Nanometer-Precision Electron-Beam Lithography
with Applications in Integrated Optics
by
Jeffrey Todd Hastings

B.S. Physics, Centre College (1996)
M.S. Electrical Engineering, Purdue University (1998)

Submitted to the Department of Electrical Engineering and Computer
Science
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2003
(© Massachusetts Institute of Technology 2003. All rights reserved.

Author ....................... et B T LY N
Department of Electrical Engineering and Corfiputer Science
P : Y May 2, 2003

7
Certified by............ P e e e e e
/ Henry I. Smith

Joseph F. and Nancy P. Keith}gy,al?-r:eﬁssor of Electrical Engineering
- e Tﬁésis/§uper)fisor

Accepted by .........._. L
Arthur C. Smith

Chairman, Department Committee on Graduate Students

MASSACHUSETTS INSTITUTE
OF TECHNOLOGY

JuL 07 2003

ARCHIVES

LIBRARIES







Nanometer-Precision Electron-Beam Lithography with
Applications in Integrated Optics
by
Jeffrey Todd Hastings

Submitted to the Department of Electrical Engineering and Computer Science
on May 2, 2003, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Abstract

Scanning electron-beam lithography (SEBL) provides sub-10-nm resolution and arbitrary-
pattern generation; however, SEBL’s pattern-placement accuracy remains inadequate

for future integrated-circuits and integrated-optical devices. Environmental distur-
bances, system imperfections, charging, and a variety of other factors contribute to
pattern-placement inaccuracy. To overcome these limitations, spatial-phase locked
electron-beam lithography (SPLEBL) monitors the beam location with respect to a
reference grid on the substrate. Phase detection of the periodic grid signal provides
feedback control of the beam position to within a fraction of the period. Using this
technique we exposed patterns globally locked to a fiducial grid and reduced local
field-stitching errors to ¢ < 1.3 nm.

Spatial-phase locking is particularly important for integrated-optical devices that
require pattern-placement accuracy within a fraction of the wavelength of light. As
an example, Bragg-grating based optical filters were fabricated in silicon-on-insulator
waveguides using SPLEBL. The filters were designed to reflect a narrow-range of
wavelengths within the communications band near 1550-nm. We patterned the de-
vices in a single lithography step by placing the gratings in the waveguide sidewalls.
This design allows apodization of the filter response by lithographically varying the
grating depth. Measured transmission spectra show greatly reduced sidelobe levels
for apodized devices compared to devices with uniform gratings.
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Chapter 1

Introduction

The planar fabrication process, combining lithography with additive and subtrac-
tive materials processing, revolutionized electronics manufacturing. By abandoning
three-dimensional fabrication processes in favor a two-dimensional layered approach,
the semiconductor industry gained large-scale integration, high product yield, and
miniaturization. As a result, a variety of fields now embrace planar-fabrication tech-
nology. Chemists are moving from the reactor to the chip, and biologists from the
petri-dish to the chip. Even the entertainment industry uses lithographic techniques
to master digital versatile disks (DVDs).[1] Finally, large-scale integration of optical-
communications components on a single chip remains a tantalizing, if illusive, goal
for the communications industry.

Miniaturization is one of the primary benefits of planar fabrication, and the pro-
duction of ever smaller electronic components continues to drive the development of
lithography. Nevertheless, semiconductor manufacturing hardly represents the limit
of lithographic resolution. Over twenty years ago 1.5-nm lines were patterned at
a 4.5-nm pitch in inorganic resists with a scanning transmission electron microscope
(STEM).[2]. Although not strictly lithography, the manipulation of atoms on a planar
substrate with a scanning tunneling-microscope reached a natural patterning resolu-

tion limit.[3] Such techniques are orders of magnitude too slow for mass production,
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14 CHAPTER 1. INTRODUCTION

so manufacturers must choose approaches that improve resolution while maintaining

production rates.

While lithography systems continue to increase resolution and throughput, pattern-
placement accuracy is often neglected. Pattern-placement is now a primary concern
for the semiconductor industry because each lithographic step must overlay the pre-
vious one within a fraction of the minimum line width. To achieve this placement-
precision on the wafer, features on the original masks must be accurately positioned.
By 2013, the industry extrapolates, the minimum line-width on the wafer will be
18nm and the maximum pattern-placement error on a mask must be below 8 nm
over a ~100 cm? area. Making such a mask is equivalent in scale to positioning every
building and street on Manhattan island to within 1 mm of its intended location.
The industry acknowledges that currently there is no known technique that achieves

this accuracy.[4]

Although important, the semiconductor industry is not the sole driver of litho-
graphic technology. The planar-fabrication process also holds promise for minia-
turizing and integrating optical-communications components. Many optical devices
depend on interference effects, and interference in turn depends on coherence, not
only of the light source, but of the physical structures used to manipulate light. This
leads to stringent pattern-placement requirements for these structures; for example,
diffraction grating teeth must lie at a precisely defined pitch, and any deviation, either

local or long range, limits performance.

In contrast, semiconductor devices do not depend the on coherent interaction
of electrons. If one transistor lies 10nm further than desired from a neighboring
transistor, there will be little change in circuit function. However, a 10-nm placement-
error in a diffraction grating represents a significant fraction of the wavelength of
light, and will degrade performance. In addition, pattern-placement in optical devices
is referenced to the wavelength of light, not to other devices. Thus, these devices

demand both pattern-placement precision and accuracy, while electronic devices can



function with precision alone.

While optical lithography is used for mass production of electronic and opti-
cal devices, electron beam lithography (EBL) produces the masks for the critical
optical-lithography steps. For some low-volume devices, particularly communications-
wavelength semiconductor lasers, EBL is also used for production.[5] Scanning e-beam
lithography (SEBL) systems write patterns by scanning a focused beam over the
target substrate. Such systems allow arbitrary pattern generation and exceptional

resolution, but they exhibit notoriously poor pattern-placement.

Pattern-placement errors arise from the fundamentally open-loop nature of EBL.
To expose a feature in a desired location two things must happen. The substrate
must be placed under the electron beam, and the beam must be positioned precisely
on the sample. The relative position of the sample stage can be monitored to less
than 1 nm by a laser interferometer, but a number of factors increase the beam
position uncertainty. Examples include vibration, electro-magnetic interference, and
thermal changes of sample, stage, or electron-optical components. Other factors are

highlighted in section 1.1.

Spatial-phase-locked electron-beam lithography (SPLEBL) is a revolutionary ap-
proach to accurate pattern-placement that provides closed-loop feedback for beam
positioning. Instead of relying on a stage position measurement, SPLEBL integrates
a reference grid onto each substrate to be exposed. The reference grid produces a
detectable signal which can be processed to determine the beam position and to feed-
back corrections. Because the grid is periodic, we use Fourier techniques to determine
the signal’s phase and calculate the beam position to within a fraction of one grid
period. This thesis describes three implementations of spatial-phase locking on two
different SEBL systems. The most sophisticated of these provides nanometer-level

pattern placement with respect the fiducial grid.

Beyond IC mask production, Bragg-grating-based integrated-optical devices pro-
vide strong motivation for developing SPLEBL. This thesis addresses the design,
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fabrication, and testing of silicon-on-insulator optical filters that rely on Bragg grat-
ings patterned in the sidewalls of ridge waveguides. Sidewall gratings are created in
the same lithographic step as the waveguide and offer a powerful way to vary the
grating strength along the waveguide’s length. These devices require the long range
spatial-coherence of interferometrically generated gratings, but they also require com-
plex pattern geometries unsuitable for interference lithography. As a result, SPLEBL
provides the perfect solution by providing arbitrary patterning with long-range co-

herence.

1.1 Electron Beam Lithography Overview

E-beam lithography systems expose patterns in one of three ways: the system scans
a focused e-beam over the target substrate, the system projects simple shapes formed
by an aperture, or the system projects an entire pattern formed by a mask. These
approaches are referred to as scanning beam, shaped beam, and electron projection
respectively. Electron-projection lithography requires a mask made by one of the
other two techniques, and will not be addressed in this thesis. Scanning-beam systems
are most appropriate for spatial-phase locking and form a large segment of the mask-
making and direct-write markets. The work presented here will exclusively concern
scanning-beam systems; however, a spatial-phase-locking technique has also been
proposed for shaped beam systems.[6]

Electron-beam lithography has four core components: the electron-optical column,
the substrate positioning stage, the pattern generator, and the electron-sensitive re-
sist. The column consists of the electron source, beam deflection system, and electron
lenses. The substrate positioning system consists of a precision stage and a laser-
interferometer measurement system. The pattern-generator converts a computerized
design to a series of beam deflections according to a desired exposure strategy. To

record the exposed pattern, the target substrate must be coated with an electron-



1.1. ELECTRON BEAM LITHOGRAPHY OVERVIEW 17

sensitive material often referred to as an e-beam resist.

1.1.1 EBL System Components

Electron sources for e-beam lithography must exhibit good current stability for dose
uniformity and sufficient brightness (amps/cm?/steradian) for high-current-density
beams. Candidate sources include thermionic emitters, field emitters, and photo-
emitters. Thermionic emission occurs when the thermal energy of electrons exceeds
the potential barrier at the emitter surface. In field emission, a strong electric field
creates a finite-width barrier between the emitter and vacuum, and electrons escape
by quantum-mechanical tunneling.

Thermionic emitters exhibit excellent current stability but low brightness, while
field emitters exhibit poor stability and high brightness. Hybrid thermal-field emitters
combine the two emission mechanisms in a source that makes surprisingly minimal
sacrifices in stability and brightness when operated under optimal conditions. Photo-
emitters produce electrons through the photo-electric effect. Although attractive
for multi-beam electron sources, where they are easily fabricated in planar arrays,
questions remain about the stability and longevity of photo-emitters for lithographic
applications.[7]

Once electrons have been generated they are accelerated away from the tip by an
applied electric field. Electrons used for lithography usually have energies between 1
keV and 100 keV. To put this in context, non-transmission scanning electron micro-
scopes use electrons with energies between 100 eV to 30 keV. For transmission elec-
tron microscopy (and a few isolated lithography techniques) beam energies increase to
100keV up to 1.5MeV. Electron beam systems for localized cancer treatment stretch
the beam energy to 20MeV, and electron accelerators perform high-energy physics
experiments at giga-electron volt energies. As a point of reference, 100 keV electrons
travel at 0.55 times the speed of light.

The electron-optical column consists of a series of lenses and deflectors which
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image the electron-source onto the desired point on the substrate. Electron lenses
employ electric or magnetic fields, and with few exceptions create converging optics.
Electron deflectors may be formed from capacitor-like plates, or from magnetic coils.
Typically, one set of deflectors is designed to entirely remove the beam from the
optical path. This process, referred to as beam blanking, prevents the beam from
reaching the substrate. Intervening apertures in the column reduce beam current and
control the numerical aperture of the electron-optical system. Later chapters present

details of the two electron-beam-lithography systems used for spatial-phase locking.

Because electron beams can only be deflected over small areas, a precision stage is
required to build up patterns from fields or stripes. Because EBL systems operate in
vacuum, stages typically use roller bearings; however, at least one system uses an air-
bearing stage with differential vacuum pumping.[8] Mirrors along each stage axis allow
the use of a laser-interferometer for precise positioning. The interferometer compares
the stage mirror position to the position of a reference mirror. Currently, commercial
laser interferometers can measure changes in position to A/2048 or =~ 0.3 nm.[9] An
additional beam can measure the yaw of the stage, and a another, redundant, beam
can be used to compensate for mirror non-flatness. Figure 1.1 shows a simple laser

interferometer configuration.

The pattern generator translates a computer aided design (CAD) pattern into a
series of beam deflections and beam-blanker signals. The user’s design usually consists
of polygons and perhaps single-pass lines. A vector-scan pattern generator will break
the pattern down into shapes, often trapezoids, than can be easily filled. The dose
provided to any given feature is controlled by the beam dwell-time at each pixel. A
raster-scan pattern generator simply sweeps the beam across the field and signals the
beam blanker when to turn on and off to expose a pixel. Multiple-passes at different
sweep rates may be used to provide different doses to different areas. More detail

about vector- and raster-scan systems is given in section 1.1.2.

Electron-beam lithography would not be possible were it not for electron-sensitive
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substrate

Figure 1.1: A laser interferometer allows precise (< 1 nm) measurements of stage
position with respect to a reference frame. Heterodyne detectors measures the phase
of optical signal in the electronic domain. Multiple beam passes (2 are shown) allow
even more precise position measurement.
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materials in which one can form an image. Like photoresists used in optical litho-
graphy, electron-beam resists are typically thin (hundreds of nanometers) polymer
films. These resists can be either negative or positive tone depending on whether
they undergo cross-linking or chain-scission when exposed to electron beams. E-
beam resists may also be chemically amplified, that is, a single electron energy-loss
event initiates multiple cross-linking or chain-scission events through a chemical cata-
lyst. In almost all cases, resists are developed in a solution which selectively dissolves
the lower molecular-weight regions. In some ultra-high resolution (sub-5-nm) exper-
iments the electron beam directly sublimates an inorganic material such as AlF,[10]

or NaCl[2], but this process has proven too slow for most applications.

1.1.2 Exposure Strategies

SEBL systems divide the target substrate into addressable elements, roughly equiva-
lent to pixels in a cathode-ray tube display. The size of these pixels is usually some
fraction of the beam diameter so that exposed spots overlap and feature edges can be
positioned precisely. SEBL systems are classified as raster or vector scan depending
on whether the deflection system addresses every element or only those to be exposed.

