Dual exposure, two-photon, conformal phase mask lithography for three
dimensional silicon inverse woodpile photonic crystals

Daniel J. Shir, Erik C. Nelson, Debashis Chanda, Andrew Brzezinski,

Paul V. Braun, and John A. Rogers®

Department of Materials Science and Engineering, Frederick Seitz Materials Research Laboratory, and
Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign,

Urbana, Illinois 61801
Pierre Wiltzius

Department of Physics, College of Letters and Science, University of California at Santa Barbara, Santa

Barbara, California 93106

(Received 6 April 2010; accepted 1 June 2010; published 7 July 2010)

The authors describe the fabrication and characterization of three dimensional silicon inverse
woodpile photonic crystals. A dual exposure, two-photon, conformal phasemask technique is used
to create high quality polymer woodpile structures over large areas with geometries that
quantitatively match expectations based on optical simulations. Depositing silicon into these
templates followed by the removal of the polymer results in silicon inverse woodpile photonic
crystals for which calculations indicate a wide, complete photonic bandgap over a range of
structural fill fractions. Spectroscopic measurements of normal incidence reflection from both the
polymer and silicon photonic crystals reveal good optical properties. © 2010 American Vacuum

Society. [DOL: 10.1116/1.3456181]

I. INTRODUCTION

Three dimensional (3D) photonic crystals are of interest
due to their ability to control light in ways that would be
difficult with conventional optical components.lf3 Photonic
crystals with woodpile geometries, in particular, have drawn
much attention due to the large photonic bandgaps and rela-
tively easy fabrication compared to diamond structures.”
Forming such submicron, 3D structures with the required
precision, however, presents a major and long-standing engi-
neering challenge for practical application of this class of
component. Many methods” ™' have been explored, most of
which use a serial patterning process or self-assembly,
thereby limiting the areas that can be effectively achieved or
the accessible geometries, respectively. By contrast, multi-
beam interference lithography6 (IL) is appealing due to its
flexibility in structure design and capacity for patterning
large areas in a parallel fashion at high speed. The main
disadvantages include an inability to form structures charac-
terized by more than a few spatial Fourier components and
generally complex fabrication setups with limited utility in
manufacturing. Most previous attempts in fabricating wood-
pile structures using IL yielded moderate low structure qual-
ity with low normal incidence reflectivity
(~25%-35%).""'?  Fabrication methods based on
phasemasks,m_20 particularly those that use conformal masks
in soft, contact mode exposure geometlries,l*;_19 avoid some
of these drawbacks to provide simple routes to photonic
crystals17 and even aperiodic, spatially graded or quasicrys-
talline structures.'>'® In their typical implementation, how-
ever, the structure geometries remain limited; woodpile
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structures, for example, cannot be fabricated easily.zo’21 In

this article, we demonstrate a conformal phasemask approach
that exploits two-photon absorption in a dual exposure mode
using two separate masks, using optical effects related to
those proposed in Ref. 20. We demonstrate application of
this method to 3D woodpile structures. The diamondlike
symmetry of the resulting crystals yields a large photonic
bandgap for sufficiently large refractive index contrast.” To
illustrate this property, we formed polymer/air structures and
then converted them into silicon/air photonic crystals
through a inversion process. Both polymer and silicon pho-
tonic crystals show good optical properties, thereby suggest-
ing that this fabrication approach could provide a competi-
tive alternative to other techniques.

