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ABSTRACT: We present novel photopatterning approaches based on near-field and far-
field interference lithography techniques that yield highly uniform high-resolution large-
area face-profile and edge-profile photopatterns. The near-field interference methods utilize
a phase-shift mask while the far-field method uses two-beam interference. These
interference-based techniques yield photopatterns with minimum feature sizes near 500
nm, which matches the current resolution of photopatterning. Furthermore, these
interference techniques drastically increase the patternable area (up to cm2) and the
throughput (increases of up to 3 orders of magnitude) while maintaining pattern
uniformity. Furthermore, these strategies use easy-to-handle reusable photomasks or no
masks at all and address the major constraints associated with obtaining high resolution
without compromising throughput that have often limited the applicability of traditional
photopatterning. Finally, all approaches can be applied multiple times on the same film area
to yield ultradense multilevel intensity contrast photopatterns that are very difficult to
obtain using traditional strategies. These interference-based exposure techniques represent a paradigm shift in the field of
photopatterning and will be valuable for applications that require uniform high-resolution patterns over large areas, such as
photosensors, anticounterfeiting labels, and virtual displays.

■ INTRODUCTION

The field of photonics has experienced a variety of recent
achievements, including broader spectral range lasers, more
efficient light-emitting diodes (LEDs), and improved light
harvesting energy systems.1−4 Many of the developments have
been driven by advances in the area of microscale and
nanoscale patterning techniques.5−7 There are a wide variety of
micro/nanoscale patterning techniques and designations. One
of the most important distinctions is whether the patterning
technique is a serial or parallel process.8,9 A serial process
fabricates one structure at a time via a direct-write approach
(e.g., electron beam lithography (EBL) or focused ion beam
milling (FIB)). These techniques often have high resolution
(below 50 nm) but low throughput.8,9 In contrast, a parallel
process fabricates multiple structures simultaneously and
includes processes like photolithography, colloidal lithography,
and soft-lithography.10,11 The throughput of these techniques is
typically high but sometimes have a trade-off in resolution.10,12

Another important patterning classification is whether the
technique yields physical or nonphysical patterns. Physical
patterning involves the addition, removal, and/or rearrange-
ment of material to create a pattern and includes most of the
techniques listed above.8,9 Nonphysical patterns are those that

involve the intrinsic modification of the material properties to
provide contrasts in the chemical nature, ion doping
concentration, stiffness, or photoluminescence emission in-
tensity, and which do not have an extrinsic physical
pattern.13−16 For example, photoluminescence (PL) photo-
patterns can be fabricated using unstable light-sensitive
quantum dots (QDs) that exhibit variations in intensity or
undergo spectral shifts when exposed to light.13,14,16 QDs are
ideal candidates for photopatterns due to their size-dependent
emission across the visible spectrum, high quantum yield,
narrowband emission, and compatibility with surface function-
alization techniques.17−22 The combination of characteristics
exhibited by photopatterns and quantum dots allows for
potential applications in anticounterfeiting, light sensing, and
display technologies.14,15

A variety of studies have outlined photopatterning strategies
that yield photopatterns with high intensity contrast and single
(or multiple) colors.14,15,23 Furthermore, photopatterns can be
stored for a long period of time and then recharged using light
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exposure, which quickly and effectively reverses much of the
pattern fading that occurs over time.14 Development in the field
of photopatterning has been driven in part by inexpensive and
widely available photomasks (often Cu TEM grids).13−15,24

Although initial results are promising, a number of important
limitations remain in terms of poor resolution (feature sizes are
generally tens of microns or more) and low throughput (small
areas and long development times). Some studies have
attempted to bridge the resolution gap by employing TEM
grids with smaller feature sizes (∼7 μm).15 However, this does
not address the fundamental limitations associated with binary
transmission-based photomasks. Photopatterning has been
demonstrated using a scanning laser-based exposure setup.
This significantly improves resolution (feature size of ∼575
nm) but is a serial process with low throughput.23 Clearly new
photomasks and exposure strategies need to be identified that
can address the obstacles associated with resolution and
throughput.
A number of patterning approaches exist that could

overcome the current limitations in resolution and throughput
of photopatterning. These techniques use either near-field or
far-field light interference to obtain very small feature sizes, and
moreover, work via a parallel process that allows for high
throughput. Near-field phase-shift lithography is a particularly
promising interference technique because it is a parallel process
that can pattern features down to 90 nm.25 This approach uses
a robust patterned PDMS stamp to obtain specific
predetermined regions of destructive interference.25−27 Addi-
tionally, patterned PDMS stamps can be fabricated with
arbitrary shapes.10 Far-field interference patterning via laser
interference lithography (LIL) can also create high-resolution
patterns over large areas.28,29 LIL uses two or more coherent
light beams to create an interference pattern and has been
shown to be an efficient method for fabricating micron to
submicron scale structures for photonic, phononic, and
structural applications.28,29 A variety of patterns can be
generated by LIL depending on the number of interfering
beams and exposure steps. For example, 1D gratings with very
uniform periodicity can be fabricated by utilizing the traditional
multibeam one-step exposure approach.28 Higher dimensional
patterns (cross-hatched, diamond symmetry structures) can
also be developed using dual-beam multiple-step exposures or
an elliptical polarization triple beam setup.30−32 Traditionally,
near-field and far-field interference approaches have been
implemented to initiate cross-linking or chain scission reactions
in polymer films to create physical patterns.25−27,29,30