In a vector-scan system, shown schematically in figure 1.2 (a), the substrate re-
mains in a fixed position while the e-beam is deflected over areas to be exposed.
These areas can be filled via one of the ways shown in figure 1.2 (b).! Because the
beam cannot be reliably deflected more than about 1 mm, the total pattern is built
up from small fields that are stitched together by precisely moving the stage. Vector-
scan systems are particularly appropriate for sparse patterns where addressing each
location on the substrate would increase exposure times. However, for dense pat-

terns with many small features, the overhead required for the deflection system to

1The boustrophedonic mode, alternately scanning left-to-right and right-to-left, derives its name
from the Greek for “ox-turning,” referring to the course of a plough through a field. The term
usually refers to ancient inscriptions of various languages written in this manner.[11]



1.1. ELECTRON BEAM LITHOGRAPHY OVERVIEW 21

electron address grid\ | -

beam 1 =

exposed —

substrate\ /features t_

stitched - - !i-__

fields - 1= —
5 :

Stage

—

(a) (b)

Figure 1.2: (a) A vector-scan EBL system keeps the substrate stationary while the
e-beam is deflected over the areas to be exposed. (b) Features can be filled in one of
three ways: 1. left-to-right only, 2. boustrophedonic, or 3. spiral.

stabilize between features can become significant. Vector-scan systems are typically
used for research and prototyping, and occasionally for high resolution, low-volume

production.

Raster-scan systems, first developed at Bell Laboratories[12], address every loca-
tion on the substrate by rapidly scanning the beam in one direction while moving
the stage in the orthogonal direction. The pattern is formed by turning the beam
on only over exposed areas. The deflection range is still limited, but now instead
of building the pattern from square fields, a raster-scan system builds it from long
stripes. This simplified scanning strategy, illustrated in figure 1.3, allows raster-scan
systems to deflect the beam more rapidly, and the continuously moving stage elimi-
nates overhead time required for stage positioning. As a result, raster-scan systems
tend to have greater throughput than vector-scan systems, and are often used for

integrated-circuit mask production.
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Figure 1.3: A raster-scan EBL system rapidly scans the beam along one axis, while
the stage moves continuously along the orthogonal axis. The beam is turned on over
areas of the substrate to be exposed.

1.2 Pattern Placement in SEBL

Pattern placement is a general term that encompasses the accuracy, precision, and
repeatability with which one can position a pattern element on a substrate. Pattern-
placement accuracy is simply defined as the positional deviation of a pattern element
relative to an ideal, mathematically defined, coordinate system. Pattern-placement
precision is defined by the positional deviation from an accepted standard. Finally,
pattern-placement repeatability is defined as the positional deviation observed from
exposure-to-exposure on the same patterning system.

In SEBL pattern-placement precision is achieved by measuring the stage position
with a laser interferometer. If the stage is not located in the correct position, one can
deflect the beam, or use an additional, shorter travel, stage to make fine corrections.
This technique yields a precise measurement of the stage-mirror position with respect
to a reference mirror, but there is no way to determine the position at which the
beam strikes the sample. This must be inferred from intermittent calibrations, but
such calibrations only correct for long-term drift, not for the many other errors which
influence pattern placement.

The time scale of a particular error determines how it will influence pattern place-
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Figure 1.4: SEBL pattern-placement errors arise from a number of sources which
affect the pattern differently depending on their time-scale. The slowest time scales
(right) impact global placement accuracy, while shorter time scales (left) adversely
affect placement from feature to feature.

ment. An error occuring on the time scale of the pixel-to-pixel beam motion (10
ns to 1 us), for example instability in the least-significant bit (LSB) of a digital-to-
analog converter (DAC), may not shift the centroid of a feature, but may appear
as line edge roughness. Errors with longer characteristic times, such as mechanical
vibration, may influence pattern placement between subsequently exposed features.
Errors with very long time scales, such as thermal expansion or contraction, may in-
troduce gradual errors spanning large areas of the substrate. Finally, some errors, like
substrate distortion from mounting, are quasi-static. These errors may only change
from exposure-to-exposure. Figure 1.4 assigns various sources of error to the most
appropriate time scale.

SEBL builds up a pattern from a set of stitched fields or stripes, and errors
occuring at the field or stripe boundaries are termed stitching errors. These errors
are highly visible because features exhibit discrete offsets or breaks at the boundary.

Figure 1.5 illustrates typical stitching errors. When examining stitching errors one
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Figure 1.5: Stitching errors occur at field and stripe boundaries. The resulting pat-
tern can exhibit (a) breaks from incomplete exposure, (b) bulges from overlapped
exposures, and/or (c) discrete offsets.

usually observes a deterministic and stochastic component. The deterministic part,
or mean stitching error, arises from factors including miscalibration of the deflection
system, uncorrected distortion in the deflection field, or drift of the beam or stage.
The stochastic component usually arises from inaccuracy in stage-positioning, system
or substrate charging, vibrations, or interferometer quantization.

To quantify the impact of placement errors let us examine mask specifications on
the semiconductor industry road map and specifications for recent-generation EBL
systems. The International Technology Road map for Semiconductors (ITRS) spec-
ifies the maximum placement error allowable on an IC mask for each generation of
chips. These generations, or nodes, are classified by the minimum half-pitch printed
in a dynamic random access memory (DRAM) structure. The minimum MOSFET
gate width for a microprocessor at a given node can be substantially smaller than the
minimum half-pitch. Table 1.1 lists the maximum image placement (IP) error per-
mitted for 4x reduction masks through the 22-nm node (2016). As shown, no known
manufacturable solutions exist beyond 2010 for placement at the 8-nm level.[4] The
1x mask used in proximity x-ray lithography places even more stringent requirements
on pattern-placement.[13]

Pattern-placement specifications provided by EBL tool manufactures are informa-
tive, but one must always consider the exposure strategies and measurement tech-
niques behind these claims. ETEC MEBES (Manufacturing Electron-Beam Exposure
System, Applied Materials, Santa Clara, CA) raster-scan tools are widely used for IC
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mask writing. ETEC’s latest generation tool, the eXara, targets the 100 nm node for
production mask making and the 70 nm node for research and development.[14] Al-
though image placement results are not yet published, presumably the system targets
21-nm accuracy to meet road map specifications. The previous-generation tool, the
MEBES 5500, specified 30 nm maximum placement errors.[15] JEOL (Japanese Elec-
tronic Optical Laboratory) specifies 30 nm placement accuracy for it’s JBX-9000MV
mask writer as well.[16] NuFlare Technology (formerly a division of Toshiba Machine
Co., Ltd.) claims 12 nm 3o positioning accuracy for its new EBM-4000 shaped-beam
tool.[17]

The most well-documented pattern-placement effort to date is NTT’s EB-X3 x-ray
mask writing tool. NTT has published detailed data showing sub-15nm placement
accuracy over repeated mask exposures, and 7 nm accuracy as a best result.[18] All
of these tools use multiple exposures of each pattern element to “average” place-
ment errors, and they frequently correct for relative drift between the beam and the
stage. The NTT system also applies pattern-specific corrections by writing the mask,
measuring placement errors, and correcting these errors in a subsequent exposures.
Spatial-phase locked e-beam lithography, described in the next section, seeks to im-

prove pattern placement further, and eliminate these time consuming steps.

Year] 2001 | 2002 ] 2003 | 2004 | 2005] 2006 ] 2007 | 2010} 2013 ] 2016

node (nm)] 130 | 115 | 100 | 90 | 80 | 70 | 65| 45| 32 | 22

SN\ NN\ N N > @ 4 RKIRK

Max. IP Error (nm)| 27 | 24 | 21| 19| 17 N15\N\ \\s' 8 6}

k\\% under investigation m no known solution

Table 1.1: International Technology Roadmap for Semiconductors mask image place-
ment specifications adapted from reference [4]. The roadmap projects specifications
for optical projection lithography through at least 2006, and extreme ultra-violet
(13-nm wavelength) for 2007 and beyond.
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Figure 1.6: Spatial-phase locked e-beam lithography provides feedback control for
accurate pattern placement by monitoring the signal produced by a fiducial grid on
the substrate. Because the grid signal is periodic one can use phase detection to
locate the beam within a small fraction of one period.

1.3 Spatial-Phase-Locked Electron-Beam Lithography

Spatial-phase locked electron-beam lithography, shown schematically in figure 1.6,
provides feedback control for precise beam positioning. By monitoring the phase of
the periodic signal produced by the fiducial grid, one can ascertain the position of the
e-beam on the substrate. As a result, SPLEBL provides inherent pattern placement
precision and repeatability, but the absolute pattern-placement accuracy depends on
the accuracy of the grid itself. The second chapter of this thesis addresses the fiducial
grid requirements, the processes involved in transferring the grid to the substrate,

and metallic and fluorescent grid materials.

Several approaches to spatial-phase locking have been implemented and are cate-
gorized by whether they provide continuous or discontinuous feedback. Discontinuous
feedback modes, often described as “look-then-write” modes, scan the beam over the

grid before exposing each field. After correcting the beam deflection, the pattern
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is written normally. Chapter 3 describes the earliest implementation of SPLEBL in
which the fiducial grid is segmented to small, unused portions of each field. This
technique sacrifices substrate area for the grid, but one can use strongly scattering
materials (i.e. heavy metals) and one can examine the grid at high doses. These
advantages yield high signal-to-noise ratios (SNR), and, as a result, precise phase
locking. The integrated optical devices described in chapter 6 were patterned using
segmented-grid spatial-phase locking.

Another discontinuous feedback approach, addressed in chapter 4, relies on sparsely
sampling the fiducial grid using an array of points. These samples cover the entire
field, but they are taken at sub-exposure threshold doses. Typically the sample spac-
ing is larger than the grid period, and one detects an aliased signal, or moiré pattern.
In the sparse-sampling mode of SPLEBL, the grid covers the entire substrate and
must not perturb the electron beam. As a result, it is difficult to obtain high SNRs
using this technique, but no substrate area is sacrificed.

Chapter 5 describes the implementation of a continuous feedback mode of SPLEBL.
The system constantly monitors the signal from a global grid as the beam scans across
the substrate. This technique is most naturally implemented with raster-scan expo-
sure strategies. Ideally, when the system addresses areas of the pattern that are not
to be exposed, a reduced-current beam would allow the grid signal to be monitored
without exposing the resist. In exposed areas the beam would remain at full current.
While the discontinuous feedback modes correct for stage errors and slow beam drift,
continuous feedback corrects for more rapid variations. No substrate area is required,

and continuous sampling makes low SNRs more tolerable.

1.4 Bragg-grating optical filters via SPLEBL

Although optical fibers carry almost all high-bandwidth, long-distance communica-

tion signals, traditionally these signals were not manipulated optically. If a signal
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needed to be rerouted, it was detected electronically and retransmitted with another
laser. Likewise, amplification was usually synonymous with regeneration: the signal

is detected and retransmitted to boost it’s power and reduce the effects of dispersion.

In recent years, many of these electronic functions have moved to the optical do-
main. Optical amplification can now be accomplished using Erbium-doped optical
fiber or Raman fiber amplifiers. Fiber Bragg-gratings and thin-film filters selectively
reflect a single channel from a multi-channel spectrum for rerouting. Specialty fibers
and chirped fiber gratings now compensate for dispersion. Many see the next evo-
lution in optical comrﬁunications in the miniaturization and integration of optical
components on a single chip. It is hoped that planar processing will provide new
functionality while reducing size and cost compared to large optical systems or long

fiber-based devices.

Semiconductor processes and tools can be used to build integrated-optical devices,
but materials, fabrication concerns, and tolerances differ. Integrated-optical devices
often require accurate pattern placement within a fraction of the wavelength of light.
These tight tolerances arise when interference or other coherence based effects are
used to control light on the chip. For example, Bragg-grating devices require deep
sub-micron features to be patterned with nanometer scale placement accuracy over
long distances. Chapter 6 describes the fabrication of 225 nm period gratings in

silicon-on-insulator rib waveguides with placement errors of 2.6 nm (1-0).

These gratings were patterned in the sidewalls of the waveguides using SPLEBL
and reactive-ion etching. The sidewall-grating approach allows the waveguide and
the grating to be patterned in a single lithographic step. Because the grating depth is
defined lithographically, sidewall gratings are particularly attractive when one wishes
to change the grating strength along the waveguide. If the grating-strength is varied
appropriately, the reflection and transmission spectra are “apodized”, that is the
side-lobes in the spectra are reduced. Bragg gratings for narrow-band filters must

remain coherent over several millimeters, but the sidewall grating geometries cannot
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be patterned with interference techniques. SPLEBL provides a patterning solution
by combining the long-range spatial coherence of interference lithography with the

arbitrary patterning capabilities of SEBL.
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Chapter 2

The Fiducial Grid

. we need some fiducial point or standard of reference, by which we may

ascertain the direction in which we are drifting. James Clerk Mazwell[19]

Although Maxwell was addressing human philosophy, a phenomenon only slightly
more chaotic than e-beam lithography, his statement applies to all systems. In e-
beam lithography, it is impossible to know where the beam drifts without a reference.
As a result, a high quality fiducial grid forms the foundation of spatial-phase-locked
e-beam lithography. This chapter addresses the requirements placed on the fiducial
grid and efforts made to meet those requirements.

First and foremost, the grid’s spatial-phase must be predicatable over the exposure
area. Some applications only require a repeatable grid, while other applications,
especially those in optics, require spatially-coherent grids. A spatially-coherent grid
exhibits a predicatable phase-progression as one changes grid location. Although a
linear-phase progression is ideal, one could potentially correct for non-linearities if
the phase-progression is predicatable and a starting location is known.

In addition to spatial-coherence, resolution plays a key role in determining spatial-
phase-locking accuracy. Finer-period grids allow more precise spatial-phase locking.
If the beam shifts a given distance, a finer-period grid exhibits a larger phase shift
than a coarser grid. MIT’s Space Nanotechnology Laboratory recently developed

31
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technology to pattern linear grids over areas up to 900 cm? with periods as small as
200 nm.[20] MIT’s NanoStructures Laboratory has the capability to make grids with

reduced spatial coherence and areal coverage with a period of 100 nm.[21]

Even if a grid is perfectly accurate, its usefulness hinges on the e-beam system’s
ability to detect its presence. The grid’s signal-to-noise ratio (SNR) directly deter-
mines the phase-locking precision one can achieve. Here one must strike a difficult
balance. The grid must interact sufficiently with the electron beam to produce a

detectable signal, but the grid must not interfere with the exposure of the resist.

