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ABSTRACT 
 

ULTRA-HIGH-RESOLUTION PATTERNING AND PATTERN TRANSFER VIA NANOCRYSTAL 

COLLOIDAL LITHOGRAPHY  

Austin W. Keller 

Christopher B. Murray 

Cherie R. Kagan 

 

 The ability to design, pattern, and process materials at the nanoscale has enabled vast 

research opportunities ranging from fundamental science to technological applications and device 

integration. The continued development of nanoscience and nanotechnology relies on pushing the 

limits of nanoscale fabrication capabilities. After decades of development, this frontier has moved 

to the sub-10 nm length scale to explore novel physical properties and functionalities for next-

generation technology. However, conventional ñtop-downò strategies that have carried 

nanofabrication to this point have severe limitations for practically improving the resolution 

capabilities of deep nanoscale fabrication. In this dissertation, we demonstrate ultra-high-resolution 

patterning and pattern transfer using nanocrystal (NC) colloidal lithography. This innovative 

nanofabrication platform integrates bottom-up methods, that combine NC synthesis and self-

assembly approaches, with well-established top-down techniques such as dry etching and thin film 

deposition.  

 We employ monodisperse NC building blocks with self-assembly methods to establish 

high-density, well-ordered patterns, where the inorganic core of each NC serves as a discrete hard 

mask used for high-fidelity pattern transfer into a desired substrate material. We demonstrate the 

use of isotropic NCs to establish various sub-10 nm pattern morphologies and examine the stability 

of the NC pattern upon dry etching, comparing NC monolayers and bilayers. We extend the NC 

colloidal lithography scheme using anisotropic NCs to demonstrate high-density, anisotropic 

pattern transfer into various substrate materials down to the sub-5 nm regime. The presented 

fabrication strategy offers further opportunities to leverage various combinations of NC 

morphologies and materials afforded by the extensive NC library for more complex pattern design. 
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Additionally, this approach can be extended to process various substrate material classes at the 

deep nanoscale. The NC colloidal lithography platform enables broader access to single-digit 

nanoscale fabrication for the scientific community worldwide, which could impact various research 

sectors ranging from integrated circuits to memory devices, optoelectronics, metasurfaces, 

quantum devices and more. 
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force between two particles at a liquid-air interface, and (c) immersion force between two 
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particles in contact with a substrate in the presence of an evaporating solvent. Arrows indicate 

ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ŀǘǘǊŀŎǘƛǾŜ ŎŀǇƛƭƭŀǊȅ ŦƻǊŎŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΧΦΧΧ39 

Figure 1.10: Plot of interaction energy as a function of distance (r) for two superparamagnetic 

particles when there is no externally applied field (blue) and when there is an applied magnetic 

ŦƛŜƭŘ όǊŜŘύΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΦΦ43 

Figure 1.11:  Schematic description of the drying force between two NCs with an inorganic core 

diameter dcore and ligand shell thickness h0 leading to the resulting nearest neighbor core-core 

center distance dNNΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΧΧΧΧ47 

Figure 2.1:  Overview of NC self-assembly at a liquid-air interface. (a) Cross-sectional schematic of 

the self-assembly process in a Teflon well and subsequent film transfer to a desired substrate via 

the Langmuir-Schaefer method. (b) Photo of the wells during the assembly process. Each well is 

covered with a glass slide and a 20 mL vial filled with water is placed on top. (c) Photo of the same 

wells after the assembly is complete with the vials removed. (d) A closer view of a single well post-

assembly with the glass slide removed. This is a monolayer assembly of Fe3O4 NCs assembled on 

ŀ 59D ǎǳōǇƘŀǎŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧΧΧ63  

Figure 2.2:  Photographs of the setup for solution-based silanization of substrates.  A covered 

glass dish with the silane solution and sample is placed in a bell jar along with an environmental 

monitor that measures temperature, relative humidity, and corresponding dew point.  The bell 

jar is covered, and a dry air line is placed to the jar inlet from the fume hood, the flow of which 

can be manually tuned using a flow gauge to adjust the RH. (a) Overview of the setup. (b) A closer 

view of the interior of the covered system. (c) An uncovered view of a single sample with the 

ǎƛƭŀƴŜ ǎƻƭǳǘƛƻƴ ōŜƛƴƎ ǎǘƛǊǊŜŘΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΦ66    

Figure 2.3: (a) Photographs of a Si substrate which has been functionalized with ODTS. A droplet 

of DI water has been placed onto the substrate to illustrate the hydrophobic nature of the 

substrate surface evidenced by the high contact angle of the droplet. (b) Image of a Si substrate 

with a uniform monolayer assembly of Fe3O4 NCs.  The NC film was assembled at a liquid-air 

interface and transferred to the substrate using the Langmuir-Schaefer method as illustrated in 

Figure 2.1. (c) Cross-sectional schematic of a monolayer Fe3O4-OA NC assembly. The inorganic 

Fe3O4 NC cores are surrounded by a corona of oleic acid ligands, and the substrate is 

ŦǳƴŎǘƛƻƴŀƭƛȊŜŘ ǿƛǘƘ ŀ ƳƻƴƻƭŀȅŜǊ ƻŦ h5¢{ ƳƻƭŜŎǳƭŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΦΧΧΧΧΦ68 

Figure 2.4:  Top-down SEM images of a monolayer assembly of Fe3O4-G2 NCs transferred to a bulk 

Sƛ ǎǳōǎǘǊŀǘŜ ŦǳƴŎǘƛƻƴŀƭƛȊŜŘ ǿƛǘƘ h5¢{ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΦΦ69 

Figure 2.5: Description of the template-assisted NC assembly method. (a) Cross-sectional 

schematic of the assembly setup. The magnified view depicts the capillary force (Fc) driving the 

NCs toward the substrate which are confined to the trap site after the meniscus depins. (b) Resist 

liftoff reveals a cleanly patterned substrate surface patterned with NC clusters only where the 
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trap sites are patterned. (c-d) Side-view images of the assembly process using a (c) glass slide or 

a (d) PDMS squeegee translated over the patterned substrate on a temperature-controlled 

ǎǘŀƎŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ71  

Figure 2.6: Characterization of a trap template fabricated by NIL with 300 nm circular holes on a 

625 nm pitch. (a) Photo of a 4-inch Si wafer after imprinting the resist (iridescent square region). 

(b-c) SEM images of the imprinted resist pattern after an O2 descum process. (d) AFM height image 

of the patterned resist after an O2 ŘŜǎŎǳƳ ǇǊƻŎŜǎǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΧΧΧΦΧΦ74 

Figure 2.7: SEM images at various magnifications of Fe3O4-OA NC clusters on a Si substrate made 

by template-assisted NC assembly after resist liftoff using the template characterized in Figure 

нΦсΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΧΧ..75 

Figure 2.8:  Sample morphology used for DOE-1. (a) Optical image of the sample post-exposure 

and develop of the resist which consists of microscale line-ǎǇŀŎŜ ǇŀǘǘŜǊƴǎ Řƻǿƴ ǘƻ н ˃ƳΦ όōύ /Ǌƻǎǎ-

sectional schematic of the material stack used to fabricate the microscale line-space patterns in 

silicon.  A photoresist is used to pattern a layer of SiO2 which serves as the etch mask for pattern 

ǘǊŀƴǎŦŜǊ ƛƴǘƻ {ƛΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧ80  

Figure 2.9:  Marginal means plots for each of the four input parameters (ICP Power, HF Power, Ar 

Content, and Pressure) for the outputs of (a) etch depth and (b) surface roughness (Rq), based on 

ǘƘŜ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ нΦрΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΦ82 

Figure 2.10: Summary of the Pareto analysis performed for the data from DOE-1 which shows the 

coefficient, or relative significance of the influence, from each input parameter on the respective 

output measurementτetch depth and surface roughness (RqύΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΦ84 

Figure 2.11: Nanoimprint lithography (NIL) and pattern transfer used to investigate DOE-2. (a) 

SEM image of the master Si hard stamp used for imprinting. (b) Cross-sectional schematic of the 

NIL process and pattern transfer into Si. (c) AFM height image of the patterned Si sample 2.1 after 

pattern transfer, liftoff, and descum. (d) Higher magnification AFM height image of sample 2.1 

indicating an example measurement on a single trench. The corresponding trench profile on the 

ǊƛƎƘǘ ǎƘƻǿǎ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ŜǘŎƘ ǇǊƻŦƛƭŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΧΧΧΧΧΧΧΧΧΧΧ86   

Figure 2.12: AFM height images of samples 2.1-2.9 used to investigate DOE-2. These images are 

of the patterned Si surface after pattern transfer, liftoff, and O2 descumΦ {ŎŀƭŜ ōŀǊǎ ŀǊŜ нллƴƳΧ87  

Figure 2.13: Marginal means plots for each of the four input parameters (ICP Power, HF Power, 

Ar Content, and Pressure) for the outputs of (a) etch depth and (b) sidewall slope for DOE-2ΧΦ...88 

Figure 2.14: Marginal means plots for each of the four input parameters (ICP Power, HF Power, 

Ar Content, and Pressure) for the outputs of (a) surface roughness (Rq) and (b) Vdc for DOE-2ΧΧΦ89 
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Figure 3.1: Characterization of a spherical Fe3O4-OA NC sample using TEM, SAXS, and DLS. TEM 

and SAXS characterization provide a measure of the inorganic NC core. The histogram shows the 

NC diameter measured from TEM images, and the SAXS measurement was obtained by fitting the 

data to a spherical form factor. DLS provides the hydrodynamic diameter including the 

contribution of the organic ligand shell in a well-solvated environment. SAXS and DLS 

ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ǘƻƭǳŜƴŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΦΦ97  

Figure 3.2: Characterization of a well-ordered HCP monolayer assembly of Fe3O4 NCs with (Top) 

oleic acid and (Bottom) G2 dendrimer as the ligand system. TEM characterization is performed on 

a carbon-coated grid. SEM and AFM characterization are performed with the NC assembly on a 

ōǳƭƪ {ƛ ǎǳōǎǘǊŀǘŜΦ ¢ƘŜ !Ca Řŀǘŀ ŀǊŜ ǘƘŜ ǇƘŀǎŜ ŎƻƴǘǊŀǎǘ ƛƳŀƎŜΦ !ƭƭ ǎŎŀƭŜ ōŀǊǎ ŀǊŜ нл ƴƳΧΧΧΦΦΧΧ99 

Figure 3.3: Measurement of the edge-to-edge interparticle spacing (s) for an HCP NC monolayer 

assembly via TEM characterization of Fe3O4 NCs with (Top) oleic acid and (Bottom) G2 dendrimer 

ŀǎ ǘƘŜ ƭƛƎŀƴŘ ǎȅǎǘŜƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧ100  

Figure 3.4: Characterization of (a) Au-DDT NCs and (b) Fe3O4-OA NCs used for a binary NC mixture. 

[i] Representative TEM image and FFT inset. [ii] Histogram of NC diameter measured by TEM 

characterization. [iii] SAXS measurement in toluene using a spherical form factor to fit the data. 

ώƛǾϐ 5[{ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ǇŜǊŦƻǊƳŜŘ ƛƴ ǘƻƭǳŜƴŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..101   

Figure 3.5: TGA characterization of the NCs described in Figures 3.1 and 3.4.  Control sample data 

for only the ligand molecules of oleic acid (OA) and 1-dodecanethiol (DDT) are provided on the 

left. Fe3O4 NCs are measured with OA as the ligand system and compare as-synthesized NCs to 

the same NCs subjected to OA annealing. Au NCs are measured with DDT as the ligand system. 

The equation for the number of ligand molecules on a single NC surface is given by f. The 

corresponding ligand density (LD) is obtained by dividing f by the surface area of the NCΧΧΧΧ104    

Figure 3.6: (Top) Characterization of a BNSL monolayer assembly with a NaCl structure. The larger 

species is Fe3O4-OA and the smaller species is Au-DDT. (Bottom) Characterization after a 

chemically selective wet etch which removes the Au NCs, leaving behind only the Fe3O4 sub-lattice 

which is unaffected. TEM characterization is performed on a carbon-coated grid. SEM and AFM 

characterization are performed with the NC assembly on a bulk Si substrate. The AFM data are 

ǘƘŜ ǇƘŀǎŜ ŎƻƴǘǊŀǎǘ ƛƳŀƎŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧ106  

Figure 3.7: Analysis of the edge-to-edge interparticle spacing (s) for the square Fe3O4 NC 

monolayer sub-lattice obtained from the NaCl BNSL after selective removal of the Au NCs. The 

results presented compare two different TEM images (with an FFT inset) from the same sample 

in different locations. The square lattice is anisotropic and has two distinct spacings s1 and s2. The 

orthogonal directions with a smaller spacing are designated as s1, and the larger spacing across 

the diagonal is designated as s2. The histograms further specify s1 and s2 into an [a] and [b] to 

separate the distinct directions as denoted by the respective inset. Scale bars are 20 

nmΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ107    
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Figure 3.8: Schematic overview of the discrete pattern transfer process using an HCP monolayer 

of Fe3O4 NCs with diameter l and interparticle spacing s. (1) After a substrate has been patterned 

with the well-ordered NC monolayer, a dry etch process is used to transfer the NC pattern into 

the underlying substrate. (2) The NC mask layer is then removed using a chemically selective wet 

etch which does not affect the substrate. The etch depth d can be tuned with the dry etch 

ŎƻƴŘƛǘƛƻƴǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.108 

Figure 3.9: Schematic overview of the discrete pattern transfer process using a square lattice 

derived from a BNSL monolayer assembly of Au-DDT and Fe3O4-OA with a NaCl structure. (1) The 

Au NC species is removed using a chemically selective wet etch which does not affect the Fe3O4 

sub-lattice. This reveals a square lattice with two distinct spacings, s1 and s2. (2) A dry etch process 

is used to transfer the NC pattern with feature size l into the underlying substrate. (3) The NC 

mask layer is then removed using a chemically selective wet etch which does not affect the 

substrate. The etch depth d Ŏŀƴ ōŜ ǘǳƴŜŘ ǿƛǘƘ ǘƘŜ ŘǊȅ ŜǘŎƘ ŎƻƴŘƛǘƛƻƴǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧ109 

Figure 3.10: SEM characterization of an Fe3O4 NC monolayer mask pattern and subsequent 

pattern transfer with (Top) oleic acid and (Bottom) G2 dendrimer as the ligand species. The 

assembly state on the left panel is after film transfer to a bulk Si substrate. The middle panel 

reveals that an O2 descum process performed on the NC assembly induces local NC motion which 

leads to particle aggregation upon ligand removal. The right panel shows the result after 

performing the ICP RIE dry etch process on the NC mask assembly directly (with no prior O2 

descum) and with the NCs still present. The brighter regions were masked by NC aggregates and 

the darker regions are the areas of the Si substrate that were etched. All scale bars are 100 

nmΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧ111 

Figure 3.11: TEM characterization of an Fe3O4 NC monolayer mask pattern and subsequent 

pattern transfer performed on a SiNx membrane. (a) HCP monolayer assembly with the G2 

dendrimer ligand. (b) Square lattice monolayer assembly derived from the selectively etched NaCl 

BNSL (as shown in Figure 3.3) with oleic acid as the ligand species. The left panel shows the NC 

mask pattern on the SiNx membrane, and the right panel shows the result after pattern transfer 

into the SiNx ǳǎƛƴƎ L/t wL9 ǿƛǘƘ ǘƘŜ b/ǎ ǎǘƛƭƭ ǇǊŜǎŜƴǘΦ  !ƭƭ ǎŎŀƭŜ ōŀǊǎ ŀǊŜ нл ƴƳΧΧΧΧΧΧΧΧΧΧ..112  

Figure 3.12: Schematic description of the desired morphology (left) versus the resulting 

morphology (right) upon dry etching for pattern transfer using an HCP NC monolayer. The 

resulting morphology forms NC clusters which become the new mask upon pattern transfer due 

to local NC movement because the out-of-plane attractive forces for a given NC are less than the 

in-plane forces (Ὂᵏ Ὂᴾ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ113  

Figure 3.13: Description of a honeycomb bilayer structure formed by Fe3O4-G2 NCs using assembly 

at the liquid-air interface and subsequent film transfer. (a) TEM characterization of the assembled 

bilayer structure with a mean hole diameter l = 6.5  0.3 nm. (b) Schematic description of the 

bilayer structure showing two different orientations with the bottom NC layer shown in blue (layer 

мύ ŀƴŘ ǘƘŜ ǘƻǇ b/ ƭŀȅŜǊ ǎƘƻǿƴ ƛƴ ƻǊŀƴƎŜ όƭŀȅŜǊ нύΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΦ118 
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Figure 3.14: Schematic description of the pattern transfer process using a NC bilayer with a 

honeycomb structure. The process is the same as described in Figure 3.8. The NC bilayer is 

transferred to the desired substrate in step 1. In step 2, the hole pattern is transferred into the 

substrate via ICP RIE, and in step 3 the NCs are removed using a selective wet etch. The resulting 

morphology is a hexagonal array of holes with diameter l, spacing s, and pitch pΧΧΧΧΧΧΧΧΦΦ119 

Figure 3.15: TEM (a-d) and SEM (e-f) characterization of successful patterning (green) and pattern 

transfer (blue) using an Fe3O4 NC mask with a honeycomb bilayer structure to create a sub-10 nm 

HCP lattice of holes. (a) TEM image of the honeycomb bilayer pattern of Fe3O4 NCs on a SiNx 

membrane. (b-d) TEM images at different magnifications after complete pattern transfer using 

CF4/O2 ICP RIE and NC mask removal via an HCl wet etch revealing the patterned SiNx membrane. 

The image contrast is due to thickness contrast. (e) SEM image of the honeycomb bilayer pattern 

of Fe3O4 NCs on bulk Si. (f) SEM image of the substrate surface after complete pattern transfer 

ƛƴǘƻ ōǳƭƪ {ƛΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧ.120 

Figure 3.16: Schematic description of the honeycomb bilayer structure coordination. (a) Top-

down and cross-sectional perspectives of the NC bilayer on a silane functionalized substrate with 

layer 1 (blue) and layer 2 (orange). (b) Explanation of the difference in coordination number (CN) 

for a monolayer (CN = 6) versus a bilayer (CN = 9). For the bilayer, a NC in the bottom layer is 

surrounded by 6 NCs in-plane (layer 1) which are each in contact with the substrate, and 3 NCs 

above (layer 2) which are each in contact with 3 NCs below. A NC in the top layer is surrounded 

by 6 NCs in-plane (layer 2) which are each in contact with 3 NCs below, and 3 NCs below (layer 1) 

ǿƘƛŎƘ ŀǊŜ ŜŀŎƘ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǎǳōǎǘǊŀǘŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧ123     

Figure 3.17: TEM characterization of patterning and pattern transfer on a SiNx membrane using 

an Fe3O4 NC mask comparing two different Moiré bilayer structures outlined by yellow (top panel) 

and blue (bottom panel). Within each panel there are two magnifications, (left) lower and (right) 

higher, comparing the Moiré pattern at the NC assembly state and after dry etching. The NCs are 

still present in the images after dry etching. Scale bars are 50 nm for the lower magnification 

ƛƳŀƎŜǎ όƭŜŦǘύ ŀƴŘ нл ƴƳ ŦƻǊ ǘƘŜ ƘƛƎƘŜǊ ƳŀƎƴƛŦƛŎŀǘƛƻƴ ƛƳŀƎŜǎ όǊƛƎƘǘύΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧ126    

Figure 3.18: Schematic illustration of a patterning and pattern transfer process to create a 

hexagonal array of pillars using secondary hard mask deposition and selective etching via the 

honeycomb NC bilayer pattern. (1) Film transfer of the NC assembly to the desired substrate. (2) 

Evaporation of the desired hard mask material over the NC bilayer. (3) Selective wet etch to 

remove the NCs without affecting the deposited hard mask material. (4) Pattern transfer into the 

substrate using ICP RIE. (5) Selective wet etch used to remove the secondary deposited hard mask. 

¢ƘŜ ǇƛƭƭŀǊ ŘƛŀƳŜǘŜǊ ƭ ƛǎ ǎŜǘ ōȅ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ƘƻƭŜ ƻǇŜƴƛƴƎ ƛƴ ǘƘŜ ōƛƭŀȅŜǊ ǎǘǊǳŎǘǳǊŜΧΧΧΧΧΧΦΦΧΦ128  

Figure 3.19: TEM characterization of secondary Cr hard mask deposition and wet etching. (a) 

Assembly of the Fe3O4-G2 honeycomb bilayer pattern on a SiNx membrane. (b) Deposition of Cr 

(7 nm thick) over the NC pattern using electron beam evaporation. (c-d) Sample after etching in 

85% H3PO4 ŦƻǊ όŎύ мл Ƴƛƴ ŀƴŘ όŘύ о ƘǊǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΧΦΦ129     
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Figure 4.1: (a) Schematic overview of the anisotropic pattern transfer process. [1] A ~7 nm film of 

SiO2 is grown on a Si wafer using a dry thermal oxidation process. [2] The NC monolayer assembly 

is transferred from a liquid-air interface to the substrate surface which is functionalized with a 

silane molecule (e.g. methyltrimethoxysilane) to make the surface hydrophobic. [3] An O2 descum 

process is used to remove the ligands and any residual organic material, then the thin SiO2 layer 

is selectively etched in regions between the NCs using a short CF4/O2 ICP RIE. [4] The underlying 

Si substrate is etched using Cl2/Ar ICP RIE to transfer the pattern. [5] The NC mask layer is removed 

via liftoff of the underlying SiO2 layer using a 10% HF wet etch. The magnified view of the 

patterned substrate shows lateral dimensions A and B which are set by the NC mask size, spacing 

s set by the interparticle spacing of the NC assembly, and etch depth d which is determined by 

the dry etch conditions. (b) SEM image of the GdF3-G2 NC monolayer assembly on a SiO2/Si 

substrate (step 2).  (c) SEM image of the patterned Si substrate after NC mask and SiO2 removal 
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Figure 4.2: (a) Schematic cross-section of the liquid-air interfacial self-assembly (LAISA) technique 

and subsequent film transfer onto a substrate via the Langmuir-Schaefer method. [1] Dropcast 

the desired volume of the NC dispersion onto the chosen subphase. [2] Cover the well with a glass 

slide at the chosen environmental conditions and allow the self-assembly process to occur for the 

desired time. [3] Remove the glass slide, ensure the NC film is completely dry, then carefully 

approach the surface of the substrate toward the NC film until contact is made. [4] Carefully 

translate the substrate vertically upward, wick away any excess subphase, and dry under vacuum. 

(b) TEM, (c) SEM, and (d) AFM (phase contrast) images of a well-ordered monolayer assembly of 

GdF3-G2 NCs on a substrate using the assembly method described in (a).  Scale bars are 20 

ƴƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧ156  

Figure 4.3:  Characterization of pattern transfer and the critical dimension s using 2D assemblies 

of discrete, anisotropic GdF3-G2 NC masks. (a) Characterization of GdF3-G2 monolayer assembly. 