Il. RESULTS AND DISCUSSION

Figure 1 provides schematic illustrations of the fabrica-
tion processes along with simulations of intensity distribu-
tions for each step. For this work, we used phasemasks made
of the elastomer poly(dimethylsiloxane) (PDMS) (Dow
Corning, Inc.), cast and cured over patterned photoresist de-
fined by commercially procured deep ultraviolet projection
mode photolithography on a silicon wafer. The masks served
as diffraction elements to provide the required near-field in-
tensity distributions for patterned exposure of a transparent
photopolymer in a two-photon process. A unique feature of
the masks is that their low modulus, elastomeric mechanical
properties allow them to be placed into intimate, conformal
contact with a solid layer of the photopolymer without ap-
plied force or precision mechanical stages. We refer to this
technique as two-photon proximity field nanopatterning
(2ph-PnP).13 Here we use this method in a dual exposure
mode to access woodpile and other geometries that are dif-
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FiG. 1. (Color) Schematic illustrations of steps for two-photon, dual expo-
sure patterning of three dimensional woodpile structures in a photopolymer,
using two conformal phasemasks. (a) First and (c) second laser exposures
yield arrays of rods rotated by 90° with respect to each other. (b) Illustration
of the process for bonding a thin layer of PDMS to a phasemask, thereby
yielding the necessary uniform optical phase shift for creating an offset by i
of a Talbot distance between the two sets of orthogonally rotated rods. [(d)
and (e)] Simulations of structures that result from the two-photon exposure
steps in (a) and (c), respectively. (f) Summed structures corresponding to
both exposures.

ficult to achieve otherwise. The process is initiated by bring-
ing a first phasemask into conformal contact with a suitable
photopolymer (SU8-2010, MicroChem Inc.). Exposure with
a collimated laser beam generates a rodlike intensity distri-
bution, as shown in Fig. 1(d), with lateral and vertical spac-
ings set by the periodicity of the mask and the Talbot self-
imaging distance, respectively. To form the desired woodpile
structure, a second rodlike pattern was defined in a geometry
offset by m*i of the Talbot distance (Z;), where m is any odd
integer, with an orientation orthogonal to the first set of rods.
To accomplish this, we used a second phase mask identical
to the first except for the addition of a uniform capping layer
of PDMS. This approach provides a simple, conformal
phasemask alternative to exposures that use precision stages
to control the phase shifts through mechanical positioning.
This spacer layer and mask, shown in a rotated configuration,
appear in Figs. 1(b) and 1(c), respectively. Figures 1(e) and
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1(f) show the intensity distribution for the second exposure
and the woodpile structure after combining the two intensity
distributions with a binary cutoff threshold to simulate the
exposure and development process. The thickness of the
spacer layer is critical to the assembly of the woodpile struc-
ture because (i) it determines the spatial displacement of the
two intensity patterns and (ii) it affects the intensity distribu-
tion as well as the contrast ratio of the second exposure. The
second exposure should produce contrast identical to the first
and place the rods exactly in the middle of the first set.
Deviations in contrast can lead to uneven structure geom-
etries. Rods that are misplaced by distances larger than 10%
cause rapid decreases in the photonic bandgap of the
structure.”

The exposures were performed using an amplified Ti:sap-
phire laser (Spectra-Physics, Spitfire Pro) with wavelength,
repetition rate, average power, and pulse width of 800 nm, 1
kHz, 2W, and ~140 fs, respectively. The linear polarization
state was set to lie along the grating lines on the masks for
both exposures, to optimize the contrast. A lens (f
=400 mm) with small convergence angle (<10 mrad) was
implemented at the laser output to enable peak powers suf-
ficient to initiate two-photon effects in the photopolymer.
The patterns on the phasemasks consisted of arrays of raised
lines with periodicity (A), linewidth (Iw), and relief depth
(rd) of A=600 nm, Iw=300 nm, and rd=220 nm. The
choice of period was based on the well known fact that a
complete photonic bandgap in woodpile structures is avail-
able only in a narrow range of axial-to-transverse periodicity
ratios, ¢/a, which in turn depend on the exposure wavelength
(N\) and phasemask period (A).* Silicon inverted woodpile
structures possess a complete bandgap for c¢/a ratios between
0.8 and 1.5.* For the present two-photon exposure laser
wavelength of A\=800 nm, A=600 nm ensures a wide com-
plete bandgap after silicon inversion of the polymer tem-
plate. This value takes into account shrinkage in the polymer
template that further reduces the c¢/a ratio close to 1.2, which
provides the widest bandgap.4