The interaction of an electron beam with a given material generally produces
photons, electrons, or both. These photons and electrons can be categorized by their
energies. For example, when a high-energy electron beam strikes a material a fraction
of the electrons backscatter out of the material while retaining a large fraction of the
incident electron’s energy. At the same time, outer-orbital electrons are ejected from
the material as low-energy secondary electrons. An electron beam can also generate
scintillation (low energy photons) or x-rays (high energy photons). Backscattered
and secondary electrons along with low energy photons all provide useful signals for

spatial-phase locking.

Aside from exhibiting a predicatable phase-progression and producing a detectable
signal, the fiducial grid must be compatible with the entire e-beam lithography
process.. If the grid is placed on top of the e-beam resist, it must be chemically
compatible in both application and removal. Spin coated grid materials must use
casting solvents that do not attack the e-beam resist. If the grid material is deposited
or etched, these process steps cannot adversely affect the resist performance. In ad-
dition, the technique used to pattern the grid, often an optical exposure, must not
expose the e-beam resist. Finally, the grid must be easily removed between exposure

and development steps.
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2.1 Patterning the Grid

The fiducial grid’s resolution and spatial-phase coherence are largely determined by
the patterning technique. Grids and gratings requiring long-range spatial coherence
are typically produced by one of two methods. The first is to position a substrate -
with a precision stage and form the grating line by line. This is the approach of the
traditional grating ruling engine where each line is inscribed by a stylus. The accuracy
of the grating is limited by the mechanical accuracy of stage and stylus positioning.

Alternatively, one can produce all the lines in a grating pattern by interfering two
coherent beams of light. This technique is referred to as interference lithography, and
the accuracy of the grating is limited by the quality of the interfering wavefronts. The
most advanced methods of grating production combine precision stage motion with
interference-lithography techniques to produce coherent gratings over lengths up to a

meter in photo-sensitive optical fiber [22] or over areas up to 900 cm?.[20]

2.1.1 The Master Grid

For wide-spread use of spatial-phase locked e-beam lithography it is advantageous to
produce a master grid and replicate it onto each substrate to be written. In this way,
the extensive effort required to produce error-free grids need only be expended on the
master. Interference lithography has been the standard for producing high-quality
gratings for spectroscopy, filtering, dispersion compensation, and laser feedback. Now
scanning-beam interference lithography promises to produce the most accurate grat-
ings ever.

Interference-lithography (IL) uses the standing wave pattern formed between two
interfering beams of light to expose a radiation sensitive material. Figure 2.1 illus-
trates this process in greatly simplified form. While it is difficult to produce large
planar wavefronts, accurate spherical wavefronts are more accessible. However, spher-

ical waves produce a non-linear phase progression of the grating.
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Figure 2.1: Interference lithography records the standing-wave pattern produced by
two intersecting plane or spherical waves. The grating period is A/(2sin ).

Figure 2.2 depicts the IL system used to expose many of the fiducial grids dis-
cussed here. Light from an Ar-ion laser (351 nm wavelength) is divided by a beam
splitter and routed to each arm of the interferometer. Because vibration and air tur-
bulence alter the beam path lengths, feedback control is necessary to lock the fringes
in position.[23] An microscope objective lens and a spatial filter produce approxi-
mately spherical wavefronts. The spatial filter ensures high quality wavefronts, but
the spherical wave interference pattern produces a family of hyperbolas, not a linear
grating. Nevertheless, the central portion of this grating remains highly linear, and

is useful for the development of spatial-phase locking.

Ferrera carefully analyzed the phase-progression resulting from interfering spher-
ical wavefronts in MIT’s IL system.[23, 24] When exposing 200-nm period gratings
the phase error for a perfectly aligned interferometer is below 100 nm within a 1 cm?
area. While this area is sufficient for many integrated optical devices and for testing
SPLEBL, an area of ~ 10cm? is required for a single-die proximity x-ray mask, and
an area of =~ 100cm? is required for a projection lithography mask. If a distortion-free

grid cannot be produced over such an area, one must measure the distortion and
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Figure 2.2: Detailed diagram of MIT’s standard interference lithography system. A
single laser beam is split and recombined in a two-arm interferometer. Objective
lenses and spatial filters produce approximately spherical wavefronts.

correct for this during the SPLEBL exposure.

We also used a Lloyd’s mirror interferometer to produce grids for spatial-phase
locking. This variation of interference lithography, shown in figure 2.3, combines a
wavefront directly from a spatial filter with a wavefront reflected from a fixed mirror
placed at a right angle to the substrate. The angle of the interferometer assembly
with respect to the incident beam determines the grating period. The Lloyd’s mirror
interferometer produces comparable period gratings to the more complex IL system
described above, and the rigid sample and mirror mounting make fringe-locking elec-
tronics unnecessary. In addition, there is no need to separately align the two beam
paths, or to balance the intensity in the two beams. The grating accuracy produced
by the Lloyd’s mirror is limited by mirror flatness and cleanliness. Mirror non-flatness
produces distorted wavefronts, and particles on the mirror introduce additional inter-

ference patterns.

Scanning-beam interference lithography produces highly-linear gratings compared

to traditional IL.[20] As shown in figure 2.4, a scanning-beam system interferes two
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Figure 2.3: A Lloyd’s mirror interferometer produces a grating pattern with a mirror
rigidly fixed at a right angle to the substrate. The reflected wave from the mirror
interferes with the direct wave from the source.

small beams (=~ lmm diameter) on the substrate at the beam-waist. The small
beam size minimizes wavefront distortion from the focusing optics. The system scans
a laser-interferometer-controlled stage under these two interfering beams to pattern
an entire substrate. Precise control of stage position and environmental parameters

allows these gratings to remain coherent over long distances.

2.1.2 Replicating the Grid

The scanning-beam IL system at MIT is intended to produce metrological standards,
not to produce the grid for every substrate exposed with SPLEBL. We expect that
these master gratings and grids will be replicated using phase-mask exposures. The
phase mask is formed by etching the master grating into a transparent substrate. If
the etch depth corresponds to a m phase shift for the illuminating wavelength, the
zero-order transmission is suppressed. As shown in figure 2.5, the &1 diffracted orders

interfere below the phase mask to produce a grating with half the original period. One
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Figure 2.4: Schematic of scanning-beam interference lithography. A laser-
interferometer-controlled stage scans the substrate under a small two-beam inter-
ference pattern.

can also obliquely illuminate a phase-mask and use the zero and -1 orders to produce
a grating of identical period. However, it is more difficult to balance the intensities of
the two orders in this approach. Grids can be produced by two orthogonal exposures,

or perhaps by direct exposure of a grid phase mask.

2.2 Backscattered Electron Grids

When an electron beam impacts the target substrate, a fraction of the electrons
backscatter out of the material. One can detect these backscattered electrons and
form an image whose contrast is based on backscattering probability. Electron-beam
lithography systems often use these images to calibrate the deflection system and to
align multiple lithographic layers. This signal can be used for spatial-phase locking

as well, particularly in the segmented grid mode.
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Figure 2.5: Master gratings can be replicated by bringing a binary phase mask in
close proximity to the target substrate. The £1 orders interfere to produce a grating
with half the periodicity of the original.

2.2.1 The Backscattered Electron Signal

Contrast in a back-scattered electron (BSE) images is due primarily to differences
in atomic number and density. The more protons and clectrons present in a given
volume, the more likely the incident electron will scatter off an atom (or multiple
atoms), and exit the substrate. The best BSE grids consist of heavy elements on light
element substrates. For example bulk silicon yields = 0.2 backscattered electrons for
each 30 kV primary electron. In contrast, tungsten’s backscatter electron yield is
~ 0.5 at 30 kV.[25]

In planar processing the heavy-element layer is usually thin, and though it in-
creases the probability of backscattering, one does not obtain the full contrast ob-
served for bulk films. For the same reason light-element grids on a heavy-element
substrates do not work well because the primary electrons pass through the lighter-

element material and backscatter from the heavy-element material below. Fortu-
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nately, most substrates used in e-beam lithography are composed of lighter-elements.

Backscattered electrons are detected with large area scintillation or solid-state
detectors placed in close proximity to the substrate. Scintillation detectors convert
the electron energy into light which is then detected by a photo-multiplier. Solid-
state detectors are based on buried PN junction diodes in which the incident electron

generates additional electron-hole pairs.

2.2.2 Implemented Backscattered Electron Grids

Because high atomic number materials strongly scatter electrons, it is inadvisable to
place them on top of the resist film. Doing so would lead to large forward scattering
below the grid lines, with little scattering in the open spaces. This scattering impacts
line edge acuity and limits the ultimate resolution of the exposure. Instead grids
intended to provide backscattered electron signals are only used in the segmented
grid mode where the grid is isolated to unused portions of the substrate. Because
the backscattered electrons are largely unaffected by the resist film, placing the grid
beneath the resist presents no problems in detecting the signal.

Previous work using the segmented-grid mode of spatial-phase locking was per-
formed with gold grids on a silicon nitride x-ray mask.[23, 26] In this case the grid
signal can be acquired by detecting backscattered or transmitted electrons. Because
the x-ray mask is a 1 gm thick membrane composed of light elements more electrons
pass through the clear areas than areas where the grid resides.

The integrated-optical devices described in chapter 6 were fabricated using direct-
write SPLEBL on a silicon-on-insulator substrate. The fiducial grating (only 1D
phase-locking was used) consisted of 30 nm thick tungsten lines below 125 nm of
hydrogen-silsesquioxane (HSQ) negative resist. In this configuration the increased
backscattering from the tungsten lines yielded additional secondary electrons at the
HSQ surface. These secondaries were detected using the Everhart-Thornley detector

described in the next section. Section 6.3 describes the process in more detail.
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2.3 Secondary Electron Grids

2.3.1 Secondary Electron Signals

A high-energy electron beam impinging on most materials will produce secondary
electrons. These electrons tend to have low energies (<50 eV), which means that
they can travel only short distances in a material before losing their energy in inelastic
scattering. In practice, this leads to a secondary electron range from 2nm to 20 nm
in metals and from 5 nm to 50 nm in dielectrics.[27] Variation in escape depth and
differences in the probability of producing secondary electrons give rise to secondary-
electron contrast among materials.

As one might expect, this phenomenon can be used to create a fiducial grid where
the grid lines yield either a smaller or lérger number of secondary electrons than the
underlying resist. Unfortunately, the published literature concerning secondary yields
provides a weak starting point for choosing grid materials. Yield measurements are
strongly influenced by charging, contamination, and material quality. In addition,
most well-controlled experiments are conducted with very short pulses of electrons, a
situation far different from that found in an SEBL system. Nevertheless, the literature
does reveal that most metals have secondary-electron yields from 0.1 to 0.3 for 10 kV
primary electrons. Aluminum yields ~0.25 secondaries for each 10kV primary [25].

The small escape depth of a secondary electron also gives rise to topographic
contrast in the acquired signal. When a primary electron enters a material near an
edge parallel to the primary beam, secondary electrons escape along this vertical
surface. Thus, material edges often appear as bright regions in secondary-electron
micrographs.

The material and topography of a sample largely determine its appearance in
secondary-electron images, but differences in electric potential are also observed.
These potential differences arise from an external bias or by charging of the sam-

ple with the electron beam itself. The electric fields created near the sample deflect
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low-energy secondary electrons toward or away from the detector, creating a voltage-
contrast image. Sufficiently strong fields can suppress secondary-electron emission
entirely. Voltage-contrast mechanisms could potentially improve the signal-to-noise
ratio of metallic fiducial grids.[28]

Regardless of the contrast mechanism, there are two standard types of secondary-
electron detectors. The Everhart-Thornley (ET) detector consists of a metal grid
placed in front of a scintillating material. The positively-biased grid steers and accel-
erates the secondary electrons toward the scintillator. Coating the scintillator with a
thin metal layer prevents charging and reflects light into a light pipe which directs it
to a photomultiplier tube.

In-lens secondary-electron detectors have become a popular alternative to ET style
detectors. The in-lens detectors in LEO SEMs and Raith 150 EBL systems harness
the final lens’s electrostatic field to accelerate the secondary electrons back through
the lens bore and into an annular scintillation detector. In-lens detectors only collect
secondary electrons from the imaged area, so the background level and noise are
reduced. In addition, secondary electrons are accelerated to energies equivalent to
the bias on the final lens (8 kV for the LEO system), versus the grid bias (300V for
the LEO ET detector). The higher energy electrons generate more photons when
they impact the scintillator. Figure 2.6 shows the detector configuration in MIT’s

Raith 150 EBL system.

2.3.2 Implemented Secondary-Electron Grids

Several combinations of materials can form suitable secondary-electron-emitting grids.
The most simple in concept, shown in figure 2.7 (a), consists of an electron sensitive
resist with a thin (< 10 nm) low-atomic-number metal lattice on top. The metal will
typically exhibit a higher secondary-electron yield than the polymer, giving rise to
material contrast. Provided the atomic number is low enough, and the metal is thin

enough, the grid’s impact on patterning will be negligible. An array of metal dots, as
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Figure 2.6: In the Raith-150 EBL system secondary electrons can be detected by an
Everhart-Thornley style detector mounted to the side in the vacuum chamber, or by
an in-lens secondary electron detector.

opposed to a lattice, also forms a grid, but dots leave no conductive path to bias the
grid for voltage contrast experiments.

