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Abstract. The jet and flash imprint lithography (J-FILTM) process uses
drop dispensing of UV curable resists to assist high resolution patterning
for subsequent dry etch pattern transfer. The technology is actively being
used to develop solutions for memory markets including flash memory
and patterned media for hard disk drives. It is anticipated that the lifetime
of a single template (for patterned media) or mask (for semiconductors)
will be on the order of 104 to 105 imprints. This suggests that tens of
thousands of templates/masks will be required to satisfy the needs of a
manufacturing environment. Electron-beam patterning is too slow to fea-
sibly deliver these volumes, but instead can provide a high quality master
mask which can be replicated many times with an imprint lithography tool.
This strategy has the capability to produce the required supply of “work-
ing” templates/masks. In this paper, we review the development of the
mask form factor, imprint replication tools, and the semiconductor mask
replication process. A PerfectaTM MR5000 mask replication tool has been
developed specifically to pattern replica masks from an e-beam written
master. Performance results, including image placement, critical dimen-
sion uniformity, and pattern transfer, are covered in detail. C© 2011 Society of
Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3646523]

Subject terms: jet and flash imprint lithography; mask; replication; high contrast
mark.
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1 Introduction
The jet and flash imprint lithography (J-FILTM) process uses
drop dispensing of UV curable resists to assist high resolu-
tion patterning for subsequent dry etch pattern transfer.1–7

The technology is actively being used to develop solutions
for memory markets including flash memory and patterned
media for hard disk drives. It is anticipated that the lifetime
of a single template (for patterned media) or mask (for semi-
conductors) will be on the order of 104 to 105 imprints. This
suggests that tens of thousands of templates/masks will be
required to satisfy the needs of a manufacturing environment.
Electron-beam patterning is too slow to feasibly deliver these
volumes, but instead can provide a high quality master mask
which can be replicated many times with an imprint lithog-
raphy tool.

Previous work on patterned media for hard drives has
demonstrated the feasibility of replicating templates for both
discrete track recording and bit patterned media. A typical
process flow is shown in Fig. 1. Replication of the mas-
ter was conducted using a Perfecta 1100TR system. The
TR1100 uses Molecular Imprint’s J-FILTM technology and
was specifically designed to produce templates meeting the
requirements for patterned media disk imprinting systems.
The TR1100 system capabilities include micrometer level
alignment, template automation, and the ability to handle
150 mm fused silica substrates. The system can produce
approximately 10 replica (or working) templates per hour,
more than 2 orders of magnitude more productive than to-
day’s leading edge e-beam template writers.

1932-5150/2011/$25.00 C© 2011 SPIE

For the case of the semiconductor market, a variety of fea-
ture types must be resolved, although for most memory ap-
plications, the dominant feature set consists of 1:1 line/space
patterns for critical front-end layers, particularly Flash. In
the case of Flash memory, the most aggressive production
designs are now pushing to half pitches of 25 nm and be-
low. For such designs, mask critical dimension uniformity
(CDU) must be less than 10% of the minimum device half
pitch, mask image placement must be below 5 nm, and de-
fectivity of the mask is required to be less than 1 defect/cm2.
In this paper, we review the development of the mask form
factor, the semiconductor mask imprint tool, and imprint pro-
cess. Details on CDU, image placement, and pattern transfer
specifically for semiconductor replica masks are also dis-
cussed.

The requirements needed for semiconductors dictate the
need for a well-defined form factor for both master and
replica masks which is also compatible with the existing
mask infrastructure established for the 6025 semistandard,
6′′ × 6′′ × 0.25′′ photomasks. Complying with this standard
provides the necessary tooling needed for mask fabrication
processes, cleaning, metrology, and inspection. The replica
form factor has additional features specific to imprinting such
as a prepatterned mesa. A PerfectaTM MR5000 mask repli-
cation tool has been developed specifically to pattern replica
masks from an e-beam written master. Along with the tool,
a new process has been developed to fabricate replicas with
high contrast alignment marks so that designs for imprint
can fit within current device layouts and maximize the us-
able printed area on the wafer. Initial performance results
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Fig. 1 Process flow for creating both submaster and working replica templates for patterned media.

with this mark are comparable to the baseline fused silica
align marks.

2 Mask Details
2.1 Mask Form Factor
The 6025 master mask form factor allows mask shops to use
the identical tooling currently used for resist coating, writ-
ing, patterning pattern transfer, metrology, inspection, and
repair. Unlike standard photomasks which required the ma-
jority of the mask surface to achieve a 4× reduction, imprint
replication is a 1:1 patterning process and only requires the
very middle of the mask for patterning the features within a
field. The additional space around the periphery of the device
patterns is used for registration marks in order to align the
pattern to the mesa on the replica mask blank.

