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Fabrication of Sub-20 nm Patterns using Dopamine Chemistry in 

Self-Aligned Double Patterning  

Yinyong Li,
 a

 Jaewon Choi,
 a

 Zhiwei Sun,
 a

 Thomas Russell,
 a

* and Kenneth R. Carter
 a

* 

A self-aligned double patterning approach using a dopamine chemistry - inspired coating technique has been developed 

for the fabrication of sub-20 nm patterns.  Poly (methyl methacrylate) (PMMA) films were patterned by nanoimprint 

lithography to form relief features.  A thin layer of polydopamine (PDA) was conformally deposited on the surface of the 

PMMA pattern sidewalls to form a spacer layer.  After etching the surface of the PDA layer from the horizontal surfaces 

and subsequently removing the PMMA template, free-standing PDA sidewall patterns remained that essentially doubled 

the original PMMA pattern density with decreased feature dimensions as compared to the initial PMMA template 

structures.  The critical dimension of the PDA patterns can be tuned to ~ 20 nm by controlling the PDA deposition 

conditions and further reduced to ~ 13 nm by thermal carbonization of the PDA.  Both simple lines and more complex 

rhombic ring features were fabricated by this technique to demonstrate its capacity for replicating arbitrary patterns.  This 

work represents a simple and scalable strategy for preparing well-defined nanostructures with feature sizes usually only 

accesible via complex leading edge lithographic methods. 

Introduction  

The ability to fabricate nanometer-scale patterns is of crucial 

importance in nanotechnology. A great deal of progress 

continues to be made with techniques, such as electron-beam 

lithography,
1, 2

 extreme ultraviolet interference lithography,
3, 4

 

block copolymer lithography,
5, 6

 and nanoimprint lithography,
7, 

8
 however, most of these techniques suffer from either 

complex multistep processes, reliance on expensive tools and 

facilities, low process throughput, and the inherent difficulty of 

methods that can increase pattern density.  

Self-aligned double patterning (SADP), also known as spatial 

frequency doubling or spacer lithography, is a technique 

capable of fabricating sub-100 nm patterns where the pattern 

density can be doubled over large areas.
9-12

 SADP involves 

several steps: (1) the deposition of a spacer layer on the 

sidewall of pre-patterned resist template or mandrel (usually 

prepared either by photolithography,
13

 interference 

lithography,
14

 or nanoimprint lithography
15

); (2) plasma 

etching of the spacer materials on horizontal surfaces; and (3) 

removal of the pre-patterned resist template. The spacer 

mandrel can be formed by several techniques, including 

material sputtering,
16

 and chemical vapor deposition.
11

 Atomic 

layer deposition (ALD, a specific form of chemical vapor 

deposition) has shown high effectiveness and its utilization is 

preferred for spacer lithography, due to the ability to produce 

uniform conformal coatings with precise control of film 

thickness.
14, 17-21

 A significant limitation is that ALD demands 

complicated, expensive instrumentations, high purity 

precursor chemicals and substrates, and extensive removal of 

excess precursor and reaction by-products. Moreover, 

depositing films tens of nanometers in thickness by ALD 

requires hundreds of deposition cycles, resulting in relatively 

low deposition speeds.
22

 While powerful, ALD can only be 

implemented in laboratories with the resources and overhead 

to deploy this process. These limitations combine to restrict 

the broader applications of ALD in SADP. 

Mussels, bivalve mollusks, are known to expresses 3,4-

dihydroxy-L-phenylalanine (DOPA) and lysine-enriched 

proteins to enable tight attachment to surfaces, even in wet 

aqueous environments.
23

 This has inspired researchers to 

explore similar molecules, dopamine and its derivatives, as 

functional adhesives and coatings. 
24-27

 By tuning dopamine 

concentration in these formulations, uniform polydopamine 

(PDA) thin films with controlled thicknesses have been 

conformally deposited on virtually any surface through a one-

step coating process.
28-31 

The capability to conformally coat 

PDA thin films isotropically over the periphery of patterned 

substrates makes this material a viable alternative to ALD 

layers for spacer lithography. Processes, such as ALD, can be 

used to form robust, etch resistant films, such as Al2O3, 

whereas the high phenolic content of PDA imparts enhanced 

plasma resistance with properties akin to Novolak resins which 

are still widely used as photoresists today. PDA can be coated 

under mildly alkaline conditions at room temperature and 

does not require costly facilities or high purity chemicals, 
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hence PDA coatings can be considered as an easier way to 

implement and a more cost-effective conformal coating 

process than ALD. 