It can be difficult to pattern a metal grid on top of a polymer resist, but we have
developed a process to form an aluminum lattice on poly-methyl-methacrylate resist.
It is helpful to place a thin silicon dioxide interlayer on top of the PMMA and then
pattern a positive resist (Sumitomo PFI-88) into an array of posts. After evaporating
aluminum and removing the resist in iso-propyl alcohol, one is left with an aluminum
lattice on the oxide layer above the PMMA. One can expose the resist through this
multi-layer structure and then remove it with hydro-fluoric acid before developing
the PMMA. This process has proven invaluable for testing the SPLEBL concept,
but it may prove difficult to use with other resists. Zhang describes the process and
alternatives in more detail. [28]

Figure 2.7(b) shows a fiducial grid formed by patterning an optical resist on top

of a thin uniform metal layer. The metal layer must remain thin to minimize scat-
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Figure 2.7: Fiducial grids based on secondary electron contrast. (a) A metal grid
or lattice yields more secondary electrons than the underlying e-beam resist. (b) A
polymer grid yields fewer secondary electrons than the underlying metal layer, and
blocks secondaries emerging from the metal beneath the polymer.
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Uniform Grating SE Yield

Layer Layer Ratio (20kV)
Au PMMA 1.14
Ni PMMA 1.18
Cr PMMA 1.07
Al PMMA 1.56
PMMA Au 2.28
PMMA Cr 191

Table 2.1: Secondary electron yield ratios for metal on PMMA and PMMA on metal
fiducial gratings. The data was acquired by James Goodberlet using the in-lens
detector in a LEO SEM.[29]

tering, but the resist layer can be somewhat thicker because the light-element based
polymers interact less with the primary electron beam. Material contrast between the
higher-yield metal and the low-yield polymer allows the grid signal to be detected.
Secondaries generated in the metal directly under the polymer are prevented from
reaching the detector. This technique has the advantage that any scattering intro-
duced by the metal is uniform over the entire substrate. In addition, the resist can be
patterned by optical exposure and standard development with no need for deposition
and lift-off steps.

James Goodberlet investigated both metal-on-polymer and polymer-on-metal grat-
ings to determine the secondary-electron (SE) yield ratios.[29] Table 2.1 shows his

results for several materials combinations imaged with a 20-kV electron beam.

2.4 Scintillating Fiducial Grids

2.4.1 Scintillation Signals

Scintillating materials, those that emit photons when struck by electrons, can also
form fiducial grids. The ideal scintillator exhibits good efficiency, resistance to dam-
age, a fast response time, and straightforward deposition and patterning. Crystalline

inorganic scintillator, like Nal, offer high efficiency and damage resistance, but re-
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spond too slowly for rapid sampling in an e-beam system. In addition, they can be
difficult to deposit in thin films.

Alternatively, organic scintillators can be cast in polymer hosts and spin coated
onto the sample. Host polymers are primarily hydro-carbon based and do not strongly
scatter primary electrons. In general, organic scintillators also exhibit faster response
between excitation and emission than inorganic systems. Finally, ultra-violet light
permanently quenches certain organic scintillators; thus, the grid can be patterned
without chemical development or topography. These advantages directed us toward
organic scintillators for spatial-phase locked e-beam lithography.

Scintillation occurs when the electron beam excites bound electrons in the host
polymer to higher energy states. This energy is transferred, sometimes through an
intermediate molecule, to fluorescent molecules where the relaxation of the electron
to a lower energy state produces a photon. The primary electron has the potential to
produce several photons as it passes through the scintillating layer. However, electron
beam induced damage to the host polymer or the scintillating molecules may prevent
subsequent electrons from inducing scintillation.

After the scintillator produces a photon it must be detected. The detection system
consists of a lens or mirror that collects the light, and a detector that converts the
optical signal into an electrical signal. T'wo such systems were developed by James
Goodberlet and Feng Zhang. The first, installed in MIT’s VS2A system, consisted of a
partial elliptical-mirror and a small photo-multiplier tube (Hamamatsu R7400U). The
geometry of the vacuum chamber and stage dictated the design, shown schematically
in figure 2.8. The photo-multiplier’s current output was routed to a current pre-
amplifier! and then to an image acquisition card 2 in VS2A’s control computer.

The Raith 150 system’s vacuum chamber and column facilitate light detection.

The final lens slopes away from the sample allowing optics to be placed to the side. A

1Model SR570, Stanford Research Systems, Sunnyvale, Ca.
2Model DT2851, Data Translation, Marlboro, MA.
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Figure 2.8: MIT’s VS2A SEBL system required a thin elliptical mirror to capture
light from the scintillator and redirect it to a photon multiplier tube.

lens collects the light and two mirrors focus it on a photomultiplier tube (Hamamatsu
R6094) outside the chamber. The lens is coated with a 2 nm thick layer of chromium to
prevent charging. An optical high-pass filter in front of the PMT allows transmission
of the 420-nm wavelength scintillation, while blocking scattered light from the 632-
nm wavelength HeNe laser used in the stage interferometer. Figure 2.9 illustrates
this arrangement. Once again, the SR570 amplifies the PMT signal, converts it to a

voltage input for the image acquisition and spatial-phase locking electronics.

2.4.2 Implemented Scintillating Grids

The organic scintillator systems evaluated for SPLEBL consist of a host polymer and
at least one fluorescent molecule. Many scintillators emit in the near UV, so a sec-
ondary scintillator is often added to shift the wavelength into the visible region where
photomultiplier efficiency peaks. Sometimes an additional molecule, often naphtha-
lene, is added to assist in non-radiative energy transfer between the host polymer and

the primary scintillator.
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Figure 2.9: A refractive and reflective optical system collects light from the scintil-
lating material in the Raith 150 SEBL system.

This basic scintillator composition has been used in particle detection for a number
of years, but Goodberlet et al. developed and tested the first formulation suitable for
e-beam lithography. Anthracene, POPOP, and naphthalene were selected for primary
scintillator, secondary scintillator, and energy transfer molecules respectively. These
components were combined with PMMA in a chlorobenzene solution. The PMMA
served as both host polymer and e-beam resist, and the fluorescence could be partially

quenched with UV (351 nm) radiation without exposing the PMMA.[30]

This system proved convienient from a processing standpoint, but suffered from
several performance limitations. The scintillating components reduced the contrast
and sensitivity of the PMMA as an e-beam resist. Secondly, the signal-to-noise ratio
of the quenched grids remained insufficient for good spatial-phase locking. Finally,
the scintillator was rapidly damaged by the electron beam and by back-scattered
electrons. In fact, it is desirable to separate the grid and resist functions so that the

best grid can be applied to any resist system. As a result, Finlayson studied several
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Figure 2.10: Edge view of 400 nm period gratings exposed in PMMA through a
the poly-styrene-based scintillator. The scintillator composition and development
procedure are detailed in section 2.4.2.

organic scintillators and polymer hosts that might provide better performance.(31]
An immediate improvement resulted from changing the polymer host from PMMA
to poly-styrene (PS). This increased the efficiency of the scintillation by 2.3 times,
improved the quenching contrast by 1.7 times, and increased the e-beam damage
resistance by a factor of 2.3. It was also possible to spin cast the PS based scintillator
directly onto pre-baked PMMA, albeit with almost certain mixing at the interface.
The PS layer could be stripped and the PMMA developed in a single step with a 1:3
IPA:MiBK solution. Figure 2.10 shows e-beam patterned gratings in PMMA after
exposure through the scintillating PS layer and development as above. This process
served as a reasonable temporary solution, but the aggressive developer yields lower
contrast than standard developers, and the PS-PMMA mixing is also undesirable.
Finlayson also developed an even brighter scintillator using a poly-vinyl toluene
host polymer, a para-terphenyl primary scintillator, and POPOP secondary scintil-
lator. This material provided an increase in efficiency of 3.6 and an improvement in

e-beam damage resistance of 3.0 over the PMMA-based benchmark. The quenching
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Peak
Host IL Dose SNR
Polymer  (mJ/cm?) Modulation  (a?/c?)
PMMA 762 0.31 0.007
PS 254 0.19 0.034
PS 762 0.19 0.019
PVT 597 0.12 0.014
PVT 746 0.13 0.020
PVT 895 0.11 0.014

Table 2.2: Modulation, SNR, dose, and e-beam energy for 1 pm gratings quenched
in PVT, PS, and PMMA based scintillating polymers.

contrast for this scintillator was slightly inferior to that of the PMMA- or PS-based
materials at 351 nm. However, Finlayson’s experiments with this scintillator showed
excellent quenching contrast for 220-nm wavelength exposures of 5-ym period grat-
ings. Unfortunately, this wavelength also exposes most e-beam resists, including
PMMA, and the quenching resolution limits were not explored.

Finlayson detailed the properties of a number of scintillators when uniformly
quenched (no gratings or grids)[31], but we also investigated the most promising
materials with IL quenched gratings. We quenched 1-pm period gratings in three of
the scintillators using 351-nm wavelength light. The scintillating layers were approx-
imately 400-nm thick and a 10keV e-beam was used to sample the gratings. These
measurements were taken as moiré images with sample spacing slightly larger than
the period; the scintillator damaged too quickly when densely sampled. Figure 2.11
shows the moiré images and plots the intensities for the PS and PVT scintillators
averaged along the x-axis.

To calculate the SNR, we take the Fourier transform of the averaged signal, and
find the ratio between the power of the fundamental frequecy, a2, and the integrated
noise power, o2. To obtain the SNR for original signal we must divide the averaged
signal’s SNR by the number of averages per point. Table 2.2 lists the modulation and

signal-to-noise ratio measured for PMMA-, PS-, and PVT-based scintillators.
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Figure 2.11: Moiré images of IL (351-nm wavelength) quenched 1-pm period gratings
in PVT- and PS-based scintillators. There are 400 samples in each axis with an
approximate sample spacing of 1.025 pm . The plots below show the row averaged
signal from the image, along with the measured background level.
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The number of electrons per sample for the data in table 2.2 yields a dose of 70
pC/cm? when using a 6-nm address grid. Even though this is a reasonable dose for
PMMA exposed at 10 keV, the SNR will only decrease with denser sampling. In
addition, quenching a grid, as opposed to a grating, reduces the SNR further. Thus,
the results in table 2.2 represent a nearly best case scenario that is unlikely to be
achieved during real-time spatial-phase locking. Even assuming the PS scintillator
best case, metallic grids can provide comparable SNR, little e-beam induced damage,
at least a factor of five finer period, and no dependence on sampling density; thus,

the metallic grid was chosen for real-time spatial-phase locking.

2.4.3 Scintillation Signal Analysis

To fully understand the signal produced by the scintillating grid, and its inability
to achieve high resolution, we must examine both the UV quenching and electron
sampling processes. As an example, let us consider the brightest organic scintilla-
tion system observed in our work. A poly(vinyl toluene) (PVT) host polymer was
mixed with a para-terphenyl primary scintillator and a POPOP (1,4-Bis(t-phenyl-
2-oxazolyl)benzene) secondary scintillator. The p-terphenyl serves as the primary
scintillator, converting the energy of the primary electron into a ~320-nm wave-
length photon. The POPOP serves as a wavelength shifter to convert the 320-nm
wavelength photon into a 420-nm wavelength photon near the peak detectivity point
of many photomultiplier tubes.

Interference lithography produces a sinusoidal intensity distribution in the expo-
sure plane, and the nonlinear photoresist response transforms this exposure function
into a rectangular resist profile. Unfortunately, the scintillator quenching response
shows exponential decay with optical exposure dose. As a result, the sinusoidal inten-
sity profile is transformed into a sharply peaked function. The sub-linear quenching
response reduces the amplitude of the fundamental frequency component, and thus

reduces the contrast and signal-to-noise ratio. The relationship between exposure
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Figure 2.12: Uniform (unpatterned) quenching response for PMMA, PS, and PVT
based scintillators when exposed to 351-nm wavelength light. Adapted from [31].

dose and fluorescence is shown in figure 2.12. Finlayson acquired this data with a

uniform 351-nm wavelength exposure and 5kV electron beam sampling.

Once the residual fluorescence level is known, one must convolve it with the
electron-beam sampling function to determine the observed signal. The electron
beam itself is small with respect to the period of the grid, and forward scatting of
electrons in the host polymer should not significantly broaden it. On the other hand,
the backscatter range of electrons from a silicon substrate is larger than the typical
grid period. Approximate backscatter ranges (1/e radius of a Gaussian energy depo-
sition distribution) are 0.65 pm [32], 8.8 um [33], and 26 pm [34] for 10-kV, 50-kV,
and 100-kV electron beams incident on silicon. Because the backscattered electrons
deposit approximately the same amount of energy as the primary electrons, the back-

ground level will be about one-third of the peak emission intensity, even in the best
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Figure 2.13: Modulation versus beam energy for 1-pym period UV-quenched gratings
in the PVT-based scintillator. Although the modulation improves slightly at low
energies, there is little variation overall.

case.
Because the backscatter range varies with accelerating voltage one would expect
a variation in grating modulation as well. To investigate this effect, we sampled
the quenched 1-ym period grating in the PVT-based scintillator with beam energies
from 2.5 to 20 keV. Figure 2.13 plots the observed modulation versus beam energy.
Although there seems to be some improvement at low voltages where the back scatter
range is small; overall, the dependence of modulation on electron energy is weak.
Scintillators using a wavelength shifting molecule also inhibit high-resolution imag-
ing. Finlayson showed that UV light near 351 nm, the wavelength of the IL system,
only quenches the secondary scintillator, POPOP. The primary scintillator remains
active and is excited by the electron beam. As a result, the optical emission from
the primary scintillator, A =~ 320nm, can couple to a volume at least as large as the
wavelength in the material, and to a potentially much larger area because the polymer

film acts as a waveguiding layer between the silicon below and vacuum above.
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A series of quenching experiments were carried out with the electron beam to test
the resolution of the scintillator. A ~ 400-nm thick layer of the PV'T-based scintillator
was spin coated on a silicon substrate. A 10 kV electron beam was used to quench
gratings of various periods in the scintillator. The electron beam can be expected
to quench both the primary and secondary scintillators, so this is nearly the ideal
case from this perspective. What is less than ideal is that backscattered electrons,
and perhaps high-energy secondaries, also quench the scintillator. As a result a
larger area than desired is quenched and sampled at each point. As shown in figure
2.14, the detected modulation of the quenched gratings decreases with increasing
spatial-frequency. E-beam quenching represents a compromise between completely
quenching both components and undesirable quenching due to backscattered and
secondary electrons. While not establishing a lower bound on quenching resolution,
these results emphasize the difficulty of using scintillating grids with periods below
1 pm . Once again, scintillators must compete with metallic grids where periods of

200 nm are readily obtainable.