The histogram shows consistency in s regardless of substrate material. (b-c) Characterization of 

pattern transfer into (b) SiNx and (c) SiO2 via ICP RIE. (Left) Representative TEM image. (Middle) 

Histogram of edge-to-edge spacing s using measurements from TEM characterization with ὲ  

500. (Right) Representative SEM image. The GdF3 NCs are still present in (b) and (c) after the dry 

etch process.  Scale bars are 10 nm for the TEM ƛƳŀƎŜǎ ŀƴŘ рл ƴƳ ŦƻǊ ǘƘŜ {9a ƛƳŀƎŜǎΧΧΧΧΧ157  

Figure 4.4:  Characterization of the full pattern transfer process on bulk Si as described in Figure 

1. (a) Schematic cross-sections and corresponding top-down SEM images after process steps 2 ς 

5. Step 5 is post-NC liftoff, leaving behind only the patterned Si substrate. Scale bars are 20 nm. 

(b) Characterization post-NC liftoff (step 5) over a large area. Bright field optical image of the 

sample surface (center). The surrounding SEM images correspond to locations 1 ς 4 indicated on 

ǘƘŜ ƻǇǘƛŎŀƭ ƛƳŀƎŜΦ ¢ƘŜ ǎŎŀƭŜ ōŀǊ ƛǎ мл ˃Ƴ ƛƴ ǘƘŜ ƻǇǘƛŎŀƭ ƛƳŀƎŜ ŀƴŘ млл ƴƳ ƛƴ ǘƘŜ {9a ƛƳŀƎŜǎΦ (c) 

AFM height characterization of the patterned surface after steps 4 and 5. Scale bars are 20 nm. 

(d) Cross-section SEM image of patterned Si after process step 5 showing the feature height d ~ 

рл ƴƳΦ {ŎŀƭŜ ōŀǊ ƛǎ рл ƴƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΦ160 
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Figure S4.1:  Cross-sectional schematic of the complete pattern transfer process as described in 

CƛƎǳǊŜ мόŀύΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ171 

Figure S4.2:  Characterization of the anisotropic morphology of GdF3 NC building blocks. (a)  

Atomistic model of the rhombic plate geometry of GdF3 with diagonal axes A and B, axes C and D 

normal to the parallel sides, and thickness, t. (b) TEM image and (c) corresponding histogram of 

measurements A, B, C, and D from TEM characterization of the GdF3 NCs. (d) SAXS experimental 

data and corresponding atomistic x-ray simulation which corroborates the NC morphology and 

provides thickness t Ґ нΦн ƴƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΦ172 

Figure S4.3: (a) Experimental SAXS results comparing GdF3-OA and GdF3-G2. The sample with oleic 

acid shows distinct diffraction peaks. The first peak is located at q = 1.04 nm-1 (indicated by the 

arrow) which corresponds to a systematic center-to-center spacing of 6.0 nm, resulting from 

lamellar stacking of the GdF3 NCs in solution when oleic acid is the ligand. This is not the case for 

the sample with the G2 dendrimer ligand, indicating better colloidal stability with G2. (b) 

Schematic showing the preferential lamellar stacking morphology with GdF3-OA NCs in solution 

where p = 6.0 nm. Since the thickness of each GdF3 is t = 2.2 nm, the spacing between NCs due to 

the steric repulsion from the ligands is s = 3.8 nm. If we consider the ligand length as L = s/2, then 

L = 1.9 nm, which is consistent for oleic acid. (c) Chemical drawing of the G2 dendrimer molecule 
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Figure S4.4:  Characterization of the anisotropic feature dimensions A, B, C, and D before and after 

ICP RIE for the SiO2 membrane. The mask dimensions are of the original NC assembly (lighter 

shade) and post-pattern transfer (darker shade). The etch process erodes the sharp corners of the 

NC mask to produce a more rounded corner profile, causing a decrease in dimensions A and B. 

The parallel sides of the NC mask normal to directions C and D slightly increase post-etch, most 

likely due to sidewall passivation using the CF4-based etch chemistryΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΦΦ174 

Figure S4.5:  Description of the pattern transfer morphology established by the GdF3 NC mask 

assembly. Dimensions A and B are the rhombus diagonals, and dimensions C and D represent the 

distance normal to the parallel sides. The measurement of linear feature density is performed 

along directions C and D as noted by pitches pC and pD. The pillar edge-to-edge spacing s is the 

critical dimension, and d is the feature height post-pattern transfer and mask removal. The TEM 

image is a post-etching result on an SiO2 membrane with NCs still present. The scale bar is 20 

ƴƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧ..175  

Figure S4.6: SEM images of the pattern transfer process for steps 2-5 on a bulk Si substrate for 

different silanization treatments. The SiO2 surface was treated with MPTS, FPTS, MTS, or TOS. [2] 

NC assembly pattern after film transfer, [3] SiO2 open using CF4/O2 ICP RIE, [4] Si substrate etch 

using Cl2/Ar ICP RIE, and [5] SiO2/NC liftoff to reveal only the patterned Si surface. All scale bars 

are 50 ƴƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΦ176  
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Figure S4.7:  Photoluminescence spectra. (a) Multilayer film of GdF3 NCs dropcast onto a substrate 

which shows two distinct photoluminescence peaks near green (~545 nm) and red (~655 nm) 

wavelengths, characteristic of the Er3+ and Yb3+ dopants in the GdF3 NCs. (b) PL spectra of a 

monolayer assembly of GdF3 NCs on a substrate (blue) which shows the characteristic green and 

red PL peaks, and post-liftoff of the NC mask (green) after pattern transfer, which shows no peaks, 

ƛƴŘƛŎŀǘƛƴƎ ǎǳŎŎŜǎǎŦǳƭ b/ ǊŜƳƻǾŀƭΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΦ.177  

Figure S4.8: Representative low magnification TEM images with highlighted grain boundaries. The 

grain size is approximately 1 ς н ˃ƳΦ {ŎŀƭŜ ōŀǊǎ ŀǊŜ рлл ƴƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΦΦ178 

Figure S4.9:  AFM height image and corresponding line scan of the patterned silicon surface after 

process step 5. Although the surface topography is clear, the measured height is only ~2.9 nm 

between the anisotropic structures for the respective line scan. This measured height is not 

reflective of the true feature height, but rather is an inherent limitation of the AFM 

characterization method due to the sample morphology. Despite using a special carbon spike 

probe, the probe cannot reach the full depth of the trench due to the extremely narrow space (< 

5 nm) between the silicon pillars. A larger spacing permits the probe to reach further into the 

ŜǘŎƘŜŘ ŀǊŜŀǎ ŀǎ ǎŜŜƴ ƛƴ ǘƘŜ ƛƴǘŜǊǎǘƛǘƛŀƭ ǎƛǘŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ..ΧΧΧΧΧΧΧΦ179  

Figure 5.1: Schematic description of template-assisted transfer printing combined with colloidal 

lithography for pattern density multiplication. [1] Place a PDMS stamp patterned at the microscale 

in contact with a NC assembly at the liquid-air interface. [2] Lift the PDMS stamp to transfer the 

NC assembly from the liquid-air interface to the patterned PDMS stamp surface. [3] Place the 

PDMS stamp coated with the NC film in contact with the desired substrate. [4] Carefully peel away 

the PDMS stamp to reveal the microscale pattern with the ordered NC assembly on the substrate 

surface. [5] Perform ICP RIE to transfer the pattern into the substrate. [6] Use a chemically 

selective wet etch to remove the NCs. The resulting pattern transferred into the substrate is 

hierarchical. The microscale pattern will be transferred, and on each microscale feature there will 

ōŜ ŀ ƴŀƴƻǎŎŀƭŜ ǇŀǘǘŜǊƴ ǘǊŀƴǎŦŜǊǊŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ƻǊƛƎƛƴŀƭ b/ ŀǎǎŜƳōƭȅΧΧΧΧΧΧΧΧΧΧΧΧΧΧ194 

Figure 5.2: Schematic cross-section of the proposed solution-based pattern transfer process 

implementing the metal-assisted chemical etching (MACE) approach with a well-ordered NC 

monolayer assembly. [1] Material deposition over the NC pattern using evaporation. [2] Chemical 

wet etch to transfer the pattern established by the NC mask assembly. [3] Selective removal of 

ǘƘŜ b/ Ƴŀǎƪ ŀƴŘ ŘŜǇƻǎƛǘŜŘ ƳŀǘŜǊƛŀƭ ǘƻ ǊŜǾŜŀƭ ŀ ŎƭŜŀƴƭȅ ǇŀǘǘŜǊƴŜŘ ǎǳōǎǘǊŀǘŜΧΧΧΧΧΧΧΧΧΧΦΦ197  

Figure 5.3: Cross-sectional schematic of the proposed fabrication route combining NC colloidal 

lithography with plasmonic lithography using a BNSL NC assembly. [1] NC assembly and film 

transfer of a Au/Fe3O4 BNSL to a template substrate. [2] PDMS is cast over the BNSL on the 

template substrate. [3] The PDSM is removed and the BNSL is transferred to the PDMS surface 

with the NCs embedded in the flexible matrix. [4] The NC/PDMS mask is brought into contact with 

the metal surface on the target substrate and the sample is illuminated through the PDMS by a 

laser tuned to the resonance wavelength of the Au NCs at the PDMS/metal film interface. [5] After 



xxii 
 

illumination, the Au metal film on the target substrate is patterned in the areas directly beneath 

the Au NCs. [6] The NC/PDMS mask is removed from the target substrate leaving behind the 

ǇŀǘǘŜǊƴŜŘ !ǳ ƳŜǘŀƭ ŦƛƭƳΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ200     

Figure 5.4: Description of the pattern transfer morphology from plasmonic lithography. (a) Square 

array of 5 nm holes in a Au film with the same position as the Au NCs in the BNSL as described in 

Figure 5.3. (b) Secondary pattern transfer of the same hole pattern into the underlying substrate 

via L/t wL9 ǳǎƛƴƎ ŀ /Ǌ ŜǘŎƘ ƳŀǎƪΣ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ Ƴŀǎƪ ǊŜƳƻǾŀƭΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ201  

Figure 5.5: Schematic illustration of a dynamic solvent vapor annealing (SVA) flow chamber which 

can be used to anneal out spatial defects in NC assemblies. One mass flow controller is used to 

bubble N2 (yellow) into a liquid solvent to create a solvent vapor (blue). The other controller is 

used as a pure N2 diluter to mix with the solvent vapor (green) to control the solvent activity a 

used for the annealing process. The sample is enclosed in a chamber filled with the solvent vapor 

ŀǘ ǘƘŜ ŎƘƻǎŜƴ ŀŎǘƛǾƛǘȅ ŦƻǊ ǘƘŜ ŘŜǎƛǊŜŘ ǘƛƳŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΦ203   

Figure 5.6: Schematic representation of reducing assembly defects through solvent vapor 

annealing (SVA). Exposing the NC assembly to a solvent like toluene allows polymer ligands like 
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CHAPTER 1 

Introduction: Top-Down Nanofabrication Versus Bottom-Up Nanocrystal 

Synthesis and Assembly 

1.1 Motivation  

Human history has often been categorized into periods marked by our ability to make and 

utilize tools to modify raw materials into desired structures that permit a particular functionality. 

Humanityôs ability to manipulate materials to manufacture more complex tools and consumer goods 

is a fundamental driving force that has enabled technological invention and innovation throughout 

the history of our species. The modern era has built upon thousands of years of collective 

knowledge for such fabrication practices to the point where we now understand how processing 

affects material structure, how structure affects material properties, and how those properties can 

be tuned and leveraged for technological applications.    

 In the second half of the twentieth century, society experienced a significant technological 

revolution for electronic devices primarily based on processing one materialðsilicon. Advances in 

our ability to precisely process and pattern silicon and simultaneously integrate other materials for 

complex device fabrication led to an explosion of digital technologies that continue to impact and 

shape our world today. The advancement of information and communication technology to date 

has primarily been based on increasing the areal density of discrete processing elements by scaling 

down the critical dimensions of their size. For several decades, the semiconductor industry has 

used ñMooreôs lawò to motivate research and development efforts. This observation and projection 

stated that the number density of transistors on a processor chip doubles every two years for the 

same cost. Conventional photolithography and deposition processes carried this scale-down 

process for about five decades. As feature sizes approached a scale much smaller than the 

wavelength of light used in photolithography, the scale-down process became increasingly difficult. 

The semiconductor industry has employed many strategic scientific and engineering-based 

solutions to continue down the path of Mooreôs law to the present reality that this trend has reached 

a point of near saturation.   
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While the scaling momentum guided by Mooreôs law has waned, the industry has begun to 

innovate and redesign the structure of discrete features and their layout for nanoscale device 

fabrication. Furthermore, a recently adopted and innovative patterning technology called extreme 

ultraviolet (EUV) lithography has given hope for the prospect of further decreasing the critical 

dimension of features.1 EUV lithography uses a powerful light source that emits a wavelength of 

13.5 nm. The industry has put forth significant effort and resources to turn this method into a viable 

processing route to pattern features with a critical dimension below 10 nm for mass production. 

However, it is unclear whether EUV lithography will be able to pattern features smaller than this 

due to defects from stochastic phenomena.2,3 Additionally, the system architecture is highly 

complex and sensitive, presenting challenging and costly maintenance issues. Furthermore, the 

purchase cost for a single system is very high, with a current price tag exceeding $150 million for 

an EUV lithography tool from ASML, which does not include the continued cost to maintain and 

operate the instrument. Furthermore, future high numerical aperture (high-NA) EUV systems with 

slightly higher resolution are projected to cost over $320 million.4 Such high costs are prohibitive 

for most of the scientific community.  

The work presented in this dissertation aims to demonstrate innovative processing 

methods which integrate existing well-established fabrication technology while maintaining process 

simplification and enabling broader access to patterning at the deep nanoscale. The processing 

pathway demonstrated by this work employs óbottom-upô methods, that integrate inorganic 

nanocrystal (NC) synthesis and self-assembly approaches, with ótop-downô nanofabrication 

techniques such as thin film deposition and dry etching. A pattern is established by the size, shape, 

and arrangement of discrete NC building-blocks, where the density is determined by the 

interparticle spacing of each constituent element. The collective arrangement of NC assembly sets 

the overall pattern, where each NC serves as a discrete hard mask to be used for pattern transfer. 

The integrated techniques developed by this research have implications for several sectors by 

enabling wider access to single-digit nanofabrication for use in integrated circuits, memory devices, 

optoelectronics, plasmonic metasurfaces, quantum devices, and more. Before we explore the 
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methods and demonstrations presented in this dissertation, we will walk through an overview of 

top-down nanofabrication practices and bottom-up nanoscale synthesis and self-assembly.  

1.2 Top-Down Approaches:  Nanoscale Fabrication 

  Conventional mechanical manufacturing is not a feasible fabrication approach for 

nanoscale structures, especially below 100 nm. Consequently, an innovative methodology for 

fabrication at the microscale known broadly as planar manufacturing enabled a pathway for the 

realization of structures at the nanoscale. The planar fabrication approach is well-suited for 2D 

fabrication, which has led to the creation of a plethora of micro- and nanoscale devices over the 

last sixty years. The lithographic process can most generally be split into two stages: patterning 

and pattern transfer. Figure 1.1 schematically illustrates a cross-sectional view of the general planar 

Figure 1.1: Cross-sectional schematic of the general planar manufacturing approach. (a) 
Demonstration of the patterning process by exposing and developing a sacrificial resist layer that can 
be either positive or negative. (b) Demonstration of the pattern transfer process for either a 
subtractive or an additive approach. 
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fabrication approach. The patterning process first requires the deposition of a sacrificial material 

onto the desired substrate material. This sacrificial material is commonly referred to as a resist. 

The resist is then patterned by an exposure step followed by a develop step, as illustrated in Figure 

1.1(a). Various exposure methods and fundamental mechanisms are used for micro- and 

nanoscale patterning, some of which will be briefly discussed in this section. In this example, let us 

assume the exposure is performed by irradiating the surface with ultraviolet (UV) photons as in 

photolithography. The resist is exposed in certain areas and protected from photon exposure in 

other areas for any arbitrary pattern design. The resist is designed such that exposure will induce 

specific chemical changes in the exposed regions. The develop process then reveals the pattern, 

which typically involves submerging the substrate in a solution. For a positive resist, the exposed 

regions are dissolved and removed by the developer. Inversely, the exposed regions remain for a 

negative resist, and the developer removes the unexposed regions.   

After the pattern has been created in the resist layer, this pattern can be subsequently 

transferred to the underlying substrate by either a subtractive or an additive process, as illustrated 

by Figure 1.1(b). In a subtractive process, the underlying substrate material is removed (typically 

via a dry etch process) in the areas not protected by the resist. The liftoff process selectively 

removes the resist material without affecting the underlying substrate to reveal a cleanly patterned 

substrate surface. In an additive process, another material may be deposited on the surface 

uniformly. The patterned resist will protect the substrate from material deposition in those regions, 

and the liftoff process will reveal the pattern of the new material deposited on the substrate surface.               

Whereas more conventional processing involves machining individual parts and then 

assembly into a more complex structure, the planar processing approach uses additive and 

subtractive processes in a layer-by-layer fashion to realize a desired structure. This ñtop-downò 

approach for adding or removing material in specific locations enables the fabrication of both simple 

and complex structures. Typically, a more complex structure necessitates more layers and process 

steps and requires careful planning. Furthermore, this lithographic approach is a batch process, 

which means many devices can be simultaneously fabricated on a single substrate or wafer. Some 
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process steps may even permit several wafers to be processed at the same time.  Batch processing 

inherently enables high throughput fabrication, thus permitting mass production of devices that 

have become ubiquitous in everyday life.           

1.2.1 Establishing Patterns via Lithographic Techniques 

Early implementation of the planar processing approach readily achieved minimum feature 

sizes, or a critical dimension (CD), at the microscale. Technological innovation over the last several 

decades has led to nanofabrication (CD < 100 nm). The general lithographic fabrication approach 

presented in Figure 1.1 is used for top-down fabrication at both the microscale and nanoscale.  

After the deposition of the underlying layers of desired materials, the top-most layer, known as a 

resist, serves as a sacrificial layer in which a pattern is established. This pattern is subsequently 

transferred into the material layers below either through the desired material's addition (deposition) 

or subtraction (etching). We will briefly review some standard lithographic techniques which are 

employed for patterning.   

1.2.1.1 Photolithography 

Photolithography is a patterning process that uses photons to expose a photoresist. The 

energy from photon exposure causes chemical changes in the resist. In the case of a positive resist, 

exposure causes scission of molecular bonds, whereas exposure of a negative resist leads to 

cross-linking. After exposure, a wet chemical developer is used to dissolve the resist to reveal the 

desired pattern. In the case of a positive resist, the areas exposed are washed away, and the 

unexposed regions remain. In contrast, the exposed areas remain for a negative resist, and the 

unexposed areas are dissolved. The advent of photolithography which employed visible light, was 

readily able to fabricate features with a CD of a few micrometers. However, as the demand for 

feature sizes shrank, the achievable feature size became limited by the wavelength of the light 

used. Mercury lamps have ultra-violet (UV) wavelength emission, where the G-line (ɚ = 436 nm) 

and the I-line (ɚ = 365 nm) were widely used sources for photoresist exposure. Later, excimer 
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lasers were developed, which offered wavelengths in the deep UV (DUV) wavelength regime such 

as the KrF laser (ɚ = 248 nm), and later the ArF laser (ɚ = 193 nm).5 Consequently, new chemically 

amplified photoresists were developed for irradiation at these DUV wavelengths. Due to several 

practical and economic challenges, photolithography has persisted as the dominant industrial 

fabrication process. Various resolution enhancement techniques (RETs)5 have permitted the 

achievement of patterning well below the wavelength of the illumination source (ɚ = 193 nm). 

The predominant way to establish any desired pattern into a resist using light is by making 

an image. This is done using a photomask that blocks or permits certain areas to be exposed with 

photons. A contact mode exposure where the mask is either in direct contact with, or close to the 

surface, of the resist yields a 1:1 image from the mask. There is no magnification or demagnification 

of the mask image. Projection lithography, however, can project a demagnified image onto the 

resist to pattern features several times smaller than the physical dimensions on the mask. Consider 

a transparent mask opening as a slit through which the transmitted light is diffracted. For a fixed 

wavelength, a smaller slit width leads to a larger spread of the light. For a fixed slit width, a smaller 

wavelength permits a narrower distribution of diffraction. Eventually, there will be a physical 

limitation to the resolution capability. Depending on the slit width and wavelength of light, two slits 

can be close enough together such that their projection is overlapping to reveal a merged feature.  

Furthermore, the projected light must pass through a lens that focuses the image onto a wafer. The 

lens diameter determines how wide the light diffracted from the mask can be accepted into the lens, 

and this is expressed as the numerical aperture (NA) as described by equation 1.1, where n is the 

refractive index of the medium between the lens and an imaging plane, and ɗ is the half-angle of 

the maximum cone of light that can enter or exit the lens.5   

 ὔὃ ὲίὭὲ— (1.1) 

Therefore, the resolution limit of projection lithography is given by: 

 
Ὑ Ὧ

‗

ὔὃ
  ȟὯ ρ 

(1.2) 
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where ɚ is the illumination wavelength, NA is the numerical aperture of the imaging system, and 

Ὧis a technological factor related to the specific imaging process. Equation 1.2 indicates that a 

larger NA and a smaller wavelength are more desirable to yield improved resolution. Several RETs 

have also been developed to decrease the Ὧ factor to further increase achievable resolution.  

Some of these techniques include optical proximity correction, the introduction of artificial phase 

shift, water immersion, off-axis illumination, and multiple patterning methods.5ï7 

1.2.1.2 Extreme Ultraviolet Lithography 

Extreme ultraviolet lithography (EUVL) is classified as a specific type of photolithography 

poised to extend production for the next several technology nodes in the semiconductor industry, 

with devices already in commercial production.1 Over the last few decades, there has been a lot of 

research and process development that sought to address many issues and limitations EUVL 

posed for industry-scale production. The chosen wavelength of the irradiation source for EUVL is 

ɚ = 13.5 nm. Conventional refractive optics exhibit strong absorption at this wavelength, making 

them unusable for EUVL. Consequently, special reflective optics known as distributed Bragg 

reflectors have been developed for both the focusing optics and the mask, where the reflected 

mask image is projected to expose specially developed EUV resists. Furthermore, the exposure is 

carried out near vacuum to reduce atmospheric absorption. The radiation source in industrial EUV 

scanners is from a laser-produced plasma (LPP) fed with liquid tin droplets. A sophisticated, high-

powered CO2 pulsed laser delivers energy to a tin droplet to generate a plasma, and excited state 

ions radiate the photons used for EUV exposure. The photons are collected and transmitted by 

sophisticated optics for illumination.8 

EUVL is positioned to offer patterning capabilities to industry below 10 nm. However, it is 

unclear whether EUV will be able to deliver patterning with continually smaller CDs below 5 nm for 

future technology nodes. A commercial EUV lithography scanner is a very complex system, and 

current models cost ~$150 million. Next-generation systems with a higher NA9,10 and other 

improvements needed to achieve higher resolution could continue to drive up this staggering cost 
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to over $320 million.4 For many research institutions and industrial companies, this cost is 

prohibitive. While the semiconductor industry is the primary driving force for scaling 

nanofabrication, many research efforts could also benefit from having the capability to pattern at 

and beyond the 5 nm length scale that currently cannot do so. The central idea behind the work 

presented in this dissertation is to explore an alternative, more practical, and cost-effective route to 

patterning at the single-digit nanoscale, enabling wider access to a variety of research efforts 

worldwide. 

