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Abstract—A double-exposure grayscale photolithography
technique is developed and demonstrated to produce threedimensional (3-D) structures with a high vertical resolution.
Pixelated grayscale masks often suffer from limited vertical
resolution due to restrictions on the mask fabrication. The doubleexposure technique uses two pixelated grayscale mask exposures
before development and dramatically increases the vertical
resolution without altering the mask fabrication process. An
empirical calibration technique was employed for mask design
and was also applied to study the effects of exposure time and mask
misalignment on the photoresist profile. This technology has been
demonstrated to improve the average step between photoresist
levels from 0.19 to 0.02 µm and the maximum step from 0.43 to
0.2 µm compared to a single pixelated exposure using the same
mask design.
[2008-0164]
Index Terms—Grayscale lithography, microelectromechanical systems (MEMS), micromachining, three-dimensional (3-D)
lithography.

I. I NTRODUCTION

T

HE DESIGN of traditional microelectromechanical systems (MEMS) has been partially restricted by the fabrication limitations of technology that was initially developed for
the IC industry. Common photolithography is a widely accepted
and powerful patterning technology but only produces planar
structures. This restriction is not prohibitive for IC fabrication,
but it is a significant limitation for MEMS technologies that
may greatly benefit from three-dimensional (3-D) geometries.
As new 3-D photolithography techniques emerge, a variety of
applications have taken advantage of this new design capability.
Turbomachinery applications [1] can utilize sloped sidewalls
to increase compressor performance. Encapsulated microfluidic
channels can be fabricated with a single photolithography step
[2]. Other applications include the fabrication of photonic crystals [3] and phase Fresnel lenses [4], which cannot be realized
without 3-D forming capabilities.
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In contrast to binary photolithography, 3-D photolithography
methods use variable-exposure techniques to produce vertically
shaped photoresist profiles. Commonly, 3-D photolithography
is achieved using a variable-dose exposure, called grayscale
photolithography, to control the development depth in photoresist [5]. Regions exposed to a given dose will develop to
a corresponding photoresist thickness, termed a gray level. A
higher dose penetrates the photoresist deeper and therefore
creates a lower gray level when using positive-tone photoresist.
The remaining 3-D pattern can then be either transferred into a
substrate via directional dry etching [1] or used as the structural
material itself.
Current 3-D photolithography technologies can be divided
into three primary groups: multiple-step, direct-write, and
grayscale mask photolithography. Multiple-step photolithography utilizes several exposures using conventional optical masks
[2], [3], [6], but each exposure produces a different gray level in
the photoresist. With this technique, n masks have been demonstrated to produce n + 1 gray levels, but alignment and edge
effects limit the total number of exposures. The maskless directwrite process uses a writing beam to directly transfer a variabledose pattern into the photoresist [7]–[13]. Grayscale mask
photolithography uses a conventional photolithography tool
with a specialized grayscale optical mask [14]–[22]. Grayscale
masks contain variable-transmission patterns that transmit part
of the ultraviolet (UV) light intensity to create variable-relief
structures. Each photolithography technique has advantages
and disadvantages that make it suited for different applications.
The goal of this paper is to develop a high-throughput technology capable of realizing 3-D structures with a high vertical
resolution. Photolithography using grayscale masks provides
a much higher throughput than direct-write methods but is
also capable of realizing structures with a much higher vertical precision than multiple-step photolithography. Therefore,
grayscale mask photolithography is ideal for this paper.
The mechanisms to control the UV intensity in grayscale
mask photolithography have been demonstrated using both
pixelated [14]–[20] and continuous-tone [21], [22] grayscale
optical masks. Pixelated grayscale masks control the UV dose
by diffraction through pixels that are below the resolution of the
photolithography tool. Continuous-tone masks are fabricated
by directly writing the optical density onto a mask coated with
a proprietary energy-beam-sensitive material that controls the
UV absorption. Both continuous-tone and pixelated masks can
be used to fabricate structures on the order of tens of micrometers, but continuous-tone masks use a proprietary writing
technology that is limited to 5- or 6-in mask plates. Pixelated
grayscale masks may be written with conventional mask writers
and are compatible with any plate dimension. While this is
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Fig. 1. Top–down schematic of a pixelated grayscale mask. Closer examination reveals the structure of the individual pixels.