2.5 Phase Estimation of the Fiducial Grid Signal

All implementations of spatial-phase locking naturally depend on detecting the phase
of a periodic signal. This is a standard estimation problem that arises in a variety of
fields, and phase-estimation methods and their accuracy limits have been well estab-
lished. The periodic grid signal contains at least a fundamental frequency component
and perhaps additional harmonics. The additional harmonics arise because a metallic
grid typically approximates a square wave rather than a sinusoidal signal. The dis-
placement of the electron beam can be calculated from the phase of the fundamental

component from the expression

_ A%
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Figure 2.14: Measured modulation of grating quenched and imaged with a 10-keV
electron beam.

where Az is the beam shift along the x-axis, A is the grid period, and ¢, is the phase
shift along the x-axis. The shift along the y-axis is calculated in the same manner.
In the continuous feedback mode of spatial-phase locking, described in chapter 5,
we rotate the grid with respect to the beam scan direction and the relationship is

somewhat more complicated.

Estimating the amplitude, frequency, and phase of a sinusoid in noise is a classic
problem treated in several texts. See, for example, references [35, 36]. In this section
we pose the problem and provide the key results needed for spatial-phase locking.
Consider a sinusoidal signal, s, with amplitude «a, angular frequency &, and phase ¢.
To this sinusoid add a normally distributed noise component, v, with zero mean and

o? variance.

s(z) = acos (kz + ¢) + v[0; 07 (2.2)
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First, we wish to determine the minimum variance with which one can estimate
¢. The Cramer-Rao bound establishes the minimum variance with which one can
estimate a given parameter based on the information content of the signal. However,
the determination of this bound does not guarantee the existence of an algorithm
that achieves this performance. If such an algorithm exists, one describes it as an
efficient estimator. Wilskey, Wornell, and Shapiro provide a thorough derivation of
the Cramer-Rao bound for estimation of the parameters of a sinusoid from discrete

samples.[36]. They show that the variance of the phase-estimate, 0425, ig given by

, (N-1) 2
= —_— A —— 2.
7T UN(IN+1) AN (2.3)

where N is the number of samples of the signal, and the signal-to-noise ratio is given
by v = a?/o?.
The first algorithm one would consider in estimating the parameters of a sampled

sinusoid is the discrete-Fourier transform (DFT). For N samples of a signal s(z), we

define the DFT as

S(k) = % ;, g () (2.4)

where k is the frequency, and z,, is the nth sample location. The DFT is an efficient
estimator for a signal’s phase, frequency, and amplitude as long as the frequency
peak can be distinguished from the noise. If the frequency is known before hand, as

in real-time spatial-phase locking, then this requirement is unnecessary.

The phase estimate is extracted from the DFT at the grid’s spatial-frequency (k)

using the real and imaginary parts of S(k).

_ Im{S(kg)}
¢(kg) = arctan <m) (2.5)

where the inverse tangent is computed in the interval [—m, 7).
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Figure 2.15: Cramer-Rao bound for phase-estimation of a 16-period sinusoid in white
noise with 1000 samples. The abscissa shows the signal-to-noise ratio (a?/0?%) and
the ordinate shows the standard deviation of the phase estimate as a fraction of 2x.
Circles indicate the standard deviation of 500 simulated phase-measurements using
discrete-Fourier transforms evaluated at the known frequency. Squares represent a
similar simulation with simultaneous phase and frequency estimation.

Figure 2.15 plots the Cramer-Rao bound for phase-estimation of a sinusoid (16-
periods) in white noise using 1000 samples. Simulations using discrete Fourier trans-
forms to estimate the phase at the known frequency illustrate that the DFT is an
efficient estimator under these conditions. Simulations using DFTs to estimate both
phase and frequency simultaneously lead to a thresholding behavior. In this case,
the DFT becomes an efficient estimator only when the amplitude of the fundamental
peak consistently exceeds the noise. Below this threshold, inaccurate estimation of

the frequency makes the phase estimate unreliable.

The DFT can be computed at several frequencies using fast-Fourier transform
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(FFT) techniques, but for spatial-phase locking one needs to compute the phase at
only two frequencies. Although FFT approaches greatly reduce the time required
to calculate the amplitude and phase at several frequencies, it is always faster to
compute these parameters directly for one or two frequencies.

Equations 2.1, 2.3, 2.5 and figure 2.15 show that one can improve spatial-phase
locking precision by increasing the number of samples, improving the signal to noise
ratio, or producing finer period grids. The standard deviation of the beam-shift esti-
mate is proportional to A/+/YN; thus, decreasing the grid period, A, has the greatest
effect. For scintillating grids this is often not possible without severely reducing the
SNR, but for metallic grids, finer periods present few tradeoffs. In a real-time system
increasing the number of samples reduces the bandwidth of the spatial-phase locking
system. In “look-then-write” systems increasing the number of samples increases the
background dose. This is fine for the segmented grid mode, but may not be accept-
able for the sparse-sampling mode. Increasing the number of electrons per sample
will also increase the SNR, but when exposing a pattern the dose is fixed by the resist
sensitivity and the beam energy. Improving the SNR with better grid materials or

detection systems will always be helpful.



Chapter 3

Segmented Fiducial Grid
Spatial-Phase Locking

In the segmented grid mode of SPLEBL one isolates the fiducial grid to small unused
portions of the substrate. In this way neither the grid itself nor the e-beam sampling
of it affects the exposed pattern. By separating the grid from the exposed area,
we can use strongly scattering, high-SNR, grids, and we can sample at doses well
beyond the exposure dose for the resist. However, the grid still possesses long-range
spatial coherence, insuring that the e-beam-exposed pattern exhibits global, as well
as local, pattern-placement precision. Figure 3.1 shows the most common segmented-
grid configuration with the grid and e-beam sampling windows in the corners of each
deflection field.

The segmented fiducial grid is tailored to a vector-scan, “look-then-write,” expo-
sure strategy. The stage moves to a new position, the e-beam samples the fiducial
grid, the beam deflection is corrected, and the pattern is exposed. This sequence is
repeated for each field in the pattern. There is no feedback during pattern exposure,
so the system must remain stable during the time required to expose one field. Ex-
posure times for individual fields range from seconds to minutes depending on the

SEBL system, the pattern density and resolution, and the resist sensitivity.

59
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Figure 3.1: In segmented-grid spatial-phase locking, the e-beam scans over the grid in
isolated areas. After measuring the spatial-phase in these regions, the beam deflection
is corrected, and the pattern is exposed normally.
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This approach was jointly developed by MIT and IBM and originally implemented
on IBM’s VS6 system.[26] Ferrera modified MIT’s VS2A system to use the segmented-
grid mode of spatial-phase locking. Using an 511 nm-period gold fiducial grating on
a x-ray lithography mask (1pm thick SiN membrane), Ferrera obtained field stitch-
ing errors with 7.5 nm mean and 6.0 nm standard deviation (after deconvolving the
measurement uncertainty). This indicates ¢ =4.3 nm field-placement precision with
respect to the fiducial grid.[23] It is hypothesized that the laser interferometer reso-

lution (A/128 ~ 5 nm) limited the placement precision.

3.1 SEBL Field Calibration

In many ways the segmented-grid mode of SPLEBL acts as a sophisticated, field-by-
field, calibration routine. Thus, it is important to understand the normal approach
to field calibration in the absence of spatial-phase locking. Typically, SEBL systems
calibrate the deflection of the electron beam by imaging a feature at various positions
in the field. By comparing the observed position of the feature with the expected
position, one can adjust the deflection system to match the stage motion.
Measuring the beam-deflection error at several points in the field allows one to
correct for a variety of deflection errors. The most simple field-calibration approaches
correct for shift, scale, and rotation of each deflection axis. This type of field calibra-
tion can be described by a simple set of equations that relate the actual and desired

beam locations with a set of six coeflicients.

xp = ap + a1xp + axyp (3-1)

yp =bo+ brzp + byyp (3.2)

where zp and yp are the actual beam positions and xp and yp are the intended
positions from the pattern generator. The coefficients ag,a;,and ay represent the

shift, scale, and rotation errors of the x-axis respectively. Similarly, the coefficients
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Figure 3.2: Basic field deflection errors. (a) Field shift along both axes. (b) Rotation
and non-orthogonality of axes. (c) Scaling errors for both x- and y-axis. The illus-
trations are greatly exaggerated compared to the errors observed in SEBL systems.

bo, b1, and by represent the shift, rotation, and scale errors of the y-axis. Figure 3.2

illustrates these various errors.

By moving the stage to three locations within the deflection field one generates
three measurements of xp and yg for three known coordinates zp,yp. Substituting
each of these measurements into equations 3.1 and 3.2 results in a system of three
equation and three unknowns (ag, a1, and az) for the x-axis and a similar set for the
y-axis. Once we have solved for these coefficients, one can store them and apply

appropriate corrections to each exposed field.

This approach to deflection calibration can be extended to account for higher-
order effects such as trapezoidal distortion and non-linearity of the DACs or deflection
amplifiers. Ferrera’s implementation on VS2A added the trapezoidal distortion term,
as does the sparse-sample implementation described in chapter 4. The continuous
feedback mode of spatial-phase locking incorporates corrections through third-order

(10 coefficients per axis), and will be described in chapter 5.
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3.2 Implementation on the Raith 150 SEBL Sys-

tem

3.2.1 The Raith 150 SEBL System

A segmented-grid approach similar to Ferrera’s was implemented on MIT’s Raith
SEBL system. The Raith 150 combines the electron optics from a scanning electron
microscope with a vector-scan pattern generator, an electrostatic beam-blanker, and a
laser-interferometer-controlled stage. The system uses a thermal-field emission source
to produce a beam with high resolution (< 3 nm) and current density at accelerating
voltages from 100V to 30kV. Imaging for calibration and alignment is carried out with
one of two secondary-electron detectors: an in-chamber Everhart-Thornley detector

and an annular in-lens detector.

The Raith 150 pattern generator can increment the beam position in steps as
small as 1 nm at rates up to 10 MHz using 16-bit digital-to-analog converters (DACs).
The rise and fall times, 7, for the beam blanker are specified as 30ns < 7 < 50ns.
Combined with the high-current-density field-emission source, these specifications
would seem to indicate good-throughput for a research-oriented system. However, the
magnetic deflection system and vector-scan architecture require long-settling times
when the beam is deflected to the starting point of each feature. In addition, deflecting
the beam at velocities exceeding =~ 10 mm/sec introduces unacceptable feature size
variations. Finally, throughput is limited by the small deflection range (< 200 pm
for high fidelity patterning) and slow stage-movement (= 3 seconds per field). Thus,
the throughput of the system is substantially lower than simple calculations would

suggest.

The sample-positioning system consists of a roller-bearing stage with 150-mim
travel and a piezo-controlled stage for fine-positioning. Raith specifies the laser-

interferometer resolution as 2 nm. Many SEBL systems measure the position of the
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stage with the laser-interferometer and feedback fine corrections to the beam deflec-
tion system. However, the Raith 150 feeds back the stage-motion to the piezo controls
of the fine-positioning stage. The Raith strategy exhibits much lower bandwidth than
the beam-deflection strategy, but it eliminates errors caused my miscalibration of the

deflection system to the stage motion.

3.2.2 Implementation Strategy

The Raith 150 implementation of the segmented-grid mode assumes that the fiducial
grid is isolated to small areas occupying several locations in each field. The custom
software for spatial-phase locking can accommodate any grid positions the user de-
sires, but it is often natural to place the grid in small squares at the corners of the
field. In addition, placing the grid locations as far apart as possible increases the
precision of field scale and rotation corrections.

During the segmented-grid-mode exposure, the stage first moves to the center
position of the field. Then the electron beam scans over the grid within small windows
located near the field corners. The secondary-electron signal from the grid is digitized
and stored electronically. The window size is user selectable, and a one-dimensional
signal is obtained for each axis by averaging grid signal along the orthogonal direction.
For example, a 1D signal for the x-axis is obtained by averaging each element in the
columns (y-axis) of the secondary-electron image.

One calculates the grid’s spatial-phase for each axis using this 1D signal and the
Fourier-techniques described in section 2.5. These phase estimates translate to beam
placement errors for each position in the field. In contrast to the typical field cali-
bration approach, we have acquired these error measurements from the fiducial grid,
not by moving a feature around with the stage. Measuring the x- and y-displacement
in the four corners of the field overdetermines the system of equations for the field-
correction coefficients (four equations and three unknowns for each axis). Instead of

discarding one measurement, we improve the calibration by finding the least squares
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solution for the correction coefficients.

The Raith 150 system’s software is proprietary, so the segmented-grid mode of
spatial-phase locking was implemented using the software’s scripting capabilities. Vi-
sual Basic (Microsoft Corporation, Redmond, Wa.) scripting routines control the
Raith software, while the mathematical computations are performed by MATLAB
(Mathworks, Inc. Natick, Ma.) scripts. The two software programs communicate
using Microsoft’s ActiveX! framework.

