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Liquid deposition photolithography for submicrometer
resolution three-dimensional index structuring with large
throughput

Adam C Urness, Eric D Moore, Keith K Kamysiak, Michael C Cole and Robert R McLeod

Photonic devices increasingly require three-dimensional control of refractive index, but existing fabrication methods such as

femtosecond micromachining, multilayer lithography and bulk diffusion can only address a select scale range, are often limited in

complexity or thickness and have low throughput. We introduce a new fabrication method and polymeric material that can efficiently

create mm3 optical devices with programmable, gradient index of refraction with arbitrary feature size. Index contrast of 0.1 is

demonstrated, which is 100 times larger than femtosecond micromachining, and 20 times larger than commercial holographic

photopolymers. This is achieved by repetitive microfluidic layering of a self-developing photopolymer structured by projection

lithography. The process has the unusual property that total fabrication time for a fixed thickness decreases with the number of

layers, enabling fabrication 105 faster than femtosecond micromachining. We demonstrate the process by sequentially writing 100

layers to fabricate a mm thick waveguide array.
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INTRODUCTION

Three dimensional index structuring is currently accomplished by

multiphoton direct-write lithography1 at a scanning point, multilayer

projection lithography2 of sequential two-dimensional (2D) planes or

volume holography3 of entire three-dimensional (3D) volumes. While

submicrometer resolution is possible in all cases, throughput drama-

tically increases with dimensionality of the exposure but at the cost of

flexibility in the type of structure that can be fabricated. In the case

of direct-write lithography, multiphoton absorption is utilized to

restrict out-of-focus response. Unfortunately, multiphoton absorp-

tion requires femtosecond pulse length for efficient excitation. Glass

is the most used base material and has high environmental stability,

but requires irradiances of 1017 W m22 or larger1 and device thickness

is restricted to the working distance of an oil-immersion objective.

Most applications are sparse waveguide4–7 devices, though dense 3D

index patterns such as volume computer generated holograms8 have

been generated, but only contain 643 features. To increase throughput

and eliminate depth restrictions, liquid polymers9 containing photo-

initiators with large two-photon cross-sections and polymerization

chain reactions to increase sensitivity are used. Sparse waveguide10,11

devices have been fabricated and scanning point exposures have cre-

ated dense 3D structures including invisibility cloaks12 and templates

for a gold polarizer.13 However, even with the increased throughput

of polymers, the fabrication rate for the polymer structure of the

invisibility cloak is 13 years mm23 (see Supplementary Informa-

tion), because the necessary power density still requires rastering

through a large number of very small voxels, limiting devices to sparse,

typically binary structures with small voxel count.

To increase throughput over a scanning single point, a single 2D

exposure writes a multitude of features simultaneously. Two-photon

absorption cannot be used, because response greatly reduces over a

large transverse area, therefore one photon absorption must be used.

However, one-photon absorption does not restrict out-of-focus res-

ponse, so 2D exposures are typically done into a thin layer. Ultraviolet

(UV) optical projection lithography is the most common and has

better resolution and many orders of magnitude larger throughput

than scanning point, two photon lithography. Repetitive projection

lithography and planarization enables both large area and arbitrary 3D

structuring, demonstrated by the fabrication of a 3D optical metama-

terial.7 However, each high-throughput 2D layer is followed by hours

of processing in a series of tools, currently limiting demonstrations to

four layers.

The depth limit of sequential 2D processing can be avoided by 3D

holographic exposure. One photon diffusion driven photopolymers14

enable self-developing 3D patterning of up to cm thick solid volumes.

These materials contain two monomers,15 in which the first monomer

thermally gels providing a physical scaffold for index structures.