beneficial, pixelated grayscale photolithography has a much
lower vertical resolution than continuous-tone masks and is
therefore not well suited for many applications.
As a solution to this limitation, the focus of this paper is to
present the development of a new photolithography technique,
termed double-exposure grayscale photolithography. This technique combines multiple-step photolithography with pixelated
grayscale masks. Multiple exposure steps have been demonstrated to improve the vertical resolution of conventional masks,
and similarly, double-exposure photolithography extends the
resolution of pixelated grayscale masks. This paper presents
an overview of pixelated grayscale photolithography, followed
by a detailed description of the double-exposure photolithography technique. An empirical calibration technique required
to design double-exposure masks is also reported. The first
double-exposure grayscale structures have been fabricated as a
technology demonstration and have been analyzed to verify the
calibration. Finally, the effects of mask alignment and solutions
to tolerate misalignment are discussed.
II. P IXELATED G RAYSCALE P HOTOLITHOGRAPHY
Pixelated grayscale masks are fabricated using highresolution mask writers capable of submicrometer feature sizes.
Unlike common mask features, the pixels are intentionally designed to be below the resolution limit of the photolithography
system. The pixels on the mask (Fig. 1) vary the transmitted
UV light intensity when the mask is exposed in a projection
photolithography system. The subresolution pixels diffract the
UV light, and the projection optics filter out the spatial information and transmit only a diminished UV intensity [5]. The
amplitude of the intensity is controlled by the pixel size and
the pitch. Projection photolithography is required to achieve
sufficient diffraction through the pixel grid, which makes this
technique incompatible with contact photolithography. Only a
finite number of pixel sizes are possible due to mask writing
limitations. In addition, each pixel size corresponds to a unique
gray level, allowing only a finite number of possible gray levels.
As a result, desired 3-D structures must be approximated by the
available set of gray levels.
The degree of approximation required for pixelated grayscale
photolithography is prohibitive for applications that require
high vertical resolution. For example, 3-D profiles can be
desirable for turbomachinery applications [23]. The microcompressor prototype in Fig. 2, related to the work in [1],
was fabricated using pixelated grayscale photolithography and
transferred into silicon using a two-step etch process. The inwardly sloping profile maintains a constant cross-sectional area

Fig. 2. SEM of the 3-D microcompressor prototype fabricated using pixelated
grayscale photolithography and deep reactive-ion etching.

Fig. 3. Profile view of (a) single-exposure photolithography using a mask
with four pixel sizes, producing four gray levels. (b) Double exposure produces
16 gray levels using two exposures with the same number of pixel sizes.