The software also provides an automated routine for mapping the stage movement
to the grid axes. This is necessary, because the sample cannot be loaded accurately
enough to align the stage motion with the grid. Nevertheless, the stage must position
the sample within one grid period of the desired location because the grid’s phase is
ambiguous to 2r. To accomplish this, custom software moves the stage to various
locations on the sample over several millimeters and measures the spatial-phase of
the grid. In this way one can measure the rotation of the grid with respect to the

stage axes, and correct for this each time the stage moves during the exposure.

3.3 Raith 150 Performance with Segmented-Grid
SPL

A number of experiments were conducted to measure the performance of the segmented-
grid mode of spatial-phase locking on the Raith 150 system. All of these experiments
used fiducial gratings, as opposed to grids; as a result, only one-dimensional phase
locking was tested. The Bragg-grating-based devices described in chapter 6 require
accurate placement primarily along the grating vector, so 1D spatial-phase locking is

sufficient.

1 ActiveX encompasses a range of technologies developed by Microsoft. For our purposes, ActiveX
provides a software program access to another program’s data and code objects. For example, one
can use MATLAB to access the Raith software’s column object to set the accelerating voltage.
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The first set of experiments was conducted using a double exposure technique
in poly-methyl methacrylate (PMMA) resist on silicon substrates. Fiducial gratings
of 244-nm period, originally produced by interference lithography, were printed with
x-ray lithography in a 175 nm thick layer of PMMA. The gratings on the x-ray mask
were isolated into stripes approximately 4 ym wide and 1 c¢m long to leave room for
the devices. The patterns were developed in a solution of 2 parts iso-propyl alcohol
to 1 part methyl-iso butyl ketone (2:1 IPA:MiBK) for 30 seconds. The substrate,
with PMMA still covering most of the area, was loaded into the Raith 150 system.
The gratings could be imaged using the in-lens secondary electron detector because
of the material contrast between PMMA and silicon, and the resist topography. The
x-axis was mapped to the grating vector, and the y-axis was mapped orthogonal to

the grating vector (parallel to the grating lines).

Segmented-grid SPLEBL was used to expose gratings of identical pitch, offset by
500 nm in the y-direction from the fiducial gratings. These gratings were written at
14 locations within the field as shown in figure 3.3. This strategy allows us to measure
absolute registration between the fiducial gratings and the SPLEBL-exposed gratings
at a number of points within the field. As a result, we can observe distortion and
exposure-parameter dependent errors within a single field. This diagnostic tool proved

critically important.

The grating patterns were exposed using a beam energy of 10kV and a doses from
50 to 70 uC/cm? These doses are somewhat low for PMMA at 10kV as a result of
the x-ray background dose present. The PMMA was developed for a second time
for 60 seconds in 2:1 IPA:MiBK. The samples were once again loaded in the Raith
150 to measure the offset between the SPLEBL exposed gratings and the fiducial
gratings. The gratings were imaged over a 8.4 pm x 3.1um area and the spatial phase
of the fiducial gratings was compared to that of the SPLEBL-exposed gratings to
determine the registration error. This technique uses the same Fourier techniques as

spatial-phase locking and has been described in detail by Ferrera.[23, 26] The relative
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Figure 3.3: 244-nm period fiducial gratings printed in PMMA using x-ray lithography.
The sampling windows for segmented grid spatial-phase locking are shown, as are the
areas in which identical period grating structures were written with SPLEBL.
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Figure 3.4: Sample image of aligned fiducial grating (top) and SPLEBL written
grating (bottom) in PMMA. The 7 phase shift between the two gratings is intentional.

positions of the two gratings can be measured very precisely because the image is
taken with a large dose and in a region of the field known to be distortion free.

Figure 3.4 shows the x-ray and EBL exposed gratings in PMMA.

These experiments generated an enormous amount of data because the registration
between the fiducial grating and the SPLEBL exposed gratings was measured at 10
or 14 positions in each of 50 fields. Here the results of only two such experiments
are shown in detail, but the results from 20 experiments are summarized. Three key
points emerge from this data. First, significant non-linear distortions remain after
correcting scale, rotation, and shift errors. Second, the beam-deflection velocity in
the y-direction influences pattern placement in the x-direction in a repeatable way.
Finally, the registration varies from field-to-field with a standard deviation of ~ 3 nm
for all tested exposure conditions. To summarize further, the mean registration errors
vary because of field distortion and exposure-dependent errors, but the variance of

the errors within an exposure is consistently small.

Let us first examine the mean registration errors at each point in the field under
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Figure 3.5: Mean x-alignment error versus x-position in scan field for vertical grating
lines written with a deflection velocity of 25 mm/sec. Examining the error at the
spatial-phase locking locations leads to a field scaling error of —3.1 x 10~*. Alignment
was measured with respect to the upper and lower fiducial gratings at £25 pm .
Dashed lines represent spatial-phase locking locations.

two different exposure conditions. In both exposures the gratings were written by
sweeping the beam from the bottom to the top of each line, not by boustrophedonic
filling. The beam velocity was 25 mm/sec and the gratings were sampled at £40um
in x and +25um in y. Figure 3.5 plots the mean offset between the fiducial and
SPLEBL exposed grating versus the x-position in the field. The two data series
represent registration to the top and bottom gratings. In this case, it is clear that
the mean error changes somewhat linearly across the deflection field with significant

non-linearities at the edges of the x-deflection range.

In figure 3.6 the data is plotted for a similar exposure where the beam velocity

was reduced to 9 mm/sec. In this exposure, the difference between the phase-locking
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Figure 3.6: Mean x-alignment error versus x-position in scan field for vertical grating
lines written with a deflection velocity of 9 mm/sec. Examining the error at the
spatial-phase locking locations leads to a field scaling error of —1.1 x 1075, Alignment
was measured with respect to the upper and lower fiducial gratings at £25 ym .
Dashed lines represent spatial-phase locking locations.

positions is below 2 nm; although, we still observe the non-linear errors, now shifted
to the interior of the field. If we take the grating sampling points as our references,
we find that the fast exposure scale error is —3.1 x 107* and the slow exposure scale
error is —1.1 x 1075, Conducting a number of these experiments, shown in figure 3.7,

revealed that the scaling error changes linearly with beam velocity.

Naturally, one wishes to correct this error, and with such a simple relationship
between scale error and beam velocity, this is practical. Two experiments were con-
ducted at different deflection velocities, and a scale correction was applied to every
field. The scaling error was reduced to less than 3x 10~ for the scale-corrected expo-

sures. These corrected exposures are also shown in figure 3.7. Simply scaling the field
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Figure 3.7: Field scaling error versus beam velocity for 10 and 30 kV exposures
conducted with single-direction and boustrophedonic filling.
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does not remove the non-linear deflection errors, but if one chooses sampling positions
between -50 um and 430 um non-linear errors can be kept below 2 nm. We adopted
this approach for the optical devices described in chapter 6. Also interesting is that
the mean error at x = Oum is not necessarily zero for these exposures, indicating a
mean shift with respect the fiducial grating. This shift seems to arise from a deflection
velocity dependent error when scanning the fiducials themselves. The measured shift

of the fiducial gratings is dependent on the velocity at which they are scanned.

In addition to direct registration exposures, a number of field stitching experi-
ments were carried out. By vertically centering the stitched gratings at the same
x-locations as the grating sample points, one can estimate the field scaling error from
a single measurement. These experiments were conducted at both 10kV and 30kV
with boustrophedonic filling, as opposed to single-direction filling. Comparing various
experiments in figure 3.7, we observe a consistent linear relationship between beam
velocity and scale errors, but slopes and intercepts depend on accelerating voltage
and exposure strategy. We acquired the data in figure 3.7 over several months, so it

appears that this error is stable with time, and can be corrected empirically.

While mean errors are important, we also need to examine pattern-placement
variance. Figure 3.8 shows registration-error histograms for each measurement point
in figure 3.6. The standard deviations for each point range from a low of 2.2 nm
to a high of 3.4 nm for this experiment. A standard deviation between 2 and 3 nm
is typical of all the experiments conducted. It is also interesting that the standard
deviation does not increase as one moves toward the edges of the field. This suggests
that correction for scaling fluctuations does not contribute significantly to placement
error. Repeated stitching measurements of a pair of PMMA on silicon gratings varied
with ¢ = 0.5 nm.

Although deflection-velocity dependent scaling errors are repeatable and predi-

catable for a given pattern, their cause remains unknown. Why does rapid deflection

along the y-axis change the x-axis deflection symmetrically, and linearly, about the
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Figure 3.8: Segmented grid SPLEBL placement error histograms for each measure-
ment location shown in figure 3.6.
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field center? One might expect slight capacitive or inductive coupling between the
magnetic deflectors, their amplifiers, and the interconnected wiring, but it is difficult
to ascertain why the magnitude of the deflection error is proportional to the absolute
deflection. One potential cause, though highly speculative, is dynamic loading of the
deflection amplifier power supply. A rapid deflection back and forth along the y-axis
looks like a triangle wave pattern, and the frequency is often hundreds of kilohertz. If
this dynamic deflection loads the power supply such that it cannot provide sufficient
current to the orthogonal deflector this would introduce scaling errors. If this load-
ing increases linearly with deflection velocity (y-deflection frequency) then we would
observe the results of figure 3.7.

Chapter 6 describes the fabrication of Bragg-grating-based optical devices using
‘segmented—grid SPLEBL. Exposures in this process were conducted at 30 kV with
boustrophedonic filling, and beam-velocity-dependent scale correction. The mean and
standard deviation of the stitching errors along the x-axis (centered vertically in y)
were -0.6 nm and 2.6 nm respectively. The 2.6 nm includes the measurement error

associated with the system.



Chapter 4

SPLEBL via Sparse Sampling

In the sparse-sampling mode of SPLEBL a global-fiducial grid is sampled at discrete
locations within the e-beam field with a sub-exposure dose. Like the segmented-grid
mode, beam positioning feedback is only supplied before exposing each field. Unlike
the segmented grid mode, the sparse-sampling mode uses a global grid that does
not occupy valuable substrate area. This chapter addresses techniques for sampling
the grid and extracting field-correction parameters from the resulting signal. These
techniques were implemented on MIT’s VS2A SEBL system, and tested with both

metallic and scintillating fiducial grids.

4.1 Sparse Sampling Strategy

When performing spatial-phase locking via sparse sampling one must first move the
substrate to a position within one grid period of the desired location. For laser-
interferometer controlled stages and grid periods greater than 100 nm this presents
no problem. Because the beam positioning is corrected for each deflection field, one
need only move the stage with this accuracy relative to its previous position. Thus,
the system can drift beyond one grid period as long as this drift does not occur

during the exposure of one field. Of course, because feedback is supplied only at

75
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the beginning of each field, the system must remain stable with the desired accuracy
during the time required to expose‘the field.

After properly positioning the sample, the electron beam acquires a two-dimensional
array of samples. In order to determine the grid position without exposing the e-beam
resist, these samples are spaced much further apart than the beam diameter. Even if
the samples themselves are taken with the same beam current and dwell time used
to expose the pattern, they do not receive enough dose to transfer when the resist
is developed. While the sampling grid is perfectly generated by the digital pattern
generator, the beam does not follow a perfect grid on the substrate. Thus, errors in
the beam positioning during sparse sampling appear as shifts or distortions in the
fiducial grid image.

In practice, sparse samples are taken at spacings larger than the grid period.
Because the spatial frequency of the fiducial grid is greater than the spatial frequency
of .the sparse samples, the acquired signal will be aliased. In the spatial domain,
aliased periodic signals appear as moiré patterns. Figure 4.1 shows the moiré pattern
formed by sampling a 1um-period gold grid at 512x512 equally spaced points within
a 528um field. The number of periods in the moiré is simply given by the difference
between the number of sample points and the number of fiducial grid periods in a
given direction, in this case exactly 16 periods in both X and Y. Higher-order aliasing
produces a similar effect, i.e. 512x512 samples of 1040x1040 periods will also yield a

16x16 period moiré pattern.

4.2 Determination of Deflection Errors from Moiré
Patterns

Moiré patterns provide a sensitive tool for measuring deflection-field alignment and
distortion. The spatial phase of the moiré signal represents the spatial phase of the

periodic sample locations with respect to the underlying fiducial grid. Thus, the
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Figure 4.1: Moiré pattern formed by a 512 x 512 sample array of a 1-um period grid
over a 528 pum field. Image was acquired using backscattered electrons from a Au
grid on silicon.

deflection field can be shifted into alignment with the fiducial grid by locking the
spatial phase of the moiré pattern to a specified value. Moiré patterns also reveal
deflection distortions. Variation of the moiré phase with position in X or Y indicates
a rotation, or skew, of the deflection field with respect to the grid. If this variation
differs between X and Y the deflection axes are not orthogonal. The spatial frequency
of the moiré pattern allows one to precisely calculate the scale (magnification) of the
field. Finally, a linear variation of X-spatial frequency with Y, or vice-verse, indicates
the presence of trapezoidal distortion. Moiré techniques were addressed in early
work on e-beam metrology and spatial-phase locking[37, 26, 38, 39]; however, the

mathematical approaches for extracting field distortions were not described.

The VS2A SEBL system uses eight parameters to model and correct the error
between desired beam position (zp,yp) and actual beam position (zp,yg). This

correction is similar to the one described in section 3.1, except it adds two additional
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terms to characterize trapezoidal distortion. These relationships are given by

Tp = ag+ a1xp + axyp + asTpyp (4.1)

yp = by + b1xp + boyp + azTpyp (4.2)

where the coefficients ag, a1, a2, andas represent the shift, scale, rotation (skew), and

trapezoidal distortion errors for the x-axis, respectively.