In this work, we outline novel photopatterning strategies
based on interference-lithography that yield high resolution
photopatterns in QD-polymer composites. The near-field
interference approaches employ patterned PDMS stamps and
specific exposure conditions to create unique edge-profile or
face-profile photopatterns. The far-field interference approach
utilizes a two-beam laser interference lithography setup to
produce a photopattern with sinusoidal intensity modulation.
The capabilities of these approaches stem from their being
based on near-field and far-field interference phenomena, which
represents the first use of these exposure phenomena in the
field of photopatterning. These approaches yield high-
throughput large-scale highly uniform photopatterns with
predetermined designs and overcome many of the issues
associated with serial laser scanning exposure and photo-
patterning approaches that use traditional photomasks.

■ EXPERIMENTAL METHODS

Chemicals and Materials. Cadmium oxide (CdO), tri-n-
octylphosphine (TOP, 90%), tributylphosphine (TBP, >93.5%)
and poly(methyl methacrylate) (PMMA; MW = 120000) were
obtained from Sigma-Aldrich. Selenium powder (Se, 99.999%),
1-tetradecylphosphonic acid (TDPA, 98%), tri-n-octylphos-
phine oxide (TOPO, 90%), diethylzinc (15 wt% in hexane),
and hexane were obtained from Alfa Aesar. Hexadecylamine
(HDA, 90%) and bis(trimethylsilyl) sulfide (95%) were
obtained from TCI. Toluene was obtained from BDH
Chemicals. All chemicals were used as received.

Synthesis of Unstable Yellow and Green CdSe/ZnS
QDs. Green and yellow emitting CdSe QDs were synthesized
following a literature procedure.15,33 First, 50 mg of CdO, 300
mg of TDPA, and 4 g of TOPO were injected into a three neck
flask. The mixture was heated to 120 °C and degassed for 1 h.
Next, the temperature was increased to 290 °C under Argon.
After the solution became clear, 1 mL of 1 M Se/TBP solution
was quickly injected to initiate nucleation and growth. Green
CdSe QDs were grown at 290 °C for 10 s while yellow CdSe
QDs were grown for 30 s. Following this growth, the heating
mantle was removed to stop the reaction. Once the
temperature fell to 70 °C, 5 mL of hexane was added to the
solution.
The ZnS shell of the unstable (green and yellow) CdSe/ZnS

core/shell QDs was synthesized following a reported
procedure.34 Briefly, 2 g of TOPO and 1 g of hexadecylamine
(HDA) were injected into a three-neck flask and degassed at
120 °C for 1 h. After this, 5 mL of CdSe core QDs was added
and the temperature was increased to 220 °C under argon.
Precursor solution (0.15 mL of diethylzinc and 0.05 mL of
bis(trimethylsilyl) sulfide in 1 mL of tri-n-octylphosphine) was
then injected dropwise to the (vigorously stirring) reaction
mixture. The reaction was allowed to proceed for 30 min to
grow the ZnS shell. Following this growth, the heating mantle
was removed to stop reaction. Five ml of hexane was added to
the solution when the temperature fell to 70 °C. The green and
yellow CdSe/ZnS QDs had PL emission of ∼528 and ∼592
nm, respectively.

Sample Preparation. QD-polymer films had thickness
ranging from 260 ± 50 to 560 ± 60 nm (as evaluated by
ellipsometry) depending on spin conditions and polymer
solution concentration. Films were prepared by spin-casting a
QD-polymer mixture at 2000−2500 rpm for 1−1.5 min, as
outlined in a previous publication.14,15 Films typically had a
QD-loading near or below 1% (volume fraction), which was
estimated by ellipsometry (Bruggeman model).35 The QD-
polymer mixture was composed of equal parts of a QD toluene
solution and a 10−12% PMMA toluene solution, and vortexed
to ensure complete mixing. Films were deposited on silicon
with a 290−295 nm surface layer of SiO2. The QD-polymer
films were typically covered or placed in dark environments
immediately after spin-casting to minimize exposure from
ambient light before the photopatterning process.