1.2.1.3 Electron Beam Lithography 

Similar to photolithography, which uses photons to pattern a resist, electron beam 

lithography (EBL) employs electrons to do so. EBL is one of the most important and versatile 

nanofabrication techniques.11 The system is very similar to a scanning electron microscope (SEM), 

where a focused electron probe can be programmed to directly ñwriteò or expose arbitrary patterns 

into a resist. Instead of using a mask to project an image as in photolithography, EBL is a ñdirect-

writeò method. This direct-write method is also possible with a laser system to perform microscale 

lithographic patterning. However, a focused electron beam offers a much higher resolution than a 

laser, with achievable patterning capabilities below 10 nm.12 From a production standpoint, EBL is 

unsuitable for mass fabrication because it is too slow over large areas, and the production 

throughput is not economically viable for industrial-scale device fabrication. However, EBL is widely 

used to make and repair photomasks used in industrial mass production. It is also heavily employed 

for patterning in the nanoscale research community for a variety of scientific fields. The most 

commonly used positive e-beam resists are polymethylmethacrylate (PMMA) and ZEP-520A, and 

the most common negative e-beam resist hydrogen silsesquioxane (HSQ).11 

Although electrons are charged particles, they exhibit wave-particle duality. The electron 

wavelength can be calculated as:5 

 
‗

ρȢςςφ

Ѝὠ
 ὲά 

(1.3) 
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where V is the energy of electrons in electron volts (eV).  For example, the electron wavelength at 

100 eV is only 1.2 Å. However, the electron wavelength is not a limiting factor for the achievable 

resolution in EBL. Instead, various electron aberrations and electron scattering phenomena with 

the resist and underlying substrate determine the resolution capability of EBL. An electron beam 

column comprises a series of electromagnetic lenses to form a collimated beam which is then 

focused into a very small probe. There are inherent geometric aberrations and chromatic 

aberrations due to the electron lens system and apertures, beam deflection, and the choice of 

electron energy and beam current. Such system factors influence the minimum electron beam 

diameter achievable. The highest resolution state for EBL requires high beam energy, a small 

scanning field, low beam current, and a very stable environment.5 

 Another system limitation on the resolution of EBL has to do with pattern design and field 

size.  The beam deflector has a finite range, and a larger field size typically yields lower resolution 

at the field periphery. For areas that require higher resolution, a smaller field size is required to 

minimize undesirable aberration effects. It is also common to have a variety of feature sizes in a 

pattern design, and the footprint or physical extent of that design typically exceeds the size of a 

given field. Large area patterns require that separate fields be ñstitchedò together, which introduces 

limitations in pattern placement accuracy between fields. Modern systems can achieve a stitching 

accuracy below 25 nm. However, this necessitates careful planning in pattern design to minimize 

such effects. Additionally, the effects of pixel size and beam step size must be considered within a 

given field size. The system steps the electron beam to each pixel within a field, where the step 

size can be equal to one pixel or several times larger than the pixel size (depending on system 

configuration). Since the beam is scanned in X and Y Cartesian coordinates, any shape or pattern 

must be fragmented or ñfracturedò into basic shapes such as rectangles, trapezoids, or 

parallelograms. The smaller a featureôs size, the cruder the fracturing will become, affecting the 

resulting feature morphology.      

 Aside from physical system limitations, the other factors which influence patterning 

resolution are mainly due to interactions of electrons with both the resist and underlying substrate. 
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As primary electrons from the beam bombard the polymer resist, energy transfer occurs during 

multiple collision events with atoms and other electrons. Scattering of electrons both within the 

resist itself or backscattered from the substrate below the resist can lead to a broadening of the 

exposed region beyond the designed landing area of the primary beam. Such a proximity effect is 

the dominant obstacle for achieving very high-resolution patterning using EBL. Elastic scattering of 

electrons changes the direction of the electron, but there is no energy transfer. Inelastic scattering 

events with other electron orbitals lead to energy transfer, leading to chemical changes in the resist 

material that are affected upon the development stage post-exposure. A single electron will 

undergo many random elastic and inelastic scattering events in the solid material. They can also 

be scattered from the substrate below the resist and back into the resist. This phenomenon can 

occur on a length scale over several microns away from the primary beam point of incidence.5 

Additionally, secondary electrons from the solid material can also be emitted from collisions with 

the primary beam electrons and cause local broadening of the exposed region. However, to achieve 

the chemical change necessary for the resist to be developed, a respective energy threshold needs 

to be exceeded to induce such changes to the material.   

The general scattering phenomenon is the fundamental cause of the broadening of 

exposed features. A point spread function (PSF) is used to characterize the distribution of the 

deposited energy in the resist from a single point of incidence. The three most significant factors 

which influence this are the electron energy, the density of the substrate material, and the resist 

thickness. Higher-resolution patterning can be obtained using a higher energy electron beam, a 

lower density substrate, and a thinner resist layer. Because the deposited energy from scattered 

electrons can extend to adjacent regions beyond the incident beam location, this leads to a 

proximity effect that often needs to be corrected. Some correction practices include making 

morphology adjustments in pattern design, local dosing adjustments, and compensating for long-

range background exposure.5  Qualitatively, without such corrections, dense features will become 

overexposed, and very isolated features will be underexposed. These corrections can be 

complicated and typically require computational algorithms to determine the most appropriate 
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choices for the specific pattern. Generally, it is very difficult to reduce the ultimate patterning 

resolution of EBL much below 10 nm no matter how small the beam spot size is.  There have been 

some special demonstrations with patterning features below 10 nm using aberration-corrected 

EBL, but consequently, the feature density is low and has only been successful for more isolated 

features.13,14 

1.2.1.4 Nanoimprint Lithography 

A more recently developed nanofabrication approach is by physical replication. The 

primary method in this category is known as nanoimprint lithography (NIL).15ï17  Typically, a master 

stamp or mold is fabricated using EBL (offers design flexibility and high resolution) and subsequent 

pattern transfer to fabricate the desired topography. The master is then used to physically imprint 

a resist through a thermal press or a UV-cured approach. After the master is fabricated, NIL offers 

much higher throughput in fabrication than EBL since it is a batch replication process that is only 

limited by the area of the master. The semiconductor industry has not adopted this approach for a 

variety of practical and economic reasons. Still, NIL has succeeded in fabricating optical films such 

as holographic, anti-counterfeiting, antireflection, light guiding, and light output coupling films, 

which have features a few hundred nanometers in size, and are typically made by imprinting using 

a roll-to-roll approach.18 

A strategy used for the earliest demonstrations of NIL which is still presently used, relies 

on heating and pressing, like hot embossing. A thin polymer film is heated above its glass transition 

temperature (Tg). The topographically patterned master stamp is pressed into the film at elevated 

pressure for a few minutes to induce plastic deformation in the polymer. The polymer used in this 

method should have a relatively low Tg to decrease the required process temperature, low viscosity 

to enable easy polymer flow during the imprint, low shrinkage after imprinting to maintain good 

pattern fidelity, and a reasonable dry etch resistance for pattern transfer. Generally, the imprint 

height (feature height on the master) is slightly less than the polymer film thickness, so there is no 

hard contact with the substrate, which reduces possible damage to the master. If the master is kept 
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clean and damage-free, it can be used repeatedly for patterning. After the initial imprint, the stamp 

pressure is decreased, and the temperature is lowered so the master can be removed from the 

imprinted sample. The final step is to remove the residual polymer layer and reveal the bare 

substrate surface in the patterned areas using an oxygen plasma reactive ion etch (RIE), commonly 

referred to as the descum step. This final patterned polymer serves as the resist for subsequent 

pattern transfer via dry etching. 

In some cases, the material or sample to be patterned may not be compatible with the 

elevated temperature and pressure used in the thermal press nanoimprint approach. As an 

alternative method, ultraviolet-cured nanoimprint lithography (UV-NIL) can be performed at low 

pressure and room temperature. While the overall process is the same as the thermal press 

approach, the most significant differences are the use of a UV-curable polymer and a transparent 

stamp. A transparent master stamp is gently pressed into a thin film of UV-curable liquid polymer 

during UV illumination and removed after the curing is complete. Quartz or polydimethylsiloxane 

(PDMS) are common transparent master stamp choices, and the curing process only takes a few 

minutes or less. Furthermore, the transparent nature of the master stamp allows for improved 

alignment for subsequent imprint steps if necessary. However, one of the critical issues with UV-

NIL is polymer shrinkage after curing, which is typically 5-15% by volume.5  Higher molecular weight 

polymers usually exhibit less shrinkage, and some more specialized polymers have been 

developed to mitigate shrinkage.19 

NIL is inherently a 1:1 patterning process from the master stamp, which first requires 

fabrication via EBL.  However, it has been challenging to pattern features much below 20 nm with 

high fidelity using NIL. Furthermore, the fabrication of high-density features is also challenging 

since polymer flow is an inherent part of the fabrication process.  NIL is not well-suited for industrial 

scale-up, but it has been widely used in nanoscale research efforts.  However, NIL is not viable for 

patterning and pattern transfer below the 10 nm length scale with high feature densities.   
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1.2.2 Pattern Transfer via Dry Etching 

Dry etching is commonly used in the fabrication industry to transfer a pattern established 

by lithography into an underlying substrate. This pattern transfer method employs a low-

temperature plasma using different gases that can be chosen to match the appropriate etching 

chemistry for many materials. Dry etching enables uniform processing over a large area. 

Furthermore, the etching conditions can be adjusted to tailor the desired sidewall profile upon 

pattern transfer. The etching method can be purely chemical, where specific chemical species 

absorb and react with the target material and form volatile byproducts. In contrast, the etching can 

be purely physical, where high energy ions sputter material. Alternatively, the etching process can 

be an intermediate state between these poles. Plasma etching based on chemical reactions alone 

tends to form isotropic etch profiles that undercut the mask material and form undesirable etch 

profiles. Ion beam etching can provide a much more anisotropic profile. Still, this method tends to 

have a poor mask to target selectivity due to physical sputtering, leading to limited aspect ratios 

and undesirable substrate damage. The semiconductor industry's most common dry etch approach 

is reactive ion etching (RIE), which is a chemical approach that is further assisted by ion 

bombardment. The dry etching method employed in this work is RIE, which is a critical process 

step for realizing high fidelity pattern transfer from a mask pattern.  

1.2.2.1 Review of a Plasma 

A plasma is a partially ionized gas that contains mostly excited and unexcited neutral 

particles, and approximately the same number of electrons and positive ions so that it is globally 

charge-neutral. The simplest reactor design for a dry etch tool consists of two parallel plate 

electrodes in a vacuum chamber filled with the desired low-pressure gas species. In most dry etch 

technology, a radio frequency (RF) voltage is applied to the electrodes. Since electrons have a 

minimal mass, they can respond to the changing electric field. These electrons collide with 

molecules of the gas species introduced into the chamber. If the kinetic energy of a given electron 

is greater than the ionization energy of a given atom, an electron in the outermost shell is expelled, 
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and a neutral atom becomes a positively charged ion. The expelled electron adds to the electron 

density ne to further collide with atoms and continue the process repeatedly. This avalanche 

process eventually exceeds a threshold level, leading to a glow discharge to form a stable 

plasma.20ï22   

The plasma used in RIE is considered a weakly ionized plasma in which the degree of 

ionization falls within the range of 10-6 - 10-4, which means most particles remain neutral. Because 

the electrons can respond to the applied radio frequency, they are constantly accelerated in motion 

by the corresponding electric field and have considerable kinetic energy.  A glow discharge plasma 

does not exhibit thermal equilibrium between the electron temperature (Te) and gas temperature 

(Tg).  Suppose the electron energy in a typical etch process is ~ 2 eV, then Te = 23,200 K and Te/Tg 

~ 80.  Therefore, a glow discharge plasma is also called a ñlow-temperature plasmaò  because the 

gas temperature remains close to room temperature.22   

 

 

 

 

 

 

 

Numerous interactions can occur in a plasma, but for simplicity, the three that we are most 

concerned with in terms of the etch process are excitation, ionization, and dissociation. These 

inelastic collision processes are described in a reaction sequence in Table 1.22 Excitation occurs 

when a colliding electron provides energy to a bound electron in an atom and promotes it to a 

higher energy level. The excited state electron eventually returns to its ground state, and a photon 

with energy hv is emitted, which causes a characteristic glow seen from the plasma. Ionization 

Terminology Process 

Excitation & 

Radiative recombination 
A + e Ҧ !ϝ Ҍ e Ҧ ! Ҍ e + hv 

Ionization A + e Ҧ !+ + 2e 

Dissociation AB + e Ҧ !· + B· + e 

Table 1.1:  Generic description of the processes of 
excitation, ionization, and dissociation that 
commonly occur in a plasma environment. 

Notation: e: electron; A, B: neutral species; A+: positive ion; A*: excited species; A·, B·: radical 
species; hv: photon 
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occurs when an electron in the outermost shell is expelled when the energy of the colliding electron 

is larger than the ionization energy, turning the neutral atom/molecule into a positively charged ion. 

Dissociation occurs when the energy given by a colliding electron is larger than the binding energy 

of the molecule. When a molecule is dissociated, its byproducts are chemically more active than 

the original molecule and turn into highly reactive, electrically neutral species. A particle in this 

activated state is commonly referred to as a radical.22 

1.2.2.2 Importance of the Ion Sheath, Self-bias, and Pressure 

Figure 1.2 depicts a standard and simple RIE chamber design with parallel plates which 

generate a capacitively coupled plasma (CCP). The lower electrode is connected to an RF power 

supply through a blocking capacitor, and the upper electrode is connected to ground. The electrons 

can respond to the electric field oscillation at 13.56 MHz, but the much heavier ions and neutral 

radicals cannot.  Because the plasma is macroscopically at equipotential there is no external driving 

force for the motion of either the ions or radicals in this region. Since the electron mobility is much 

greater than ion mobility, the lower electrode is biased to a negative potential. The direct current 

(DC) bias generated is a self-bias (Vdc) that has a negative potential. Consequently, electrons are 

pushed away from the negatively biased electrode. The region above the lower platen and below 

the plasma is referred to as the ion sheath. In this region, the electron density is very low, so there 

are essentially no excitation and radiative recombination events. Therefore, the ion sheath is also 

referred to as the ñdark spaceò. The positively charged ions that approach the ion sheath are 

subsequently accelerated toward the substrate due to the negative bias (-Vdc), as shown in Figure 

1.2. The motion of the electrically neutral radicals is dominated by Brownian motion and 

diffusion.21,22  

The ratio of the electrode surface areas is one of the major factors which influences the 

magnitude of the voltage at the electrodes. If the surface area of electrodes 1 and 2 are A1 and A2, 

respectively, and the voltages induced at each electrode are V1 and V2, respectively, then their 

relationship follows the scaling law:21  
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where q is dependent on the etch tool geometry, and q > 1.  In Figure 1.2, A2 > A1, so an adequate 

bias Vdc = V1 ï V2 is obtained at the wafer surface.    

 Aside from the CCP system design previously described, another common RIE platform is 

an inductively coupled plasma (ICP) etch tool. Instead of using a capacitor setup, the ICP design 

uses an electromagnetic induction coil. A high-frequency current is passed through a solenoid, and 

the RF magnetic field of the current within the coil is directed toward the axis of the coil. This induces 

a vortex electric field to which the electrons respond without the presence of electrodes. In general, 

an ICP etch tool generates a higher density plasma (higher ion population) than in a CCP system.  

A2 

A1 

ὃ ὃ 

V2 

V1 

Figure 1.2: Schematic of a capacitively coupled plasma chamber and the corresponding potential 
profile. A plasma from the desired input gas is generated in the upper portion of the chamber, and the 
substrate is placed on the bottom platen. Note the description of the potential (V) along the vertical 
axis of the chamber which shows the sample at bias -Vdc.  Positive ions are accelerated normal to the 
substrate.  
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Furthermore, in a CCP system, both the ion population and the ion energy distribution are 

dependent on the HF power. However, in an ICP system, the ICP (source) power and HF (bias) 

power are independent controls. The ICP power dominates the ion population density, and the HF 

power dominates the ion energy distribution.  

The characteristic thickness of the ion sheath (Ὠ ) relative to the mean free path of gas 

molecules is an important consideration. The Child-Langmuir equation represents the ion sheath 

thickness as:22 

 
Ὠ

ς

σ

‐

Ὥ

ςὩ

ά
ὠ ὠ  
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where ‐ is the permittivity of free space, Ὥ is the ion current density, e is the elementary electric 

charge, ά  is the ion mass, and ὠ is the plasma potential. The mean free path (ɚ) is the average 

distance a particle travels between one collision and the next. Neglecting molecular dipole and 

electric interactions, the mean free path of a gas molecule can be described as: 
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where Ὧ is Boltzmannôs constant, T is temperature, d is the molecule diameter or size, and P is 

pressure. The mean free path has an inverse relationship to pressure, meaning ɚ increases with a 

decrease in P because, at lower pressure, the volume density of molecules is lower, so the 

probability of particle collision is lower, and a particle will travel a larger distance before a collision 

event.   

 To obtain a better understanding of scattering events in the ion sheath, it is necessary to 

compare the ion sheath thickness Ὠ  to the mean free path ɚ. An ideal case to achieve an 

anisotropic etch profile (vertical sidewall) is to have the ion bombardment perfectly normal to the 

substrate surface. The simplest way to achieve this is by ensuring the ions have no scattering 

events in the ion sheath by having ɚ sufficiently larger than Ὠ . Consider a pure Ar plasma under 

normal operating conditions in a CCP versus an ICP system.  In a CCP system at a pressure of 40 

mTorr and 22°C, ‗Ὠ
ρȢςς άά

υȢπ άά πȢςττ.  In an ICP system at a pressure of 5 mTorr and 
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10°C, ‗Ὠ
ωȢστ άά

πȢςψ άά σσȢτ.  This means that in the CCP system, an ion will experience 

nearly four collisions in the ion sheath before reaching the substrate surface. In contrast, in the ICP 

system, it will experience virtually no collisions at all. Thus, an ICP etch tool is superior for achieving 

an anisotropic etch profile. Furthermore, the ICP system is better for etching between smaller 

features because the incident angle of an ion is nearly perfectly normal. The details of the etching 

process, however, are highly dependent upon the etch chemistry employed.        

1.2.2.3 Overview of the Reactive Ion Etching Process 

Although it may be an oversimplification of the actual etch process, the etch can be split 

into four major steps: (1) Reactive species (neutral radicals and positive ions) are generated in the 

plasma; (2) the reactive species are transported to the target substrate and adsorb to the surface; 

(3) surface reactions take place and form etch byproducts; and (4) the volatile etch byproducts 

desorb from the surface and are removed from the chamber. 

As previously discussed, the generation of electrically neutral radicals and positively 

charged ions occurs in the glow discharge plasma, and the bottom platen forms a negative DC self-

bias. The transport of reactive neutral species from the bulk plasma to the substrate surface occurs 

by diffusion. Positive ions are accelerated to the substrate surface due to -Vdc to assist the etching 

process. Reactive radicals adsorb onto the substrate surface. This process is strongly enhanced 

by ion bombardment, which produces active sites. A reaction occurs between the adsorbed 

chemical species and the substrate.  In the fluorine-based etching of silicon, F atoms spontaneously 

produce SiFx (x  4) volatile species. To effectively etch a given substrate, the reaction products 

must desorb from the surface into the gas phase. This typically requires that the conditions in the 

chamber are such that the products are volatile and can diffuse away from the substrate surface 

and be pumped out of the chamber. The adsorption, reaction, and desorption steps are each 

enhanced by concurrent ion bombardment. 

The species which generally dominate the etching process in RIE are the neutral radicals.  

Directional ion bombardment assists the etch process to realize the formation of high-fidelity pattern 
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transfer via an anisotropic etch profile. The RIE process can be broadly divided into two sub-

categories: (1) inhibitor ion-enhanced and (2) energetic ion-enhanced.20 For an inhibitor-driven 

process, etching by neutral radicals is spontaneous and does not require ion bombardment. In 

these etch chemistries, a thin passivating polymer film forms on the substrate surfaces, inhibiting 

the spontaneous chemical etch process. Because ion bombardment is highly directional and 

normal to the substrate surface, the ion flux serves to degrade the formation of the passivating 

layer on the horizontal surfaces. In contrast, the sidewalls maintain the passivation layer which 

inhibits lateral etching from radicals. The result is an anisotropic etch profile with relatively vertical 

sidewalls. An example of this mechanism for etching silicon is CF4-based etching. In the case of 

an energy-driven etch process, the neutral radical species by themselves cause little to no etching 

at all and require ion bombardment for the etching to occur. The ion bombardment provides 

sufficient energy to effectively ñdamageò the substrate surface in various ways, such as breaking 

certain bonds to form volatile byproducts. The dominant mechanisms in this category are highly 

dependent on the specific etch chemistry. The development of an anisotropic etch profile is a 

natural consequence of the high vertical directionality of the ion bombardment. An example of this 

mechanism for etching silicon is Cl2-based etching.   

1.3 Nanocrystal Building Blocks 

Any given material may exhibit various observable properties, which can be categorized 

into physical, chemical, mechanical, thermal, electrical, magnetic, optical properties, and more. A 

material exhibits properties due to processing that affects structure across many length scales 

ranging from atomic to nano-, micro-, meso- and macroscale. Many interesting physical 

phenomena have natural length scales between 1-100 nm. Nanocrystals (NCs) are nanoscale 

particles that have a well-defined, crystalline atomic structure. The ability to design and characterize 

well-defined materials at the nanoscale in both atomic structure and nanoscale morphology enables 

the realization and exploitation of properties that are not observed with the same bulk material or 



20 
 

molecular structures. The synergy between materials chemistry, physics, and engineering at this 

scale feeds exciting exploration of new scientific and technological frontiers.23     

Over the last three decades, the nanochemistry community has developed many synthetic 

routes for creating NCs. While some methods are more robust and repeatable than others, there 

now exists a vast and ever-growing library of literature for synthesizing NCs with a variety of sizes, 

shapes, and material composition, also including complex heterogeneous morphologies.  

Furthermore, these nanoscale building blocks can be assembled into larger ensemble structures, 

such as superstructures,24 superlattices,25 and supercrystals,26,27 which can collectively exhibit 

different properties from the discrete building blocks alone. The work presented in this dissertation 

uses NCs as discrete building blocks and employs self-assembly and template-assisted assembly 

methods to create well-defined NC monolayers on a substrate. We employ óbottom-upô strategies 

integrated with ótop-downô fabrication methods for application in discrete pattern transfer. Similar 

bottom-up NC synthesis and self-assembly methods combined with top-down strategies may also 

be employed for metamaterial applications where the hierarchical structural and compositional 

arrangement enables properties not typically found in natural materials.28,29     

1.3.1 Classical Nucleation and Growth 

Solution-based NC synthesis occurs by using appropriate chemical precursors in the 

presence of solvent(s) and other coordinating complexes. The required reaction temperature and 

concentrations may vary widely depending on the system involved and the desired product. NCs 

are formed from atomic and molecular monomers, which undergo nucleation and growth to form 

discrete crystalline structures. Homogeneous nucleation occurs when nuclei form uniformly 

throughout the solution, which is typically the case for most initial NC syntheses. Heterogeneous 

nucleation occurs at structural or interfacial inhomogeneities such as preexisting nuclei or ñseeds,ò 

commonly referred to as seed-mediated growth. 
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In the case of homogeneous nucleation and through the lens of thermodynamics, the total 

free energy of a nanoparticle is given by the sum of the surface free energy and the bulk free 

energy. The total free energy of a spherical particle of radius r is given as:30 
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where ‎ is the surface energy and ЎὋ is the free energy of the bulk crystal. ЎὋ is a function of 

temperature T, Boltzmannôs constant Ὧ , the supersaturation of the solution S, and molar volume 

v defined as: 
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The surface energy term is always positive, and the crystal free energy is always negative. By 

differentiating ЎὋ with respect to r and setting it equal to zero, we can determine the maximum free 

energy, which is referred to as the critical free energy required to form a nucleus which yields: 
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meaning the critical radius to form a stable nucleus is given by: 
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Furthermore, the nucleation rate to form N spherical particles in time t can be expressed as: 
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Consequently, the three factors that influence nucleation rate are temperature, supersaturation, 

and surface energy. The most significant factor is the supersaturation S.  