The replica mask also has a 6025 form factor, but addi-
tionally includes a raised pedestal or mesa (see Fig. 2.). This
mesa later becomes the patterned area of the replica mask.

This design was chosen specifically to eliminate the defects
added to the mask by forming the mesa after the pattern
transfer of the fine features on the mesa. As a result, we can
take advantage of the imprint blank infrastructure that has
already demonstrated an imprint mask blank defectivity of
only 0.04/cm2.8

2.2 Mask Replication Tooling and Processing
The MR5000 is an imprint tool designed specifically for
semiconductor mask replication. The tool accepts a stan-
dard 6025 mask form factor and prints field sizes ranging
from a minimum of 13 mm × 13 mm to a maximum of
26 mm × 33 mm. Throughput is 4 masks/h, and residual
layer thickness uniformity (RLTU) and the added critical di-
mension uniformity error are specified as 5 nm and 0.3 nm,
3σ , respectively. The added image placement error is speci-
fied at 5 nm, 3σ , and the tool operates within an ISO Class 2
environment.

Standard Cr quartz fabStandard Cr quartz fabbbMaster top down viewMaster to replica registration marks

MasterMaster

Replica

(a) (b)

Fig. 2 (a) A schematic of the process used to align the master mask to the replica mask blank. Registration marks outside of the active field aid
in the alignment of the field to the mesa on the replica. (b) Schematic illustration of the patterned master mask.
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Fig. 3 Photograph of the MR5000 mask replication tool.

A photograph of the MR5000 is shown in Fig. 3. The tool
is modular in design and consists of four major subsections.
Moving from right to left in Fig. 3 are the equipment front end
module (EFEM), the imprint chamber, the service corridor,
and the environmental control unit. The EFEM contains two

load ports configured to handle standard 6025 reticle SMIF
pods. Within the EFEM are 20 shelves designed for accli-
mating both the loaded master and replica blanks. The master
mask chuck is surrounded by a force feedback magnification
actuator system which is designed to correct both magnifi-
cation and systematic distortion errors.9 Resist is dispensed
using ink jet heads at volumes of less than 6 pl/nozzle. Ink jet
drop patterns are defined by an IntelliJetTM software system
designed to match the volume of resist to the GDS pattern
layout of the master mask.9

The replication process flow is shown in Fig. 4.10, 11 Prior
to imprinting the replica blank, an adhesion layer is applied.
The adhesion layer provides preferential bonding between
the replica blank and the imprint resist which is critical
for maintaining low defectivity during the imprint process.
Properties of this vapor adhesion layer (VALMat) layer have
been discussed in detail in previous publications.12, 13 Briefly,
VALMat was specifically designed to have low molecular
weight and high vapor pressure at room temperature. This is
a preferred method for coating, since vapor deposition pro-
cesses can achieve excellent uniformity and low defectivity
across the mesa of the replica blank.

Adjustment of magnification is done within the imprint
tool by registering the master to a reference. This extra
step provides additional flexibility to better meet customer
overlay requirements. After the resist image is imprinted
onto the replica blank, pattern transfer is accomplished by
plasma etching in series the remaining resist residual layer
(<15 nm), the chromium hard mask, and underlying fused
silica. A schematic of the pattern transfer process along with
representative SEM images are shown in Fig. 5.
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Fig. 4 Replica process flow, including steps for master fabrication, replica blank formation, fine feature patterning, high contrast mark definition,
and replica mask qualification and use.
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Fig. 5 Key processing steps necessary for replica pattern transfer.

Fig. 6 High contrast mark process flow: (a) patterned replica mask; (b) thin chromium deposition; (c) imprint step to isolate the alignment
features; (d) resist etchback; (e) chromium wet etch; (f) resist strip.

Fig. 7 Moiré signal intensity using a thin (10 nm) and thick (30 nm) chromium layer.
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Fig. 8 (a) Cross-sectional view of a recessed chromium mask during wafer imprinting. (b) Resist pattern on a silicon wafer demonstrating
patterning under the chromium material, along with an AFM histogram of the resist height.

The final steps in the process include a high contrast mark
(HCM) fabrication sequence and metrology and inspection.
Inspection has been discussed in previous publications.14, 15

Details of the HCM steps are reviewed in Sec. 3.