Electromagnetic Simulations. COMSOL Multiphysics
(v5.1) was used to perform electromagnetic simulations of the
near-field destructive interference phenomenon. The light
intensity distribution was simulated for UV and blue light
passing through a model that closely matched the real PDMS
stamp and QD-polymer film system. Periodic boundary
conditions were applied in the case where a single period was
examined. The pattern on the PDMS mask matched the real
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system characteristics (1.1 um thick, 20 um period, 1.42
refractive index). The air void regions also matched the real
system (thickness of 1.1 um and refractive index of 1.00). The
QD-polymer film had a thickness of 550 nm and refractive
index of 1.5. The substrate under the QD-polymer film was
silicon (refractive index of 4.04) with a surface layer of SiO2
(thickness of 292 nm and refractive index of 1.46). Reflected
and transmitted light is absorbed by the perfect match layers
(PMLs) placed at the top and bottom of the system. A single
wavelength light source is set at the bottom edge of the top
PML. The center wavelength of the UV filter (350 nm) and
blue filter (470 nm) were used to approximate the bandpass
spectrum.
Photomask and Photopattern Development. The

patterned polydimethylsiloxane (PDMS) photomasks (used
for near-field photopatterning) were fabricated using a common
fabrication procedure for PDMS soft-lithography stamps.10,27

PDMS patterns of various size, shape, and spacing were
dictated by a chrome master pattern on a quartz substrate. The
height of the patterned features on the PDMS photomask were
1.1−1.2 μm. Photopatterning using the near-field patterned
PDMS stamp used a 10× objective (NA: 0.30) with either UV
(325−375 nm) or blue (450−490 nm) light over a range of
powers, as outlined in previous work.14,15 The light source was
a 120 W Hg vapor short arc lamp (X-cite series, 120Q, Lumen
Dynamics) with controllable power output. To ensure
consistent light exposure, the light source was typically focused
on the top surface of the PDMS stamp during the photopattern
development.
Far-field photopatterning via laser interference lithography

was conducted by creating an interference pattern using two
interfering laser beams.28,30,31 Specifically, a 532 nm laser beam
was output from a Coherent Verdi 5 system and then passed
through a beam splitter cube to create two coherent laser
beams. The two beams traveled the same optical path length
after the beam-splitting point. Each beam was expanded to have
a diameter of approximately 18 mm. The power density of each
beam was measured to be near 955 mW/cm2. The two beams
were symmetrically incident on the same side of the polymer
film at an incident angle “θ” with respect to the normal of the
film. An angle of 3.05° was used to obtain a sinusoidal
periodicity “a” of approximately 5 μm (predicted via a = λ/2 sin
θ). A high interference contrast of the two beams was obtained
by utilizing parallel linear polarization. The interference pattern
manifested itself as a 1D grating on the polymer-quantum dot
film. The cross-hatched array was fabricated using a two-step

exposure of the 1D grating by mounting the QD-polymer film
on a rotational stage and rotating 90° after the first exposure for
the consequent exposure. Short light exposure times were used
to minimize the effects of spatial drift on the photopattern
contrast.

Characterization. Characterization of the photopatterns
outlined in this work followed procedures outlined in previous
works.14,15 Briefly, photoluminescence spectroscopy of the QD-
polymer films was performed using a CytoViva Hyperspectral
scanning system with a diffraction grating spectrophotometer
(spectral range of 400−1000 nm, spectral resolution near 2.8
nm). Optical microscopy (bright field, dark field, and
photoluminescence) images of the QD-polymer films and
photopatterns were collected using a cooled Dagexcel-M
Digital Firewire camera. Objectives of 10× (NA: 0.30), 50×
(NA: 0.8), and 100× (NA: 0.9) magnification were employed.
The photoluminescence filter setup was the same as employed
in a previous work.15 The light source was the 120 W Hg vapor
short arc lamp, X-cite series, 120Q, Lumen Dynamics. The
power and intensity values for the UV (325−375 nm) and blue
(450−490 nm) light exposure represent the power and
intensity at the approximate peak wavelength of each range
(350 and 470 nm, respectively). The PL cross sections of a
photopattern were obtained using the “plot profile” capability
of ImageJ (1.48v), where the size of the image was specified by
inputting known pixel/μm scaling from the Dagexcel-M Digital
Firewire camera.14 The thickness of the QD-polymer films was
measured using a spectroscopic ellipsometer (Woollam, model
M2000) in accordance with previously outlined procedures.14,15

AFM scans (topographical and phase) were collected with on
Dimension Icon AFM microscope (Bruker) in tapping mode
(MikroMasch tips).36 Scans commonly had a size of 60 μm by
60 μm with a scan rate within 0.3−0.8 Hz.

■ RESULTS AND DISCUSSION

In this section, we will first discuss different approaches for
photopatterning and then will compare these approaches.