In the case of heterogeneous nucleation, a correction term ‰ is introduced, which is a 

function of the contact angle —.  The critical free energy of heterogeneous nucleation is given by:  
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 The subsequent growth process which occurs from a stable nucleus is dependent on both 

the surface reaction and the diffusion of monomer from the bulk solution to the surface of the NC.  

Fickôs first law of diffusion can be used to model the growth. Take ὶ as the radius of the NC,  ὐ as 
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the total flux of monomers to the NC surface passing through a spherical plane with radius ὼ, Ὀ as 

the diffusion coefficient of the monomer, and ὅ as the concentration of monomer at some distance 

ὼ. Fickôs first law is then expressed as: 
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As depicted in Figure 1.3 for a NC in solution, ‏ is the distance from the NC surface to the bulk 

concentration of monomer in solution. ὅ is the bulk concentration of monomers in solution, ὅ is 

the monomer concentration at the solid-liquid interface, and ὅ is the solubility of the NC. Fickôs 

first law can then be rewritten as: 
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Assuming steady state diffusion of the solute, ὐ is constant regardless of ὼ. Integration of the 

concentration profile ὅὼ from ὶ  to ὶ yields an expression for the flux of monomer passing ‏

through a spherical plane to the particle surface as:30  

 ὐ τ“Ὀὶὅ ὅ  (1.15) 

The rate of the surface reaction, k, is assumed to be independent of particle size, and a similar 

expression can be written as:  

 ὐ τ“ὶὯὅ ὅ  

 

(1.16) 

where ὅ is the solubility of the NC. This means that there are two limiting factors for NC growth. If 

the diffusion of monomers to the particle surface is the limiting factor, then the particle growth rate 

can be expressed as: 
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(1.17) 

The other limiting factor is the rate of the surface reaction of the monomers on the particle, where 

the growth rate is given by: 
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If growth is controlled by neither diffusion nor the surface reaction specifically, then: 

 Ὠὶ
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(1.19) 

Furthermore, the GibbsðThomson relation describes how the solubility of a particle is dependent 

on size. The expression for particle solubility is given by:30 
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Figure 1.3: Schematic of NC growth in solution showing the concentration of monomer as a 
function of distance from the NC surface, where  ɻis the distance between the formed NC surface 
and concentration in the bulk. 
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1.3.2 Nanocrystal Synthesis 

A vital prerequisite to achieving uniform physical properties and high-quality NC assembly 

is the uniformity of the NC building blocks in structure, size, shape, and surface chemistry. The 

qualification of a monodisperse sample is somewhat relative, but typically, a sample with a size 

standard deviation of „ Ò 5% is considered monodisperse enough to realize uniform physical 

properties and high-quality NC assembly into ordered structures.31 Nanocrystals are synthesized 

from specific chemical precursors which react to undergo nucleation and growth processes. While 

there are numerous synthetic routes, solvothermal synthesis methods which use high boiling point 

organic solvents are used for the work presented. Methods such as hot injection or thermal 

decomposition typically yield the most monodisperse, highest quality NC products for a wide range 

of material systems. Careful selection and optimization of appropriate solvents, chemical 

precursors, ligand species, reductants, temperature, time, concentrations, and more are critical for 

achieving high-quality NC material. As depicted in Figure 1.4, the resulting morphology is an 

Figure 1.4: Schematic illustration of an inorganic Fe3O4 
inorganic NC core surrounded by a corona of organic oleic acid 
ligand molecules. 
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inorganic crystalline core stabilized by surface-bound organic ligands that help stabilize the NCs in 

solution and prevent particle aggregation due to steric repulsion in the appropriate solvents. Figure 

1.4 depicts explicitly an inorganic core of Fe3O4 with a ligand shell composed of oleic acid 

molecules. For the sake of clarity, the schematic only depicts ligands at the periphery of the 

inorganic NC core. In reality, the ligands fully cover all parts of the NC surface in three-dimensional 

space.  

Schlenk line techniques are commonly used for solvothermal synthesis. Figure 1.5 shows 

a general schematic of this setup. The reaction vessel is supported by a magnetic stir plate and 

surrounded by a heating mantle. Adequate stirring using a Teflon-coated magnetic stir bar is often 

required to ensure good mixing and maintain the solution's thermal uniformity. A temperature 

controller is used in conjunction with a thermocouple and the heating mantle (with variable power 

control) for measuring and maintaining the reaction temperature. A bump trap is used to connect 

the flask to a Schlenk line so that any material that bubbles up does not go into the Schlenk line 

and can go back into the reaction. A Schlenk line allows one to switch the reaction vessel between 

vacuum and an inert gas like nitrogen at different points through the synthesis without exposure to 

air and moisture. A septum can be placed in the third neck which can be punctured to introduce 

new reagents or extract reaction material using a syringe at any point during the synthesis.      

 As previously discussed, the nucleation and growth stages of NC synthesis can be tuned 

by controlling both the thermodynamic and kinetic parameters of the system to achieve different 

NC morphologies.32 The hot injection method is a standard synthesis route used for many 

semiconductor and metallic NC systems.  This approach takes advantage of the methods studied 

by LaMer and Dinegar, which consists of a temporally discrete burst nucleation event followed by 

much slower and well-controlled growth on existing nuclei without further nucleation during the 

growth process.33  Most of the chemical reagents are mixed in the reaction vessel, placed under 

vacuum, and heated to remove air and moisture from the reaction, then brought to the reaction 

temperature.  At this point, the final precursor is rapidly injected to initiate the reaction by quickly 

increasing the reactant concentration above the nucleation threshold, resulting in a burst nucleation 
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event that relieves the supersaturation of the solution.  In this case, no new nuclei should form if 

the rate of the precursor addition does not exceed the feedstock consumption by the growing 

NCs.31 Because the growth state for each NC is the same, the resulting size distribution is 

determined by the initial nucleation event and is therefore very narrow. The hot injection method is 

one of the most successful and widely used approaches for uniform NC synthesis in many materials 

systems. 

In a general process sense, the reaction setup for thermal decomposition is the same as 

that described for hot injection. The major difference is that all the reagents are added at the 

beginning of the reaction, and there is no injection of chemical precursor later. Thermal 

Figure 1.5: Schematic of a standard setup for a solvothermal NC synthesis reaction. A Schlenk line is 
used to toggle between a vacuum state and N2 state in the reaction vessel. A three-neck flask permits 
connection to the Schlenk line, a thermocouple for monitoring temperature, and a third access point. 
Pictured is a syringe with a precursor used for άƘƻǘ-ƛƴƧŜŎǘƛƻƴέΦ ¢ƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƴǘǊƻƭƭŜǊ ǳǎŜǎ 
feedback from the thermocouple to adjust the power delivered to the heating mantle to maintain 
temperature stability. A ceramic stir plate is placed under the heating mantle. 

Cold 
Trap 

(To vacuum) 

(N2 Exhaust) 

(N2) 

(vacuum) 

(N2 Inlet) 
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decomposition is commonly used for metal oxide and metal halide systems and is generally 

considered a more scalable approach over hot injection for several reasons.34  At low temperature, 

the reaction material is composed of the material precursors well mixed in a solvent with a 

coordinating ligand molecule present.  As the reaction is heated, the precursors form monomers of 

the compounds and eventually nucleate to form crystallites that grow into larger NCs. This method 

requires careful choice of the precursors and ligands so that nucleation still occurs in a relatively 

short period. The nucleation and growth stages are appropriately decoupled to reduce 

polydispersity. Typically, a metal-organic complex is generated in-situ from the starting precursors 

and then thermally decomposed to act as a good growth source for the NCs. The NC size is 

adjusted by changing the precursor concentration, concentration of the ligand species, reaction 

temperature, and time.                      

1.3.3 Nanocrystal Purification  

Interactions between particles in a colloidal dispersion are discussed in the following 

section (1.4).  By understanding the mechanisms of such interactions, we can leverage changes in 

the system's state to isolate and purify the NCs to yield a clean, uniform product that can be used 

in subsequent studies and applications. Without the surface ligands, the inorganic NCs would form 

larger aggregates that would fall out of solution and not be easily redispersed. The NCs are 

stabilized in solution by organic ligands bound to the NC surface. In a good solvent for the ligand 

molecules, the repulsive force exerted between colliding NCs is enough to counteract attractive 

van der Waals forces which would otherwise cause aggregation of the inorganic NC cores. If a 

miscible non-solvent for the surface ligands is introduced to an appropriate ratio, this can cause 

contraction of the ligand shell, which will destabilize the NCs and cause them to crash out of solution 

with the use of centrifugation. The NC precipitate can then be separated from unreacted material 

and other undesirable synthetic byproducts and molecules. The well-bound surface ligands enable 

the NCs to be redispersed in a good solvent, reversing the previous aggregated state. This process 
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of flocculation and redispersion in fresh solvent can be performed several times as needed to 

isolate the NCs from the reaction material. 

While much effort is placed on planning and optimizing a reaction to yield a monodisperse 

NC product, a careful size-selective precipitation process (fractionation) is often employed to 

narrow the size distribution further. This is done by slow, stepwise addition and mixing of a miscible 

non-solvent, followed by centrifugation and separation. Larger NCs will have greater van der Waals 

attraction and tend to aggregate before smaller NCs upon addition of the initial antisolvent. 

Centrifugation will cause the largest NCs to precipitate out of the dispersion first, while any smaller 

NCs will remain in solution. This process is carefully repeated on the remaining supernatant to 

separate different sizes of the NCs. The largest and smallest NCs are removed from the distribution, 

and the rest of the material is kept for use, which has a narrower size distribution than the original 

reaction product.     

1.4 Pairwise Interactions in Nanocrystal Colloids 

Nanocrystals well-suspended in solution form what is referred to as a colloidal dispersion, 

in which the NCs may interact through a variety of forces. Due to the small size of nanoscale 

particles in solution, NCs experience continuous and random motion, commonly referred to as 

Brownian motion. Such movement is caused by momentum transfer from the thermal activity of the 

surrounding solvent molecules. The Stokes-Einstein equation provides the relationship for the 

diffusion coefficient D of a spherical particle of radius r in a fluid of viscosity ɖ at temperature T as: 
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(1.21) 

where kB is Boltzmannôs constant. Thermal motion is a random process that can compete with other 

ñorderingò forces if the kinetics due to thermal energy are comparable to or exceed such assembly 

forces. Brownian motion is the driving factor for particle motion, leading to inevitable collisions 

between particles in a colloidal dispersion. The overall behavior of particles in solution is governed 

by the balance of many simultaneous interactions between NCs and their interaction with other 

molecules. This includes attractive van der Waals interactions as well as repulsive electrostatic and 
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steric interactions. DLVO theory is the most fundamental description of colloidal interactions for 

stability and aggregation. Beyond this, other important interactions between colloidal particles and 

other surfaces exist, including depletion interaction, steric interactions, capillary forces, and the 

hydrodynamic force. These phenomena play an important role in the stability of an NC colloidal 

dispersion and solution-based NC assembly processes.      

1.4.1 Van der Waals Interactions 

Whether or not a particle is charged or electrically neutral, Van der Waals (VdW) 

interactions always exist between any two particles. On a microscopic level, the VdW force is due 

to attractive interactions between atoms, ions, or molecules which result from both permanent and 

transient dipoles. In the Bohr model, electrons have fixed orbits around a proton, the smallest of 

which has radius a0 known as the Bohr radius, which is given as: 
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(1.22) 

where ⱦ0 is the permittivity of free space, ᴐ is Planckôs constant, m0 is the mass of an electron, and 

e is the elementary charge of an electron. If we define the dipole moment as ♯ ὥὩ► then it is 

clear the time average of the dipole moment is ộ♯Ớ π. However, at any given time t, ‏ὸ π. The 

resulting electric field of this momentary dipole can polarize another nearby neutral atom, giving 

rise to an attractive interaction between the dipole and an induced dipole. Instantaneously induced 

dipoles or an ñinduced dipole-induced dipoleò interaction is referred to as London dispersion. The 

electrostatic energy of this interaction is given by: 
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(1.23) 

where Ŭ0 is the polarizability and d is the interparticle distance. Furthermore, a ñpermanent dipole-

induced dipoleò interaction is called the Debye force, and a ñpermanent dipole-permanent dipoleò 

interaction in which both dipoles are freely rotating is referred to as the Keesom interaction. In all 

three cases, the associated energy has a Ὠ  dependence, meaning the magnitude of such vdW 

interactions are very sensitive to particle separation and are relatively short-range.35  When VdW 
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forces act between two atoms or molecules, the range is typically less than one nanometer. 

However, when considering larger colloidal particles such as NCs, the interaction range can be 

much longer. The atoms of the NC can, to some extent, mutually interact with the atoms of another 

nearby NC. Therefore, the VdW force between two larger bodies or surfaces can be derived by 

integrating the interatomic VdW pair potentials.36  Let the atom-atom pair potential be expressed 

as ὟὨ ὅὨ . The Hamaker constant, A, is simplified as: 

 ὃ “ὅ”” (1.24) 

 where C is the coefficient in the atom-atom pair potential, and ɟ1 and ɟ2 are the number of atoms 

per unit volume in the two bodies. This approximation is only valid assuming the additivity of 

molecular pair potentials and non-retarded interactions. The Lifshitz continuum theory 

independently treats the larger bodies and the dispersing medium as macroscopic phases that 

interact through electric field fluctuations.37  The Hamaker constant is generally in the range of ὃ

ρπ  J.38  In general, VdW attraction plays an important role in the final stages of NC assembly.    

1.4.2 Electrostatic Interactions 

Since VdW interactions are always present and attractive, there must be a countering force 

that is present to guarantee dispersibility; otherwise, particles would always quickly and irreversibly 

aggregate and sediment out of solution. Electrostatic interactions help prevent such aggregation, 

typically more so in polar solvents. Due to its high dielectric constant, water is an excellent solvent 

for ions. Consequently, most surfaces in water become charged due to adsorption of ions, charge 

exchange, or dissociation of surface groups. This surface charge induces an electric field that can 

attract counterions, and this resulting layer of surface charge paired with counterions is called the 

electric double layer (EDL).   

Helmholtz proposed a model which assumed a charged metal surface with adsorbed 

solvated ions from solution and a linear potential jump across the interface between the charged 

surface and solution. Gouy-Chapman later provided a 3D model of the diffuse double layer, which 

considered thermal diffusion of ions away from the charged surface into the bulk solution. This 
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diffuse double-layer potential may be calculated using the Poisson-Boltzmann equation.  From this 

description, the potential decays exponentially away from the charged surface. The Stern model 

later combined both the Helmholtz and Gouy-Chapman models and proposed a rigid layer of 

adsorbed counterions at the charged surface with a diffuse layer adjacent to the interface. In the 

rigid so-called Stern layer, the potential decays linearly with distance from the surface to the 

Helmholtz plane, then decays exponentially in the diffuse layer, as illustrated in Figure 1.6. Bockris 

later amended this model to include the discrete effect of solvent molecules. More specifically, polar 

solvent molecules (like water) have a larger dipole moment and adsorb at the charged surface, and 

orient under the influence of the surface potential, thereby affecting the interface's potential. This 

orientation of solvent molecules locally lowers the effective dielectric constant.38      

     

Figure 1.6: Schematic description of the Stern model for the electrostatic potential in one dimension. 
Going away from the particle surface the potential decays linearly in the Stern layer, but exponentially 
in the diffuse layer. ‗ denotes the Debye screening length. 
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For a sphere of radius r, the Poisson equation gives the electric potential ‪ as: 
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(1.25) 

The regime of low potential is defined as Ὡȿ‪ȿḺὯὝ,  and at room temperature ‪ ςυ άὠ.  For a 

sphere of diameter D and valency z of the ion, the interaction free energy can be described as: 
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The Debye screening length, ‗ , determines the length scale of the screened electrostatic potential.  

It represents the distance at which the potential has dropped by 1/e from the value at the charged 

surface and is given as: 
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(1.27) 

where ‭ is the dielectric constant of the solvent, and I is the ionic strength of the solvent in molar 

units (M).39   

1.4.3 DLVO Theory 

The DLVO theory is named after Boris Derjaguin and Lev Landau, as well as Evert Verwey 

and Theodore Overbeekðtwo teams that independently developed a fundamental colloidal theory 

in the 1940s. The theory considers the balance between short-range van der Waals attraction and 

longer-range electrostatic repulsion in the form of an effective potential, as shown by Figure 1.7. 

DLVO theory states that the attractive and repulsive contributions are additive. A stable colloidal 

dispersion occurs when the Coulombic repulsion prevails over the VdW attraction. Aside from 

assumptions and simplifications applied for the analytical framework used to develop DLVO theory, 

it also fails to consider discrete effects at the molecular scale and other factors considered with 

surface chemistry. Therefore, the general analytical framework provided by DLVO theory is more 

simplistic than the actual interactions present in many NC colloidal dispersions. 
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1.4.4 Depletion Interaction 

Aside from the static and transient effects previously discussed with DLVO theory, entropy 

can also play a critical role in determining the magnitude of an interaction. Such entropic effects 

can lead to an attractive force between two larger particles which is influenced by the presence of 

smaller particles or molecules called depletants. For simplicity, imagine two large spheres of 

diameter „ dispersed in a solvent medium in the presence of much smaller spheres of diameter 

„ . As shown in Figure 1.8, when the two larger spheres collide due to Brownian motion and the 

interparticle distance d becomes Ὠ „  the smaller spheres become geometrically excluded from 

that region which is effectively depleted of the smaller spheres. The larger particles experience a 

net osmotic pressure between them, pushing the larger spheres closer together. Consequently, the 

Figure 1.7: Description of the interaction energy versus separation distance for two particles. The 
attractive Van der Waals (red) forces balance the repulsive electrostatic forces (blue) to create the net 
interaction curve (green). 
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total volume available to the smaller spheres increases by ῳὠ, which decreases the free energy of 

the system.   

 

If we take Q to be a partition function and assume a dilute solution, then we can 

approximate ὗ ὠ , where N is the number of depletant particles or molecules and ὠ ὠ ῳὠ.  

The free energy of the system is then given by:35 
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and the free energy of the interaction is therefore expressed as: 
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(1.29) 

The interaction is directly proportional to the osmotic pressure ὖ and the resulting depletion volume 

Ўὠ, so the magnitude of the interaction can be tuned by adjusting the depletant concentration ”

Figure 1.8: Schematic description of a depletion interaction between two particles 
ǿƛǘƘ ŘƛŀƳŜǘŜǊ ˋ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ǎƳŀƭƭŜǊ ŘŜǇƭŜǘŀƴǘ ǇƻǇǳƭŀǘƛƻƴ ǿƛǘƘ ŘƛŀƳŜǘŜǊ 
„ , leading to the excluded volume shaded in green. 
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ὔ ὠϳ . Furthermore, the length scale of the interaction is linked to the depletant size. There is no 

depletion interaction if Ὠ „ . In the case of spherical particles and depletant species, the 

interaction potential becomes:35 

 Ὗ Ὠ ς„ „ σ„ „ Ὠ Ὠ    for   „ Ὠ „ „  (1.30) 

It is evident the length scale, in this case, is the size of the depletant „ .   

For spherical particles, the magnitude of this effect increases with increasing particle size 

and depletant concentration, but it is typically still less than ὯὝ. In the case of spherical NCs in a 

solvent or with free ligand molecules, the depletion interaction is typically insufficient to induce 

aggregation.35 However, in the presence of a planar (or especially a concave) surface, the 

interaction energy is much stronger. The interaction between a sphere and a concave surface, such 

as a topographically templated substrate, results in a much larger increase in the excluded volume 

ῳὠ, thereby increasing the attractive force between the particles and substrate.  

1.4.5 Steric Interactions  

We have seen the potential for strong attraction between NCs due to VdW forces which 

may lead to undesirable particle aggregation in situations where electrostatic repulsion may not be 

very strong. It is necessary to combat such attraction with the appropriate repulsive interactions 

that external factors can tune. One of the most common methods is to tether molecules to the 

surface of a particle which can create steric repulsion, which is chemically activated. These surface 

molecules or ligands attached to the surface of an inorganic NC play a significant role in particle 

interactions in solution, especially for NC organization and self-assembly processes. In the most 

basic sense, the organic ligand shell can act as an entropic spacer that counteracts VdW forces, 

yielding a stable colloidal dispersion.   

Ligand chemistry can drastically affect interparticle interactions that depend on the 

molecular species and morphology, and the solvent medium. Surface ligands essentially act as 

surfactant molecules. They typically have a ñhead groupò or functional group that strongly interacts 

with the inorganic NC core. Many conventional ligands have a non-polar hydrocarbon tail structure 
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that effectively acts as a spacer layer to increase the distance between NC cores, consequently 

reducing VdW attraction between the inorganic NCs and preventing aggregation. When exposed 

to a good solvent for the given ligand species, NCs are readily dispersed. For nonpolar hydrocarbon 

ligands, a good solvent implies a negative free energy of chain-solvent mixing. This causes the 

chains to repel one another and spread out to interact more with the surrounding solvent molecules. 

This prevents any significant overlap of the corona of the ligand shell between separate NCs, 

yielding a stable colloidal dispersion. In a bad or more polar non-solvent, where the free energy of 

chain-solvent mixing is positive, the energy landscape drives the ligand chains to contract and be 

attracted to other ligand molecules, ultimately leading to NC aggregation and sedimentation. In 

short, the surface chemistry of the organic ligand shell surrounding the inorganic NC core largely 

dictates the conditions necessary for a stable colloid. Ligands play a critical role in particle-particle 

interactions for NC assembly. 

 In a stable colloidal dispersion, NCs are well suspended in solution and experience 

random collisions with one another. In the case of an isolated NC, the ligand chains are well-

solvated and stretched out since the ligand-solvent molecule interactions are entropically favored.  

The number of possible microstates is at a maximum to realize the observed macrostate.  However, 

when two NCs approach one another during an impending collision, the confinement of the 

dangling chains restricts the number of available microstates. This results in a repulsive force 

known as steric repulsion, driven by an increase in osmotic pressure. The resulting interaction 

energy can be described using the surface density of ligands ῲ.  The length scale of steric repulsion 

can be described by the outstretched ligands which form an organic corona around the inorganic 

NC core with an average thickness Ὤ. For a ligand species composed of N monomers of length b, 

and a NC core of diameter „ with separation d between two NCs, the interaction energy can be 

expressed as:40 
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where N = 1 for non-polymeric ligands. In general, non-polar organic solvents are good solvents 

for many non-polar ligands that typically consist of alkyl chains in various morphologies. Polar 

molecules may be employed for more polar solvents like water, but stabilization typically involves 

electrostatic repulsion. 

1.4.6  Capillary Forces   

Capillary forces are long-range interactions that occur at the triple phase boundary of 

particles, a suspending liquid medium, and third mobile medium mediated by the interfaces 

involved. Factors such as particle size and density, surface tension, and contact angle can 

significantly influence the length scale of the effect. Additionally, the morphology of the interfaces 

involved plays a significant role in the dominant forces the particles experience. Consider solid 

colloidal NCs suspended at the interface of a liquid medium below and the air above. The resulting 

liquid-NC-air contact line forms a circle with radius rk. Particles can experience a normal capillary 

force that acts perpendicular to the circle plane or lateral forces that act parallel to this plane. 