Incident light polymerizes the second monomer, locally depleting
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monomer in the exposed region. This causes diffusional mass trans-

port of unreacted monomer into the exposed region, resulting in an

increased material density and index of refraction, without solvents or

thermal processing. A postexposure optical flood cure is then done to

bleach remaining initiator and cross-link all remaining monomer. The

low required dose (,100 mJ cm22) and wavelength sensitivity (UV to

near infrared) of these materials have lead to applications in optical

data storage16 with 1.6 TB capacity and 960 Mbit s21 data rates,

photonic devices such as waveguides,17 holographic filters18 and

GRIN lense.19 However, one-photon absorption in solid, thick mate-

rials does not yield complete control of the 3D index distribution due

to diffraction. Additionally, the required diffusion time for develop-

ment increases quadratically with scale, limiting maximum feature

size to hundreds of micrometers.

Here we show a new fabrication process, liquid deposition photo-

lithography (LDP), and a one-photon, initially liquid photopolymer

to fabricate submicrometer resolution 3D index structures. The fab-

ricated 3D index structures have an index contrast up to 0.1, 100 times

larger than femtosecond micromachining,1 allowing greater flexibility

in device fabrication. High throughput is enabled by using an initially

liquid photopolymer, which allows microfluidic manipulation and

rapid monomer diffusion. The 3D volume is created through repet-

itive layering, where each layer is structured by projection lithography.

Every processing step is performed on a single instrument, vastly

reducing fabrication time compared to multilayered semiconductor

lithography. With this process and material we demonstrate 3D index

structures throughout hundreds of layers with a fabrication rate of

1.2 h mm23.

MATERIALS AND METHODS

Materials

The photopolymer used in this work was made using solutions of

0.7 wt-% Irgacure 651 (Sigma Aldrich), 94.3 wt-% poly(ethylene gly-

col)-di(urethane methacrylate) (synthesized) and 5 wt-% tribromo

phenyl acrylate (Polymer Sciences). The poly(ethylene glycol)-di(ure-

thane methacrylate) was synthesized by mixing 92.7 wt-% glycerol

propoxylate mw ,4300 (Sigma Aldrich), 7.2 wt-% isocyanethyl

methacrylate (Sigma Aldrich) and 0.1 wt-% dibutyltin dilaurate

(Sigma Aldrich) over 406C heat for 10 h. All components were used

as received without additional purification.

Chamber window fabrication

Chamber windows were fabricated by adhering a flat, 125-mm layer of

polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning) onto

microscope cover slips (Ted Pella, 22350 mm). To create a flat

PDMS surface, the PDMS and cover slips were cast against BK7 float

glass and peeled off after the PDMS thermally cured. To set the thick-

ness of the PDMS layer, 125-mm spacers were placed between the cover

glass and BK7 float glass. To promote PDMS adhesion to the cover

glass and prevent PDMS adhesion to the BK7 float glass, they were

treated with Dow Corning P5200 adhesion promoter and (trideca-

fluro-1,1,2,2-tetrahydroctyl) trimethoxysilane, respectively. The sam-

ples were put in an oven at 1006C for 2 h to thermally cure the PDMS.

RESULTS AND DISCUSSION

The process steps of LDP are shown in Figure 1. Figure 2 illustrates the

process of high-resolution 3D index structuring via a 1-mm-thick

Figure 1 Steps of LDP process. (a) UV-sensitive liquid monomer is drawn through a microfluidic channel created as the platform is lowered, producing a new layer.

(b) The new liquid layer is patterned by 2D projection lithography, using 365 nm light, polymerizing the liquid monomer into a solidified gel of the 2D pattern.

Polymerization is suppressed just below the window via inhibitor diffusion from the PDMS mold. (c) Unreacted monomer diffuses from this adjacent layer of liquid

monomer into the solid to replace that consumed by polymerization. This diffusion increases the material density and index of refraction in the exposed region. (d) The

entire layer is optically flood-cured, using 365 nm light, to a solid, cross-linked, photo-insensitive polymer. Steps (a)–(d) are rapidly repeated to fabricate complex 3D

index structures.