For purpose of illustration, Fig. 2(a) compares the relative
intensity of Iph- and 2ph-PnP exposure modes, using a
phasemask with a period of 600 nm and an incident wave-
length of 800 nm, as a function of horizontal positions (X,
perpendicular to grating direction) at a depth of 500 nm from
the phasemask where the intensity contrast is the largest. The
relative intensity of 1ph- and 2ph-PnP can vary depending on
the distance away from the phase mask, but 2ph-PnP, in all
cases, showed much larger intensity modulation compared to
1ph PnP, mostly due to the quadratic dependence of intensity
associated with 2ph process. One disadvantage of using short
pulses for exposure is that propagation effects limit the thick-
nesses of layers that can be effectively patterned. Figure 2(b)
provides finite difference time domain (FDTD) simulations
of propagation of a 140 fs Gaussian pulse of plane phase
front through a phasemask and into an underlying polymer,
where all relevant parameters match the experimental ones.
Figures 2(b) and 2(c) show the 2D intensity distribution
along an XZ-plane generated in the photopolymer and corre-
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FiG. 2. (Color) (a) Simulated patterns of intensity for one- and two-photon
exposures as a function of horizontal position (X, perpendicular to the grat-
ing direction) at a distance of 500 nm from the surface of the mask. (b)
Pulse propagation through a one dimensional grating with A of 600 and rd
of 220 nm, simulated using FDTD methods. The color bar indicates the
relative intensity. (b) 2D Intensity distribution and (c) single line intensity
profile for a fixed X-plane (X=2.1 wum). (d) Calculated diffraction effi-
ciency (DET) as a function of spacer thickness.

sponding intensity variation for a fixed X value, respectively.
The results show gradual fading of intensity contrast due to
reduced interference between pulses propagating as first and
zeroth order diffracted beams, mainly as a result of differ-
ences in path lengths. From Figs. 2(b) and 2(c), it is clear
that for depths up to 10 um there is a uniform intensity
distribution with less than 20% variation. This result is con-
sistent with our experimental observations of formation of
uniform structures along the propagation direction up to
thicknesses of 10 um.

Simulations based on rigorous coupled wave analysis re-
vealed an elongated woodpile structure having tetragonal
symmetry (TTR) with lattice parameters of a=600 nm in the
plane and ¢=1118 nm out of the plane (i.e., vertical direc-
tion), as illustrated in Fig. 1(f). The spacer layer must sepa-
rate the rodlike patterns by m*Z;(n,)/4=m*206 nm, where
m is any odd integer, and Z;(n,) is the Talbot length in the
spacer medium with refractive index ng (n,=1.4 for PDMS).
As mentioned previously, the thickness of the spacer is a
critically important design parameter. Figure 2(c) shows the
dependence of the diffraction efficiency of the diffracted
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beams on this value. 7,/ 7, corresponds to the ratio of inten-
sity in the first order and zeroth order diffracted beams. Since
the spacer thickness is comparable to the incident wave-
length, it modulates the 7,/ 7, ratio through changes in in-
tensity of the transmission and reflection beams. To produce
a homogeneous (i.e., similar rod sizes for each of the two
exposures) woodpile structure with high intensity contrast,
we chose a spacer thickness of 618 nm, corresponding to a
distance offset of % of a Talbot length inside the spacer
[Z/(n,)]. This layer was formed by diluting uncured PDMS
with toluene (volume ratio of PDMS/toluene=1/8) and then
spin casting (5000 rpm at 2500 rpm/s ramp rate for 60 s) the
solution onto a silicon wafer functionalized with a fluori-
nated silane monolayer. Curing the layer at 55 °C in a dry
oven for 12 h and then bonding it to the surface of a PDMS
phasemask using hydroxyl functionalization” completed the
fabrication. Spacers formed in this way have uniform thick-
nesses (variations <10 nm, as measured by atomic force mi-
croscope at various locations over areas of ~cm?). Taken
together, these procedures for dual exposure 2ph-PnP enable
(i) high intensity contrast due to the quadratic dependence of
intensity associated with two-photon process, (ii) high dif-
fraction efficiency by use of masks with binary grating ge-
ometries and optimized depths of relief, and (iii) precise spa-
tial, and therefore phase, control over the distance between
the phasemask and the sample using soft spacers and confor-
mal contact mode exposures.