Normal capillary forces result from a liquid bridge that forms between two particles or a particle and 

another surface. The curvature induces a negative pressure, and surface tension forces try to 

minimize free liquid at the surface. The resulting normal force is highly attractive. Particles and 

other surfaces form a perturbation of the liquid interface, called a meniscus. The overlap of the 

menisci gives rise to lateral capillary forces that can be described in two separate forms referred to 

as flotation forces and immersion forces. The resulting interaction is due to overlapping interfacial 

deformations created by separated particles and surfaces. Flotation forces are induced by 

deformations that form due to particle mass and buoyancy. Immersion forces are caused by 

deformation that forms due to the surfaces' wetting properties, including the position and shape of 

the contact line and the magnitude of the contact angle.38 

When a liquid bridge is present between two solid surfaces, the normal capillary force Ὂ  

arises due to the pressure difference across the curved interface and the surface tension force 

exerted around the annulus of the meniscus. This force is generally expressed as: 



39 
 

 Ὂ “ςὶ‎ÓÉÎ— ὶὖȟ     π — “ (1.32) 

where ‎ is the surface tension, ὖ is the pressure difference between the inside and outside of the 

bridge known as the capillary pressure, r is the radial coordinate, and — is the meniscus slope angle 

corresponding to an arbitrary cross-section of the meniscus. The force is attractive if Ὂ π and 

repulsive if  Ὂ π.  In the special case of a spherical particle of radius R in contact with a planar 

surface (Figure 1.9(a)), the liquid bridge that forms around the point of contact is a pendular ring.  

The capillary bridge force can then be expressed as:41 

 Ὂ ς“‎ὙÃÏÓ— ÃÏÓ—  (1.33) 

where — and — are the contact angles at the surfaces of the particle and planar surface, 

respectively. 

When particles float at a liquid-air interface (Figure 1.9(b)), their mass and specific wetting 

cause deformation of the liquid surface. The surface tension of the liquid tends to minimize the 

surface area of the free liquid, which ultimately leads to interactions between floating particles. 

Normal Force 

Flotation Force 

Immersion Force 

L 

Figure 1.9: Schematic description of different types of capillary forces present during solvent 
evaporation including the: (a) normal force of a particle in contact with a substrate, (b) flotation force 
between two particles at a liquid-air interface, and (c) immersion force between two particles in 
contact with a substrate in the presence of an evaporating solvent. Arrows indicate the direction of 
the attractive capillary forces. 

(a) 

(b) 

(c) 
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Therefore, the flotation force is a result of the interplay between gravity, surface tension, and the 

buoyancy force. When particles are located on a solid plane in the presence of a liquid film with a 

thickness on the order of the particle diameter (Figure 1.9(c)), immersion capillary forces are 

present in addition to the normal force.  Again, the liquid tries to minimize the interfacial free energy.  

A more rigorous review of capillary forces of colloids can be found in the literature.41   

In general, an increase in interfacial tension ‎ yields a decrease in the flotation force and 

an increase in the immersion force. Additionally, the flotation force is more strongly dependent on 

particle size than the immersion force is. For particles with Ὑ  5 ɛm, the flotation force is negligible. 

Therefore, for NC colloids, the immersion force completely dominates the lateral capillary force. As 

previously mentioned, the interfacial deformation in the case of the immersion force is related to 

the wetting properties of the particle surface, including the position and shape of the contact line 

and the magnitude of the contact angle. The lateral capillary force for two identical spheres 

immersed in a thin liquid film on a solid substrate can be expressed as:38 

 Ὂᴁ ς“‎ὶ ÓÉÎ— Ⱦὒ (1.34) 

where ὶ is the radius of the contact line, — is the mean slope angle of the meniscus on the 

spherical particle, and L is the center-to-center distance between two particles. 

1.4.7 Hydrodynamic Forces 

Most of the NC assembly processes employed in this thesis work rely on a given solvent's 

evaporation. During this process, the hydrodynamic drag force plays a critical role which enables 

particles to move from the bulk suspension to the drying front of a meniscus, commonly known as 

the ñcoffee ring effectò.42  Anytime a particle in a liquid medium is moving, there is inherently a fluid 

drag force that is exerted opposite the inertial direction. In Stokes flow, the hydrodynamic drag 

force is given as:38 

 Ὂ φ“–Ὑ’ (1.35) 

where – is the viscosity of the liquid, R is the particle's radius, and ’ is the relative velocity between 

the liquid and the particle. When NCs are not very close to one another (> 10 nm), the magnitude 



41 
 

of the fluid drag force is much greater than the contribution from gravity, attractive VdW forces, and 

electrostatic repulsion. In the case of the formation of a macroscopic meniscus in an evaporating 

NC dispersion, the macroscopic effect of the hydrodynamic drag force is such that there is an 

overall migration of NCs to the drying front, which yields a significant increase in NC concentration 

at the meniscus edge. This phenomenon plays a fundamental and critical role in some NC 

assembly methods, further discussed in the following section.   

1.4.8 Magnetic Interactions 

Some of the NC systems used in this dissertation possess magnetic properties that can 

affect the interactions between particles. An externally applied field can be used to influence the 

assembly of magnetic NCs. However, even in the absence of an external field, the NCs can align 

their magnetic moment in the direction of the local magnetic field due to neighboring NCs.  Consider 

a single, isolated magnetic NC. The magnetic properties of that particle depend on the specific 

material and crystal structure, as well as the size of the particle. In the case of Fe3O4, the NC is 

considered as a single domain magnet. This means the entire NC is a single magnetic domain that 

possesses a single distinct magnetic moment for the particle. The timescale † on which the 

magnetization flips spontaneously due to thermal fluctuations can be approximated as:43  

 
† †ÅØÐ

Ὁ

ὯὝ
 

(1.36) 

where † is a material-specific timescale and Ὁ  is the energy barrier.  For a 10 nm particle of Fe3O4, 

† ρͯπ s, and in the absence of an applied field, Ὁ ὑὠ in which K is the anisotropy constant 

and V is the volume of the particle. The magnitude of the magnetic moment scales with particle 

volume as: 

 ά ‘ὓὠ (1.37) 

where ‘ is the permeability of free space, and ὓ  is the saturation magnetization. When the 

experimental timescale †  is long compared to †, then the magnetic moment of the NC fluctuates 
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rapidly such that the time average magnetic moment ά π. Therefore, such superparamagnetic 

particles exhibit a net magnetic moment only under an applied field H. A system is classified as 

superparamagnetic if it is above its blocking temperature defined as:35 
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(1.38) 

 The dominant contribution of magnetic particle interactions in solution and upon NC 

assembly is the magnetic dipole-dipole interaction. For a spherical particle of radius a and constant 

magnetization M, the generated magnetic field is identical to a point dipole. In this case, an inherent 

magnetic field due to a neighboring particle is expressed as: 

 
ἒ

σἵϽἺἺ ἵ

τ“‘ὶ
 

(1.39) 

where Ἲ denotes the unit vector parallel to r. The magnetic energy of a dipolar particle in such a 

field is given by Ὗ ἵϽἒ, where the dipole experiences a force ἐ ᶯἵϽἒ . Therefore, the 

dipole-dipole energy, Ὗ , is defined as the work required to bring two dipoles with moments ἵ  

and ἵ  together at a separation distance r, and is given by: 

 
Ὗ  
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(1.40) 

In-line dipoles yield an attractive interaction with a magnitude of ά ς“‘ὶϳ , while anti-parallel 

dipoles are repulsive with a magnitude of ά τ“‘ὶϳ . For superparamagnetic NCs, the dipole-

dipole interactions between fluctuating magnetic moments are weaker than those of a ñfixedò nature 

characteristic to ferromagnetic particles at large separations. The interaction energy for 

superparamagnetic particles can be approximated as:35 
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(1.41) 
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Figure 1.10 shows the dependence on the distance of the dipole interaction between 

superparamagnetic particles. At small separations, the magnetic field due to one particle is strong 

enough to orient with its neighbor to form in-line dipoles. This is similar to the fixed dipoles of a 

ferromagnet which has a ὶ  separation dependence. For larger separations, the moment of each 

particle becomes more disoriented with respect to the neighboring particles, and the interaction 

energy potential approaches the Keesom interaction given by equation (1.41), which has a ὶ  

dependence on the separation distance. In the presence of an externally applied magnetic field Ὄ, 

however, the dipoles are aligned with the field regardless of separation distance. For sufficiently 

small particles such as a 10 nm Fe3O4 NC with an oleic acid ligand shell without an externally 

applied magnetic field, the magnitude of the interaction potentials for VdW attraction and steric 

repulsion are dominant over the magnetic interactions. However, in a sufficiently strong applied 

field H, the magnetic forces can dominate the interactions upon NC assembly.      

Figure 1.10: Plot of interaction energy as a function of distance (r) for two superparamagnetic particles 
when there is no externally applied field (blue) and when there is an applied magnetic field (red). 
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1.5 Self-Assembly of Nanocrystal Monolayers 

 

NC self-assembly offers a bottom-up platform for many applications such as creating 

photonic crystals,44 plasmonic devices,45 surfaces with engineered wettability,46 optoelectronic 

devices47, memory devices48, and much more. One of the most critical aspects of the work 

presented in this dissertation relies on assembling discrete NC building blocks into a well-ordered 

two-dimensional (2D) superlattice. In the context of discrete pattern transfer using NC masks, it is 

important to have the ability to assemble only a monolayer of NCs to maintain high fidelity pattern 

transfer due to molecular transport and the directionality of the dry etching process. Two prominent, 

yet distinct, methods of NC assembly well-suited for thin-film organization will be presented in the 

next chapter:  1) self-assembly at the liquid-air interface and 2) template-assisted self-assembly. 

The previous section (1.4) discussed several pairwise interactions between NCs. In 

addition to these interactions, there are also many other entropic effects due to the organic ligand 

shell. In a colloidal dispersion, all these effects are simultaneously present. Given the specific state 

of the system and NC morphology, certain effects may be dominant at different points in time during 

the assembly process. Furthermore, many NCs interact with one another at any given time, and 

such complex many-body effects are difficult to accurately describe analytically. The abundance of 

contributing factors to the interparticle potential, unknown relative weights of each term, nonlinear 

and non-additive coupling, evolution during assembly and other effects make devising an accurate 

expression for the free energy of the system extremely complicated. Because numerous 

simultaneous and competing effects can also be further convoluted with other external or 

environmental factors, the formation and optimization of well-ordered NC monolayers is often 

realized through systematic trial and error experiments. 

Numerous methods have been explored for the self-assembly of NC building blocks to 

create 3D superstructures and 2D superlattices. However, we will limit our discussion here to the 

formation of clusters and continuous 2D films of NC monolayers. Self-assembly is the process by 

which individual components arrange themselves into an ordered structure.49  In the context of the 

work presented, this term is reserved for the assembly of NC building blocks. The NCs are not 
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linked together by covalent bonds but are ordered by weaker forces such as van der Waals 

attraction. A NC superlattice is a well-ordered array of inorganic NC cores separated by organic 

surface ligands. The NC assembly methods employed in work presented are primarily based on 

solvent evaporation, commonly categorized as drying-mediated self-assembly. Aside from the 

morphology and uniformity of the NC building blocks, other factors such as NC concentration, 

substrate surface chemistry, solvent choice, temperature, humidity, and more play a significant role 

in the quality of ordering and the length scale over which an ordered NC superlattice may form. 

     

1.5.1 Energetic Considerations for NC Self-Assembly 

The crystallization of constituent NC building blocks into a well-ordered superlattice 

monolayer over a reasonably large area can be a difficult task to achieve. This outcome is realized 

through a complex process that involves numerous competing interaction forces which occur 

among a discrete NC, between separate NCs, the surrounding environment, and any other 

surfaces or interfaces. From a simple thermodynamic perspective, self-assembly results from the 

minimization of the system's free energy. In direct self-assembly, a global minimum energy state is 

achieved in a self-governing fashion. In contrast, for indirect self-assembly (or assisted self-

assembly), the system is specifically designed. Hence, the NC building blocks find a local energy 

minimum locked in as the final state.50 In the case of a 3D superstructure composed of uniform 

spheres, the minimum free energy structure is the face-centered cubic (FCC) close-packed 

arrangement. In contrast, for a 2D monolayer, the thermodynamically stable structure is 

hexagonally close-packed (HCP).51 For uniform, single-component spheres, the HCP packing 

density is Ὢ “
Ѝ

. Aggregation of NC building blocks into a well-ordered superlattice can be 

considered as a phase transition which proceeds via nucleation and growth. In this case, however, 

the monomers are not atoms or compounds, but rather the NC building blocks composed of a 

crystalline inorganic core surrounded by an organic ligand shell. Processes far from equilibrium 

typically create kinetically trapped states which result in disorder, smaller grain sizes, and high 
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defect densities. Therefore, larger area films with improved order typically result from an assembly 

process that occurs under near-equilibrium conditions with specific boundary conditions. 

Evaporation-based self-assembly under thin-film confinement nucleates at an interface 

(such as a solid/liquid or a liquid/air interface) without significant attractive interparticle 

interactions.49 The film often nucleates as distinct islands, which may develop into a polycrystalline 

film structure. However, defects can be repaired naturally given enough time and slow enough 

drying upon solvent evaporation. As the dispersing solvent of a NC colloid evaporates, the NC 

concentration increases allowing more probable interactions between the NCs to permit nucleation 

and growth. As will be discussed in Chapter 2, the experimental setup can be tailored to adjust the 

boundary conditions to form a thin film at an interface. The presence of a ligand shell on the 

inorganic NC core softens the interaction of the inorganic cores.52 The VdW attraction of NCs is 

screened by the steric repulsion of the ligand corona on each NC in the solvent. In a good solvent 

for the ligand molecules, the free energy of ligand-solvent mixing is negative. Therefore, the 

exclusion of solvent molecules in the vicinity of the ligand corona is unfavorable, which results in 

an osmotic term that reacts upon two NCs as soon as their ligand coronas begin to overlap. This 

effect occurs at separation distances d less than twice the width of the capping layer Ὤ Ὠ ςὬ .49   

For simplicity, let us first consider particle assembly without considering steric effects. The 

hard particle model provides an approximation for NCs with predominantly repulsive interactions 

or with only weak attraction over small distances. The KirkwoodðAlder transition is based on 

entropy-driven crystallization of hard spheres.53,54 Hard particles experience strong repulsion upon 

contact, meaning they interact only through excluded volumes and try to minimize free energy by 

maximizing the system's entropy. Particles suspended in a fluid at a relatively high volume fraction 

experience a greater total entropy state in an ordered, close-packed structure rather than a 

disordered fluid. In the ordered state, the extra free volume that enables an increase in translational 

and rotational entropy is greater than the loss of configurational entropy of particle position.49 

Counterintuitively, increased visible order is associated with an increase in microscopic disorder.55 

A dense packing or minimal volume structure is favored as the most energetically stable state. 
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While this frame of reference offers a general starting point for expected assembly results, it 

neglects the significant effects of the ligand corona upon NC assembly. 

 

The organic ligand shell makes the NCs behave more like soft spheres during NC 

assembly, which necessitates considering both VdW attraction and steric repulsion of soft, dynamic 

ligand molecules.56 As the solvent evaporates, the energy cost for interacting ligand coronas 

decreases. On highly curved surfaces such as small NCs, each ligand experiences a higher cone-

shaped volume than a flat surface. This means the segment density rapidly decays away from the 

NC surface.49 Consequently, the change in free energy upon moderate interpenetration of 

interacting ligand coronas is small and becomes more favorable as the solvent evaporates. As 

Figure 1.11:  Schematic description of the drying force between two NCs with 
an inorganic core diameter dcore and ligand shell thickness h0 leading to the 
resulting nearest neighbor core-core center distance dNN. 
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displayed by Figure 1.11, during the late drying stage, the ligand coronas are no longer swollen 

with solvent molecules and transition from a repulsive state to an attractive state due to VdW 

interactions between the hydrocarbon chains in the absence of solvent. Therefore, the organic 

ligand shell plays a significant role in NC assembly from both a thermodynamic perspective with 

the interaction potential, and a kinetics perspective that depends upon the dynamics of evaporation 

and particle mobility, ultimately leading to a characteristic interparticle spacing between the 

inorganic NC cores.   

The design of the ligand shell can significantly affect assembly results, especially when 

comparing different molecular morphologies like alkyl chains, branched dendrimers, short-chained 

polymers, and DNA ligands.52 NC interactions mediated by the ligand shell can be sensitive to 

several factors: the solvent, NC core size, temperature, bonding strength, grafting surface structure, 

NC shape/facet morphology, and coating thickness.49 In most cases, several of these factors are 

simultaneously present and contribute to competing effects. A common effect in drying-mediated 

self-assembly is that the ligand shell may experience some dynamic deformation during the 

dewetting process due to surface tension.52 This effect is greater for grafted polymers and DNA, 

which are typically much longer than shorter alkyl chains. However, if the NC core size is small 

enough, even commonly used alkyl chains such as oleic acid, oleylamine, and 1-dodecanethiol can 

affect the softness and the resulting NC interactions. The entropic spring model proposed by Cheng 

et al.  uses the softness … and deformation parameter ‗ described as:57 

 
…
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(1.42) 
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(1.43) 

where Ὠ  is the diameter of the inorganic NC core, Ὤ is the ligand shell thickness, and Ὠ  is 

the nearest neighbor core-to-core distance as depicted in Figure 1.11. NCs with a lower softness 

value typically assemble with a close-packed structure (FCC or HCP), whereas systems with a high 

softness value … πȢχ tend to stabilize in a BCC formation.49       
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1.5.2 Nonequilibrium Drying Effects 

The previous section briefly highlighted the complexity of solution-based NC assembly due 

to numerous and simultaneously competing interactions. Both thermodynamic and kinetic 

frameworks are needed to understand such a process. While it is essential to understand the 

organization of NCs within the formed superlattice, it is also necessary to consider the morphology 

of such superlattice domains at the mesoscale. In the case of drop-casting a NC dispersion onto a 

solid substrate, NCs will follow the receding solvent front. Therefore, the formation and evolution of 

contact lines between the liquid-solid-vapor play a significant role in the final morphology of the NC 

film which is deposited. If NC diffusion is faster than solvent evaporation (or movement of the 

contact line), NC concentration will locally increase in the areas of the receding solvent front.49 

Evaporation-based assembly methods are, in general, a non-equilibrium process. In the 

homogeneous limit of solvent evaporation, rapid formation and coalescence of the vapor phase 

occurs. This means evaporation occurs by spinodal nucleation and coarsening of the vapor phase. 

The relative concentration of NCs is a major factor that influences the morphology of NC 

aggregates or superlattice domains that form. At low NC concentration, small islands tend to form. 

At intermediate concentration, bicontinuous networks form, and at higher concentrations, voids in 

a more continuous network tend to form.58 Ultimately, solvent evaporation initiates the onset of 

coarsening, and the subsequent growth of NC domains is determined by NC diffusion and mobility.  

As a liquid drop begins to evaporate, the contact line is initially pinned, and the contact 

angle decreases until it reaches some critical value. Depinning of the contact line occurs after the 

critical value is reached, and this angle may be maintained as the droplet evaporates and the 

contact line moves across the substrate. When the contact line is pinned in the early stages of 

evaporation, the evaporation flux is higher at the edge than in the center of the drop. Consequently, 

there is an outward solvent flow from the center of the drop to the periphery, which causes particle 

concentration to increase at the perimeter of the drop near the contact line.59 This ñcoffee ring 

effectò is a common drying phenomenon observed from a drop-cast NC dispersion.42  Depending 

on the specific conditions of the sample, other effects due to capillary forces between particles and 
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between particles and the substrate surface commonly exist. In a drying droplet, such capillary 

forces can act in the opposite direction of the outward flow, and in the later stages of drying, aid in 

the formation of a close-packed arrangement of the particles near the droplet perimeter. While 

drop-casting is simple, it is challenging to exhibit control over the NC assembly results reproducibly. 

The mesoscale morphology realized via evaporation-based assembly is dependent on 

drying dynamics and the environmental factors which influence the rate of evaporation and resulting 

kinetic effects for particle motion. Far-from-equilibrium effects result in kinetically trapped 

morphologies, but such nonequilibrium drying effects can be used in a designed manner. For 

instance, the Marangoni effect is one result of fast drying. Rapid drying results in localized 

temperature gradients and pressure gradients, giving rise to a surface tension gradient between 

the liquid-substrate and liquid-air interfaces. If the resulting force exceeds solvent viscous forces, 

convective liquid motion can dominate particle motion over normal diffusion.49 The resulting 

morphology of particle deposition dominated by the Marangoni effect is typically a ring structure or 

hexagonal cells, but it is not easily controllable or reproducible and regular.60,61  A more controllable 

nonequilibrium approach has been demonstrated to create striped NC films in which the meniscus 

of a NC dispersion is unidirectionally swept across a surface.62 In this case, the relative velocity of 

the meniscus over the surface versus the solvent evaporation rate can be tailored to result in a 

stick-slip motion of periodic pinning and depinning of the dispersion drying front.    

Dip-coating has proven to be a more well-controlled particle assembly approach that can 

produce more uniform particle films over drop-casting methods. Generally, this method involves 

slowly and controllably withdrawing a substrate vertically out of a particle dispersion with a parallel 

contact line to form multilayer or monolayer films and depends on various experimental 

conditions.63  While this method enables some controls to produce assembly results that are more 

uniform than simply drop-casting, it still suffers from common nonidealities like small domain sizes, 

non-uniformity in layer thickness, and void regions. It is believed a wavy contact line due to Rayleigh 

instability is the primary cause of multidirectional superlattice growth, which results in unfavorable 

domain boundaries.64 Additionally, care must be taken to adjust the temperature, humidity, 
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withdrawal rate, and other factors to avoid the stick-slip phenomenon previously described. It has 

been shown that using a straight pre-patterned surface relief that serves to uniformly pin the 

dispersion meniscus can yield significantly improved assembly results in both layer thickness and 

particle order.64 The dip-coating method has been more successful for specifically monolayer 

formation using larger particles which are several hundred nanometers to microscale particles, 

rather than for much smaller NCs. Additionally, this method has been more widely studied using 

aqueous dispersions rather than NC dispersions with organic solvents. Using small NCs in organic 

solvents with the dip-coating approach has mostly been used to create multilayer films.   

      

1.6 Outline of Dissertation Chapters 

Chapter 1 first provided an overview of conventional approaches for patterning and pattern 

transfer employed for top-down nanofabrication. We then discussed a bottom-up perspective of 

nanoscale design achieved through chemical synthesis and self-assembly of nanostructures. The 

focus of this dissertation is to present a platform that integrates the bottom-up and top-down 

approaches to achieve ultra-high-resolution patterning and pattern transfer in the deep nanoscale 

(< 10 nm) using NC colloidal lithography. The strategies developed by this dissertation offer an 

alternative nanofabrication platform over costly, state-of-the-art fabrication technologies, thereby 

enabling broader access to deep nanoscale fabrication.  

Chapter 2 discusses highlighted experimental procedures. The NC self-assembly 

approach is critical to achieving well-ordered NC lattices used to create the desired uniform deep 

nanoscale patterns. We present two variations of monolayer NC assembly. The established NC 

patterns serve as the mask layer, where each NC serves as a mask for etching or deposition. 

Another critical experimental method is dry etching procedures for pattern transfer into a desired 

substrate material. Several interdependent parameters influence the resulting pattern transfer 

morphology, making process optimization complex. Consequently, we provide an example of 

applying a design of experiment (DOE) approach for rationalizing process optimization for dry 

etching recipes. 