Photopatterning via Direct Exposure (PDMS Mask).
Photopatterns were fabricated by selective light exposure to a
light sensitive film, as outlined in previous works.14,15 In this
case, the light-sensitive film is a CdSe/ZnS QD-polymer
composite that exhibits an increase in its QD PL intensity when
exposed to light over many minutes (Supporting Information,
Figure S1a). The QDs have photoluminescence emission in the
green (∼528 nm) and yellow (∼592 nm) wavelength regions
(Figure S1b). The core/shell quantum dots utilized in this

Figure 1. “Direct exposure” photopatterning process using a PDMS stamp. (1) QD-polymer film is deposited and (2) a PDMS stamp is placed on its
surface. (3) Light is incident on the patterned region of the PDMS stamp (direct exposure incidence). (4) When the PDMS stamp is removed, a
photopattern is present corresponding to the edge-profile of the PDMS pattern. (Bottom panel) 3D AFM images of the patterned regions of the
various PDMS photomasks used in this study.
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study display a change of PL intensity when exposed to light
due to photooxidation and photobleaching. Briefly, decay and
enhancement of QD PL intensity upon exposure to ambient
environments and high intensity visible light occurs due to
degradation of the QD shell and modification of the QD core.
The spectral blue shifting during this process suggests photo-
oxidation and corrosion are likely occurring at the QD shell,
core/shell interface, and eventually core surface.13,14,16

The photopatterning process begins by depositing a QD-
polymer film onto a substrate (Figure 1, step 1) and then a
polydimethylsiloxane (PDMS) stamp with a patterned surface
is brought into conformal contact with the film (Figure 1, step
2). The system is then exposed to light of a wavelength that the
QDs can absorb (Figure 1, step 3). It is critical to mention that
the exposure light is directly incident on the patterned region of
the PDMS mask (termed “direct exposure”).

→direct exposure pattern light beam directly

incident on patterned mask region

‐

→

edge profile pattern

photopattern mimics edges of mask pattern

→(ex. circular mask structure ring photopattern)

The PDMS photomask modulates the exposure light in
certain regions while leaving the light intensity in other regions
unchanged. The spatially modulated light intensity is incident
on the underlying light-sensitive QD-polymer film, leading to a
contrast in the amount of PL recovery that occurs in different
regions. For example, high exposure regions undergo significant
PL recovery while low exposure regions do not. After the
PDMS mask is removed, a photopattern can be observed
(Figure 1, step 4). A unique characteristic of direct exposure
PDMS photopatterning is that the resulting photopatterns are
defined primarily by the edges of the PDMS pattern (discussed
in detail later). For example, a circular hole or a circular pillar in
the PDMS mask will both yield a dark circular ring
photopattern (Figure 1, step 4).
The unique “edge-profile” photopattern results from the

distinct near-field phase-shift interference phenomenon that
occurs within the PDMS pattern.25−27 It is important to note
that this phase-shift approach is in stark contrast to photo-
patterning that uses a binary photomask composed of opaque
materials like Cu (TEM grid) or Cr (photolithograph
mask).13−15,24,37 Metal masks provide light exposure contrast
to the underlying light responsive film by blocking the passage
of light through the binary photomask in certain regions via
reflection or absorption. Therefore, areas of the light-responsive
film protected by the photomask remain unchanged while areas

Figure 2. Electromagnetic simulations and theoretical expectations predict the near-field destructive interference phenomenon that underlies direct
exposure photopatterning. (a) Schematic of the model used for electromagnetic simulations (one period of the array). (b, c) Simulated light intensity
distribution within one period of the array for the UV and blue exposure, respectively. (d) Relationship between the phase shift (between light in the
PDMS and in the air gaps of the PDMS pattern) and the wavelength of exposure light. (e) Schematic of “direct exposure” edge-profile
photopatterning and its insensitivity to the z-profile of the PDMS stamp (pillar vs hole) since the lateral cross-section is the same in both cases.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b03731
J. Phys. Chem. C 2017, 121, 13370−13380

13373

http://dx.doi.org/10.1021/acs.jpcc.7b03731


of the film exposed to the development light undergo a change
of their PL (increase/decrease of intensity or spectral shift).13,14

However, a PDMS photomask is nearly transparent to the
development light and therefore modulates light intensity using
a fundamentally different mechanism than the opaque binary
photomask.25−27 In the case of a transparent photomask,
modulation of light intensity arises from destructive/
constructive interference at certain regions of the patterned
interface of the PDMS photomask originating from a near-field
phase-shift (NFPS).25−27 Briefly, light that propagates through
the patterned PDMS stamp will encounter various paths
through either recessed (hole) or raised (pillar) microstructures
and a second medium (typically air). The difference in
refractive index between PDMS (nPDMS ≈ 1.41) and air (nair
≈ 1.00) can lead to a phase difference between light traveling in
the PDMS and air at the vertical feature interface (Supporting
Information, eq S1). If the phase difference is an odd multiple
of π, then destructive interference occurs and the light intensity
will be zero, which means no PL recovery occurs in this region
of the light-responsive QD-polymer film.
Electromagnetic simulations of the light intensity within a

single period of a PDMS patterned array show that UV (350
nm) and blue (470 nm) light both experience some degree of
destructive interference at the vertical edge of the PDMS
patterned surface, as noted by the dark blue region (Figure 2a−
c). This phenomenon can also occur over many periods of a
PDMS patterned array (Figure S2). Theoretical predictions
also indicate that destructive interference for UV and blue
wavelengths is expected in this system (Figure 2d). The phase
shift is given by the equation in the Figure 2d, inset, with actual
system parameters (Δn = 0.41, tstrctr = 1.1 μm, where t is the
structure thickness).
Phase shift values closer to π indicate destructive interference