In this report, a robust SADP technique is described and used 

to fabricate sub-20 nm structures on a wafer scale (2 x 2 cm
2
) 

using mussel-inspired dopamine chemistry. PMMA thin films 

were pre-patterned by nanoimprint lithography to form 

grating structures. After removing the residual PMMA layer in 

the trench area, a thin layer of PDA was directly deposited 

onto the surface of the PMMA lines by self-polymerization 

under mildly alkaline conditions. By etching the top-layer of 

PDA from the horizontal surfaces and removing the PMMA 

template, free-standing PDA sidewall patterns were achieved 

with doubled pattern density and feature sizes of ~ 20 nm. 

Furthermore, this report demonstrates the use of this 

dopamine chemistry-inspired SADP in the fabrication of 

complex and ultrafine rhombic nano-structures. 

Experimental 

Materials  

All reagents were used as received unless otherwise specified. 

Dopamine hydrochloride (99%) and 

tris(hydroxymethyl)aminomethane (Tris) were purchased from 

Alfa Aesar (Ward Hill, MA). Ethyl acetate and anisole were 

purchased from Acros Organics (Morris Plains, NJ). Poly(methyl 

methacrylate) (PMMA, Mw= 75,000) was purchased from 

Scientific Polymer Products, Inc. Silicon wafers (5 inch, n-type, 

As doped, [100], thermal oxide 3.5±0.5µm thick) were 

purchased from El-Cat, Inc. A thermally cross-linkable 

polydimethylsiloxane formulation, Sylgard 184 elastomer 

mixture kit was purchased from Fisher Scientific (Fair Lawn, NJ). 

Nanoimprint Lithography  

Nanoimprint lithography molds consisting of “hardened”, 

crosslinked polydimethylsiloxane elastomer (h-PDMS) were 

replicated from silicon master molds using a previously 

described method.
32, 33

 Silicon wafers were rinsed with 

hexanes, acetone, and ethanol, and then dried under nitrogen, 

followed by exposure to oxygen plasma for 5 minutes using a 

Phantom III ICP reactive ion etcher (RIE) (Trion Technology, 

Inc). PMMA was spin-coated onto clean silicon wafers from 

anisole solution (3 wt.% of PMMA) at 3000 rpm for 60 s, which 

gave a film thickness of ~ 59 nm. The as-spun PMMA films 

were baked on hot plate at 100 °C for 30 min to remove 

residual solvent. A Nanonex NX-2000 nanoimprintor was used 

to imprint PMMA films using h-PDMS molds at 140 °C with 

pressure of 300 psi for 2 min. Residual layers after imprint 

were removed by mild oxygen plasma (Pressure: 4 mTorr, 

power: 40 W, O2 flow rate: 50 sccm) using a STS Vision 320 RIE 

System. 

Polydopamine (PDA) coating and etching  

The patterned PMMA films (after imprinting and etching) were 

placed in a dopamine hydrochloride (0.4 mg·mL
-1

) solution at a 

pH of 8.5 (10 mM TRIS buffer) for 12 h. The resulting PDA-

coated films were then rinsed with deionized (DI) water and 

dried under nitrogen. The coating process was repeated for a 

predetermined number of times. Oxygen plasma (pressure: 4 

mTorr, power: 40 W, O2 flow rate: 50 sccm) was applied to 

remove the top layer of the PDA film and expose the 

underlying PMMA lines. The exposed PMMA lines were 

dissolved in ethyl acetate and the remaining PDA sidewalls 

were obtained with a pattern density double of the initial 

PMMA patterns. The PDA lines could be further carbonized at 

400 °C under nitrogen for 1 h to achieve size reduced patterns. 

CHF3 plasma etching (pressure: 5 mTorr, power: 150 W, CHF3 

flow rate: 10 sccm) was used to etch silicon dioxide on the 

silicon wafers at a rate of 0.2 nm·s
-1

.  

Characterization 

Patterned surface structures were examined by atomic force 

microscopy (AFM, Digital Instrument, Dimension 3100) in the 

tapping mode and scanning electron microscopy (SEM, FEI 

Magellan 400). Fourier Transform Infrared Spectroscopy (FT-IR) 

spectra were recorded using a PerkinElmer Spectrum 100 FT-IR 

spectrometer. Transmission spectra were collected in the 

range of 650-4000 cm
-1

 with resolution of 4 cm
-1

. Film 

thickness was analyzed using a Veeco Dektak Stylus 

Profilometer.  

Thermogravimetric analysis (TGA) was conducted under 

nitrogen atmosphere on a TA Instruments TGA Q50. Free PDA 

for thermal analysis was isolated from the coating solution by 

centrifuging after the completion of the reaction and dried 

under vacuum. Dry PDA powder samples were first heated 

from 25 °C to 400 °C at a heating rate of 10 °C · min
-1

 and kept 

at 400 °C for 1 h. 

