

transfection and high cell viability. High densities (small pitch distances) of nanostructures have 

a “bed-of-nails” effect, where force is uniformly distributed among nanostructures,51 resulting in 

small penetration forces. Lower densities (large pitch distances) are favorable for penetration 

with increased force, but reducing the number of nanovolcanos underlying each cell results in 

lower numbers of payload particles delivered. In addition, nanovolcanos with intermediate 

heights are preferred since those that are too short (<0.5 µm) or too tall (>6.3 µm) result in lower 

transfection efficiency.8 Taking these observations into consideration, we chose 2 µm as the 

pitch, which is defined by the original sphere size, and ~3.0 µm as the height of nanovolcanos. 

These parameters also fall in the effective penetration regime based on the adhesion and traction 

model proposed by Melosh and coworkers.68  

Cell viability depends strongly on the sizes of the nanostructures. Recent studies show 

that cell membranes can self-repair and “heal” lost plasma membrane when the damage is 



187 
 

limited.74 As a result, no detrimental effects on cell viability should be seem when the size of 

nanostructures is below certain threshold. For example, both in nanostraw2 (~100 nm) and 

porous nanoneedle9 (<50 nm) systems, no apparent cell damage was found after intracellular 

delivery. The top and side views of a nanovolcano are shown in Figure 6.1c and 6.1d, 

respectively. The typical edge size (indicated by red arrows) is 19 ± 5 nm. Since the edge 

thickness of nanovolcano rims is much smaller (<20 nm) than other reported nanosystems, a 

minimal damage and high cell viability is expected; we test this strategy below. 

Table 6.1. Summary of Fabrication Conditions and Measured Dimensions of Nanovolcanos 

 C4F8/SF6 Ratio Etching Time Pitch (µm) Height (µm) Hole Diameter (nm) 

#1 23/27 5 min 2.0 3.0 ± 0.1 610 ± 20 

#2 25/27 5 min 2.0 2.5 ± 0.1 740 ± 30 

#3 23/27 2 min 2.0 1.6 ± 0.1 1000 ± 30 

#4 23/27 3.5 min 1.0 1.8 ± 0.1 550 ± 20 

#5 23/27 10 min 5.0 4.7 ± 0.1 1650 ± 50 

 

The nanovolcanos are further combined with supramolecular nanoparticles (SMNPs) 

with encapsulated biomolecular cargos to enhance delivery efficiency. In other configurations, 

we recently reported that supramolecular nanoparticles can be used to encapsulate a variety of 

biomolecular cargos with large payloads.75-83 A typical process used here is schematically 

illustrated in Figure 6.2a. Three molecular building blocks, cyclodextrin-grafted 

polyethyleneimine (CD-PEI), adamantane-grafted polyamidoamine dendrimer (Ad-PAMAM), 

and adamantane-grafted poly(ethylene glycol) (Ad-PEG), are prepared and purified based on 

previous methods.75 The CD-PEI and Ad-PAMAM precursors are first self-assembles into 
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cationic hydrogel networks through recognition between cyclodextrin (CD) and adamantane 

(Ad) motifs, thus forming the cores of nanoparticles with encapsulated biomolecular cargos. The 

Ad-PEG acts as a capping ligand to constrain the growth of cationic hydrogel network and 

increases solubility in water. Because the assembly of SMNPs is a reversible process (Figure 

6.2b), the dissociation of SMNPs after uptake releases biomolecular cargos into the cells. The 

average diameter of SMNPs is 130 ± 30 nm, as measured by dynamic light scattering (Figure 

S6.1).  

 

Figure 6.2. (a) The reversible assembly of supramolecular nanoparticles (SMNPs) relies on 

the molecular recognition between adamantane (Ad) and β-cyclodextrin (β-CD) motifs. (b) 

Three molecular building blocks of supramolecular nanoparticles: cyclodextrin-grafted 

polyethyleneimine (CD-PEI) and adamantane-grafted polyamidoamine dendrimer            

(Ad-PAMAM) first assemble into hydrogel networks that encapsulate desired biomolecular 

cargos (e.g., nucleic acids) within the cationic core. The addition of adamantane-grafted 

poly(ethylene glycol) (Ad-PEG) both constrains the growth of SMNPs and increases water 

solubility. 
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The transfection process using nanovolcanos loaded with SMNPs is illustrated in Figure 