(odd integer of π phase difference). The simulation and theory
both predict that UV wavelengths will experience a greater

degree of destructive interference than the blue wavelengths.
Moreover, the destructive interference is a highly localized
near-field phenomenon since it is arises from destructive
interference of the evanescent waves at the PDMS−air
interface, which means subwavelength features can be
patterned.25−27 Finally, since the near-field phase-shift
destructive interference phenomenon occurs at the vertical
edges of the PDMS structures, the shape and size of the PL
photopattern should depend solely on the lateral projection of
the PDMS pattern and should not be sensitive to whether the
PDMS pattern is raised (pillars) or recessed (holes; Figure 2e).
To verify these predictions, we conducted direct exposure

photopatterning using patterned PDMS photomasks of either
circular hole or circular pillar arrays that have the same
dimensions and arrangement (Figures S3 and S4). Photo-
luminescence images of a photopattern of circular rings, which
was created using a patterned PDMS photomask of circular
holes, proves that the photopattern is indeed of the edge-profile
type (Figure 3a−d). The PL images also show that longer
development times increase both the PL intensity and contrast
of the photopattern (Figure 3a). PL cross sections of the PL
images quantifiably confirm the increase of PL intensity with
exposure time and make it possible to measure the PL intensity
of the dark and bright regions of the pattern (Figure 3b,c). The
intensity contrast, which is a measure of the difference of PL
between dark and bright regions of a pattern, increases with
development time (Figure 3d).
This approach and behavior is consistent with the PL

recovery mentioned earlier and with previous studies (Figure
S1).14,15 Photopatterns result from intrinsic modification of the
QDs within the QD-polymer film and are not due to physical
addition, removal, or rearrangement of material from the
film.13−15,24,37 The featureless topography is confirmed by
atomic force microscopy (AFM) scanning of the film in regions
that have been photopatterned (Figure S5).

Figure 3. Demonstration of the “direct exposure” photopatterning process using a PDMS stamp with a hole array pattern. (a) PL images of a circular
edge-profile photopattern at different stages of pattern development (developed using UV light (325−375 nm), 19.8 mW/cm2). (b) PL intensity
cross-section across edge-profile rings. (c) PL intensity of the protected and exposed regions of the photopattern, and (d) the intensity contrast (IC)
at different stages of pattern development using a hole or pillar PDMS photomask. Scale bar is 20 μm for all images.
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The insensitivity of direct exposure photopatterning to the
recessed/raised nature of the PDMS photomask was confirmed
by fabricating a photopattern with a patterned PDMS
photomask of raised circular pillars. PL imaging shows a
photopattern that is practically identical to the photopattern
created using a hole PDMS photomask (Figure S6), with the
majority of the photopattern contrast occurring at the edges of
the pattern of the PDMS photomask (in this case the
circumference of each pillar or hole). In addition, the patterned
hole and pillar PDMS photomasks yield photopatterns with
similar intensity contrast (Figure 3d).
An important characteristic of the edge-profile photopattern

is that it has feature sizes extending down to the submicron
region (fitting of PL cross-section shows a full-width half-
maximum ∼500−560 nm), which was previously only possible
using a scanning laser-based exposure setup (Figure 4).23 The
submicron feature size can be obtained using either UV (325−
375 nm) or blue (450−490 nm) exposure light (Figure 4b−f)
and a recessed hole or raised pillar PDMS photomask (Figures
4 and S7). However, the intensity contrast obtained from blue
exposure (19%) is lower than that provided by UV exposure
(24%) since blue wavelengths do not adhere as closely to the
requirements for complete destructive interference (π-shift) as
the UV wavelengths (Figure 2d; eq S1).25

For the PDMS mask used in this study, higher intensity
contrasts could theoretically be obtained using wavelengths that
more closely match the destructive interference requirement

(for example, 902 nm). However, the decrease in absorbance of
the green QDs past ∼530 nm limits the exposure wavelengths
that can be utilized. The observed full-width half-maximum
(fwhm) of the edge-profile photopattern fabricated using UV
and blue development light matches predictions from electro-
magnetic modeling (500−540 nm) shown in Figure S8b,c.
Furthermore, electromagnetic modeling shows that the fwhm

of the destructive interference region increases deeper into the
QD-polymer film (Figure S8b,d). In fact, a difference of 40 nm
in fwhm between the top and bottom of the 550 nm thick QD-
polymer film is predicted for the UV exposure case. The
increase of fwhm with greater depth will degrade intensity
contrast and lead to an apparent degradation of resolution.
Ideally, the fwhm would be depth-independent so that the line
resolution would be consistent between thin and thick QD-
polymer films.
The edge-profile photopatterning is different from traditional

photopatterns, which replicate the mask’s pattern13−15,24,37

because the primary intensity contrast of the edge-profile
photopatterns stems from their edges. However, the edge-
profile patterns do have some face-profile intensity contrast
(increase of PL intensity in the internal regions), but this is
only clearly evident at lower viewing magnifications (Figure
S9).