52 
 

Chapter 3 explores the patterning and pattern transfer process in the sub-10 nm regime 

based on the NC colloidal lithography platform using spherical NCs. The fabrication approach is 

demonstrated for several pattern morphologies and explores differences in using a NC monolayer 

versus a bilayer for the resulting pattern transfer morphology. Variations of the pattern transfer 

approach, including secondary mask deposition, selective etching, and subsequent pattern 

transfer, are also discussed. The results indicate the NC pattern morphology plays a significant role 

in the success of discrete pattern transfer and show there is an opportunity to further explore 

parameters in experimental design. 

Chapter 4 provides an extension of the NC colloidal lithography approach using an 

anisotropic NC build block to demonstrate the versatility of the fabrication platform to create more 

complex structures which have not previously been demonstrated. We demonstrate a sub-5 nm 

critical dimension in the pattern transferred to several substrate materials. The results support the 

importance of NC morphology on the fabrication outcome and reveal there is a significant 

opportunity to explore our fabrication approach further. 

Chapter 5 offers several research extensions and future directions for our NC colloidal 

lithography nanofabrication strategy. These include exploration of other NC systems used for 

patterning various substrate materials, integrating templated patterning with NC colloidal 

lithography, utilizing the computational analysis to inform experimental design, using metal-

assisted chemical etching for solution-based pattern transfer, an alternative dry pattern transfer 

method using plasmonic lithography, and reducing defect density using polymer ligands and 

solvent vapor annealing. Chapter 6 briefly provides concluding remarks.         
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CHAPTER 2   

Highlighted Experimental Methods 

2.1 Nanocrystal Self-Assembly at the Liquid-Air Interface 

2.1.1 Introduction 

While drop-casting a NC dispersion directly onto a solid substrate typically leads to 

undesirable agglomeration and dewetting effects that impede high-quality monolayer formation, it 

is possible to tailor this method very specifically to form extended, well-ordered NC monolayers. In 

a carefully prepared dilute NC dispersion, the NCs tend to diffuse toward the liquid-air interface. 

The addition of excess non-volatile ligand molecules to the NC solution can slow the evaporation 

rate of the solvent so that a long-lasting wetting layer is maintained on a time scale that enables 

high-quality superlattice formation. The slower evaporation permits the NCs to find their equilibrium 

sites given sufficient mobility.1  However, if the evaporation occurs too slowly, NCs can diffuse away 

from the liquid-air interface and form 3D superlattice structures within the droplet.2  This means the 

formation of a monolayer is kinetically dominated and requires a delicate balance between the 

dynamics of NC motion and the equilibrium state structure. In the specific case of a monolayer 

formed by drop-casting a dilute NC dispersion, solvent evaporation must be fast enough to 

segregate NCs to the liquid-air interface, plus an attractive potential between the NCs and the 

liquid-air interface must be present to maintain confinement at the interface.   

Suppose the velocity of the receding interface upon solvent evaporation is faster than NC 

diffusion. In that case, the NCs will impinge upon the liquid-air interface because the net flux of 

solvent molecules and NCs is toward the interface. The NC flux is directly proportional to the NC 

concentration, and islands of NC monolayers quickly nucleate at the liquid-air interface. The initial 

growth rate is exponential, but the island growth rate quickly becomes linear as more NCs are 

added to each domain.3  Furthermore, excess free ligand molecules can enhance island nucleation 

by lowering surface energy and may act as a surface lubricant that increases NC mobility for island 

growth.1,3  Both a sufficient NC flux to the liquid-air interface and a high enough interfacial diffusion 

length on the appropriate time scale are required for extended monolayer formation. In short, the 
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early-stage nucleation of well-ordered NC monolayer islands is critical for subsequent monolayer 

growth and coalescence. If the NC flux is too small or the interfacial diffusion length is too short, 

then particle aggregates and discontinuous islands form instead, consistent with late-stage drying 

and dewetting phenomena that commonly occur directly on a solid substrate.    

NC assembly performed directly on a solid substrate is a complicated process that involves 

kinetics of several drying effects influenced by various environmental factors and competing 

energetic interfacial phenomena. However, NC assembly does not have to occur directly on a solid 

substrate, but can be performed on a liquid subphase instead.4ï6 If the liquid subphase is heavier 

and immiscible with the solvent used for the NC dispersion, the NC colloid will uniformly spread out 

over the liquid surface. The NC assembly process is then strictly confined to the thin film which 

forms at the liquid-air interface. One of the most significant advantages of performing NC assembly 

on a liquid surface rather than a solid substrate is increased NC mobility in the late drying stages. 

Increased surface mobility generally yields improved monolayer quality by enabling larger domain 

sizes and improved order with lower defect densities.  

The inherent decoupling of the assembly process from a solid surface in performing NC 

assembly at a liquid-air interface also offers another advantage. After the assembly process is 

completed, the NC film can be transferred to any arbitrary solid substrate. Such flexibility in film 

transfer is an important aspect of integrating NC assembly into other processes and device 

fabrication. The most appropriate method employed for film transfer may depend on the chosen 

subphase and surface chemistry of the solid substrate. The film transfer process can induce defects 

from dewetting or cause film buckling and folding from induced air currents and inherent stresses 

during deposition. Therefore, the film transfer method also plays an important role. Multilayer NC 

films can be quite robust, but monolayer NC films are especially fragile. We will walk through an 

example of performing NC self-assembly at the liquid-air interface to form uniform, large-area NC 

monolayer films with subsequent film transfer to a solid substrate. 
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2.1.2 Experimental Approach 

Before the assembly process, the prerequisite step is to prepare the desired NC colloidal 

dispersion. The two most significant choices to make are 1) what solvent or solvent combination to 

use and 2) what concentration to use. As previously discussed, evaporation-based assembly is a 

kinetically dominated process. The state of the dispersion for a given set of environmental 

conditions significantly affects the resulting assembly morphology and quality. Generally, we have 

found that using a moderately dilute concentration (0.2-0.6 mg/mL), and a moderately volatile 

solvent (e.g., toluene) works best to form a well-ordered monolayer continuous over the centimeter 

length-scale. However, each system requires careful optimization to obtain the best results due to 

differences in the NC material system, ligands, and particle morphology. Because the assembly 

process is difficult to accurately simulate, this is a process that generally requires systematic trial-

and-error experiments to map out the optimal conditions. Evaporation-mediated self-assembly is 

highly sensitive to changes in environmental conditions. Consequently, it is imperative that 

optimization experiments that investigate parameters regarding the dispersion state hold constant 

environmental conditions. Otherwise, the results could be convoluted with the environmental 

changes.  

It is common for a laboratory environment to experience changes in ambient conditions 

seasonally and even daily. As such, we perform assembly experiments in an air-filled glovebox and 

monitor the temperature (T), relative humidity (RH), and corresponding dew point (DP). It is best 

practice to determine a reasonable target dew point (and the corresponding tolerance range) and 

maintain this for all experiments by adjusting the temperature and relative humidity. The laboratory 

in which we conduct assembly experiments usually has a relatively stable temperature. This means 

adjusting the dew point only requires adjusting the relative humidity in the enclosure. If the RH is 

too low, it can be increased by introducing a dish of water on a hot plate and using mild heating to 

evaporate water molecules into the box environment. If RH is too high, introducing liquid nitrogen 

that boils off in small dewers increases the N2 content in the box, which displaces water molecules 

and decreases the overall RH. The box is designed so that it can naturally vent. It is best practice 
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to stabilize the environmental conditions before proceeding with NC assembly. We have found a 

reasonable choice for the dew point to be ~10°C (e.g., T = 22.5°C, RH = 45%). It is best practice 

to maintain the DP within 2°C of the target setpoint for reproducibility in NC assembly results.  

Figure 2.1(a) provides a schematic overview of the NC self-assembly process at a liquid-

air interface. We begin by filling a Teflon well with the desired liquid subphase. The subphase 

should be chosen to be immiscible with the solvent(s) used for the NC dispersion. The NC 

Figure 2.1:  Overview of NC self-assembly at a liquid-air interface. (a) Cross-sectional schematic of the 
self-assembly process in a Teflon well and subsequent film transfer to a desired substrate via the 
Langmuir-Schaefer method. (b) Photo of the wells during the assembly process. Each well is covered 
with a glass slide and a 20 mL vial filled with water is placed on top. (c) Photo of the same wells after 
the assembly is complete with the vials removed. (d) A closer view of a single well post-assembly with 
the glass slide removed. This is a monolayer assembly of Fe3O4 NCs assembled on a DEG subphase.   
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dispersion is drop-cast in the center of the well onto the liquid subphase. Because the solvent and 

subphase are immiscible, the NC dispersion spreads out evenly over the surface of the liquid 

subphase until it contacts the sidewalls of the Teflon well. The well is covered as quickly as possible 

(< 5 s) with a glass slide to significantly reduce the evaporation rate in the well. While the well is 

covered by the smooth glass surface, there are still small microscale openings between the 

surfaces of the Teflon and the glass slide which permit the gradual release of solvent molecules. 

To ensure a better seal and reduce variation between separate wells, we place a small weight on 

top of the glass slide. We use a 20 mL glass vial filled with water, as shown in Figure 2.1(b).  

The NC self-assembly process occurs as the solvent slowly evaporates. It is essential to 

note the volume of subphase placed into the well and the volume of the NC dispersion that is drop-

cast, as this affects the vapor state of the gaseous volume above the liquid surface and below the 

glass slide. As solvent molecules evaporate, they form a specific vapor pressure in the gaseous 

volume, quickly stabilizing after drop-casting until nearing the final drying stages. It is important to 

maintain the same volume across experiments for both the liquid subphase and the dispensed NC 

dispersion. Figure 2.1(c) shows four identical monolayer NC assemblies after all the solvent has 

evaporated with the weight removed and the glass cover still present. 

 A close-up view of a single well post-assembly with the glass slide removed is shown in 

Figure 2.1(d). An important variable in this assembly method is the wait time. If the glass slide is 

removed before all the solvent has fully evaporated, the film will abruptly contract as the film is 

exposed to the box environment and the residual solvent quickly evaporates. Premature removal 

of the cover can lead to undesirable assembly quality. Figure 2.1(d) shows a uniform film that was 

completely dry before removing the glass slide. It is best practice to wait an additional 10-20 

minutes (depending on the solvent used) after removing the glass slide before proceeding with film 

transfer. Exposing the film to the box environment for extra time allows any residual solvent 

molecules to fully evaporate from the film, thus ensuring the NC assembly is in its final state. 

A significant advantage of this assembly approach is that it permits film transfer to an 

arbitrary substrate surface. While multilayer NC films can be remarkably robust, monolayers are 
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significantly more fragile and are more prone to cracking and other defects from the transfer 

process. While there are a variety of possible film transfer techniques, we have found using the 

Langmuir-Schaefer method works best for transferring monolayers. Figure 2.1(a) shows that the 

substrate surface is carefully lowered parallel to the liquid-air interface until gentle contact is made. 

The substrate is then slowly lifted vertically away from the interface. It is common for some of the 

liquid subphase to remain on the sample surface. We remove the bulk of the residual subphase 

liquid by wicking it away with a clean wipe. There will still be residue of the subphase, so we dry 

the sample under vacuum at 50°C for at least 3 hours. 

An important note to make is that a significant amount of the NC material tends to migrate 

to the sidewalls of the Teflon well where the initial thin film of the dispersion creates an interface 

with both the liquid subphase and the solid Teflon wall. In working with moderately dilute 

concentrations required for monolayer formation, this migration can be more than 50% of the NC 

material in the dispersion. This material loss marks an important consideration when investigating 

the optimal concentration and volume of the NC dispersion. Another important consideration is the 

relative size of the substrate to the well. Depending on the surface tension of the chosen subphase, 

its chemical nature, and the interaction with the Teflon sidewalls, there will be a specific wetting 

angle at the solid-liquid-air interface. This can lead to considerable edge effects that affect the 

assembly quality of the film. To avoid such edge effects on the film transferred to the substrate, it 

is important to design the well area large enough such that the perimeter of the substrate is far 

enough away from the well periphery. For example, we use a 2.25 cm x 2.25 cm well area to 

perform film transfer onto a 1 cm x 1 cm substrate.   

While this assembly method offers versatility for film transfer to arbitrary substrates, the 

surface state of the substrate is an important consideration for successful film transfer. Consider a 

substrate which is Si or SiO2. The surface of SiO2 is hydrophilic, and the native oxide on a Si 

substrate also tends to make the surface hydrophilic. However, the Fe3O4 NCs used in Figure 2.1 

are functionalized with hydrophobic organic ligands. Many commonly used ligand systems are 

hydrophobic. This mismatch can lead to poor-quality film transfer to the substrate surface. In this 
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example, we make the surface of the Si or SiO2 hydrophobic to promote good film transfer by 

functionalizing the surface with silane molecules. A variety of silane chemicals can be used to 

induce hydrophobicity, and the molecular structure can be chosen to tailor to specific needs for 

functionalization.  

We have developed a generalized approach to solution-based silanization. Samples are 

cleaned using bath sonication at high power in acetone, ethanol, and isopropyl alcohol, 

sequentially, each for 5 minutes. The desired silane chemical is stored inside a nitrogen-filled glove 

box. Inside the glove box, 40 mL of anhydrous hexane is added to a glass jar, followed by dropwise 

addition of 100 ɛL of the desired silane to make a 0.25 vol% solution of the silane in anhydrous 

hexane. The solution is vigorously mixed for 10 minutes. A bell jar is placed over a stir plate with a 

glass dish inside in a fume hood. The substrates are added to the glass dish, followed by the 

Figure 2.2:  Photographs of the setup for solution-based silanization of substrates.  
A covered glass dish with the silane solution and sample is placed in a bell jar 
along with an environmental monitor that measures temperature, relative 
humidity, and corresponding dew point.  The bell jar is covered, and a dry air line 
is placed to the jar inlet from the fume hood, the flow of which can be manually 
tuned using a flow gauge to adjust the RH. (a) Overview of the setup. (b) A closer 
view of the interior of the covered system. (c) An uncovered view of a single 
sample with the silane solution being stirred.     

(a) (b) 

(c) 
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addition of the silane solution. Typically, several substrates are functionalized at the same time. A 

stir bar is used to stir the solution at a moderate rate, and the dish is covered. A humidity sensor is 

placed on top of the covered dish, and the bell jar is covered. Best results are obtained when the 

relative humidity level is between 15-30%. A line for dry air is connected to the bell jar inlet, the 

flow is tuned to adjust the relative humidity level in the bell jar accordingly, and the solution is stirred 

over the samples for 3 minutes. Figure 2.2 shows some photographs of this setup for a single 

sample; however multiple samples can be processed in parallel. After 3 minutes, the substrates 

are removed and rinsed with chloroform, then placed into a fresh chloroform solution and sonicated 

in a bath sonicator at a medium level for at least 5 minutes to remove excess silane molecules not 

bound to the substrate surface. The substrate is rinsed once more with fresh chloroform and blown 

dry using a nitrogen gun. The substrates are now ready for NC monolayer deposition by transferring 

the film from the liquid-air interface to the substrate using the Langmuir-Schaefer method as 

previously described. 

Figure 2.3(a) shows a droplet of DI water placed onto the surface of a Si substrate 

functionalized with octadecyltrichlorosilane (ODTS). The high contact angle of the water droplet 

indicates the surface is now hydrophobic. Figure 2.3(b) shows an image of a 1 cm  1 cm Si 

substrate with a highly uniform monolayer assembly of Fe3O4 NCs. The film was self-assembled at 

the liquid-air interface and transferred to the substrate using the Langmuir-Schaefer method as 

previously described. Figure 2.3(c) provides a cross-sectional schematic description of the sample 

morphology. A corona of hydrophobic oleate ligands surrounds the inorganic Fe3O4 NC core. These 

ligands interact with the ligands of neighboring particles in the monolayer to form a stabilized NC 

film. The bulk Si substrate surface is functionalized with a monolayer of ODTS molecules which 

make the surface hydrophobic. When the functionalized substrate surface contacts the NC film, 

there is an energetic driving force between the oleate ligands and the silane molecules, promoting 
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the film's adhesion to the substrate. It is more energetically favorable for the NC film to adhere to 

the substrate surface than remain on the surface of the liquid subphase.  

Figure 2.4 shows SEM images of a close-packed monolayer assembly of Fe3O4 NCs with 

a G2 dendrimer ligand on a bulk Si substrate functionalized with ODTS. The assembly was 

conducted using a Teflon well with a size of 2.25 cm  2.25 cm  1.00 cm. 3.2 mL of diethylene 

Figure 2.3: (a) Photographs of a Si substrate which has been functionalized with ODTS. A droplet of DI 
water has been placed onto the substrate to illustrate the hydrophobic nature of the substrate surface 
evidenced by the high contact angle of the droplet. (b) Image of a Si substrate with a uniform 
monolayer assembly of Fe3O4 NCs.  The NC film was assembled at a liquid-air interface and transferred 
to the substrate using the Langmuir-Schaefer method as illustrated in Figure 2.1. (c) Cross-sectional 
schematic of a monolayer Fe3O4-OA NC assembly. The inorganic Fe3O4 NC cores are surrounded by a 
corona of oleic acid ligands, and the substrate is functionalized with a monolayer of ODTS molecules. 
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glycol (DEG) was placed into the well to serve as the liquid subphase. The Fe3O4-G2 NC dispersion 

was brought to a concentration of 0.4 mg/mL in pure toluene, and 80 ɛL was carefully drop-cast 

onto the surface of the DEG. The well was fully covered with both a glass slide and a glass vial 

filled with 20 mL of water for 2 hrs. The box environment was T = 21.2°C, RH = 45.4%, DP = 9.0°C. 

The glass slide was carefully removed, and the film was left to sit uncovered for 15 minutes to 

ensure full drying and film stability. The NC monolayer was carefully transferred to the Si substrate 

using the Langmuir-Schaefer method. After film transfer, excess DEG was removed from the 

surface by wicking with a wipe, and the substrate was dried under vacuum while being heated to 

~50°C for at least 3 hours to remove residual DEG.   

 

2.2 Template-Assisted Nanocrystal Assembly 

2.2.1 Introduction 

The discussion of NC self-assembly thus far has been concerned with closely spaced 

particles that crystallize into ordered lattices over a continuous film. While large-area, high-density 

feature arrays may be desirable for some applications, the ability to fabricate a single feature or a 

cluster of features at the nanoscale with site-specificity in a designed manner is crucial for many 

device applications. Therefore, it is necessary to have the ability to pattern NCs with precision in 

any arbitrary pattern for device fabrication and integration. The template-assisted assembly 

Figure 2.4:  Top-down SEM images of a monolayer assembly of Fe3O4-G2 NCs transferred to a bulk 
Si substrate functionalized with ODTS. 
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approach has been used to place micro- and nanoscale particles with site specificity into user-

defined patterns, either directly or indirectly, onto a desired solid substrate.7ï32 While approaches 

using external fields or chemical patterns have been explored, the most widely implemented and 

successful programmable assembly method employs a topographically patterned surface in which 

capillary forces drive particles into specific ñtrapò sites. There are further sub-divisions and 

variations in implementing the topographic approach. A commonly employed strategy that we will 

discuss is direct assembly onto a desired substrate with subsequent resist liftoff, which removes 

any remaining particles from areas they are not desired.  

2.2.2 Experimental Approach 

Topographic ñtrapò sites are lithographically patterned into a resist layer to serve as an initial 

template pattern into which the NCs are assembled, as shown in Figure 2.5(a). After the NCs are 

assembled into the trap sites, resist liftoff is performed to reveal a cleanly patterned substrate with 

the designed NC array, as shown in Figure 2.5(b). A small volume of the desired NC dispersion is 

confined in a small space between the patterned substrate below and another physical barrier 

above. Figure 2.5(c-d) depicts two variationsðone with a glass slide parallel to the substrate and 

another with a flexible PDMS squeegee. The NC dispersion creates a three-phase contact line 

between the vapor, liquid dispersion, and the solid substrate referred to as the meniscus. As 

illustrated in Figure 2.5(a), the glass slide is translated at a controlled velocity relative to the 

patterned substrate to sweep the meniscus across the sample surface. Because the solvent 

evaporation rate is higher at the meniscus is than in the bulk solution, there is convective NC flux 

from the bulk toward the meniscus. Consequently, particle flux to the meniscus induces a local 

increase in NC concentration near the meniscus known as the accumulation zone, which has a 

concentration much higher than the initial concentration in the bulk solution. The state of the 

accumulation zone can be tuned by controlling the temperature of the substrate and solvent in 

conjunction with the translational velocity of the meniscus and the environmental conditions. 

Optimization of the accumulation zone is necessary for achieving a high assembly yield.        
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(a) 

(b) 

(c) (d) 

Figure 2.5: Description of the template-assisted NC assembly method. (a) Cross-sectional schematic of 
the assembly setup. The magnified view depicts the capillary force (Fc) driving the NCs toward the 
substrate which are confined to the trap site after the meniscus depins. (b) Resist liftoff reveals a 
cleanly patterned substrate surface patterned with NC clusters only where the trap sites are patterned. 
(c-d) Side-view images of the assembly process using a (c) glass slide or a (d) PDMS squeegee translated 
over the patterned substrate on a temperature-controlled stage.  
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The long-range driving force of convective flow based on solvent evaporation creates a 

viscous drag force that transports NCs from the bulk toward the meniscus to create the higher 

concentration accumulation zone that readily supplies NCs near the trap sites. The shorter-range 

driving force in the template-assisted assembly method is the local capillary force (Fc), as 

highlighted in the magnified inset in Figure 2.5(a). The length scale over which the capillary force 

acts is much larger than the particle size, so it dominates over other interparticle interactions.9 

Furthermore, the capillary force is independent of the nature of the particles, meaning this assembly 

method can be used for NCs of all material types and morphologies.  

Each trap site acts as a local energy well where the meniscus becomes pinned, forcing NCs 

into the trap due to the capillary force. After the meniscus depins from the trap site the NCs remain 

in the patterned trap locations due to their physical confinement. There is vast flexibility in tailoring 

the trap morphology in conjunction with the NC morphology to achieve deterministic patterning. For 

example, a trap can be designed to permit only a single NC32 or to hold several NCs to form either 

a cluster15,29 or a continuous line of particles22,23. The shape of the trap can also be tailored to 

influence the NC packing morphology.25,31 Furthermore, sequential depositions may be performed 

to pattern different NC materials in a deterministic manner to achieve a combination of materials in 

a predetermined order.14 Traps can also be strategically designed to induce certain particle 

orientations, which can be important and useful for anisotropic NC morphologies.16 

Most demonstrations of topographic template-assisted NC assembly over the last decade 

have used aqueous dispersions. Furthermore, most research efforts which employ this method 

have focused on placing a single particle in a single trap site and utilized particle sizes greater than 

40 nm. There have been several demonstrations which have assembled clusters of NCs, but most 

have been limited to assembly of only a few to less than ~15 particles. Some work has been done 

to fill larger trap spaces with many particles, but such demonstrations thus far have been limited to 

aqueous dispersions of Au NCs. A significant portion of the NC library utilizes ligand systems which 

are dispersed in organic phase solvents rather than in water. We present a patterning 
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demonstration which places hundreds of 10 nm Fe3O4 NCs in a single trap site using an organic 

solvent. 