6.3a. First, a two-step surface modification procedure was employed to functionalize silicon 

nanovolcanos with Ad-motifs and then freshly prepared SMNPs were assembled onto the 

nanovolcanos. The multivalent supramolecular interactions between Ad motifs on nanovolcanos 

and CD motifs on SMNPs led to local enrichment of SMNPs from solution onto the Ad-grafted 

nanovolcanos.6 After addition of SMNPs, the substrates were examined by SEM to test if the 

SMNPs were loaded successfully (Figure 6.3b). The SMNPs are false-colored in red for better 

visualization (the original SEM image is shown in Figure S6.5). The delivery and the payloads 

can be controlled by depositing varying amount of SMNPs solution and changing the amount of 

target materials encapsulated in each SMNP.  
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Figure 6.3. (a) Schematic overview of the nanovolcano-mediated cell transfection process: 

(i) first, silicon nanovolcanos are functionalized with Ad-motifs via a two-step surface 

modification procedure. (ii) freshly prepared supramolecular nanoparticles (SMNPs) are 

loaded into the nanovolcanos. (iii) U87 glioblastoma cells cultured on top of substrates. 

Scanning electron microscopy (SEM) reveals several key stages during the transfection 

process. (b) Upon addition of the SMNP suspension, the nanovolcanos were fully loaded 

with nanoparticles (false-colored in red). (c) Overview of U87 cells cultured on top of 
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nanovolcanos. (d) Cross-sectional SEM image of nanovolcanos interacting with a U87 cell. 

The nanovolcanos are false-colored in blue to visualize their relative positions compared to 

the cell membrane. The tops of nanovolcanos penetrated the cell membranes.                                 

(e) Cross-sectional SEM image demonstrating the active intracellular uptake of two 

nanoparticles (false-colored in red). Note: (d) and (e) were milled by focused ion beam 

(FIB) and imaged by tilting the stage 52°. The original SEM images can be found in 

Supporting Information, Figure S6.5. 

U87 glioblastoma cells were introduced into 24 well plates with loaded nanovolcano 

substrates placed at the bottom. Figure 6.3c shows the morphologies of U87 cells after 

incubation for 24 h (37 °C, 5% CO2). The cells were observed to extend and to wrap around 

nanovolcanos. This wrapping behavior increases adhesive interactions between cells and 

substrates, which facilitates the penetration process.51,68 Direct penetration of the cell membrane 

is likely a critical step in the intracellular delivery of bimolecular cargos. However, the dynamics 

and mechanism of penetration remain unclear and whether delivery is by cell membrane 

penetration or endocytosis is under debate. Interpretations of some reported experiments 

conclude that there is direct penetration of the cell membrane,2,9,20 while others suggest 

deformation but not penetration.84 Recent experimental observations indicate that penetration 

could be a stochastic event that does not happen at high frequency.8,52 In order to test whether 

physical penetration prompts cell transfection in nanovolcano systems, we examined two key 

stages during cell transfection by fabricating cross-sectional samples using focused ion beam 

(FIB) and imaging them with SEM. In Figure 6.3d, the nanovolcanos are false colored in blue to 

visualize their positions relative to the cell membrane (original SEM image can be found in 

Figure S6.5). We conclude that the tops of the nanovolcanos physically penetrate the cell 
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membrane (we note that one could also argue that the observation could be an artifact of the 

preparation of the sample for SEM imaging). This observation agrees with the prediction that 

nanostructures with diameters <50 nm have high probabilities of penetration.68 We also observed 

active uptake of two SMNPs (false-colored in red, the original SEM image is shown in Figure 

S6.5) in cross-sectional images (Figure 6.3e), which illustrated delivery in                

nanovolcano-mediated transfection process. The original images can be found in Figure S6.5. 

We will first evaluate the performance of nanovolcano substrates by delivery of 

membrane-impermeable enhanced green fluorescence protein (eGFP) plasmid to U87 cells, 

which is summarized in Figure 6.4a. eGFP-encapsulated SMNPs are synthesized with different 

amounts of eGFP plasmid (from 50 to 1000 ng) encapsulated as the cores. The nanovolcano 

substrates are preloaded with eGFP-encapsulated SMNPs and then 2 ´ 105 U87 glioblastoma 

cells are introduced to each well. Once cells are settled on top of nanovolcanos, the sharp edges 

could penetrate the cell membranes and eGFP plasmids encapsulated in SMNPs can be delivered 

intracellularly and efficiently. Two control experiments will be conducted in parallel to evaluate 

the transfection performance of nanovolcanos. The first control experiment replaces nanovolcano 

substrates with flat silicon that is pre-functionalized with Ad motifs. Commercially available 

lipofectamine agent is used in the second control experiment. The transfection efficiency using 

the nanovolcano platform will be compared with commercially available lipofectamine 2000. 