Photopatterning via Indirect Exposure (PDMS Mask).
Patterned PDMS stamps have a number of advantages over the
traditional metal photomasks typically used in photopatterning

Figure 4. PL images, their intensity cross-section, and fwhm histogram of photopatterned rings made using the “direct exposure” approach with (a−
c) UV (325−375 nm) and (d−f) blue (450−490 nm) development light (10 μm hole photomask).
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(e.g., TEM grids). These advantages include PDMS being more
robust than TEM grids (allowing them to be reused), easier to
handle (making patterning more simple and reliable), and
having higher resolution and more pattern choices (permitting
more applications). However, PDMS also has a very different
complex refractive index than metals in the near UV and visible
wavelength ranges (specifically, nPDMS ∼ 1.4 and kPDMS ∼ 0),
which enables it to waveguide light with minimal optical
attenuation losses. Optical waveguiding and scattering, in turn,
makes possible a unique indirect exposure approach that is not
possible using traditional metal photomasks. This unique
exposure approach is termed the “indirect exposure” approach.
The specific steps of the indirect exposure approach are

outlined in Figure 5. Overall, this approach is similar to the
direct exposure approach outlined earlier except that indirect
light incidence is used to develop the photopattern. In this
scenario, the development light is incident on a region of the
PDMS photomask that is not patterned (Figure 5, step 3).
When light enters the PDMS material, much of the light

propagates to the underlying QD-polymer film due to the high
optical transparency of PDMS from 250 to 1100 nm. However,
light also diffuses/scatters in the lateral directions due to the
presence of silica nanoparticles and other localized contami-
nants in the commercial PDMS material. The scattered light
can propagate to the patterned surface of the PDMS mask to
“indirectly expose” the underlying light-sensitive QD-polymer
film, which then forms a photopattern.
There are a number of important differences between the

indirect exposure approach and the direct exposure approach.
First, indirect exposure patterning is based on waveguiding to
localized scattering at the patterned PDMS structures and
therefore does not require adherence to a strict relationship
between the mask dimensions and exposure wavelength (as
outlined by eq S1). Second, indirect exposure yields more
traditional “face-profile” photopatterns (i.e., a circular PDMS
pillar will yield a photopatterned circle; Figure 5, step 4).
Finally, the resulting photopattern depends on whether the
PDMS pattern is recessed or raised (because waveguiding and
localized scattering develop the photopattern; Figure 5, step 4).
The indirect exposure patterning approach is demonstrated
using a PDMS stamp with either recessed circular holes or
raised circular pillars (Figure 6a,b and c,d, respectively). PL
imaging of these photopatterns reveals a number of important
observations.
First, the indirect exposure approach yields face-profile

photopatterns, as opposed to the edge-profile photopatterns
shown earlier using the direct exposure approach. Second, the
contrast of the photopattern increases with longer development

time. And finally, the resulting photopattern strongly depends
on whether the PDMS pattern was recessed or raised. A PDMS
stamp with recessed circular holes yields high intensity circles,
while a PDMS stamp with raised circular pillars yields low
intensity circles (or a surrounding area of high intensity). The
exact mechanisms underlying this trend are not clear because
light from the PDMS photomask can enter the light-sensitive
QD-polymer film via both optical scattering and waveguide
bleeding. However, it is clear that the recessed holes cause light
to enter the underlying QD-polymer film more efficiently than
the raised pillars since PDMS holes lead to bright circular disks
and QDs undergo an increase in PL intensity when exposed to
light (Figure S1a). The positive and negative face-profile
photopatterns (resulting from PDMS hole and pillar photo-
masks, respectively) are present over larger lateral areas as well
(mm2; Figure S10). These demonstrations clearly show that
very different types of photopatterns can be obtained by simply
changing how the exposure light is incident on the patterned
PDMS photomask (direct exposure vs indirect exposure).

Figure 5. “Indirect exposure” photopatterning process using a PDMS stamp. (1) QD-polymer film is deposited and (2) a PDMS stamp is placed on
its surface. (3) Light is incident on the PDMS stamp on a region where there is no underlying physical PDMS pattern (indirect exposure light
incidence). (4) When the PDMS stamp is removed a positive photopattern is present corresponding to the face-profile of the regions of the PDMS
patterns (so the pillar and hole patterns will yield different patterns). In this case the photopattern is due to indirect scattered and waveguided light
that travels through the PDMS stamp to the patterned (hole and pillar) regions.