between blades on the rotating compressor, which increases the
compressor efficiency. However, the current vertical resolution
of this pixelated grayscale technology is not sufficient to meet
the specifications of this device. Approximating the desired
slope produces a stepped profile that restricts fluid flow and
decreases device performance.
The limitation in the vertical resolution is imposed by the
mask fabrication process and the projection photolithography
tool. The resolution of the projection system determines the
upper limit on the pixel size. Typical low-resolution systems,
such as the 5× projection tool used in this paper, have resolutions near 0.6 µm on the wafer. This allows pixel sizes
up to 3 µm before spatial information from individual pixels
begins to transfer. The mask fabrication limits the minimum
pixel size and the minimum difference between pixel sizes.
The projection photolithography tool and mask process enables
grayscale designs using 15 square pixel sizes ranging from
0.6 to 2.0 µm.
III. D OUBLE -E XPOSURE G RAYSCALE
P HOTOLITHOGRAPHY
Double-exposure grayscale photolithography was developed
to improve the vertical resolution compared to a single exposure without increasing the mask fabrication complexity.
Similar to multiple-step techniques, the process consists of
two aligned exposures before development, but each exposure
uses a grayscale mask in place of a binary mask (Fig. 3). Unlike previous demonstrations of multiple-step lithography, both
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exposures are overlaid above the same location on the photoresist. Examples of multiple-step photolithography in the
literature use adjacent exposures, where each step is applied to
unexposed photoresist. Double-exposure photolithography attempts a new phenomenon. Instead of exposing the photoresist
down to the substrate or partially to create a gray level, two
partial exposures are superimposed to create a gray level that
is not achievable using a single exposure [24]. Therefore, the
final structure is composed of a combination of both partial
exposures, as shown in Fig. 3(b). Any pixel size used in the first
exposure may be followed by any other pixel size in the second
exposure. If two different exposure times are used with n pixel
sizes, double exposure will produce n2 gray levels. However, if
the exposure times are equal, the number of gray levels will be
reduced.
The application of double-exposure grayscale photolithography requires the design of two pixelated masks. Mask design
necessitates an understanding of how each pixel will affect
the final photoresist height. Process calibration is increasingly
complicated because each point on the photoresist is exposed
with two different pixel sizes and two different exposure times.
The first step is to examine the exposure mechanics and define
a single variable, the double-exposure dose, which depends on
the pixel size and exposure conditions and can be experimentally compared to the photoresist height. The next step is to
expose a calibration structure and collect empirical data. These
data are then related to the double-exposure dose to develop
a numerical relationship between the photoresist height and
the exposure conditions, called the calibration curve. After a
reliable calibration is obtained, a set of pixelated masks can be
designed to fabricate nearly any arbitrary geometry.

velopment. The maximum development depth zmax can be
obtained from (1) and (2) by substituting the dose with the doseto-clear (d(z) = E0 )
!
"
t · Is
1
.
(3)
zmax = ln
α
E0
Unfortunately, this theoretical approach is not sufficient to
calculate the exposure depth using the tools available for this
work. For example, slight variations in the photoresist deposition, development temperature, and humidity can affect the
final photoresist profile. Therefore, a calibration technique was
selected to relate the pixel size on the mask to the corresponding
gray-level height, as demonstrated by Morgan et al. [4].
In this empirical calibration scheme, the dose is calculated
and directly compared to the resulting photoresist height. The
incident UV intensity I0 is constant during the exposure, but
the surface intensity Is is controlled by the amount of light
transmitted through optical mask. The UV transmission is
determined by the size of the pixels on the mask or, specifically,
the transparent area surrounding the pixel, given by
Is = I0

p2 − l 2
p2

where l is the length of the square pixel and p is the spacing
between pixels on the mask, which is termed the pitch. In
general, dose is defined as the product of relative intensity and
exposure time. Double exposure uses two exposure intensities,
with two doses, so the double-exposure dose dde is defined as
the sum of the independent dose for each exposure
dde = Is1 t1 + Is2 t2

A. Theory
In order to design a pixelated mask, it is important to
quantify the relationship between the pixel size and the resulting photoresist height. This requires an understanding of the
photoresist exposure process, which differs for positive- and
negative-tone photoresists. Only positive-tone photoresist was
used in this work, but grayscale lithography has been previously demonstrated using negative-tone photoresist [2], [3], and
therefore, it is reasonable to assume that double exposure would
have a similar effect on negative-tone photoresist. The exposure
kinetics of positive photoresist is governed by Beer’s law
I(z) = Is exp(−α · z)

(1)

where I(z) is the intensity at depth z, Is is the intensity at
the photoresist surface, and α is the absorption coefficient of
the photoresist. The absorption coefficient can be determined
from the Dill parameters [25] of the photoresist, as described by
Kim et al. [26]. The photoresist is fully exposed when the dose
is greater than the dose-to-clear E0 . The dose d is defined with
the exposure time t as
d(z) = I(z) · t.