Results and discussion 

 

PDA film coating conditions on flat silicon wafer substrates 

were optimized by varying the dopamine concentrations in the 

deposition solutions. Figure S1a shows a schematic illustration 

of self-polymerization of dopamine. Under mildly alkaline 

conditions, dopamine can be oxidized and self-polymerizes 

into PDA, which forms a thin coating on the surface. The silicon 

wafers were placed in a dopamine hydrochloride solution with 

pH of 8.5 (10 mM TRIS buffer) at room temperature for 12 h 

with stirring. The resulting PDA coated wafers were then 

rinsed with DI water and dried under nitrogen. The coated 

surfaces exhibited granular features (Fig. S1 c-f), ascribed to 

the fact that PDA thin films consist of aggregates of small PDA 

particles.
29, 34

 When the dopamine concentration was 

increased from 0.2 mg·mL
-1

 to 0.5 mg·mL
-1

, the film thickness 

increased from 5 nm to 17 nm and the corresponding root-

mean-square (RMS) roughness increased from 1.0 nm to 4.5 

nm (Fig. S1b). The films made from lower dopamine 

concentrations (0.3 mg·mL
-1 

and 0.4 mg·mL
-1

) were similar, 
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with roughnesses of 1.9 nm and 2.6 nm, respectively. These 

were significantly smoother than the films formed from 0.5 

mg·mL
-1

 solutions (4.5 nm). The film thickness of PDA from the 

0.4 mg·mL
-1

 solution was thicker (13.6 nm) than that of the 

sample made from
 
0.3 mg·mL

-1
 (10.0 nm). These optimization 

studies show that targeted thicknesses can be reached more 

rapidly when coated with 0.4 mg·mL
-1

 with a minimal sacrifice 

in surface roughness and these coating conditions were 

selected for all subsequent work.  

 Fig. 1a and 1b show atomic force microscopy (AFM) height 

images of PDA surfaces after a single (1X) and four (4X) coating 

steps, respectively. Both surfaces exhibited a similar 

morphology and the surface roughness increased minimally 

with increasing number of coatings from 1X (2.6 nm) to 4X (2.3 

nm). The PDA layer thickness scaled linearly with the number 

of coatings while the overall observed roughness remained 

low with a small increase from 2.3 nm to 5.0 nm (Fig. 1c). The 

linear relationship between the film thickness and the number 

of coatings enabled good control of PDA layer thickness, up to 

~80 nm, while maintaining a relatively low surface roughness 

(< 5 nm). 

 

Fig. 1 AFM surface scan images of PDA surfaces; (a) after a 

single coating step and (b) after four coating steps. (c) plots of 

coating thickness and surface roughness as a function of 

number of coatings. 

Fig. 2 illustrates the key steps in the use of dopamine 

chemistry in the SADP process, including nanoimprint 

lithography of the PMMA template, plasma etching de-

scumming, PDA coating, breakthrough etching, PMMA 

template removal, and carbonization of PDA. First, PMMA 

films (thickness of 59 nm) were coated on silicon substrates 

(containing a 3.5 µm silicon oxide layer) and patterned with 

gratings (line width of 130 nm, pitch size of 260 nm, depth of 

110 nm) by nanoimprint lithography using “hardened”, 

crosslinked polydimethylsiloxane elastomer (h-PDMS) molds 

(Fig. 2a and 2b).
32

  Fig. 3a depicts the uniform PMMA grating 

patterns obtained after nanoimprint lithography. The residual 

PMMA layer (with estimated thickness around 4 nm) in the 

trenches was removed to expose the underlying substrate 

using oxygen plasma etching (Fig. 2c). Next, the patterned 

PMMA structures were coated with PDA using the same 

reaction conditions as described above for coating flat 

substrates (Fig. 2d). The coating step was repeated when 

thicker PDA films were desired. For example, after two 

deposition cycles were performed on the PMMA line patterns, 

a thin conformal layer of PDA was coated onto the surface of 

the PMMA gratings. The surface of the line patterns became 

rougher with the observation of PDA nanoparticles on the 

surface (Fig. 3b, SEM and AFM images).  

 

Fig. 2 Schematics of polydopamine (PDA) in SADP: (a) 

Nanoimprint on PMMA, (b) demolding, (c) etching residual 

PMMA from pattern trenches, (d) PDA coating, (e) removal of 

PDA layers on horizontal surfaces, (f) removal of PMMA 

template, (g) transferring patterns to silicon dioxide by CHF3 

reactive ion etching, and (h) carbonization of PDA line features. 