Figure 6. PL images of photopatterns developed using the indirect
exposure approach. (a, b) PL image of a photopattern fabricated using
a PDMS mask of 10 μm holes. (c, d) PL image of a photopattern
fabricated using a PDMS mask of 10 μm pillars. Patterns were
developed using UV light (325−375 nm; 15 mW/cm2). Scale bar is 30
μm for all images.
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Large Area Photopatterning (PDMS Mask). The parallel
nature of the direct exposure and indirect exposure photo-
patterning strategies suggests that large film areas can be
photopatterned quickly. The results confirm these expectations,
with photopatterns being fabricated that successfully span areas
up to ∼10 mm × 10 mm (Figures S11 and S12). Considered in
terms of throughput (patterned area/time), direct exposure
patterning offers ∼3.3 mm2/min and indirect exposure ∼0.4
mm2/min. Although we consider these values to be notable, it
is difficult to quantitatively compare these values to other
studies because throughput is not often quantified in the
photopatterning literature. Furthermore, the throughput could
be increased by enhancing the intensity of light exposure so
these values serve as a general indication of the capabilities
offered by these strategies. These photopatterns also have very
consistent spatial characteristics over the patterned area
(standard deviation ≈ 5%; Figure S13).
High-Resolution/High-Throughput Photopatterning

(PDMS Mask). One of the most important advantages of
using a patterned PDMS photomask (as opposed to an opaque
metal grid) is the potential increase in photopattern resolution.
To examine this possibility, a PDMS mask with parallel lines of
different width was used to create photopatterns. In this case,
both the direct exposure and indirect exposure approaches were
implemented (Figure 7a and c, respectively).
PL imaging and cross sections of PL images reveal a number

of observations. First, direct exposure patterning can create
edge-profile lines with an average fwhm of 630 ± 80 nm and
periodicity down to 1.86 ± 0.03 μm (Figure 7b,d). Clearly, this
submicron resolution represents a significant improvement in
the area of photopatterning because submicron resolution has
previously only been possible using a laser exposure source.23

Additionally, indirect exposure patterning yields high-contrast
strips with width of 1.8 ± 0.2 μm.
Second, both direct exposure edge-profile lines and indirect

exposure face-profile lines can be patterned with very good
resolution without compromising the intensity contrast of the
photopattern. Third, these photopatterns correspond closely in
size and arrangement to the patterned PDMS photomask used
to develop the photopatterns (Figures S3, S14, and S15).
Finally, the high resolution afforded by both strategies
(submicron for direct exposure and low-micron for indirect
exposure) is also accompanied by high-throughput due to the
parallel nature of the PDMS patterning mechanism (∼0.3−0.6
mm2/min).

Multiexposure Photopatterning (PDMS Mask). The
simplicity of the photopatterning approach and robust nature of
the PDMS photomask make multiexposure photopatterning
possible. In this case, a photopattern can be created using either
the direct or indirect approaches, and then additional
photopatterns can be fabricated in the same region.
A number of examples of multiexposure direct exposure and

indirect exposure photopatterns are shown in Figure 8. These
examples represent only a small fraction of the patterns that can
be obtained using this multiexposure approach (Figures S16
and S17).
However, it is clear from the examples that complex and

unique photopatterns can be developed that might be difficult
(or impossible) to create using other more traditional
patterning approaches. Furthermore, multiexposure photo-
patterning allows for ultradense patterns that can overcome
limitations in resolution encountered when using only a single
exposure (Figure 8a−c). Finally, multilevel intensity contrast
photopatterns are possible in the overlap regions of the

Figure 7. (a) PL image and (b) PL cross-section of photopatterned lines fabricated using the direct exposure approach. (c) PL images and (d) PL
cross-section of photopatterned lines fabricated using the indirect exposure approach. Baseline of line-edge profiles corrected for nonuniform light
illumination. The black arrows indicate the direction of the PL cross-sections. The direct exposure and indirect exposure photopatterned lines were
fabricated using the same PDMS mask.
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photopatterns. For example, Figure 8d clearly shows a four-
level contrast system in the cross-hatched region where the
photopatterned lines from each exposure step overlap (low,
medium, high, very high intensity regions are present (Figure
8d, inset; Figure S17).
Photopatterning via Laser Interference Lithography

(Maskless). Laser interference lithography (LIL) is a separate
technique where the spatial modulation of light intensity can be
provided by the light exposure setup, thereby removing the
necessity of having a mask at all. LIL involves exposing a light-
sensitive film (QD-polymer in this case) to the interference
pattern of multiple laser beams to create the photopattern. An
example of photopatterned parallel lines is shown in Figures 9
and S18.
PL imaging shows highly uniform parallel lines with fwhm of