Figure 3 presents scanning electron microscope (SEM)
images of representative woodpile structures formed by pro-
cedures described in Fig. 1. Angled and high resolution top
views appear in Figs. 3(a) and 3(b), respectively. The high
intensity contrast of 2ph-PnP provided robust 3D structures
over large areas, as shown in the angled view of Fig. 3(c).
The cross-sectional view in Fig. 3(d) indicates that the rod
structures have the desired offset in the vertical direction.
Shrinkage in the photopolymer, well known with this mate-
rial, results in a reduction in the axial period (c) in the ver-
tical direction, in this particular exposure setup, by 25%-—
45%, depending on the exposure condition. Shrinkage in the
lateral direction was negligible, due to adhesion to the sub-
strate. Different exposure conditions also produce different
structure fill fractions. In general, higher exposure doses pro-
duce structures with higher fill fraction and less vertical
shrinkage. In this work, the fill fraction is limited to ~55%
due to requirements of the subsequent silicon inversion pro-
cess. Such fill fraction produced a vertical shrinkage of
~35%. Variations in vertical shrinkage can create inhomo-
geneous structures that degrade the optical properties.22 Dis-
tortions tend to appear predominantly on the top surface due
to its mechanical fragility.

Woodpile structures such as those in Fig. 3 have diamond-
like symmetry with an ability to provide large photonic
bandgaps (PBGs). A complete bandgap, however, is only
possible when the structure consists of materials with suffi-
ciently high refractive index contrast.” To explore this possi-
bility, we used the polymer structures described previously
as templates to form Si (n=3.6) inverse woodpile structures
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FIG. 3. SEM images of representative 3D polymer woodpile structures. [(a)
and (c)] High resolution and large area angled views, respectively. (b) High
resolution SEM images of the top surface. (d) SEM cross-sectional views.

using chemical vapor deposition (CVD) techniques.8 The in-
version begins with conformal coating of Al,O; onto the
polymer by atomic layer deposition (ALD) to provide neces-
sary thermal stability and control over fill fraction. Next,
CVD of Si yields another conformal coating. Removing the
polymer template and Al,O5 layer by pyrolysis and HF etch-
ing, respectively, completes the process. Growth
simulations®* using a template geometry shown in Fig. 4(a),
with periodicities of =600 nm, c=720 nm, and fill fraction
of ~55%, yielded quantitative information on the Si inverse
woodpile structure, with results shown in Fig. 4(b). Confor-
mal growth pinches off at ~95% fill fraction, leading to
~5% voids (isolated pores) in the Si structure. To explore
the dependence of the optical properties on fill fraction, we
computed the PBG (gap to midgap ratio) of Si inverse wood-
pile structures with different fill fractions using the Univer-
sity of Toronto Numerical Band Calculation Code.”?® The
results indicate an optimal PBG of ~15% at a fill fraction of
~18%, as summarized in Fig. 4(c). The corresponding band
diagram of the optimal structure appears in Fig. 4(d).

We fabricated this optimal design by first depositing 51
nm of amorphous Al,O5 onto the polymer template by ALD
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FIG. 4. (Color) Intensity simulations and photonic band calculations for an
ideal woodpile structure. (a) Unit cell of a simulated polymer structure after
accounting for shrinkage (~35%). (b) Unit cell of a simulated inversed Si
structure after conformal growth simulation. (¢) Gap to midgap ratio of
photonic band gaps calculated at different fill fractions. (d) Photonic band
diagram of the structure showed in (b) having structure periodicities of a
=600 nm and ¢=720 nm, and Si fill fraction of 18%. The photonic band
diagram showed a 15% complete photonic bandgap.