Figure 2.6 presents a topographically patterned substrate fabricated by nanoimprint 

lithography (NIL) which we will use for template-assisted NC assembly. One of the strengths of NIL 

is its high-throughput nature, where an array of features can be patterned over macroscopic length-

scales at the wafer level. Figure 2.6(a) shows an image of a 4-inch wafer. The iridescent square in 

the center of the wafer is the footprint of the patterned region. The observed optical effect is due to 

diffraction effects of visible light due to the length scale of the patterned feature array. Nanonex 

thermal resist (NXR-1025) at 7 wt% in anisole is spin coated at 500 rpm for 5 seconds followed by 

4000 rpm for 60 s, then soft baked at 155°C for 3 min. The patterned imprint stamp, which is made 

of PDMS, is carefully placed onto the surface of the resist. A Nanonex imprint tool is used to imprint 

the soft PDMS stamp in the resist. The chamber is evacuated for 30 s, the pre-imprint is set to 

140°C and 0 PSI, then the imprint is performed at 140°C and 100 PSI for 5 min. The cooling and 

vent step is performed at 40°C. A CCP RIE system is used to perform a descum to remove residual 

resist using O2 @ 100 sccm, 150 W, 40 mTorr, for 10 seconds. Figure 2.6(b) shows a low 

magnification SEM image of the patterned resist, and a higher magnification SEM image is shown 

in Figure 2.6(c). Figure 2.6(d) presents an atomic force microscope (AFM) height image of the 

patterned surface after the O2 descum. Characterization by SEM and AFM reveals the patterned 

surface is highly uniform and consists of 300 nm circular holes in a square array with a 625 nm 

pitch. The AFM data show the resist height is ~ 80 nm; however this thickness is further reduced 

to ~20 nm using another O2 plasma etch prior to NC assembly. 
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The topographic template presented in Figure 2.6 is used to perform template-assisted 

assembly of 10 nm Fe3O4 NCs as shown in Figure 2.7. We found using octane as the organic 

solvent yielded the best results due to its evaporation rate given the chosen environmental 

conditions. The temperature-controlled stage allows us to adjust the substrate/solution temperature 

to change the dew point for a given humidity level. We use the PDMS squeegee method at a dew 

point of 10.6°C (RH = 43.3%, T = 23.8ÁC). We dispense 25 ɛL of the Fe3O4 NC dispersion at a 

concentration of 2.0 mg/mL in octane between the substrate and PDMS squeegee. The meniscus 

is then translated across the sample surface at a velocity of 10 ɛm/s. After assembly we perform 

resist liftoff in acetone. Figure 2.7 shows SEM images of assembled Fe3O4 NC clusters on a Si 

Figure 2.6: Characterization of a trap template fabricated by NIL with 300 nm circular holes on a 625 
nm pitch. (a) Photo of a 4-inch Si wafer after imprinting the resist (iridescent square region). (b-c) SEM 
images of the imprinted resist pattern after an O2 descum process. (d) AFM height image of the 
patterned resist after an O2 descum process. 
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substrate after resist liftoff using the template presented in Figure 2.6. The four SEM images in 

Figure 2.7 show increasing magnification and reveal the uniformity of the NC assembly at different 

length scales. The NC surface is patterned over the centimeter length scale with 300 nm circular 

clusters comprised of hundreds of 10 nm Fe3O4 NCs, highlighting the power of the template-

assisted assembly approach for creating hierarchical structures.   

    

 

 

 

Figure 2.7: SEM images at various magnifications of Fe3O4-OA NC clusters on a Si substrate made by 
template-assisted NC assembly after resist liftoff using the template characterized in Figure 2.6. 
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2.3 Design of Experiments Approach for Dry Etch Optimization 

2.3.1 Introduction 

The previous two sections in this chapter have focused on two specific approaches for NC 

assembly, which we consider a type of patterning. A significant aspect of the research presented 

in this dissertation focuses on using NC patterns for subsequent pattern transfer into a desired 

substrate material. The dry etch process serves as the main step in pattern transfer. There are 

many considerations for dry etching that involve careful planning for the correct combination of 

materials and etch chemistry employed. Furthermore, there are several engineering parameters 

for the etch process that significantly influence the resulting outcome of the etch. Many measurable 

outcomes such as the resulting etch rate, etch profile, surface roughness, and etch selectivity can 

be influenced by several engineering parameters simultaneously. Investigating the effects of the 

numerous etch parameters on several measurable outcomes can be a highly complex and time-

consuming challenge. Consequently, we employ a design of experiments (DOE) approach to 

formulate and optimize a dry etch recipe practically and efficiently. In practice, each sample 

morphology, material stack, and etch chemistry requires an optimization investigation. We will walk 

through one example of a DOE approach used to optimize Cl2-based etching using ICP RIE.   

Cl2-based etching is an inhibitor-based dry etch chemistry (as previously discussed in 

Section 1.2.2.3) that is commonly used to etch materials such as Si, Al, GaAs, and many other 

materials. Simple chemical adsorption is typically not enough to etch the substrate material, as the 

chloride byproduct requires additional energy from the physical bombardment of ions to proceed 

with desorption and etching. Therefore, it is common in Cl2-based dry etching to add Ar in the 

mixture to increase the ion population. To investigate the settings for Cl2 etching, we used a  DOE 

approach based on a Taguchi method. Genichi Taguchi was a Japanese engineer who proposed 

several approaches to experimental designs in the second half of the 20th century, which are now 

commonly referred to as ñTaguchi methods.ò33,34    
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2.3.2 Experimental Approach 

We use ICP RIE for the Cl2-based etching process and identify the four most important 

input variables for the etching procedure: ICP power, HF power, Ar content, and pressure. We then 

choose the number of levels we would like to test, where the interval is the same between each 

level for a respective input variable. We choose the starting values and corresponding intervals to 

be relatively broad to map out the experimental space more fully. If we choose four input variables 

to test, and three levels in each, this experimental design leads to a factorial experimental matrix 

of 34 = 81 independent experiments.  For most fabrication processes, the characterization required 

after processing would cost too much and take too long for this experimental matrix to be a practical 

option. However, the power of the Taguchi method is that you can create an orthogonal array that 

is linear to reduce this experimental matrix to a narrower set of experiments, which will still yield 

enough information for statistical analysis. Our example uses four parameters and three levels. 

This case is referred to as a Taguchi L9 DOE because the full experimental matrix is reduced from 

81 experiments to only nine experiments that still provide insightful data about the entire 

experimental space.35,36 Table 2.1 presents a generalized form of the inputs to test for four 

parameters and three levels. Using these inputs, the full experimental matrix of 81 combinations is 

reduced to the L9 array presented in Table 2.2.  

 

 

Table 2.1:  The generalized input form for an experiment 
which consists of four parameters (A-D) and three levels 
(1-3). 
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The first round of experiments should have wider interval choices for each parameter to 

test a broader range of the experimental space. Table 2.3 summarizes the chosen input variables 

for the first round of experiments which is referred to as DOE-1. Table 2.4 summarizes the 

corresponding experimental conditions for DOE-1 for experiments 1.1 ï 1.9 based on the Taguchi 

L9 approach. The major goals of the first experimental round (DOE-1) are to better understand the 

general trends in the measured outcomes, and to narrow down the intervals and quantitative values 

for subsequent experiments. The sample morphology used for DOE-1 is described in Figure 2.8. 

Photolithography was used to create line-space patterns down to 2 ɛm.  The patterned resist was 

used to transfer the same line-space pattern into a layer of SiO2, then the resist layer was stripped.  

The patterned SiO2 layer acts as a high selectivity etch mask to investigate the Cl2-based etch 

chemistry for etching Si. The Cl2 chemistry will not etch the SiO2 mask, and HF can be used to 

remove the SiO2 mask without affecting the underlying patterned Si substrate.  

Table 2.2:  The generalized formulation of the reduced 
experimental matrix for a Taguchi L9 DOE array which 
consists of four parameters (A-D) and three levels (1-3). 
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SiO2 was deposited using plasma-enhanced chemical vapor deposition (PECVD) at 350°C, 

with silane (90% He) @ 85 sccm, N2O @ 710 sccm, 1000 mTorr, and 20 W. This recipe yields a 

deposition rate of ~58 nm/min. 96 nm was deposited over 100 seconds. Surpass 4k was spin-

coated on the SiO2 surface at 3500 rpm for 45 s and rinsed with isopropyl alcohol in the last 15 

seconds. SPR220-3 resist was then spin-coated at 5000 rpm for 60 s, then baked at 115°C for 90 

s. The resist was exposed using a laser direct-write system (Heidelberg DWL 66+) with a 2 mm 

write head, 190 mW, 50% intensity, a 1% filter, 60% focus, and dose equal to 1. After exposure, 

10 minutes was allowed to pass, then resist was developed in MF26A for 60 seconds and rinsed 

with DI water. The sample was then baked at 115°C for 60 seconds. A descum was employed 

using a capacitively coupled plasma (CCP) RIE system (Oxford Plasmalab 80 Plus) with O2 @ 20 

sccm, 40 mTorr, 100 W, and 60 seconds. An optical image of the patterned resist is shown in Figure 

2.8(a). The SiO2 hard mask layer was then etched using the CCP system with CF4 @ 20 sccm, 25 

mTorr, 150 W, for 180 seconds. Nine samples were used for DOE-1 for Si etching according to 

Table 2.3: Summary of the four experimental parameters 
for Cl2-based ICP RIE and the input choices for a Taguchi 3-
level DOE (L9).  This represents the DOE-1 inputs. 

Table 2.4: Summary of the reduced experimental matrix 
used to conduct DOE-1 based on the Taguchi L9 method. 
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Table 2.4 with a 20 second etch duration at 10°C. After the dry etch, the SiO2 mask was removed 

by wet etching in 49% HF for 5 minutes before sample characterization. 

 

After the samples have been processed, as illustrated in Figure 2.8(b), the next step is to 

characterize some measurable outputs of interest. For simplicity, let us consider only two outputs 

which we measure using AFM in tapping mode: 1) etch depth and 2) surface roughness (Rq) in the 

etched trench. For each run in DOE-1, we make four measurements at different locations on the 

sample for the respective output. Each of these four measurements results from a line cut taken 

perpendicular to the trench orientation and averaged over 100 pixels. The reported mean and 

standard deviation (ů) are across the four measurements (Y1-Y4) for each run. The output results 

presented in Table 2.5 are used to create marginal means plots for each input parameter, as shown 

in Figure 2.9.  

Since there are four input variables (A-D), there are four plots for each output 

measurement: etch depth and Rq in the present example. Given the experimental matrix 

implemented for DOE-1, each data point in each marginal means plot represents the mean of three 

output measurements. For example, if we take the data point for an HF power of 15 W on the etch 

depth plot in Figure 2.9(a), three samples had HF power set to 15 W (1.1, 1.4, and 1.7). That single 

Figure 2.8:  Sample morphology used for DOE-1. (a) Optical image of the sample post-exposure 
and develop of the resist which consists of microscale line-space patterns down to 2 ˃m. (b) Cross-
sectional schematic of the material stack used to fabricate the microscale line-space patterns in 
silicon.  A photoresist is used to pattern a layer of SiO2 which serves as the etch mask for pattern 
transfer into Si.  
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data point is the mean of the etch depth for those three samples, and the error bar represents the 

standard deviation based on those three mean measurements. Many of the data points have large 

error bars. This is common for a first-round DOE because the chosen intervals are large, leading 

to significant differences in the measured outputs. A large standard deviation also indicates that 

more than one of the input variables likely has a considerable effect on the given output for the 

chosen quantitative intervals.   

 

 Table 2.5: Summary of the outputs 1) etch depth and 2) Rq measured by AFM characterization, 
and the corresponding mean and standard deviation for each run in DOE-1. 
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(a) 

(b) 

Figure 2.9:  Marginal means plots for each of the four input parameters (ICP Power, HF Power, Ar 
Content, and Pressure) for the outputs of (a) etch depth and (b) surface roughness (Rq), based on the 
data presented in Table 2.5. 
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Pareto analysis was performed on the output measurements to understand more about 

each input parameter's relative significance on the respective output measurement as shown in 

Figure 2.10. For etch depth, which is effectively a measure of etch rate, we see that pressure is the 

most influential parameter. HF power and ICP power are moderately influential and similar, and the 

Ar content is the least significant. For surface roughness, pressure is also the most significant 

parameter. However, ICP power is the second most influential, followed by Ar content, and finally 

HF power, which has the least significant influence for Rq. Given these results, we must now 

reevaluate the input parameters for the next round of experiments for DOE-2. 

The results presented in Figure 2.10 reveal pressure is the most important factor for both 

etch rate and surface roughness. Pressure dictates the mean free path of molecules in the etch 

chamber. Therefore, pressure has a significant influence on molecular motion and the etch profile. 

Based on the results from DOE-1, a higher pressure tends to lead to a lower roughness. While the 

etch rate is lower with higher pressure, it has a low standard deviation on the marginal means plot, 

and we are not necessarily concerned with a high etch rate since we are aiming for a relatively 

small etch depth. Higher ICP power leads to a higher etch rate due to increased ion population. 

While there are considerable error bars in etch depth for higher ICP power, we are not highly 

concerned with this and are more concerned with the fact that a higher ICP power yields a low Rq 

with a small error. HF power is not as important for either output. Increased HF power leads to a 

slightly increased etch rate and a slightly decreased surface roughness. However, HF power does 

dictate the overall ion energy distribution, which is important when considering NC mask erosion.  

The highest power case for experiment 1.9 could lead to undesirable sputtering, especially for NC 

masks, meaning we need to be at least below that threshold. The Ar content is least important for 

the etch rate but is moderately significant for surface roughness. 20% Ar yielded the smallest mean 

Rq with the smallest error, meaning the Ar ion-assisted process is necessary for uniformity.  With 
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all these effects in mind, we determine the experimental procedure for DOE-2 as summarized by 

Table 2.6 and Table 2.7. 

 

 

 

Etch Depth 

Surface Roughness (Rq) 

Figure 2.10: Summary of the Pareto analysis performed for the data from DOE-1 which 
shows the coefficient, or relative significance of the influence, from each input parameter 
on the respective output measurementτetch depth and surface roughness (Rq). 
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In DOE-1, we fabricated and characterized microscale features. This works well for early-

stage investigation of a new etch chemistry. As feature size is scaled down to the nanoscale, 

however, some aspects such as etch rate or etch profile can be different from what is observed for 

larger features due to increased confinement, which can affect molecular transport. In DOE-2, we 

fabricate nanoscale features using nanoimprint lithography (NIL). Figure 2.11(a) shows a top-down 

SEM image of the silicon master stamp used for the imprint, which consists of an array of discrete 

lines with a length of 1 ɛm and a width of 100 nm. The lines have a height of ~185 nm.  

Figure 2.11(b) shows a cross-sectional schematic of the NIL process and subsequent 

pattern transfer using Cl2-based ICP RIE. Nanonex thermal resist (NXR-1025) at 7 wt% in anisole 

is spin-coated on a clean Si substrate at 2250 rpm for 60 seconds, then baked at 155°C for 3 

minutes, leading to a thickness of ~206 nm. A Nanonex imprint tool is used to imprint the hard Si 

stamp in the resist. The chamber is evacuated for 3 minutes; the pre-imprint is set to 133°C and 

120 PSI, then the imprint is performed at 133°C and 350 PSI for 5 minutes and 30 seconds. The 

Table 2.6: Summary of four experimental parameters for 
Cl2-based ICP RIE and the input choices for a Taguchi 3-level 
DOE (L9).  This represents the DOE-2 inputs. 

Table 2.7: Summary of the reduced experimental matrix 
used to conduct DOE-2 based on the Taguchi L9 method. 
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cooling and vent step is performed at 55°C. A CCP RIE system is used to perform a descum using 

O2 @ 100 sccm, 150 W, 40 mTorr, for 10 seconds. Nine samples are then used for DOE-2 to 

understand further and optimize the Cl2-based etch recipe. 

 Figure 2.11(c) shows an AFM height image of the Si surface after pattern transfer, liftoff, 

and descum for sample 2.1, with discretely patterned trenches. A higher magnification of a single 

trench from sample 2.1 is shown in Figure 2.11(d). The corresponding trench profile is plotted to 

the right to show relevant profile measurements. These data offer the ability to calculate the 

sidewall slope of the trench. This characterization and analysis were performed on all samples for 

DOE-2. Figure 2.12 provides a representative AFM height image for samples 2.1-2.9. Each sample 

was analyzed using AFM to investigate three output measurements: 1) etch depth, 2) surface 

Figure 2.11: Nanoimprint lithography (NIL) and pattern transfer used to investigate DOE-2. (a) SEM 
image of the master Si hard stamp used for imprinting. (b) Cross-sectional schematic of the NIL process 
and pattern transfer into Si. (c) AFM height image of the patterned Si sample 2.1 after pattern transfer, 
liftoff, and descum. (d) Higher magnification AFM height image of sample 2.1 indicating an example 
measurement on a single trench. The corresponding trench profile on the right shows measurements 
of the etch profile.   
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roughness in the trench (Rq), and 3) sidewall slope. Furthermore, we want the resulting Vdc 

(monitored by the etch tool) to be moderate since undesirable sputtering can occur if the bias is too 

high. The data analysis process for DOE-2 is essentially the same as was presented for DOE-1. 

 

 

 

 

Figure 2.12: AFM height images of samples 2.1-2.9 used to investigate DOE-2.  These images are of 
the patterned Si surface after pattern transfer, liftoff, and O2 descum. Scale bars are 200 nm.  
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Figure 2.13: Marginal means plots for each of the four input parameters (ICP Power, HF Power, Ar 
Content, and Pressure) for the outputs of (a) etch depth and (b) sidewall slope for DOE-2. 

(a) 

(b) 
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(a) 

(b) 

Figure 2.14: Marginal means plots for each of the four input parameters (ICP Power, HF Power, Ar 
Content, and Pressure) for the outputs of (a) surface roughness (Rq) and (b) Vdc for DOE-2. 
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Figure 2.13 summarizes the marginal means plots for etch depth and sidewall slope, and 

Figure 2.14 summarizes the marginal means plots for roughness and Vdc. For the sake of 

conciseness, we will not explicitly walk through each part of the data for DOE-2 but will highlight 

the goals of the analysis. To maintain high-fidelity pattern transfer, we are most interested in a 

vertical sidewall, low roughness, a reasonable etch rate, and a moderate Vdc. The data analysis led 

to the following etch conditions for Cl2-based ICP RIE, which are generally considered an optimal 

starting point given the listed goals: 

SiO2 Etch:  BCl3/Cl2/Ar @ 5/20/10 sccm, 1000 W (ICP), 50 W (HF), 10 mTorr, 10°C, 10 s 

Si Etch:  Cl2/Ar @ 45/5 sccm, 1100 W (ICP), 25 W (HF), 10 mTorr, 10°C 

It is important to note two major points: 1) Cl2 alone will not SiO2, so we introduce a brief 

native oxide etch immediately following the nominal Si etch. 2) This recipe is meant to serve as a 

starting point for pattern transfer of nanoscale features into Si using Cl2 ICP RIE. Further 

optimization may be necessary for the specific sample morphology. While DOE-2 utilized samples 

with a critical dimension of ~100 nm, it is possible further adjustments may be needed for smaller 

feature sizes. A major aspect of this thesis is achieving discrete pattern transfer with NC assemblies 

where the spacing is below 10 nm. Etching in such a confined space may require further 

adjustments to the etch parameters to compensate for impeded molecular transport. It is also 

important to note that this section served as a walk-through example of applying the Taguchi DOE 

approach for process optimization. This example specifically investigated using Cl2 chemistry in 

ICP RIE to etch silicon. Using other etch chemistries or substrate materials typically requires their 

own DOE process optimization investigation. 
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CHAPTER 3   

Sub-10 nm Patterning and Pattern Transfer via Nanocrystal Colloidal Lithography: 

The Case of Monolayers and Bilayers 

3.1 Introduction 

Chapter 1 introduced design and fabrication strategies from the top-down and bottom-up 

perspectives, and Chapter 2 highlighted a few experimental methods which are integral to the work 

presented in this dissertation. We will now explore how to integrate bottom-up and top-down 

strategies to achieve sub-10 nm patterning and pattern transfer using NC colloidal lithography. 

Establishing patterns and achieving high-fidelity pattern transfer in the deep nanoscale regime (< 

10 nm) is a challenge. This has led researchers to push nanofabrication techniques close to their 

resolution limit including direct write methods like electron beam lithography,1ï4 focused ion beam 

lithography,5ï8 and scanning probe lithography.9ï11 While these direct-write methods offer precision 

and enable arbitrary pattern design, they suffer from low throughput. An alternative fabrication 

approach such as nanoimprint lithography12ï14 offers much higher throughput but is generally ill-

suited for sub-10 nm resolution with higher feature densities. Top-down lithographic strategies 

alone do not offer a suitable platform to further the pursuit of deep nanoscale patterning in a 

practical manner. Furthermore, access to highly specialized instruments capable of such resolution 

is limited and costly.  

The nanofabrication platform we present using NC colloidal lithography combines the 

precise control in nanoscale morphology afforded by bottom-up strategies, with more conventional 

top-down pattern transfer methods. This approach offers substantial opportunities to explore 

alternative methods for pushing the limits of deep nanoscale fabrication, while enabling wider 

access to such capabilities to researchers and industries worldwide. We begin this chapter by 

looking at some examples of patterning using NC monolayers with spherical building blocks, and 

the resulting morphology upon pattern transfer using dry etching. We then compare the findings for 

a monolayer to the case of NC bilayer structures and examine the critical difference which enable 

high-fidelity pattern transfer. Furthermore, we highlight the versatility of our fabrication approach by 
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proposing an indirect pattern transfer strategy using a secondary hard mask deposition to create 

high-density, sub-10 nm feature arrays.   

3.2 Sub-10 nm Patterning with Nanocrystal Monolayers from the Bottom-Up 

 The colloidal lithography approach requires planning that starts with careful selection of 

the NC building blocks, which will be used as discrete masks. The first major consideration is to 

determine the desired pattern morphology. The size and shape of the inorganic NC core sets the 

discrete mask morphology. The organic ligand shell enables dispersibility in a solvent medium and 

dictates particle spacing upon NC self-assembly. The resulting NC arrangement establishes the 

resulting pattern which is to be transferred into the substrate. The second major consideration is 

the material choice for the NC core. The material system is constrained by both the substrate 

material that is to be etched, and the dry etch chemistry employed. Once a substrate material is 

selected, specific dry etch chemistries can be chosen to etch that material. Furthermore, the mask 

material (the inorganic NC core) must be compatible with the chosen dry etch chemistry such that 

there is reasonable etch selectivity of the substrate material relative to the NC mask material. This 

means the substrate material should be etched at a significantly higher rate than the mask material. 

For instance, an etch selectivity of 40 would mean that the mask is etched only 1 nm for every 40 

nm the substrate material is etched. A perfect etch mask would have an etch selectivity of infinity 

such that no matter how deep the substrate material is etched, the mask material would not change. 

The other consideration for the NC material system is chemical selectivity in mask removal. For 

many applications, it is undesirable to have the mask material remain after pattern transfer into the 

substrate. A selective chemical wet etch is commonly used to remove the mask material without 

affecting the underlying patterned substrate material(s).  

 Considering these factors, we chose iron oxide as our model system to demonstrate sub-

10 nm patterning and pattern transfer using the colloidal lithography approach. Figure 3.1 

summarizes spherical iron oxide (Fe3O4) NC building blocks with an oleate ligand shell. The NCs 

are synthesized via the thermal decomposition of an iron-oleate precursor.15,16 Full process details 

can be found in the Supporting Information in section 3.8.1. The synthesis is relatively robust, 
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scalable, and tailored to yield a reasonably monodisperse sample directly from synthesis. A careful 

size selection process is used to improve the monodispersity post-synthesis. The upper left image 

in Figure 3.1 is a representative transmission electron microscope (TEM) image of the Fe3O4 NC 

sample with a fast Fourier transform (FFT) shown in the top right inset. The well-ordered, close-

packed monolayer arrangement was prepared using self-assembly. High uniformity in shape and 

size of the NC building blocks is essential to achieve a high-quality NC pattern. The histogram in 

Figure 3.1: Characterization of a spherical Fe3O4-OA NC sample using TEM, SAXS, and DLS. TEM and 
SAXS characterization provide a measure of the inorganic NC core. The histogram shows the NC 
diameter measured from TEM images, and the SAXS measurement was obtained by fitting the data to 
a spherical form factor. DLS provides the hydrodynamic diameter including the contribution of the 
organic ligand shell in a well-solvated environment. SAXS and DLS characterization were performed in 
toluene.  