(2)

The dose-to-clear is a well-known property that specifies the
minimum energy required to remove photoresist during de-

(4)

(5)

where the subscript indicates the first or second exposure.
IV. C ALIBRATION AND D ESIGN
Double-exposure grayscale photolithography is the first technique that demonstrates the use of two partial exposures that
are overlaid to produce an intermediate development depth.
Therefore, this technique requires a more sophisticated calibration approach compared to single-exposure photolithography.
For example, it is important to examine how the first exposure
modifies the exposure kinetics of the photoresist and if that will
affect subsequent exposures. Equation (5) only applies if the
order of the exposures does not impact the corresponding graylevel height. Therefore, it is necessary to observe if the exposures commute. The exposure time is also more complicated
using double-exposure photolithography. The total exposure
time is selected for the photolithography process itself, but
the individual exposure times can be changed freely, making
it important to analyze the effect of changing the individual
exposure times.
A. Exposure Commutability
Multiple-step photolithography has been demonstrated with
binary masks, but no previous results have shown the effect of
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superimposed grayscale exposures. Therefore, it is necessary
to investigate if and how the order of exposure affects the
final photoresist height. As shown in (1), the intensity changes
as a function of depth in the photoresist and the absorption
coefficient. However, due to bleaching effects, the absorption
coefficient changes as the photoresist is exposed [26]. Since the
double-exposure dose given in (5) is only valid if the two exposures are commutative, the change in the absorption coefficient
must have a negligible effect on the intended exposures. We
used a simple experimental approach to test the commutability
of the exposures within the typical dose range. Pairs of photoresist test pads were exposed with the same two exposure
doses, but in opposite order. These exposure opposites were
created using all pixel size combinations. If the exposures are
commutative, the height of opposite exposures will be identical.
The average difference in photoresist height of such opposite
exposures was only 1.5% of the total photoresist height. This
value is on the order of the average height difference for two
identical gray levels. While this result holds for the typical
dose range used in these experiments, a different exposure
process may cause the absorption coefficient to change significantly, resulting in a noncommuting exposure. Therefore,
the commutability of the exposures must be examined prior to
developing a calibration curve using this method. Photoresist
kinetic modeling software can be used to determine the range of
commutability for different photoresist chemical compositions
as well as exposure processes.

Fig. 4. Grayscale test pads are grouped in rows for the first exposure and
columns for the second exposure. The pixel size is represented by numbers
1–15. When the two exposures are overlaid, all possible test pad combinations
produce 225 gray levels.

B. Calibration
Mask design is not possible until the double-exposure
grayscale technology is calibrated with a defined relationship
between the pixel size and the resulting photoresist height.
Experimental data for empirical calibration were collected
using a characterization mask with 15 square pixel sizes. A
calibration structure was designed on a test mask to provide
a means to measure the gray-level heights resulting from all
pixel size combinations. The structure contained a grid of test
pads, which are 100-µm squares of the same pixel size. The
pads were arranged in a 15 × 15 grid, as shown in Fig. 4, to
overlap all combinations of pixel sizes using double-exposure
photolithography. The combination of both exposures results in
225 double-exposure combinations. After exposure and development, a stylus profilometer was used to measure the height of
the fabricated gray levels. An empirical relationship could then
be extracted by examining the correlation between the relative
double-exposure dose calculated from (5) and the measured
gray-level height.
Due to the exponential nature of the exposure kinetics, the
data were fit to an exponential equation of the form
depth = y0 + A · [1 − exp(−dose · B)] .

(6)

The double-exposure dose was calculated, as given in (5), and
normalized to unity. Fig. 5 shows this exponential fit, where
y0 = −8.85, A = 15.11, and B = 3.3. The resulting empirical
calibration curve is given by
depth = −8.85 + 15.11 · [1 − exp(−dose · 3.30)] .

(7)

Fig. 5. Double-exposure calibration data are fit to an exponential equation to
determine the relationship between the normalized dose and the height of the
corresponding gray level.