The PDA conformally coats the entire exposed surface. The 

portion of the PDA layer on the surface of the PMMA template 

and trench areas was removed by using a directional 

anisotropic oxygen plasma etching step, resulting in the 

exposure of the underlying PMMA template and silicon 

substrate (Fig. 2e). The exposed PMMA template was then 

selectively removed by dissolution with ethyl acetate, leaving 

intact the PDA sidewalls attached to the silicon substrate (Fig. 

2f). These PDA sidewall lines effectively doubled the pattern 

density of the original PMMA lines (Fig. 3c and 3d). The final 

heights of the PDA lines (~50 nm) were measured by AFM, and 

SEM was used to determine the width of the PDA lines. The 

width was found to be ~21 nm (Fig. 3d), which was in good 

agreement with the thickness of the conformal PDA film (26 

nm) originally coated on the surface. The slight reduction of 

line width is more than likely, due to a partial thinning during 
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exposure to the oxygen plasma. The height-width ratio (2.5:1) 

of the lines is similar to the range of 2:1 to 5:1 observed in 

ALD-based SADP.
17, 19

 While the patterns are uniform overall, 

the line edges show apparent roughness with line edge 

roughness (LER) of ~ 6.11 nm (Fig. S4), primarily due to 

particulate protrusions of the PDA coating. The coating 

condition and process need to be further optimized to 

decrease the roughness of the coating, so as to reduce LER.    

 

Fig. 3 Pattern doubling of line gratings via SADP. SEM images 

of (a) PMMA line patterns created by nanoimprint lithography; 

(b) PDA coated PMMA patterns; (c) and (d) PDA sidewall 

patterns with width of ~ 20 nm after removal of the PMMA 

template; (e) and (f) SiO2 lines after plasma etching using PDA 

patterns as mask. The insets are corresponding AFM height 

images and scale bars represent 500 nm. 

The final PDA line features serve as an effective anisotropic 

plasma resist mask enabling pattern transfer to the underlying 

silicon oxide substrate by plasma etching with 

trifluoromethane (CHF3) as the gas source (Fig. 2g). The 

comparative etch rates of PDA, PMMA, and silicon oxide under 

both O2 and CHF3 plasma conditions are shown in Table S1. 

Under O2 plasma, PDA exhibits a much higher etch resistance 

as compared to PMMA. Moreover, the etch rate of PDA (3.7 

nm/min) is less than one-half of that of silicon oxide (9.0 

nm/min) when exposed to CHF3 reactive ion etching, indicating 

that PDA can be used to affect pattern transfer into silicon 

oxide. Micrographs of the successful pattern transfer into 

silicon oxide are shown in Fig. 3e and 3f. The height of the 

patterned silicon dioxide structures is ~ 32 nm (obtained from 

AFM image, Fig. S3) and the width is ~ 36 nm, which was 

greater than that of the initial 21 nm PDA mask. The increase 

in the width is attributed to the tapered etch profile during the 

plasma etching, a commonly observed effect when etching 

silicon oxide with CHF3.
35

  

The conformal coating of PDA in this process, as in SADP 

with ALD, can be used for pattern doubling and fabricating 

more complicated nanostructures.
17, 19

 For example, a 

rhombus-shaped pillar pattern (side length around 600 nm, 

angle of 60º and depth of 150 nm) was used in this sidewall 

template process to prepare rhombic features. The same steps 

as with SADP to generate lines were followed, nanoimprint 

lithography of the PMMA template, clean out etch, PDA 

deposition, followed by PMMA removal, and CHF3 etch. The 

rhombic PMMA pillars made from nanoimprint lithography 

had smooth surfaces, as shown in Fig. 4a. After two coatings of 

PDA, the surface showed granular features (Fig. 4b), similar to 

those described above. After removing the PMMA template, a 

well-defined array of rhombic nanostructures was present on 

the surface (Fig. 4c). Due to the conformal nature of the PDA 

deposition, the sidewalls of these rhombus ring patterns were 

around 20 nm. These PDA patterns were used as a mask to 

etch into the underlying silicon oxide substrate using a CHF3 

plasma. Similar to the line patterns, the silica rhombic 

structures increased in width to 34 nm during the plasma 

etching (Fig. 4d). The ability to fabricate the rhombic 

nanostructures demonstrates that this technique can be 

applied to prepare other well-defined complex features.          