98 
 

the top right shows the size distribution of the inorganic NC core as characterized by TEM, with a 

monodispersity < 10%. TEM analysis resulted in an inorganic Fe3O4 core diameter of 7.2  0.7 nm.  

To supplement the TEM characterization, small-angle x-ray scattering (SAXS) is performed 

with the NCs dispersed in toluene, as shown by the bottom left panel of Figure 3.1. SAXS is a 

powerful characterization method in nanoparticle research.17 Like TEM, SAXS characterization is 

most sensitive to the inorganic core size, and analysis reveals a diameter of 8.2  0.6 nm. TEM is 

a direct measurement technique used to measure size, whereas SAXS is an indirect measurement 

in which size is determined by fitting a mathematical model to the scattering data. In this case, the 

fit is extremely close to the experimental data. Spheres are the simplest morphology to fit using a 

spherical Bessel function. SAXS has a statistical advantage over TEM analysis because it is an 

ensemble measurement averaged over hundreds of millions of particles. In contrast, TEM analysis 

is typically less than one thousand particle measurements. It is also typical for spherical particles 

that the size measured from SAXS is slightly larger than the TEM. SAXS tends to be more sensitive 

to observing the outermost surface of the particle, whereas for TEM, the contrast relative to the 

background can make discerning the outermost surface difficult.  

While TEM and SAXS provide a measurement of the inorganic NC core, dynamic light 

scattering (DLS) measures the hydrodynamic diameter (DH), which considers the scattering 

contribution from the solvated organic ligand shell. The bottom right panel of Figure 3.1 shows the 

DLS data and the hydrodynamic diameter as DH = 12.4  3.4 nm. The mean diameter is 4.2 nm 

larger than the size measured by SAXS. A solvated and outstretched molecule of oleic acid 

tethered to a particle surface has a length of ~2 nm. Since the ligand shell completely covers the 

NC surface, adding the length of the solvated ligand on both sides of the particle diameter shows 

the DLS characterization to be consistent with our expected NC morphology.   

We now have prepared and characterized our model system of NC building blocks with 

adequate monodispersity. A prerequisite for high-quality pattern transfer is high-quality patterning. 

We create a well-ordered NC pattern via self-assembly at the liquid-air interface with subsequent 

film transfer to a desired substrate using the Langmuir-Schaefer method as described in section 
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2.1. Full process details can be found in the Supporting Information in section 3.8.2. Figure 3.2 

summarizes representative TEM, SEM, and AFM images of a hexagonally close-packed (HCP) 

monolayer assembly of the Fe3O4 NCs with two different ligand systems. The top portion of Figure 

3.2 shows the monolayer assembly with oleic acid as the ligand system, and the bottom portion 

shows the result when the G2 dendrimer ligand18 is used. The resulting patterns show uniformity 

in feature size, shape, and spacing due to the high quality and monodispersity of the NC dispersion 

and the optimized assembly conditions. TEM characterization is performed on a carbon film, and 

both SEM and AFM characterization are performed on a bulk Si substrate. The AFM data presented 

are the phase contrast image in which the probe interacts primarily with the organic ligand corona 

surrounding the NCs. The phase signal is different in the region between particles with no inorganic 

NC material where only interpenetrating ligand molecules are present. The most noticeable 

difference in using the G2 dendrimer versus oleic acid as the ligand system is the resulting spacing 

between NCs.  

 

Figure 3.2: Characterization of a well-ordered HCP monolayer assembly of Fe3O4 NCs with (Top) 
oleic acid and (Bottom) G2 dendrimer as the ligand system. TEM characterization is performed on 
a carbon-coated grid. SEM and AFM characterization are performed with the NC assembly on a 
bulk Si substrate. The AFM data are the phase contrast image. All scale bars are 20 nm. 
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As discussed previously in section 1.5, the organic ligand shell plays a critical role in the 

NC self-assembly process. The G2 dendrimer molecules are longer and bulkier than oleic acid. 

Upon the final drying stage of self-assembly, the interplay of forces due to the ligand corona and 

the larger size of the G2 dendrimer ultimately yield a larger edge-to-edge particle spacing (s) for 

the same inorganic Fe3O4 NC core. Since the AFM probe interacts primarily with the ligand corona, 

the particle size appears slightly larger for the G2 dendrimer than oleic acid in the AFM phase 

images, which reflects the increased particle spacing due to the ligand shell. Figure 3.3 summarizes 

the edge-to-edge particle spacing (s) in a monolayer HCP NC assembly comparing oleic acid and 

the G2 dendrimer, as characterized by TEM. The 2D HCP unit cell has 6-fold symmetry and is 

isotropic, meaning the spacing is the same in all directions. The resulting spacing s is 1.9 0.3 nm 

Figure 3.3: Measurement of the edge-to-edge interparticle spacing (s) for an HCP NC monolayer 
assembly via TEM characterization of Fe3O4 NCs with (Top) oleic acid and (Bottom) G2 dendrimer as 
the ligand system. 
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for oleic acid and 4.2  0.7 nm for the G2 dendrimer. The ligand system is an important 

consideration for particle stability in solution and the self-assembly process, but it also affects the 

resulting pitch of the NC pattern. This provides an opportunity to employ different ligands to alter 

the pattern morphology. Different ligand species can be chosen to tailor the spacing to < 1 nm19,20 

or increasing s to several nm when choosing larger species such as polycatenar ligands,21 

dendrimer molecules,18 low molecular weight polymer chains,22 or DNA.23 

So far, we have only discussed patterning using a single NC component. However, it is 

possible to create well-ordered assemblies with more than one type of NC constituent. If the 

morphologies of the mixed components are commensurate, a variety of unique structures can be 

obtained with mixed NC systems.24ï28 There is an extensive NC library of varying sizes, shapes, 

and materials which can be leveraged to design interesting mixed NC assemblies. The co-

assembly or co-crystallization of two or more NCs constituents into a well-ordered 2D lattice is 

commonly referred to as a NC superlattice. While the combinations and opportunities offered by 

mixed NC systems are vast, we will look at a binary system of two spheres that differ in both size 

and material for our model system. Figure 3.4 provides an overview of the characterization of the 

Figure 3.4: Characterization of (a) Au-DDT NCs and (b) Fe3O4-OA NCs used for a binary NC mixture. [i] 
Representative TEM image and FFT inset. [ii] Histogram of NC diameter measured by TEM 
characterization. [iii] SAXS measurement in toluene using a spherical form factor to fit the data. [iv] 
DLS characterization performed in toluene.  
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two NC species using TEM, SAXS, and DLS. Figure 3.4(a) describes a smaller spherical Au NC 

with 1-dodecanethiol (DDT) as the ligand, referred to as Au-DDT. Figure 3.4(b) similarly describes 

a larger spherical Fe3O4 NC with oleic acid as the ligand, which we refer to as Fe3O4-OA. It is 

important to note this Fe3O4 sample is not the same as the one previously described, as it is larger 

with an inorganic core diameter closer to 10 nm.       

There have been several investigations into the co-assembly of binary nanocrystal 

superlattices (BNSLs) and ternary systems using spherical particles and other particle 

morphologies. For the binary system we present here, we note that both constituents are spherical, 

but differ in both size and material system. These are two parameters that we can leverage in 

creating a desired pattern morphology. The size ratio is something that can generally be tailored 

when designing a mixed NC system. Since we have chosen the NC species as characterized in 

Figure 3.4, our size ratio is fixed. For two spherical NC constituents, the NC size ratio can be simply 

expressed by ‎
ὶ
ὶ in comparing the radii of each. However, the NCs do not behave like hard 

spheres of the inorganic cores alone, and the contribution of the ligands must be considered. A 

framework known as the optimum packing model (OPM)29 has been used in literature to provide a 

formal definition of the effective NC size (ὶ), which considers both the inorganic core and the 

organic ligand shell, and is given as:     

 ὶ Ὑρ σ‐ὒȾὙ Ⱦ  (3.1) 

where Ὑ is the inorganic core radius, ὒ is the ligand length, and ‐ is a scaling factor that accounts 

for nonideality of the grafting densityðwhich can generally be set to ‐ ρ. The ligand length for 

saturated alkanes (e.g., DDT) can be calculated by:  

 ὒ πȢρς ὲάϽὲ ρ (3.2) 

where ὲ is the number of carbon atoms in the chain. DDT has ὲ  12; therefore, the length of DDT 

is ὒ  1.56 nm. Unsaturated ligands (e.g., oleic acid) have two saturated segments ὒ and ὒ held 

at an angle of 120° from each other. The effective length of this ligand type is calculated as:  
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(3.3) 

For oleic acid, ὲ ὲ  9. Therefore, the length of oleic acid is ὒ  2.08 nm. 

 We now consider the size of the inorganic NC core Ὑ as characterized by TEM and SAXS 

(provided in Figure 3.4) in conjunction with the respective ligand lengths for DDT and OA to 

calculate the effective NC size ὶ for both Au and Fe3O4, using equation 3.1. The size ratio between 

the two NC species is simply determined by ‎
ὶ
ὶ . The effective size ratio using the 

optimum packing model is ‎ πȢυυω and ‎ πȢυρσ based on characterization by TEM and 

SAXS, respectively. Therefore, the effective size ratio is between 0.513 ï 0.559.  

While several binary structures are theoretically possible to construct in this range; some 

structures are more energetically favorable than others. A higher space-filling factor (ɟ) is more 

energetically favorable than a lower one because a higher ɟ corresponds to a lower free energy 

state. The three structures with the highest ɟ in this ɔ-range are: AlB2 > NaZn13 > NaCl,29 making 

these the three most probable binary structure outcomes with our Au-DDT:Fe3O4-OA system. 

However, another parameter that we can select in the mixed state is the number ratio of Fe3O4:Au 

NCs. We can selectively drive the binary NC mixture to co-assemble to a specific binary structure 

by tailoring the number ratio of the two NC constituents. We choose to target a monolayer assembly 

with the NaCl structure to create a NC pattern with an anisotropic square lattice for our 

demonstration. Tailoring the number ratio of the NC species requires a complete understanding of 

the NC morphology and state of the NC dispersion. If we know the mass concentration of each NC 

dispersion and the mass of a single NC, we can calculate the number of NCs in a particular volume 

of the NC dispersion. Since we know each system's shape, size, and density, we can calculate the 

NC mass. However, this model alone neglects the mass contribution from the organic ligand shell. 

It is important to consider the ligand contribution to determine the proper conditions to control the 

number ratio more accurately.  

We perform thermogravimetric analysis (TGA) to measure the organic mass contribution 

of the Fe3O4-OA NCs and the Au-DDT NCs, as shown in Figure 3.5. TGA measures the mass of a 
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sample as it is heated. Above a specific temperature, the organic ligand molecules will thermally 

decompose and be removed from the sample leaving behind the mass contribution of only the 

inorganic NC cores. The left column provides control samples of only the ligand species. OA starts 

to decompose around 300°C, and DDT starts to decompose near 200°C. By the time the 

temperature reaches 500°C, the ligands are completely removed. The Fe3O4 NCs are synthesized 

with oleic acid. Interestingly, we have found improved monolayer assembly quality for Fe3O4-OA 

when an oleic acid annealing (OAA) treatment is performed because it increases the ligand density 

on the NC surface. Process details can be found in the Supporting Information in section 3.8. As 

shown at the top of Figure 3.5, for two different sizes of Fe3O4 NCs, the weight percent was lower 

for the OA-annealed sample (red) relative to the as-synthesized (black) sample. This means the 

OAA treatment increased the organic mass contribution, which indicates an increase in the ligand 

Figure 3.5: TGA characterization of the NCs described in Figures 3.1 and 3.4.  Control sample data for 
only the ligand molecules of oleic acid (OA) and 1-dodecanethiol (DDT) are provided on the left. Fe3O4 
NCs are measured with OA as the ligand system and compare as-synthesized NCs to the same NCs 
subjected to OA annealing. Au NCs are measured with DDT as the ligand system. The equation for the 
number of ligand molecules on a single NC surface is given by f. The corresponding ligand density (LD) 
is obtained by dividing f by the surface area of the NC.    
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density on the NC surface. The TGA data for Au-DDT NCs is provided in the bottom right panel of 

Figure 3.5.  

The number of ligand molecules on a single spherical NC surface (Ὢ) is calculated using 

the top equation presented in Figure 3.5, where “ is the mathematical constant, ὔ  is Avogadroôs 

number, ” is the mass density of the inorganic NC core material, Ὠ is the diameter of the inorganic 

NC core, ὓ  is the molar mass of the ligand species, and ὢ  and ὢ  are the weight percent 

of the organic ligands and the inorganic NC core, respectively, as measured by TGA. The ligand 

density (LD) is then calculated by dividing Ὢ by the surface area of a single NCðwhich is the 

surface area of a sphere in this case. If we now consider the mass contribution from the organic 

ligand shell, we can more accurately calculate the required mass ratio to obtain a desired NC 

number ratio. We want to target a 1:1 number ratio to achieve the NaCl structure. For the NC 

samples characterized in Figure 3.4 and using the core size from TEM, and the as-synthesized 

sample, we calculate the mass ratio of Fe3O4-OA : Au-DDT should be 1 : 0.512. This means that 

for every 1 mg of Fe3O4-OA sample, we should add 0.512 mg of the Au-DDT sample to achieve a 

1:1 number ratio. In practice, the simplest way to mix the two samples is to bring each NC 

dispersion to the same mass concentration and mix the appropriate sample volume of each. The 

mixed solution can then be diluted to tailor the desired concentration used for NC self-assembly.     

 Figure 3.6 provides an example of NC patterning achieved using a 1:1 Fe3O4-OA: Au-DDT 

binary system. The top panel (outline in yellow) presents a well-ordered BNSL monolayer of Fe3O4, 

and Au NCs co-assembled into the NaCl structure as characterized by TEM, SEM, and AFM. The 

higher atomic number of Au relative to Fe and O makes the smaller Au NCs look darker in the TEM 

bright-field image and brighter in the SEM image relative to the larger Fe3O4 NCs. The AFM data 

presented are the phase-contrast image. Since the AFM probe interacts primarily with the ligand 

corona, it is difficult to distinguish the NC species. However, the face-centered cubic (FCC) 

structure is still apparent. We have leveraged both the size ratio and the number ratio of the 

presented binary system to drive the NC monolayer assembly toward the desired close-packed 

FCC structure. However, we can also leverage the difference in material systems to tailor the NC 
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pattern morphology further. The bottom portion of Figure 3.6 (outlined in red) shows TEM, SEM, 

and AFM characterization after the Au NCs have been selectively removed from the BNSL 

monolayer,30 leaving behind only the Fe3O4 NC sub-lattice to form a single component simple cubic 

(SC) structure. The Au NCs are removed via a chemically selective wet etch using an aqueous 

solution of KI and I2 to digest the Au NCs without affecting either the Fe3O4 NCs or the underlying 

substrate. The remaining NC pattern consists of Fe3O4 NCs arranged in a square lattice; the original 

Fe3O4 sub-lattice from the BNSL structure.  

 

 

 

Figure 3.6: (Top) Characterization of a BNSL monolayer assembly with a NaCl structure. The larger 
species is Fe3O4-OA and the smaller species is Au-DDT. (Bottom) Characterization after a chemically 
selective wet etch which removes the Au NCs, leaving behind only the Fe3O4 sub-lattice which is 
unaffected. TEM characterization is performed on a carbon-coated grid. SEM and AFM 
characterization are performed with the NC assembly on a bulk Si substrate. The AFM data are the 
phase contrast image.  

(FCC)
_ 

(SC) 
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This structural morphology does not form naturally from self-assembly and can only be 

achieved through the indirect route presented in Figure 3.6. As shown in Figure 3.2, the HCP 

arrangement is the most energetically favorable structure for a single component system with 

spherical particles. The simple cubic NC pattern shown in the bottom of Figure 3.6 is a more open 

structure with an anisotropic unit cell, which is not a structure that is energetically favorable to form 

using self-assembly with a single component system directly. Figure 3.7 presents an analysis of 

the edge-to-edge interparticle spacing of the square pattern. The 4-fold symmetry of the square 

lattice yields a unit cell that has two distinct spacings. The smaller spacing ί  is in the orthogonal 

x- and y-directions, and the larger spacing ί  is across the diagonal. The two TEM images are 

from the same sample in two different areas with the respective FFT inset in the upper right to 

reveal the 4-fold symmetry. The histograms provide a quantitative analysis of spacings ί and ί 

Figure 3.7: Analysis of the edge-to-edge interparticle spacing (s) for the square Fe3O4 NC monolayer 
sub-lattice obtained from the NaCl BNSL after selective removal of the Au NCs. The results presented 
compare two different TEM images (with an FFT inset) from the same sample in different locations. 
The square lattice is anisotropic and has two distinct spacings s1 and s2. The orthogonal directions with 
a smaller spacing are designated as s1, and the larger spacing across the diagonal is designated as s2. 
The histograms further specify s1 and s2 into an [a] and [b] to separate the distinct directions as 
denoted by the respective inset. Scale bars are 20 nm.     
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for both image 1 (blue) and image 2 (orange). Each spacing is further split into an [a] and [b], which 

represent the different measurement direction as indicated by the schematic inset in the respective 

histogram. Consideration of all measurements for [a] and [b] for both images yields a mean spacing 

of ί ςȢπ πȢψ nm and ί χȢς πȢψ nm.            

 

3.3 Sub-10 nm Pattern Transfer with Nanocrystal Monolayer Patterns 

The previous section focused on patterning a substrate surface patterned with a well-

ordered NC monolayer assembly used to create different structural morphologies. Now we will 

investigate using the monolayer NC mask layer to transfer the established pattern into the 

underlying substrate, where each inorganic NC core serves as a discrete hard etch mask. Figure 

3.8 provides a schematic overview of the proposed pattern transfer process using an HCP NC 

Figure 3.8: Schematic overview of the discrete pattern transfer process using an HCP monolayer of 

Fe3O4 NCs with diameter l and interparticle spacing s. (1) After a substrate has been patterned with 

the well-ordered NC monolayer, a dry etch process is used to transfer the NC pattern into the 
underlying substrate. (2) The NC mask layer is then removed using a chemically selective wet etch 
which does not affect the substrate. The etch depth d can be tuned with the dry etch conditions. 
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monolayer. The pattern set by the NC mask layer yields a feature size l set by the size of the NC 

inorganic core with spacing s, which is determined by the ligands and self-assembly process. 

Together, this creates the feature pitch p, where p = l + s. The mask pattern is transferred into the 

underlying substrate material using a dry etch process; then the NC layer is removed using a 

chemically selective wet etch. We use ICP RIE with CF4-based etch chemistry to perform the first 

step of pattern transfer into a bulk Si substrate. The Fe3O4 mask provides reasonable etch 

resistance against CF4 chemistry. At the same time, the silicon is readily etched, meaning this 

combination of mask material, substrate, and etch chemistry is suitable for high etch selectivity for 

Figure 3.9: Schematic overview of the discrete pattern transfer process using a square lattice derived 
from a BNSL monolayer assembly of Au-DDT and Fe3O4-OA with a NaCl structure. (1) The Au NC species 
is removed using a chemically selective wet etch which does not affect the Fe3O4 sub-lattice. This 
reveals a square lattice with two distinct spacings, s1 and s2. (2) A dry etch process is used to transfer 
the NC pattern with feature size l into the underlying substrate. (3) The NC mask layer is then removed 

using a chemically selective wet etch which does not affect the substrate. The etch depth d can be 
tuned with the dry etch conditions. 
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pattern transfer. The NC mask layer can be removed with an HCl wet etch, which selectively digests 

the Fe3O4 NCs without affecting the patterned Si substrate. The etch depth d can be changed by 

tuning the conditions in the dry etch recipe.     

Similarly, the pattern transfer process can be extended to other pattern morphologies, such 

as the square lattice derived from BNSL selective etching. Figure 3.9 depicts a schematic overview 

of the pattern transfer process employed for the NaCl monolayer pattern of the Au/Fe3O4 BNSL. 

The first step is a chemically selective wet etch, which removes the Au NC species without affecting 

the Fe3O4 sub-lattice, leading to an anisotropic unit cell with spacings ί and ί,  as previously 

described. This square lattice pattern can then be transferred into the substrate in the same manner 

as the HCP pattern using the dry etch and chemically selective wet etch in steps two and three.   

 Experimentally, we observe a stark change in the NC pattern upon dry etching for pattern 

transfer. Figure 3.10 shows SEM characterization going from an HCP monolayer Fe3O4 NC mask 

pattern to the dry etch process comparing two ligand systemsðoleic acid and the G2 dendrimer. 

The left panel shows the close-packed monolayer assembly of the Fe3O4 NC mask layer on a bulk 

Si substrate. Recall from Figure 3.3 the spacing s is doubled for the case of the G2 dendrimer 

relative to oleic acid. Upon using an oxygen plasma (O2 descum) process via ICP RIE, we see that 

the ordered lattice structure transitions to a more disordered state for both ligand systems in the 

middle panel. It appears the NCs move locally to form clusters leading to cracks or voids in the 

film.31,32 There is more open void space in the case of the G2 dendrimer relative to OA because 

the initial packing density of the pattern is lower due to the larger interparticle spacing. The O2 

descum process removes the organic ligand shell from the exposed areas but does not directly 

affect either the Fe3O4 NC core or the Si substrate. We observe a similar morphology if a sample 

at the mask assembly state is subjected to the CF4-based dry etch process. In this case, the 

samples are not subjected to a prior O2 descum. The CF4 plasma etches the underlying exposed 

regions of the Si substrate. The resulting morphology is similar such that the NCs move locally to 

form cluster regions and cracks or void spaces, except the open portions of the substrate, which 
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are no longer masked by the NCs, are etched. Consequently, the transferred pattern is not the 

original discrete HCP pattern but rather the disordered morphology of cluster regions. 

 

 Figure 3.11 provides higher resolution characterization of the dry etch pattern transfer step 

into a silicon nitride (SiNx) membrane using TEM. The results for both the HCP monolayer and the 

SC monolayer are presented in Figure 3.11(a) and Figure 3.11(b), respectively. The left panel 

shows the original NC pattern on the SiNx membrane, and the right panel depicts the resulting 

pattern transfer after the CF4 dry etch process with the NCs still present. In both cases, the NCs 

move locally on the substrate surface to form clusters which serve as the new mask pattern. This 

local movement appears to occur instantaneously at the first striking of the plasma, as the pattern 

Figure 3.10: SEM characterization of an Fe3O4 NC monolayer mask pattern and subsequent pattern 
transfer with (Top) oleic acid and (Bottom) G2 dendrimer as the ligand species. The assembly state on 
the left panel is after film transfer to a bulk Si substrate. The middle panel reveals that an O2 descum 
process performed on the NC assembly induces local NC motion which leads to particle aggregation 
upon ligand removal. The right panel shows the result after performing the ICP RIE dry etch process 
on the NC mask assembly directly (with no prior O2 descum) and with the NCs still present. The brighter 
regions were masked by NC aggregates and the darker regions are the areas of the Si substrate that 
were etched. All scale bars are 100 nm. 