To determine the relationship between these errors and the observed moiré pat-
tern, we begin by approximating the fiducial-grid signal as a sum of two orthogonal
sinusoidal gratings. I.q represents the signal level regardless of the signal type (back-

scattered electron, secondary electron, or photon),

9 .
Ipa=a cos(Kng) + a cos(

2

A yp) +c+v, (4.3)

where a is the amplitude, ¢ is the background level, and Ag is the spatial period of
each grid, typically 200nm to lpym. v is a simplified noise term having a Gaussian
distribution with variance ¢2. The noise term approximates the electron-arrival sta-
tistics, scintillator-photon emission statistics, photomultiplier-tube noise, other elec-
tronic noise, and stray light in the vacuum chamber. The signal-to-noise ratio is
defined as a?/0?. Neglecting the noise term and substituting equations 4.1 and 4.2
into equation 4.3 for zg and yg, we find a function describing the appearance of the
fiducial grid within a misaligned or distorted field. Figure 4.2 shows moiré patterns

based on equation 4.3 for various field calibration errors.

If we take the Fourier transform of equation 4.3 with respect to xp at arbitrary yp,

we find that the spatial phase and frequency of the fundamental Fourier component
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Figure 4.2: Moiré patterns formed by a 512 x 512 samples of 1-um period grid over
a 528 um field with various deflection errors. (a) Perfect deflection. (b) X-deflection
scaled: a; = 1.03. (c) X-deflection skewed: ay = 0.003 radians. (d) Trapezoidal
distortion along the y-direction: a3 = 1 x 107°.
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are given by

2
¢z = 7\1(00 + agyp) (4.4)
G
2
ke = £ (a1 + asye) (45)
G

We see that both phase and frequency are linear functions of yp, with slopes 27as/Ag
and az/Ag, and intercepts 2mao/Ag and a;/Ag, respectively. When under-sampling
the fiducial grid, the phase of the moiré pattern along an axis, ¢,m, remains identical
to that of the fiducial grid, but aliasing must be taken into account for the moiré

frequency, k. Therefore,

2
bom = (a0 + a23p) (46)
G
1 1
km =27 "A—G(al + a3yp) - 7\; (47)

where Ag is the mathematically-defined spatial period of the sparse samples.

After acquiring the moiré pattern with an array of discreﬁe samples, we estimate
its phase and frequency with respect to z at several y positions. This is accomp]ished
using one-dimensional discrete Fourier transforms (DFT) and a simple peak-search
routine for each row of data. Because the moiré spatial frequency is approximately
known before beginning the analysis, one need only compute the amplitude at a few
frequencies to estimate the peak position with high precision. This proves more com-
putationally efficient than a large zero-padded fast-Fourier transform. After perform-
ing linear least-square fits of the phase and frequency versus yp, the field corrections

are given by
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A
o = == Pom (4.8)
2 " l(yp=0)
k 1
— A Tm. . )
a; G( Gy yP:0+ AS) (4 9)
AG d¢zm
ag = '2? dyp (410)
AG dka:m
P 4.
= o dyp (4.11)

The corresponding field corrections for the y-deflection are found by taking the Fourier

transform of equation 4.3 with respect to yp and proceeding in the same manner.

4.3 Sparse-sampling Algorithm

The mathematical description in the previous section relates phase and frequency
changes in the moiré pattern to deflection errors; however, implementing these calcu-
lations requires attention to several details. First, signal-detection efficiency variations
across the field lead to non-uniform intensity moiré patterns. These variations add
low-spatial-frequency spectral components that introduce bias in the error estimates
described above. To reduce this effect we least-squares fit a two-dimensional polyno-
mial to the signal level across the field before beginning the exposure. When each
field is sampled the signal is divided by this detection efficiency function to reduce
the bias errors.

Second, if the grid is not well-described by equation 4.3 steps must be taken to
ensure that the phase and frequency analysis remains valid. Specifically, when using
a metallic grid the signal resembles a square wave, not a sum of two sinusoids. The
higher-spatial frequencies components generally do not present a problem because we
estimate the phase and frequency of the fundamental peak, but a metallic grid does

introduce rows and columns of data with little or no modulation. As a results, one
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Figure 4.3: Blocks of the moiré pattern are row or column averaged to produce sev-
eral one-dimensional signals for phase and frequency estimation. The moiré pattern
represents a field with a x-scaling error. (a) shows the column averaged signal from
the top-most block. (b) shows the row-averaged signal from the right-most block.
One can readily see the different spatial frequencies.

does not want to rely on the phase of a row of samples if they lie between dots or on
a single line of a lattice. To alleviate this concern, we average samples over at least
one period orthogonal to direction of interest. Figure 4.3 illustrates this procedure.
Similarly, if the signal acquired from the fiducial grid has a low SNR, a single
row or column of sample points may not reach the SNR threshold level (see section
2.5) for accurate spectral peak identification. In this case averaging several rows
increases the SNR before performing the discrete Fourier transforms. In practice,
one only wishes to average enough samples to accurately identify the fundamental
peak. The more samples are averaged before performing the phase and frequency
estimates the less spatial-resolution one has to determine the derivatives of phase and
frequency. The parameter estimation variance does not change whether the raw data
are averaged or the resulting phase and frequency estimates are averaged. Finally, the
averaged data can be multiplied by a Hann (squared cosine) window before taking the

Fourier transform. Windowing the data reduces bias from any residual low frequency
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components at the expense of phase- and frequency-estimation precision.

For implementation in VS2A, the sampling periodicity is chosen to produce a
512 x 512 sample array of an 16 x 16 period moiré pattern covering the entire field.
This pattern is broken into 8 vertical and horizontal stripes whose respective rows
and columns are averaged to produce 8 one-dimensional signals for each axis. Several
DFTs are performed near the expected fundamental frequency to precisely estimate
the peak location for each block of data. After obtaining parameter estimates for each
block, we perform a linear least-squares fit to the phase and frequency as a function
of position. The phase and frequency intercepts, equations 4.8 and 4.9 provide the
shift (ag,bp) and scale (a;,bs) errors respectively. The phase and frequency slopes,
equations 4.10 and 4.11, yield the rotation (ag,b;) and trapezoidal (as, bs) errors.

One concern about all “look-then-write” techniques is that field distortion will
differ between sampling and exposure. This is the case in the segmented grid imple-
mentation on the Raith 150 system, and it is also the case with sparse—samplipg on
VS2A. The sparse samples are acquired in a raster fashion from left-to-right only, and
the beam must “fly back” between each line of samples. This rapid deflection across
the entire field introduces errors in both the x- and y-beam position at the beginning
of the next line of samples. This distortion is seen in the moiré pattern in figure 4.1.
As a result, we do not use the samples from the left-most period of the moiré pattern

to calculate deflection corrections.

4.4 Sparse-sample spatial-phase locking with VS2A

4.4.1 Algorithm Implementation

MIT’s VS2A SEBL system uses a thermionic LaB, emitter, 50 keV beam energy, and
high-demagnification electron-optics to pattern at resolutions slightly below 100 nm
over deflection fields up to 1 mm?. Since the time of the experiments described here

VS2A’s electron optics have been upgraded to achieve sub-50 nm resolution with a
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slight sacrifice in field size.[40]. The pattern generator uses 14-bit digital-to-analog
converters (DACs), providing a minimum address grid of the field size divided by 2.
The system is equipped with a solid-state backscattered electron (BSE) detector and

with optical detection as described in section 2.4.

To control pattern-placement the system measures the stage position with a laser-
interferometer (resolution = A/128 = 5nm) and continuously corrects the beam po-
sition to track the stage. This arrangement allows acceptable field stitching and
pattern-placement for some applications, but does not constitute true closed-loop
feedback control, because the beam position is not measured. Goodberlet and Fer-
rera measured the field stitching precision of VS2A to be ¢ = 23 nm when field were
written consecutively, but when each field exposure was separated by 10 minutes, the
stitching-error standard deviation increased to ¢ = 127 nm.[23, 41] This long-term
instability is easily corrected with spatial-phase locking, but can only be compensated
in a normal EBL system by frequent reference to a fiducial mark on the substrate or

stage.

To perform sparse-sample spatial-phase locking the DT2851 image acquisition
board captures the fiducial-grid signal from the PMT or BSE detector. We wrote
custom software for an Alacron AL860MP dual-i860 microprocessor board (Alacron,
Inc., Nashua, NH) to perform the signal processing described in section 4.3. To test
the algorithm we repeatedly locked to 1-pm period gold (high SNR) and chromium
(low SNR) grids. VS2A allows continuous control of the beam current, so the SNR,

-, can be varied continuously as well.

Figure 4.4 shows the standard deviation of 100 measurements for each field-
correction parameter. The field size was 528 pum x 528 pm , and the field was
corrected after each measurement. The variance, o2, of the field correction parame-
ters was found to decrease as v~ 1¥0%  The v~! dependence is expected from the
analysis of section 2.5; therefore, it seems the field correction parameters estimates

are SNR limited with this large period grid. However, the field shift uncertainty
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reaches a minimum near ¢ = 2 nm. In this regime, the shift correction is limited
by system instability, most likely the laser interferometer’s 5-nm resolution and the

field-correction unit’s 4-nm resolution.

4.4.2 Field-stitching Experiments

To test the effectiveness of sparse-sample spatial-phase locking, field-stitching exper-
iments were carried out in the VS2A system with a scintillating fiducial grid. Silicon
wafers were coated with 400 nm of the PMMA-based scintillating resist described in
section 2.4. Orthogonal 530-nm period gratings were quenched using 351-nm wave-
length light from an Ar-ion laser in the interference lithography system described in
section 2.1. Figure 4.5 shows a 16x16 moiré pattern obtained from a 530nm-period
scintillating fiducial grid, sampled over a 279.840 pm field.

The signal-to-noise ratio was x20.004 for the scintillating grid; this was too low to
permit accurate rotation, scaling, and trapezoidal correction for each field. Trape-
zoidal distortion was corrected using a traditional field-calibration routine, and ro-
tation and scale were fixed to their initial values after applying the sparse-sampling
routine to one deflection field. Shift correction was enabled for all fields.

To test stitching and pattern placement, we exposed an array of fields with 400nm-
period gratings at the field boundaries. An intentional gap was left between the
gratings so that the field boundary could be easily identified. The grid was sparsely-
sampled for 1 ps per point with a beam current of 300 pA. We developed the scintillat-
ing PMMA in 2:1 IPA:MiBK at 21.0° C for 90 seconds. The gratings were transferred
to the substrate by evaporating 50 A of chromium and 600 A of gold, and then re-
moving the PMMA in n-methyl pyrrollidone heated to 80° C. This “lift-off” process
leaves Cr-Au gratings behind on the silicon substrate. Figure 4.6 shows a backscat-
tered electron image of the stitched gratings.

Backscattered electron images of the gratings were analyzed using a technique

developed by Ferrera et al.[26, 23] to determine stitching errors. The method com-
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Figure 4.4: Standard deviation of the field-correction parameters versus signal-to-
noise ratio for sparse sampling. Each point represents 100 measurements using 512
x 512 samples of a 528 um field with a 1-pm period fiducial grid.
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Figure 4.5: Moiré patterned formed by 512 x 512 samples of a 530-pm scintillating
grid over a 280 pm field. The scintillating layer (PMMA, anthracene, naphthalene,
and POPOP) served as a the e-beam resist and the fiducial grid.

Figure 4.6: Stitched 400-nm period Cr/Au gratings patterned with sparse-sample
SPLEBL and lift-off. The field-boundary is indicated by the dashed line.
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Figure 4.7: Histograms for x (a) and y (b) stitching errors obtained with a 530-nm
period scintillating grid and sparse-sampled SPLEBL.

pares the spatial-phase of the patterned gratings on either side of the field boundary.
Because of the high magnification and SNR of these images, the stitching error can
be measured with an uncertainty of c=3nm. Figure 4.7 shows histograms of the
measured stitching errors in both X and Y. The stitching error standard deviation
was 17nm and 18nm for X and Y respectively, while the mean errors were 31nm in X
and 10nm in Y. The large mean values are a direct result of not correcting rotation
for each field, which will be possible with improved SNR. The stitching variance is
partially attributable to the 17-nm resolution! of the deflection DACs and the 4-nm
resolution of the field shift DACs.

The patterns were written aligned to the fiducial grid, so there is no cumulative
error or placement drift across the substrate. As a result, stitching errors translate
directly into field-placement errors with respect to the grid. Given a field-placement
errors with og,, the stitching error is given by oy = \/§0fp. We find that the field-

placement for the experiment above varies with 0,=12nm and o,=13nm. The residual

1The digital-to-analog converter resolution is dependent on the field size. For a 280 pm field and
14-bit DACs, the resolution is 280um/2'¢ = 17 nm.
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placement error represents contributions from the deflection, field correction, and
laser-interferometer DAC quantization, as well as limited phase-estimation precision

from the poor signal-to-noise ratio.
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Chapter 5

SPLEBL with Continuous
Feedback

While the various discontinuous feedback approaches to SPLEBL are effective for cer-
tain applications, only continuous feedback will allow sub-nanometer pattern place-
ment accuracy and eliminate pattern-dependent placement errors. Raster-scan expo-
sure, described in section 1.1, lends itself to continuous feedback because the system
addresses every exposure-grid element. If one modulates the beam current between a
level that exposes the resist and a level that does not, the grid signal can be contin-
uously monitored, even when the system scans over unpatterned areas. This chapter
describes the implementation of raster-scan pattern generation and real-time spatial-
phase locking on the Raith 150 EBL system. This system, coupled with a global
fiducial grid patterned in thin aluminum, reduced field-stitching errors to o = 1.3 nm

without sacrificing substrate area or time for alignment steps.