 

Fig. 4 Fabrication of rhombus ring patterns via PDA SADP. SEM 

images of (a) PMMA rhombus patterns by nanoimprint 

lithography; (b) PDA coated PMMA rhombus patterns; (c) PDA 

rhombus ring features after removing of PMMA; and (d) SiO2 

rhombus ring patterns prepared by CHF3 plasma etching using 

PDA rhombus ring features as mask. Scale bars represent 500 

nm. 

The minimum feature size that can be achieved is ~ 20 nm 

using a double coating of PDA. Attempts to further reduce the 

line width by decreasing the PDA coating thickness led to 

pattern instability and collapse during the PMMA template 

removal step. As shown in Fig. S2a, doubled patterns were not 

observed after a single PDA coating. In these cases, the only 

patterns remaining on the surface were shallow line features 

with depths of ~ 11 nm, closely matching the thickness (13.6 

nm) of a single PDA coating. This indicates that the remaining 

structures are the collapsed line patterns. The collapsing of 

ultrathin (width of ~11 nm) line patterns likely results from the 

capillary forces generated during the dissolution of the PMMA 

template in ethyl acetate. A similar collapsing phenomenon, 

indicated by the arrows in Figure S2b, was observed for the 

rhombic patterns generated from a single PDA coating.   

While it was difficult to prepare smaller patterns by 

reducing the PDA coating thickness, promising results were 

achieved by carbonizing the PDA under nitrogen. Pyrolysis and 

carbonizing of PDA under an inert environment has been 
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shown to nitrogen doped carbon structures.
36-39

 

Thermogravimetric analysis (TGA) was conducted under 

nitrogen atmosphere to analyze the carbonization of PDA. The 

heating of PDA to 400 ºC decomposes PDA to give a 29 wt.% 

char residue (Fig. 5a). As long as this reduction in weight is 

accompanied by a similar reduction in volume, the PDA line 

patterns should be suitable for size reduction lithography
40

 

upon carbonization (Fig. 2h). The FTIR spectra of PDA and 

carbonized PDA are shown in Fig. 5b. The major bands of PDA 

spectrum at 3250 cm
-1

, 1500 cm
-1

, and 1280 cm
-1

 correspond 

to stretching vibration of O-H and N-H, aromatic C=C 

stretching, and stretching vibration of C-N and C-O, 

respectively. The broad band at 3250 cm
-1

 was dramatically 

reduced after pyrolysis, indicating the loss of the O-H and N-H 

group between PDA molecules through dehydration. This 

dehydration was also confirmed by the appearance of a C-O-C 

stretching band 1250 cm
-1

. The dehydration is a major reaction 

during the carbonization of PDA and represents a large 

fraction of the observed weight loss. After heating under 

nitrogen at 400 ºC for 1 h, the PDA line width shrank from 21 

nm (Fig. 5c) to around 13 nm and the height decreased from 

50 nm to about 18 nm (Fig. 5d). The volume shrinkage was 

estimated to be 78% based on the observed size reduction 

after carbonization, which is consistent with the 71% of weight 

loss observed by TGA. 

 

Fig. 5 Carbonization of PDA: (a) TGA curve of dry PDA powder; 

(b) FTIR spectra of PDA and carbonized PDA; comparison of 

PDA line features before (c) and after (d) carbonization. The 

scale bars represent 500 nm. 

Conclusions 

In conclusion, a new type of pattern doubling lithography 

similar to SADP, inspired by dopamine polymer chemistry, has 

been developed and used to produce sub-20 nm patterns. 

Through an immersion conformal PDA coating method, initial 

PMMA template pattern densities were doubled and critical 

feature size as low as 20 nm were produced. In addition to 

SADP of regular line gratings, well-defined rhombic structures 

were prepared. The PDA nanoscale features served as plasma 

etch masks to enable the transfer of the patterns into silicon 

oxide substrates. To our knowledge, this work also represents 

the first attempt to use the carbonization from PDA pyrolysis 

to further reduce pattern critical dimension via shrinkage to 

give a further reduction of features to as low as 13 nm. Current 

and future work will focus on decreasing the critical size limit 

to < 10 nm, as well as the investigation of the electric and 

catalytic properties of carbonized PDA lines as suggested by 

the work of Li et al.
37

 and Ai et al.
37

 Moreover, the self-

deposition of functional dopamine derivatives,
41, 42

 post-

grafting of polymers with amine- or thiol-groups to PDA,
43, 44

 or 

co-deposition of PDA with other polymers
45, 46

 would enable 

the incorporation of more functional groups into the sidewalls 

of the patterns. Through controlled etching and pyrolysis, well-

tuned nano-features with a broad range of compositions, such 

as silicon dioxide and titanium dioxide, could potentially be 

achieved by this dopamine chemistry inspired self-aligned 

double patterning.    
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