C. Exposure Time Ratio
While the relationship from Fig. 5 is sufficient to design
a double-exposure grayscale mask, the ratio between the exposure times should be optimized. The total exposure time is
usually determined from the existing photolithography process,
including the photoresist thickness and the desired development
time. However, the individual exposures are not constrained,
and changing the individual exposures will change the vertical
distribution of gray levels in the photoresist. Therefore, the
optimum exposure times for both exposures must be determined to use the calibration curve for mask design. Since the
total exposure time is fixed and the order of exposures does
not matter, both individual exposures can simply be expressed
as the ratio between the two exposure times. The effect of
changing the exposure time ratio was examined by using (5) to
calculate all possible dose values when given an exposure ratio.
The resulting dose values were then converted to predicted
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photoresist heights using the calibration from (7). The optimum
exposure time ratio was selected to achieve the most uniform
vertical distribution of gray levels. This was determined by minimizing the average step height between gray levels. The optimum exposure time ratio was calculated to be 1.78 : 1, which
was used for future mask designs.
D. Mask Design
A set of test masks were designed using the calibration
curve and the optimum exposure times described earlier to
demonstrate the realization of double-exposure structures and
to validate the calibration approach. The masks utilized n =
15 square grayscale pixel sizes ranging from 0.6 to 2.0 µm with
a 0.1-µm difference between pixel sizes. Double-exposure photolithography was predicted to yield n2 = 225 gray levels [27].
Several linear wedge structures of various lengths and heights
were designed on the masks. Since millions of pixels must
be precisely placed, each structure was designed automatically
using a computer script. The script first calculated all possible
gray levels by using the calibration curve from (7), the exposure
times, and the pixel sizes for the mask. The desired structure
was then approximated using the available gray levels, and the
mask layout file was produced. Fabrication began by spinning a
6-µm layer of Clariant’s AZ9245 positive-tone photoresist. The
wafer was then exposed in a GCA i-line wafer stepper for both
exposures and developed in a 1 : 4 AZ400 K solution for 6 min.

Fig. 6. SEM of a wedge fabricated with single-exposure photolithography.
The boundaries between the three gray levels are outlined by red dotted lines.
The inset depicts the portion of the structure shown.

V. R ESULTS AND D ISCUSSION
A. Improved Vertical Resolution
Using the same set of 15 pixel sizes and the same exposure and development procedure, double exposure produced
225 gray levels compared to 15 gray levels using a single
exposure. Double-exposure decreased the average step height
from 0.19 to 0.02 µm, and the maximum step height decreased
from 0.43 to 0.2 µm. This increase in vertical resolution will
enable the successful realization of the microcompressor shown
in Fig. 2 to within the required specifications.
The improved vertical resolution achieved with doubleexposure grayscale photolithography enables realization of
structures that were never possible using pixelated grayscale
technology. A wedge structure was fabricated using both singleand double-exposure techniques and compared to the ideal
wedge shape. SEM images of the photoresist surface verify
that the single-exposure structure (Fig. 6) contains fewer gray
levels than a wedge fabricated with double-exposure photolithography (Fig. 7). As shown in Fig. 8, the structure fabricated with double-exposure grayscale photolithography more
closely matches the ideal wedge shape. The average differences
between the fabricated structure and the ideal wedge profile
were 0.98 µm (33% of structure height) using single-exposure
grayscale photolithography and 0.17 µm (6% of structure
height) using double-exposure grayscale photolithography.
B. Mask Misalignment
The double-exposure profile shown in Fig. 8 is closer to the
designed structure than the single-exposure profile but exhibits

Fig. 7. SEM of a wedge fabricated with double-exposure photolithography.
The boundaries between the five gray levels are outlined by red dotted lines.
The inset depicts the portion of the structure shown.

Fig. 8. Contact profilometer scan of a double- and a single-exposure wedge
structure in photoresist, showing an increased resolution in the vertical step
height.

increased roughness. To explore the cause of this roughness,
we developed a simulation to investigate the effect of misalignment between the two exposures, as shown in Fig. 9. If the
second exposure is misaligned from the first, erroneous pixel
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Fig. 10. Simulated profile demonstrating increasing roughness with greater
misalignment.

Fig. 11. Simulated profile after applying the design rule to the simulation,
demonstrating fewer irregularities at the expense of vertical resolution.