∼3 μm, periodicity of ∼4.5 μm, and intensity contrast of ∼7.5%
(Figure 9a; eq S2). A fast Fourier transform (FFT) confirms
the highly uniform periodicity of the photopattern (Figure 9a,
inset and Figure S19, row 2). Furthermore, lines of submicron
fwhm (520 ± 130 nm) and periodicity (800 ± 100 nm) can be
created using this technique (Figures 9b and S19). Although
the sinusoidal intensity contrast and submicron width make the
photopatterned lines more difficult to observe, a FFT of the PL
image clearly confirms their presence (Figure 9b, inset).
Figure 9c shows a cross-section of the PL intensity for the

lines of ∼3 μm fwhm, which follows a near-sinusoidal spatial
modulation. A sinusoidal modulation is in accordance with the
interference pattern from two coherent beams.28 As with the
photopatterns created using the near-field PDMS photomasks,
AFM scanning shows no physical patterning of the QD-
polymer film that could account for this PL photopattern,
confirming the nonphysical nature of the photopattern (Figure
S20).
The LIL patterning approach is also compatible with a

multiple-exposure strategy, which can yield a more complex
photopattern than that available via a single exposure. Figure 9d

shows a PL image of a dense cross-hatched photopattern
created by superposing two sets of lines orthogonal to each
other. A FFT of the PL image confirms the cross-hatched
sinusoidal periodicity of the entire photopattern (Figure 9d,
inset).
Maskless photopatterning using laser interference lithog-

raphy is also able to create photopatterns over large areas (13
mm × 13 mm) in a short time (within 1 min for this laser
power) with exceptional spatial uniformity (fwhm and
periodicity). Inspection of the four corners and center of a
13 mm × 13 mm photopattern shows an average periodicity of
5.5 ± 0.5 μm with each region closely matching, which is
exceptional, given the lateral areas being considered (Figure
S21). In addition to uniformity, this signifies a notable
achievement in terms of throughput (∼11 mm2/min) given
that this pattern was developed in 15 min. More specifically, it
indicates a rate increase up to 1000× compared to previous
photopatterning demonstrations.13,23

■ CONCLUSIONS
We demonstrate novel photopatterning approaches based on
near-field and far-field interference phenomena that yield very
high resolution quantum dot photopatterns over exceptionally
large areas at exceptionally high throughput. A number of
photopatterning routes were outlined that yield either edge-
profile or face-profile photopatterns (Table 1). These strategies
replace the traditional binary opaque photomask with either
near-field or far-field interference phenomena to create the
photopattern. The move from a binary photomask to
interference-based exposure strategies represents a paradigm
shift in the field of photopatterning. Notably, photopatterns
fabricated using these interference-based techniques can reach

Figure 8. PL images of high-density photopatterns created using
multiexposures. Photopattern of multiple exposure “direct exposure”
holes (a), multiple exposure “direct exposure” lines (b), and
multiexposure “indirect exposure” lines (c, d). (Inset) Schematic of
the multilevel intensity contrast present in the cross-hatched patterns
(low, medium, high, and very high intensity regions). Scale bar is 20
μm for all images.

Figure 9. Highly uniform photoluminescence photopatterns created
using interference lithography in yellow and green QD-polymer films.
PL images of photopatterned parallel lines of fwhm (a) ∼3.0 μm
(yellow QD film) and (b) ∼0.5 μm (green QD film; bottom left inset
is a schematic of the line direction). (c) PL cross-section of the ∼3 μm
fwhm photopatterned lines from (a). (d) Photopattern of cross-
hatched lines created by multistep patterning (yellow QD film). Insets
are fast Fourier transforms (FFT) of the PL images.
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minimum feature sizes of ∼500−1800 nm, which matches the
current high resolution offered by direct-write scanning-laser
exposure. In addition, these techniques drastically increase the
patternable area (cm2) and throughput (increases of up to 3
orders of magnitude) while maintaining pattern uniformity.
These advances address the major constraints associated with
resolution and throughput that have traditionally plagued
photopatterning (Table 1). Furthermore, photopatterning
could have throughput exceeding even common physical
patterning techniques like photolithography and electron
beam lithography, which require additional process steps to
obtain a physical pattern (postbake, development, etch/deposit,
strip). Therefore, the developments outlined in this paper could
lead to the implementation of photopatterning in place of
traditional lithographies if an emissive pattern is required.
Additionally, a single type of photomask is shown to pattern

both (novel) edge-profile and (common) face-profile PL
emission photopatterns in QD-polymer films by changing the
light exposure conditions. Finally, all three approaches can be
applied multiple times on the same film area to fabricate
ultradense multilevel contrast photopatterns that would be very
difficult to obtain using traditional single-exposure strategies.
These results highlight an important advance in the area of
photopatterning by connecting nano/microscale features to the
macroscale sizes that are relevant to many technologies. The
simultaneous increase of resolution and throughput offered by
these strategies, coupled with their simple and reliable nature,
will be critically important for systems that require highly
uniform large-area high-resolution photopatterns (e.g., anti-
counterfeiting labels and display technologies).
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