LDP for fast, high-resolution, 3D index patterning

AC Urness et al

2

Light: Science & Applications doi:10.1038/lsa.2013.12



index pattern sandwiched between two unstructured layers each 2 mm

thick. In addition to full 3D control of index, processing time in LDP is

reduced compared to multilayered planar lithography, because the

material is self-developing, enabling the entire process to be completed

on a single instrument. This eliminates the additional instruments in

multilayered planar lithography that are required for layer planariza-

tion and chemical and thermal processing. Similar to planar litho-

graphy, transverse resolution is a function of the projection optics,

material response and layer thickness, while axial resolution is deter-

mined by layer thickness. In LDP the layer is not spin coated but,

instead, fluid is deposited by the motion of a stage with nanometer

resolution and planarized by the chamber window.

The chamber window, a flat, 125-mm-thick PDMS layer that is

adhered to cover glass, was originally developed to allow optical pat-

tern access and prevent polymer adhesion to the window for efficient

fabrication of micrometer-sized particles.20 We have extended the use

to passively planarize new layers as a mold and maintain a monomer-

rich liquid layer next to the exposed part. The chamber window per-

forms these functions by providing a constant flux of oxygen at the

liquid monomer boundary via diffusion from the PDMS layer. Oxygen

is a strong radical inhibitor,21 so polymerization is prevented in the

thin liquid monomer layer directly adjacent to the chamber window.

Oxygen is used as the inhibitor, because it is naturally present via

atmospheric diffusion, is a well-characterized inhibitor of radical poly-

merization and diffuses rapidly due to its small size. Details of the

inhibition process are revealed in a reaction/diffusion simulation

shown in Figure 3a. The simulation shows that the oxygen is consumed

by photogenerated radicals at all depths, except near the window where

it is continually replenished via diffusion from the PDMS. This inhibits

conversion in a 1-mm layer, preventing adhesion of polymer to the

window and providing a high-concentration monomer source for sub-

sequent diffusional mass transport into the exposed layer.

Rapid fabrication of thick, high axial resolution devices is made pos-

sible by the short diffusion path from the liquid layer. The time to

fabricate a single layer consists of the mask translation and settle time,

exposure duration and monomer diffusion time. The diffusion time

scales as the layer thickness squared while the exposure time is not

dependent on layer thickness. Therefore, for a fixed part thickness, total

diffusion time for all layers decreases linearly with layer thickness, as

shown in Figure 3b. The relationship between axial resolution and fab-

rication time is therefore unusual, in that higher resolution causes faster

write times. This relation breaks down for sufficiently thin layers where

exposure duration and mask translation and settle time dominate.

During the process of monomer diffusion, a solid matrix material is

required to provide a physical scaffold. In one-component photopo-

lymers, this scaffold is formed by incomplete polymerization of a

Figure 2 Example fabrication using the LDP instrument. (a) Photo of a fabricated part deposited on LDP platform. (b) Deposition chamber and three-layer part layout.

The three layers consist of a thick, non-patterned layer, a 1-mm-thick layer patterned by 2D projection lithography and a final thick, non-patterned layer. (c) DIC phase

micrograph of the part shown in (b).
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Figure 3 Reaction/diffusion simulations of LDP. (a) Concentration of inhibitor, monomer and polymer immediately after completion of exposure. (b) Total time

required to complete exposure and diffusion of a 1-mm-thick part as a function of the individual layer thickness for various per layer exposure times and diffusion

coefficients for materials similar to the material used for the experiments shown here. There is an optimal layer thickness, depending on both the exposure time and

monomer diffusion constant, which is on the order of 1 mm.
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single monomer. Photopolymerization and diffusion of the remaining