3 Replication Results
3.1 High Contrast Align Mark Formation
MII CMOS wafer imprint tools use a Moiré alignment
scheme to align the mask to patterns on the wafer.16 Typ-
ically the mask pattern contains a periodic line/space struc-
ture and the wafer substrate has a corresponding checker-
board pattern. The interaction between these mask and wafer
features scatter light in such a way that results in an optical
image providing subnanometer resolution alignment infor-
mation. The original Moiré align mark design included a
moated area to separate the imprint resist in the patterned
area from the align mark.17 This was necessary because the
imprint fluid has a very similar index of refraction to the
fused silica. As a result, features in the mask would become
invisible when in contact with the resist fluid and thus the
Moiré align technique would not function properly. By cre-
ating an air gap (with an index of refraction of 1.00), the
mark was easily viewed. While acceptable for research and
development, the approach has two drawbacks: 1. the moated
area takes up valuable real estate on the field which can no
longer be patterned, and 2. the moated area is subject to
contamination from the nearby deposited resist drops, which
may affect alignment signal strength after printing several
wafers.18

The moat has been eliminated by depositing a thin
(∼15 nm) layer of chromium in the base of the trenches
of the Moiré mark on the replica mask. The chromium film
provides contrast when the liquid resist fills the Moiré relief
images, thereby enabling a high intensity interferometric sig-
nal. While many different materials are possible for use with
an HCM scheme, chromium has been selected for its compat-

ibility with both standard photomask processing and imprint
processing. The method for fabricating the HCM is shown
in Fig. 6. After patterning of the fine features, chromium
is deposited across the field [Fig. 6(b)]. An imprint step is
then used to apply a uniform layer of resist across the field
while preferentially protecting the alignment mark locations
[Fig. 6(c)]. This step is important because typical resist pla-
narization methods such as spin-on techniques do not work
uniformly over large mesa edges. A resist etch-back step
exposes the chromium in all areas except the align marks
[Fig. 6(d)], then chromium is selectively removed [Fig. 6(e)]
and the remaining resist is stripped away [Fig. 6(f)]. Two
examples of Moiré signals are shown in Fig. 7. Both thin
(10 nm) and thick (30 nm) chromium layers were tested,
and both signal intensities were found to be greater than the
baseline Moiré signal observed in air.

Although chromium is a good material for producing a
Moiré signal with high contrast, there was an initial concern
that this material might interfere with resist curing. As shown

Fig. 9 Mix and match overlay achieved using an HCM imprint mask.
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Fig. 10 (a) Example of imprinted 24 nm half pitch lines using the MR5000 tool. (b) 3σ error comparison between the master mask and two
replica masks.

in Fig. 8(a), UV light passes through the glass to expose the
resist. If the chromium in the align mark absorbs or reflects
too much light, then the resist under the align mark may not
cure properly. In this condition, the resist will be more prone
to evaporation and shrinkage, and may act as a potential
contamination source.

To evaluate the resist exposure beneath the high contrast
marks, an experiment was run with four different Moiré
mark conditions: No chromium, 10 nm, 15 nm, and 30 nm
chromium thicknesses. An AFM was used to scan across the
imprinted feature of resist which directly corresponds to the
align mark areas with chromium. Figure 8(b) shows the im-
printed resist pattern and an example of an AFM scan. The
two-dimensional image of the AFM scan depicts the height
of resist as a brightness change. The feature height is mea-
sured by creating a histogram of the image brightness inside
the white box as shown. The distance between the two domi-
nant peaks indicates the step height, z, of the resist. The resist
patterned under the align mark is then compared to the resist
outside of the align mark. After accounting for the thickness
of the chromium [shown as A and B in Fig. 8(a)], we can
make an assessment of the impact of chromium within the
align marks.

In all cases, resist under the align marks was properly
cured with the target exposure dose of 100 mJ/cm2. Some
resist thickness loss was observed for the 30 nm Cr thickness

at exposure doses below 80 mJ/cm2. This is an extreme case,
however, and only serves to define the limits of the process.
Thicknesses around 15 nm showed optimal contrast with no
adverse effects from chromium shadowing as compared to
the no chromium condition.

Alignment and overlay were tested by placing a mask with
high contrast marks on an Imprio 500 and aligning to a silicon
wafer patterned with a 193 nm scanner. The results are shown
below. Three σ mix-and-match errors were 12.8 nm in x and
11.3 nm in y, less than the 15 nm overlay specification on the
tool (see Fig. 9). It should be noted that the imprint mask used
for this test had image placement errors of approximately
10 nm, indicating that better mix and match results should
be obtained by using an imprint mask with smaller image
placement errors.

3.2 Imprint Characterization
Initial data has been collected to evaluate the perfor-
mance of the MR5000. First tests include CDU, resid-
ual layer thickness uniformity, and image placement error
contributions.