After intracellular delivery, cell viability was inspected with an acridine orange/ethidium 

bromide assay. To test the ability of the nanovolcano platform to deliver genetic materials 

further, SMNPs loaded with siRNA for silencing GFP expression will be delivered to           

GFP-expressing U87 cells (Figure 6.4b). The transfection efficiency and cell viability are also 

compared with commercially available lipofectamine agents. 
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Figure 6.4. (a) Supramolecular nanoparticles (SMNPs) encapsulated with eGFP plasmid 

are used to transfect U87 cells. (b) Supramolecular nanoparticles (SMNPs) loaded with 

anti-GFP short interfering RNA (siRNA) are delivered to GFP-expressing U87 cells.  
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6.5 Conclusions and Prospects 

We have fabricated nanovolcano substrates through a modified MP-NSL technique, 

which is fully tunable and scalable to large areas. The mechanical stability, sub-20-nm sharp rim 

features, and tunable loading capacity of nanovolcanos make it a superior system in intracellular 

delivery in terms of efficiency and cell viability compared to currently used methods. In addition, 

these physical methods64 lack the additional safety concerns of viral transfection. We expect that 

this platform can deliver therapeutic payloads of interest and can offer solutions to clinically 

relevant applications. 

Additional opportunities exist for driving the payloads into cells using, light, ultrasound, 

or heat, as for the nanocannons developed by Professor Joseph Wang and coworkers.57,59,60,63 

Additional complementary surface chemistries could be used to adhere multiple different 

payloads to the nanovolcano surfaces.85 Thinning or replication techniques can be applied to 

develop flexible nanovolcano devices for medical applications, such as the microneedle patches 

for drug delivery as developed by Professor Zhen Gu and co-workers.86,87 
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6.6 Supplementary Materials 

Figure S6.1. The size distribution of supramolecular nanoparticles (SMNPs) measured by 

dynamic light scattering (DLS). The average diameter of SMNPs is 130 ± 30 nm. 
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Figure S6.2. Full fabrication process of silicon nanovolcanos. (1) polystyrene microspheres 

are assembled into close-packed monolayers at water/air interface and then transferred to 

silicon substrate. (2) Oxygen plasma is used to reduce sphere size. (3) Single-step deep 

reactive ion etching (DRIE) is used to etch silicon with desired cone angle. (4) A thin film of 

nickel (~15 nm) is deposited as the protection layer. (5) Polystyrene spheres are removed by 

adhesive tape and a second single-step DRIE is used for hole etching. (6) Nickel film is 

removed by immersing substrates into hydrochloric acid. (7) Assemble supramolecular 

nanoparticles into the holes. 
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Figure S6.3. Dry etching of silicon nanocones with different C4F8/SF6 ratio. The apex 

diameters as well as hole diameters become larger with increased C4F8. For example, in            

(a) C4F8/SF6 = 23 sccm/27 sccm, and in (b) C4F8/SF6 = 25 sccm/27 sccm. 
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Figure S6.4. Representative scanning electron microscope (SEM) images of silicon 

nanovolcanos with different parameters. (a) Column #2 in Table 6.1: pitch = 2.0 µm; height 

= 2.5 ± 0.1 µm; hole diameter = 740 ± 30 nm. (b) Column #3 in Table 6.1: pitch = 2.0 µm; 

height = 1.6 ± 0.1 µm; hole diameter = 1000 ± 30 nm. (c) Column #4 in Table 6.1:                     

pitch = 1.0 µm; height = 1.8 ± 0.1 µm; hole diameter = 550 ± 20 nm. (b) Column #5 in Table 

6.1: pitch = 5.0 µm; height = 4.7 ± 0.1 µm; hole diameter = 1650 ± 50 nm. 
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Figure S6.5. Original scanning electron microscope (SEM) images for Figure 6.3b, 6.3d, 

and 6.3e. 
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