Fig. 9. Illustration showing (a) an aligned double-exposure profile, (b) a
misaligned double-exposure profile with valleys caused by misaligned regions,
and (c) a misaligned double-exposure profile with peaks caused by misaligned
regions.

combinations will be exposed at the gray-level boundaries [28].
In Fig. 9, these erroneous pixel combinations are outlined by
gray dashed lines. In Fig. 9(b), the photoresist exposes deeper
because the misaligned region is more transparent than the
intended design, but in Fig. 9(c), the case is reversed.
Misalignments of 0.1 and 0.2 µm were simulated on a
previously designed wedge structure. First, the dose profile was
calculated using the pixel sizes from the mask design and (5).
Then, the resulting simulated structure was determined using
the dose profile with the calibration curve. This simulation
technique first simulated exposing both mask profiles with no
misalignment. Then, the same process was repeated, but the
second mask was shifted by 0.1 or 0.2 µm relative to the first
mask. Since this misalignment is less than the 2.6-µm pixel
spacing, diffraction was approximated by interpolating the pixel
structure to a 0.1-µm grid. The dose was calculated at each
super-resolution grid point, and then, the data spacing was
restored by averaging every 26 points.
The profile roughness was observed to increase with the simulated misalignment (Fig. 10). Furthermore, larger deviations

occurred when the difference in size between adjacent pixels
across a gray-level interface was large. However, if the difference in pixel size was less than 0.7 µm, the roughness caused by
misalignment was observed to be below the average step height
for a perfectly aligned exposure. Using this result, a design rule
was implemented into the mask layout algorithms. As the mask
pattern is generated, the gray levels with an adjacent pixel size
difference greater than 0.7 µm are removed and replaced with
the closest gray level that satisfies the design rule. A wedge
structure was designed and simulated using the new mask
layout algorithms. The results show a dramatically reduced
roughness in the presence of some misalignment, as shown
in Fig. 11. While the roughness is significantly reduced, the
average vertical step size is only increased from 0.02 to 0.03 µm
when the design rule is applied.
C. Further Applications
The double-exposure technique could theoretically be applied to any grayscale mask technology to increase the number
of possible gray levels. Continuous-tone masks would see
little gain, as the vertical resolution is already sufficiently
high. However, both pixelated and planar masks can benefit
from double-exposure technology. As demonstrated, doubleexposure photolithography will greatly increase the vertical
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resolution of pixelated grayscale photolithography using highresolution chrome masks. However, this technique also enables
the use of lower resolution mask writers that can only produce
a small number of pixel sizes. For example, if just seven pixel
sizes are possible, double-exposure photolithography would
enable designs with up to 49 gray levels. This approaches the
number of gray levels possible using a single high-resolution
chrome mask.
In addition, the calibration technique presented here can be
applied toward multiple-step photolithography. Demonstrations
of this photolithography technique in the literature only use
adjacent exposures instead of overlaid exposures. Using the
calibration methods applied for double-exposure lithography, it
would be possible to design a multiple-step exposure that would
produce 2n gray levels, instead of 1 + n levels, when using n
masks.
VI. C ONCLUSION
The double-exposure technique has been successfully
demonstrated to improve the vertical resolution of pixelated
grayscale photolithography without requiring a change in the
mask fabrication technology. The average step height was reduced by an order of magnitude, and the maximum step height
was reduced by a factor of two compared to a single grayscale
exposure using the same set of pixel sizes. This improvement
in the vertical resolution enables fabrication of more complex
devices that require more precise vertical control.
While the application of the double-exposure technique
enables a high-resolution pixelated chrome mask to achieve
vertical resolutions of continuous-tone masks, it also makes
it possible for some lower resolution mask writers to produce
grayscale masks. A tool capable of writing only seven pixel
sizes for a single exposure can now realize nearly as many gray
levels as was previously possible with a single exposure with a
high-resolution grayscale mask.
The calibration and simulation scheme presented here allows
investigation of critical fabrication tolerances, such as mask
alignment. Using this example, other higher order effects can
be examined to further improve the technology. Design rules
from these investigations can be combined into a comprehensive design tool for intelligent double-exposure grayscale mask
creation toward fabrication of complex 3-D silicon MEMS
devices.
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