monomer creates the index pattern. As shown in Ref. 15, this results in

low index contrast. Two-component photopolymers use a low-index,

thermal-set matrix and a high-index diffusing monomer, resulting in

high index contrast, but the thermal-set matrix cannot be sequentially

layered. As shown in Figure 4, we use a two-component mixture in

which both the matrix and high-index diffusing monomer are liquid

photopolymers. Rapid polymerization of the methacrylate matrix is

followed by diffusion and then polymerization of the slower acrylate

monomer. This formulation can be injected and photocured into thin

layers like a one-component photopolymer but achieves the high-

index contrast typical of two-component photopolymers. As shown

in Figure 5a, we demonstrate the index contrast to be 0.1, 20 times

larger than commercial grade holographic photopolymers.22 The large

index contrast is a result of both the process, which uses photopoly-

mers in the liquid state enabling full dynamic range of polymerization

and high monomer mobility and the material design. To demonstrate

the efficacy of this material design, a material without high-index

monomer develops very low index contrast as shown in Figure 4e,

but a material with high-index monomer under the same exposure

conditions exhibits much stronger contrast, as shown in Figure 4f.

With this process and material we demonstrate fabricated volumes

of 100 layers containing 3D index structures, with index contrasts 100

times larger and fabrication rates 105 times faster than femtosecond

micromachining. Figure 5a shows a phase micrograph of a 1-mm-thick

University of Colorado (CU) buffalo pattern, followed by a 1-mm-thick

CU seal pattern, demonstrating the ability to stack multiple, different

layers. Figure 5b shows a 1-mm pitch hologram, corresponding to

500 nm line widths, written using two beam interference, demonstrat-

ing both analog response and submicrometer transverse resolution.

Furthermore, holographic media testing22 reveals an achievable

material transverse resolution of 143 nm, documented in the

Supplementary Information. By stacking multiple, thin layers this

process can fabricate 3D diffractive structures which cannot be made

with traditional multiple beam interference. Figures 5c demonstrates

the flexibility of LDP via a photonic crystal waveguide structure. To

demonstrate LDPs ability to fabricate a unique photonic device, 100

layers were sequentially patterned and stacked to create a millimeter-

thick rectangular waveguide array shown in Figure 5d–f. The index

contrast of the waveguide array, measured by a scanning optical

microscope,23 was measured to be 0.1, as shown in Figure 5f.

CONCLUSIONS

In summary, the LDP process together with a novel two-component

liquid photopolymer enable efficient production of gradient index

structures with arbitrary index feature size and shape not limited by

out of focus exposure. The gradient index structures have an index

contrast of 0.1, allowing greater flexibility and design of 3D refrac-

tive index devices. By using a liquid, self-developing photopolymer

that is manipulated through microfluidics and a chamber window

that automatically planarizes each new layer, processing of multiple

layers is done on a single instrument, minimizing fabrication time.

Figure 4 Material function. To maximize index contrast the material formulation contains two photopolymerizable monomers with different refractive indices and

molecular weights. The low index, high molecular weight monomer, PEA-DUMA, is represented by two red circles connected by a line indicating its two functional

groups. The high index, low molecular weight TBPA is represented by a single blue triangle indicating its single functional group. (a) The mixture of photo-initiator and

monomers are injected into the exposure region in the form of a thin liquid layer. (b) A portion of the area is exposed which locally consumes both monomers creating a

low-index solid. (c) Due to its smaller molecular weight, TBPA preferentially diffuses in to replace that consumed by polymerization, increasing the index of the exposed

region. Note that in the LDP system, the majority of this diffusion is out of the inhibited layer through the thin depth of the part, not transversely across the large part

width. (d) After the mass transport of TBPA has concluded, the entire layer is exposed, polymerizing the remaining monomer to create a solid, cross-linked, insensitive

polymer with approximately uniform PEA-DUMA and photo-patterned TBPA. (e) In this control experiment, the TBPA was not present. The phase micrograph of the

3-mm-thick structure shows no measurable index change. (f) Phase micrograph of a 3-mm-thick index structure with the same exposure conditions as (e), but

containing TBPA.
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Total fabrication time is independent of transverse feature scale and

density but decreases with increased axial resolution, enabling rapid

fabrication of high resolution devices. This technique could be used

to fabricate arbitrary 3D refractive index devices such as photonic

crystal waveguides,24 diffractive elements such as volume computer

generated hologram’s and 3D integrated photonic devices.
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