to yield a polymer/Al,O5 template with a fill fraction of
~77%. Next, amorphous silicon was conformally grown by
low temperature [325 °C, with 400 mbars of disilane
(Si,Hg)] static CVD. Each cycle (15 h) of silicon growth
formed films with a thickness of ~25 nm. Three cycles (
~84 nm) completed the infiltration step. Reactive ion etch-
ing (RIE) [3 min at 70 W, 100 mTorr, 20 SCCM (SCCM
denotes cubic centimeter per minute at STP) each SF4/0,]
removed the silicon near the top of the structure, to enable
etching of the Al,05 (5% HF in 50/50 ethanol/water mixture;
3 min) and subsequent removal of polymer (410 °C for 4 h).
Figure 5 provides the SEM images of a representative struc-
ture. Figures 5(a) and 5(b) show angled and top views. Large
area angled views and cross-sectional views appear in Figs.
5(c) and 5(d), respectively. The micrographs in Fig. 5 dem-
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Fic. 5. SEM images of representative 3D silicon woodpile structures formed
by a single inversion process. [(a) and (c)] High resolution and large area
angled views, respectively. (b) High resolution images of the top surface. (d)
Low resolution cross-sectional view.

onstrate that the structure is converted to silicon with high
fidelity. However, structure distortions in the polymer struc-
ture can be transferred and magnified in the inverted silicon
structure during the RIE and burn out processes, leading to
nonuniform top surfaces.

To characterize the structural and optical properties, we
performed normal incidence reflection measurements using
an optical microscope (Carl Zeiss, Inc., Axio Observer D1)
coupled to a spectrometer (Control Development, Inc.) and
an optical microscope (Bruker Optics Inc., Hyperion 1000)
coupled to a Fourier transform infrared spectrometer (Bruker
Optics Inc., Vertex 70), respectively. A silver mirror with R
>99% throughout the relevant spectral range served as a
reference for the reflection measurements. All spectra were
collected with a 30 um spot size obtained with a 10X objec-
tive lens and a 0.3 mm spatial aperture. Figures 6(a) and 6(b)
show the experimental and calculated normal incidence
(I'-Z) reflection spectra for the polymer template and silicon-
air photonic crystal, respectively. Simulations were per-
formed using the FDTD method for both the polymer tem-
plate and silicon structures, as shown in Figs. 6(a) and 6(b),
respectively. Periodic boundary conditions with 1 unit cell
[Fig. 4(b)] along the x-y directions and perfectly matched
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Fi1G. 6. (Color) Measured and simulated normal incidence (I'-Z) reflection
spectra of the polymer woodpile (a) and corresponding Si inverse woodpile
(b) structure. The measured and simulated reflection peak locations (a/\
=0.55) of the silicon inverted structure closely match the I'-Z direction band
diagram in Fig. 4(d).

layer boundary condition with 8 unit cells along the
z-direction were used. The measured and simulated reflection
peak location (a/N=0.55) of the silicon inverted structure
also closely matches the I'-Z direction band diagram in Fig.
4(d). The measured peak magnitudes of the polymer struc-
ture, i.e., ~60%, are much better than previously reported
diamondlike structures with similar number of layers ob-
tained by interference lithography (~25%-35%),""'* likely
due to the comparatively high fidelity afforded by 2ph-PnP.
The silicon photonic crystal shows a broad reflection peak at
slightly longer wavelengths with comparable reflectance (
~62%) to the polymer. The increase in bandwidth and the
location of the reflection peak compared to the polymer tem-
plate are consistent with the index of refraction of the silicon.
As with the polymer template, the peak magnitude of the Si
inverse woodpile structure is significantly higher than the
best previous reports (~35%) of diamondlike silicon photo-
nic crystals formed by interference lithoglraphy.12 In both
cases, however, the experimentally measured reflection mag-
nitudes are somewhat smaller than those expected based on
the FDTD simulation. Likewise, Fabry—Pérot fringes appear
in the simulation spectra but are not prominent in the experi-
mental data. These two aspects might result from the combi-
nation of effects such as structural imperfections, inhomoge-
neities due to distortions in the laser beam profile, scattering
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from the rough surfaces of the samples,27 and nonuniform
shrinkage during the polymer development process.

lll. CONCLUSION

We report a simple method for fabricating 3D woodpile
photonic crystals with levels of structural uniformity and op-
tical properties that exceed those of other approaches with
parallel, high speed modes of operation. Observations sug-
gest that the main limitations arise from materials aspects
associated with exposure and development of the photopoly-
mer, rather than from the optics or other characteristics of the
dual exposure 2ph-PnP method. As such, future work on ad-
vanced, photopolymers appears to be a promising direction
for research.
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