CDU was tested by measuring 24 and 28 nm dense lines at
30 different locations on both the master and replica mask and
comparing the 3σ variations for each data set. The results are
shown in Fig. 10. The 28 nm features for both the master and

(a)

(b)

RLT Mean RLT 3σ
Field to Field 10.6nm 1.6nm

With-in Field 10.3nm 1.5nm

Fig. 11 (a) Imprint cross section showing both the feature cross section and the residual resist layer. (b) Within-field and field to field RLT and
RLTU.
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Fig. 12 Image placement vector plot showing the added image place-
ment error contribution resulting from the mask replica process after
imprinting. The mark used to measure the displacement vectors with
an IPRO1 is shown to the right of the vector plot. Dimensions of the
mark are 5 μm in width and 30 μm in height.

replica show no difference in the 3σ variation. The master
and replica differ by 0.5 nm for the 24 nm lines. The error
differences are within the gauge capability of the SEM, and
consistent with previous work that documents that little or
no additional variation occurs as a result of imprinting.19

Residual layer thickness (RLT) and RLTU tool specifi-
cations are <15 nm and <5 nm, 3σ , respectively. To test
the MR5000 RLT performance, three mask fields were im-
printed. Data from each field were collected by cleaving each
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Fig. 13 Induced distortion per ppm applied magnification correction.
Maximum error vectors in x and y are 0.07 and 0.04 nm, respectively.

field in 3 locations, and measuring the RLT with an SEM in
15 locations across the width of each field. This resulted in
a data set consisting of 45 SEM RLT measurements for each
field. The measured average RLT within-field for one of the
fields was 10.3 nm. To calculate the field to field variation,
the RLT data for all three imprinted samples was combined
and analyzed, resulting in an average RLT of 10.6 nm. The
RLTU for a single field and all three fields was 1.5 and
1.6 nm, respectively. An example of a resist cross section
and a summary chart of the RLT data are shown in Fig. 11.

Image placement errors were evaluated by measuring both
a master mask and an imprinted mask and comparing the

(a) Master Imprint

(b) Replica Mask

28nm 48nm32nm

32nm28nm 48nm

Fig. 14 Pattern transfer of a semiconductor replica mask. (a) Imprints of the master onto the mesa of the replica substrate. (b) The same features
etched into the replica mask.
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image placement vectors. Measurements were made on a
Leica IPRO1. The gauge error on this tool is estimated at 3 to
4 nm. The added image placement error vector plot is shown
in Fig. 12. The added contributions to image placement are
5.12 nm in x and 3.56 nm in y. The added error contributions
will need to eventually be reduced to approximately 2 nm
in order to meet the requirements of the ITRS roadmap.
It should be noted that modeling indicates that the error
contribution from compressing the mask is not more than
0.07 nm per ppm of applied magnification correction (see
Fig. 13). Additional experiments and modeling will be re-
quired to identify the key contributors and drive image place-
ment down to acceptable levels.

3.3 Replica Mask Pattern Transfer
In order to study pattern transfer, a master mask was fabri-
cated by DNP. The field size was 26 ×32 mm, and contained
critical dimensions of 28, 32, and 48 nm. For this work,
fluorine-based chemistry was used to etch the residual layer
in order to minimize CD loss during pattern transfer. Pat-
tern transfer examples of all three feature sizes are shown in
Fig. 14. Figure 14(a) shows the imprints from the master.
Figure 14(b) shows cross-sections of the same features on
the replica mask. Note the near vertical profile obtained for
all three line sizes. A cursory study of etch depth uniformity
looks promising. A targeted 60 nm fused silica etch resulted
in an etch depth of 60.5 nm, with a 3σ variation of only
2.5 nm.20 A more detailed study of both etch depth unifor-
mity and CDU after etch will be the subject of future studies.

4 Conclusions
A first look has been taken at the replication of semiconductor
masks. A semiconductor mask specific replication tool, the
MR5000, has been fabricated, shipped to DNP, and the ini-
tial data is promising. A high contrast mark process has been
developed in order to maximize wafer pattern area and insure
longevity during field to field alignment. Critical dimension
uniformity and residual layer thickness uniformity are per-
forming well within tool specifications. An initial study of
image placement error resulted in added displacement vec-
tors of 5.12 nm in x and 3.56 nm in y. Further work will be
required to drive down image placement errors in order to
meet the ITRS roadmap for imprint masks. Resolution af-
ter pattern transfer of 28 nm has been confirmed. The early
results on both etch depth and CD uniformity are promis-
ing, but more extensive work is required to characterize the
pattern transfer process.

The final subject to address is defectivity. Previous im-
printing tests on wafer imprint tools indicates that particle

adders of 0.1 per wafers pass can be obtained. A careful in-
spection of the replica blank in addition to low particle adders
will be necessary to meet the aggressive defect targets nec-
essary for replica mask fabrication.
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