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Experimental Section

PEG lens fabrication: PEG polymer nano and micros scale lenses were fabricated by DPN-
pattering experiments, which were carried out with an NSCRIPTOR™ (Nanolnk, Inc., Skokie, IL) and
commercially available 1 dimensional (1D) pen arrays (Si3N4, Type M, Nanolnk, Inc.). 1D pen arrays
were coated with PEG (MW 2,000, 35,000, and 10,000 Daltons, Sigma—Aldrich) by tip dipping in
Smg/mL PEG acetonitrile solution for 30 s. All DPN-patterning experiments were carried out under
controlled humidity and temperature (93% or 30% relative humidity, 28 "C). HMDS material was spin-
coated on quartz substrates with 5000 rpm for 20 s. The HMDS coated quartz substrates were baked at

100 °C for 1 min, prior to DPN deposition of PEG.

UV lithography: photolithography experiments were carried out with a mask aligner (Q-4000,
Quintel) and positive-type photoresist (S1805, MicroChem Inc.). Normal UV line (A = 365 nm) was
irradiated by different exposure times. Developing was carried out by commercially available developer
(MF319, MicroChem Inc.) for 1 min.

Finite element modeling: FEM simulations were performed using Comsol (Comsol, Inc).
Modeling was performed for cases with the photomask in free space to calculate the focal length of PEG
lens, and in contact with a layer of photoresist to calculate the intensity of light with the transverse
electric mode (The model is shown in the inset of Figure 3a). The wavelength of the incident light was
365 nm, and the periodic boundary conditions at the lateral edges of the system were used. The values of
the refractive index of the materials used are ngvps = 1.407, Agticon = 6.54 — 2.891, n,i = 1.0, nppg = 1.43,

and Aphotoresist = 1.71 — 0.044."



Figure S1. SEM images of typical (a) well- and (b) ring-shaped positive photoresist (S1805) features
fabricated by PEG (MW 2,000) lens phase-shift photomask. Each photoresist features were fabricated
by (a) 4 s and (b) 6 s UV exposure times, respectively. The critical resist development time (t. in Figure
1) is approximately 5 s in the case of the PEG (MW 2,000) lens phase-shift photomask. Scale bars are 2

pm.
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Figure S2. (a) Tapping mode AFM topographic image and cross sectional line profiles of a PEG lens
(MW =100,000) with a diameter of 1219 nm. The dwell time of the tip was 5 s. (b) The cross sectional
profile of a positive photoresist feature generated from the PEG lenses in a with a UV exposure time of
3 s. (¢) The positive photoresist feature generated when UV exposure time was 5 s. (d) Tapping mode
AFM topographic image and cross sectional line profile of a PEG lens with a diameter of 1305 nm
(dwell time was 10 s). (e) The cross-sectional line profile of a positive photoresist feature generated by a
PEG lens in d with a UV exposure time of 3 s. (f) A similar feature, but after a UV exposure time of 5 s.

The path for the AFM cross section line profiles are denoted by the white dashed lines. The length of the
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Figure S3. (a) A plot of normalized diameter of photoresist features vs. the diameter of PEG lens at UV
exposure time of 3 and 5 s. (b) A plot of normalized height of photoresist features. The normalization is
executed by dividing by the photoresist data values fabricated by Lpggo. The data of PEG lens are from

Lpooo, Lpi21s, Lbi3os, and Lpisio in Figures 2 and S2, in the order of increase of lens dimension.
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Figure S4. (a) 3-dimensional tapping mode AFM topographic image of PEG lens array. Left two rows
of the bigger PEG lens was fabricated by a tip dwell time of 10 s, and the other smaller PEG lenses was
fabricated by 5 s dwell time. Molecular weight of PEG was 35,000 Daltons. (b) The plot of tapping
mode AFM cross sectional profile of PEG lens fitting by perfect circle. AFM profile of PEG lens shows

the near spherical shape.
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Figure SS. FEM simulation of the focal length of the PEG lens. A photomask in free space is used in the
simulation. The focal length for Lpogo and Lp;siz is (@) 826 nm and (b) 2212 nm. The focal length is
determined by the distance from the lens bottom to the maximum light intensity position along x = 0.
The focal length is 826 nm for Lpogo, and it is 2212 nm for Lp,s;2. The focal length from the simulation
is shorter than the focal length calculated from the geometric optics equation, F' = R/(n — 1), where F is
focal length, R is the radius of PEG lens and 7 is the refractive index of PEG, 1.43. This geometric
optics focal length is 2080 nm (Lpooo) and 2722 nm (Lp;si2), so the focal length from the simulation is
~40 % relative to the value calculated from the geometric optics equation for Lpggo and ~81 % for Lp;sia.
The shorter focal length of the FEM simulation compared to geometrical optics is consistent with a

previous report.”
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