5.1 Raster-Scan Pattern Generation

The simplicity of raster-scan exposure minimizes pattern-dependent errors and allows

faster beam deflection across the sample. In spatial-phase locking, scanning the beam

91
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Figure 5.1: Raster-scan strategies implemented on the Raith 150. (a) Left-to-right
only scanning with blanking and “fly back” between each line. (b) Boustrophedonic
scanning with blanking while the beam turns and accelerates in the opposite direction.

repeatedly over the same path provides a consistent signal from the grid and simpli-
fies deflection-distortion correction. In a vector-scan system both the grid signal and
deflection errors are pattern dependent. As a result, a raster-scan strategy was de-
veloped and implemented on the Raith-150 system to enable real-time spatial-phase
locking.

Unlike the raster-scan systems described in section 1.1.2, vector-scan systems, such
as the Raith 150, typically do not provide a scanning stage. As a result, a hybrid
approach was developed that leaves the stage stationary while the beam scans over
each field. Two beam-deflection approaches were implemented on the Raith 150: left-
to-right only, with blanking and “fly back” between each line, and boustrophedonic,
with blanking at the end of each line while the beam turns and accelerates in the
opposite direction. Figure 5.1 illustrates these two approaches. In both cases the
blanker is turned on-and-off at the appropriate time to form the desired pattern.

To perform raster-scanning with the Raith 150, the standard pattern generator 1s
used to scan the beam over the entire field while supplemental hardware and software,
diagramed in figure 5.2, control the beam blanker. The Raith 150’s electrostatic

blanker consists of two plates extending parallel to the beam between the anode and
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Figure 5.2: Raster-scan pattern generation sub-system for the Raith 150. A dig-
ital input/output board in the host computer controls the beam blanker which is
synchronized to the beam deflection by the Raith pattern generator’s clock.

the first aperture in the column. The beam is normally aligned to pass through the
aperture, but when the blanker is energized the beam is deflected so that it does not.
The Raith blanker requires a potential difference of 200 V on the plates, but it can be
controlled with a 5 V input. This input is supplied by a digital input/output board
(model PCI-6534, National Instruments, Natick, Ma.) added to the Raith control
computer. The board provides continuous digital output at up to 20 MS/s, which is
sufficient for the Raith system’s 10 MHz address rate.

The control computer supplies the digital I/O board with data based on a user’s
pattern file. This pattern file contains a series of polygons defined by their vertices,
and can be generated from standard GDS-II' files using Raith’s layout software.
Custom software was written to read the user’s layout file and convert it to the

stream of 1s and 0s sent to the beam blanker. This conversion occurs in nearly real-

LGDS-II is the layout standard for microlithography. A GDS-II file contains a hierarchical data-
base of structures based on polygon primitives.
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time, as the beam scans over the field, to eliminate pattern-conversion overhead and
storage of large data files. Despite the capability to include polygons in the design,
currently the raster-scan pattern-generator only exposes rectangles. Straightforward

modifications to the software will add full polygon support in the future.

Accurate pattern placement requires precise synchronization of the beam blanker
and the beam deflectors. The pattern-generator steps the beam from pixel-to-pixel
based on a variable clock, and this clock is used to synchronize the deflection with the
beam-blanker data stream. The pattern generator’s pixel clock is based on a variable
oscillator (11.111 to 16.666 MHz) that is multiplied and divided within an Analog
Devices ADSP-2181 processor. The pixel clock signal is reproduced and distributed
to the beam-blanker controller and the spatial-phase locking system using a Cypress
Semiconductor CY30700 programmable clock board. The board contains a Cypress
CY22150 re-programmable clock chip that multiplies and divides an external clock’s
frequency by almost any combination of integers. The CY30700 board is programmed
through the universal-serial bus of the Raith 150 control computer using Cypress’s
CyberClocks software. If necessary, the clock can be divided further using counters

on the National Instruments boards.

Figure 5.3 contains scanning-electron micrographs of a 200-nm and 400-nm period
“nested L” patterns written with the Raith 150 in raster-scan mode. The beam step
rate, or pixel clock, was 2.6216 MHz, corresponding to a dwell time of 380 ns per (10
nm)? pixel. The accelerating voltage was 10 kV, the beam current was 211 pA, and
the areal dose was 80uC/ecm?. The patterns were exposed by scanning left-to-right
only. The vertical pattern edges, perpendicular to the scan direction, show excellent
fidelity. This is to be expected because the blanker rise and fall times are specified
as less than 50 ns, or 13% of the dwell time. The horizontal pattern edges exhibit a
slight modulation in the area immediately after the beam turns on. It appears that
the beam is shifting back and forth along the y-direction when it unblanks. This is
presumably caused by ringing of the RLC circuit formed by the blanker plates and the
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(a)

Figure 5.3: SEM of “Nested Ls” in PMMA exposed by raster-scanning on the Raith
150. The pitch of the lines is 400-nm in (a) and 200-nm in (b).

associated wiring and power supply. This problem occurs over a time scale too short to
be corrected with spatial-phase locking, so the blanker itself needs improvement. This
problem has been observed in commercial mask writing systems[42], and presumably

largely solved to meet current mask specification while blanking as fast as 250 ps.[43]

The ideal raster-scan SPLEBL system will allow dose modulation so that the
grid can be monitored while not exposing the resist. In the Raith 150 system this
could be achieved by partially deflecting the beam over the upper aperture. This
will result in beam shift on the substrate, but one could anticipate this and apply an
appropriate correction. When this was attempted with VS2A[44| the beam shift was
found to change with time. If this is the case, one could use the fiducial grid signal

to periodically measure the beam shift during the exposure.

Zhang has proposed dose modulation using a fast electrostatic stigmator to ex-
pand the beam over an aperture.[28] This technique should reduce unwanted beam
deflection on the substrate. The latest MEBES mask-writing system from ETEC
provides dose control by blanking the beam at every pixel. The system dwells on
each pixel for 2 ns, but the beam turns on for durations between 250 ps and 2 ns, de-

pending on the dose. This scheme provides eight dose levels[43], and could be readily
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adapted to spatial-phase locking.

5.2 Real-time Spatial-Phase-Locking

As the e-beam ré?%gg-scans~across the field, the grid pfoduces a contimibus signal. If
the grid is ahgned to‘ the deflection axes, and the beam scans rapidly along the x-axis,
we will have to acquire a number of lines of data to detect any y-deflection erfor. To
correct for shift along both axes simultaneously, it is necessary to rotate the grid with
respect to the field. With a rotated grid, one can estimate the beam shift for each
axis, pass this signal through an appropriate filter, and feedback corrections to the
deflection system. We implemented this strategy in the Raith 150 system by adding
a dedicated microprocessor running a real-time, deterministic operating system and
high-speed analog-to-digital and digital-to-analog conversion. Processing the signal
in the digital domain allowed the bulk of the phase-locking and distortion-correction

systems to be implemented and revised in software.

5.2.1 Beam-Shift Extraction from the Grid Signal

To provide continuous feedback control we must first extract the beam-placement
error from the fiducial grid signal. Following the notation from chapters 3 and 4, we
define the following coordinate system: zp and yp are the intended e-beam coordi-
nates produced by the digital pattern generator. zp and yp are the real coordinates
of the electron beam. For real-time spatial-phase locking, we are only interested in
the beam shift, other deflection errors are dealt with separately, as described in 5.3.

Thus, the real and intended coordinates are simply related by

zp=1zp+ Az (51)

yp =yp+ Ay (5.2)
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To correct deflection along both axes, we wish to lock the beam position to a grid
with period Ag that is rotated by some angle § with respect to the scan direction.
Figure 5.4 shows an SEM image of the fiducial grid rotated with respect to the scan
axes. The x-axis is the fast deflection axis and the direction along which we perform

phase-detection. If we assume a purely sinusoidal grid signal, we can model it as

S(xp,ys) = acos[ky(xpcos + ypsin)] + acos [ko (yp cos — g sin b))
(5.3)

where the grid’s spatial-frequency is given by ko = 27/A¢.

If we substitute equations 5.1 and 5.2 into equation 5.3 and take the Fourier

transform with respect to zp we find that

| &

Fy(k,yp) = =0 (k £ ko cos 8) exp [£jko (Az cosd + Aysin 8 + yp sin 6)]

+ =8 (k & kosin 8) exp [k (—Az sin 8 + Ay cos 8 + yp cos 0)) .

[V ESENY

We obtain two positive spatial-frequency components: kg; = kocos# and ko =

kosiné. The phases, ¢u1 and ¢ro, for these two frequencies are given by

¢ = ko (Ag cosf + Aysin@ + ypsing), and (5.4)

1o = ko (—Asinf + Ay cosf + ypcosb). (5.5)

The last term in each of the above equations is determined by € and yp, both of which
are known for any given measurement. This last term leads to a deterministic phase
progression in ¢y and ¢po as the beam progresses in the y direction. Thus, we can

subtract this phase offset and measure only the phase-error terms, A¢y; and A¢ro,
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Figure 5.4: For 2D, real-time spatial-phase locking we scan the beam at an angle,
6, with respect to the grid axes. (a) shows a secondary electron image of a 246-nm
period Al grid on Si0, on PMMA. The averaged spatial-frequency spectrum is shown
in (b) where fundamental, harmonic, and sum and difference frequency components

are labeled.
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given by

Adnr = ko (A cos8 + Aysind), and (5.6)
Adro = ko (—Aysinf + Ay cosb) . (6.7

We calculate the x- and y- shift by solving these equations for Az and Ay.

Az = —];1— (Adpgrcosd — Aprosind), and (5.8)
0

Ay = -k—:l~ (Adprsind + Ao cosb). (5.9)
0

It is possible to extend this technique to calculate scaling, rotation, and higher-
order distortions in real time. Such an analysis proceeds similarly to that of section
4.2, without assuming the high- and low-frequencies are known. After estimating
kLo, ku1, ¢ro, ¢ur, and their first derivatives with respect to yp, one can correct
shift, scaling, and rotation for each axis in real-time. This was deemed unnecessary
because these errors are relatively stable during a single exposure. In addition, one
can monitor these errors, and higher-order distortions, from field-to-field using the

technique described in section 5.3.

It may appear that locking to a rotated grid provides better phase-locking precision
for one axis than the other. Fortunately, this is not the case. As discussed in section
2.5, if one samples several periods for each spatial-frequency, and satisfies the Nyquist
criterion, the variance of the phase estimate, equation 2.3, depends only on the SNR
and the number of samples. Therefore,

2, 2
¢ 7N

2 2 .
Ot = o = O

(5.10)

where 1 is the signal-to-noise ratio and N is the number of samples. If we calculate
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the variance of Az and Ay based on equations 5.8 and 5.9, we find that

2 2 in2 2
s o _aq,(cos 0 + sin 0)_%
aAz_aAy' kg —-k_g

(5.11)

While most rotation angles provide good phase-locking, one must remember that
kro approaches zero for small angles and the discrete Fourier-transform is no-longer
an efficient estimator. As @ approaches 45° both ko and kyp approach V2 /2 and
cause interference between the phase estimates. Finally, signals from metallic grids
also contain harmonics and sum and difference frequencies of ky; and kro, as seen
in figure 5.4(b). Overlap between these spurious frequencies and the fundamental

frequencies causes additional phase estimation errors.

5.2.2 Feedback Control Loop

SPLEBL provides closed-loop control for e-beam lithography by detecting the beam
position and feeding back corrections to the deflection system. This process can be
represented by the system shown in figure 5.5. The control loops for the x- and y- axes
are decoupled as long as we can estimate the phase of the low- and high-frequency
components independently. If the frequency separation is large enough, and care is
taken with the location of spurious frequencies, this is an appropriate assumption.
Figure 5.5(a) shows the decoupled x-axis loop which consists of the position input
from the pattern generator, Xp, the EBL system, Hg, the placement-error estimation
process, Hg, physical disturbances, D, and Dy, and errors in the phase-estimation
process, D.. The physical disturbances are divided between those occuring in the
electronics before the SEBL system input, D, and those occuring between the beam
deflection and the sample, D,5. We wish to correct the physical errors without intro-
ducing excessive noise from the estimation errors. The subtraction of Xp from Xp
is necessary because only the beam placement error is being fed back, not the beam

position itself.
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Before analyzing the system, we make two helpful simplifications shown in figure
5.5(b). First, we assume that large deflection errors have been removed with field
calibration, and that the SEBL system function is = 1 for the small amplitude, low
frequency corrections of interest. As a result, we combine the two physical distur-
bances into a single term, D,. Secondly, the estimation function is a simple average
over the number of samples used for the DFTs. Thus, we can move the estimation
error input before the estimator sub-system in the feedback path, and increase its
magnitude by v/N, where N is the number of samples. This simplification decou-
ples the impact of signal-to-noise ratio and number of samples on the error estimate.
Thus, the final analysis reveals the impact of increasing or decreasing the number of

samples for a constant signal-to-noise ratio.

It remains to quantify the other system functions in figure 5.5(b). We have
implemented a discrete time feedback system, so we will work in the z-transform
domain. The phase estimates are performed over a number of samples N; therefore,
AZ(n) represents the average beam displacement from sample n — N to sample n.

Thus,

AZ(n) = 3%; zijN Ba{m), and (5.12)
Hi() = 3 [ (513)

We describe the loop filter by its transfer function, Hyr. We define transfer function

coefficients, p and ¢, for the numerator and denominator respectively, and obtain

_ptmrip it

Hp(z .
r) Gt@rttaztt

(5.14)

This form of the transfer function is implemented in a digital filter using the following
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Figure 5.5: (a) Full control loop for the x-axis. The ideal beam position is given by X p
and the real beam position by Xg. Dy and Dy, represent physical disturbances while
D, represents estimation errors. (b) Simplified x-axis control loop. The SEBL system
transfer function is assumed to be 1, and the physical disturbances are combined in
a single term, D,.
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algorithm.

q10z(n) = prAz(n) + peAxz(n — 1) + psAz(n - 2) + - - -
—gs dz(n—1)—g3 dz(n—2) — .- (5.15)

where Az(n) is the nth beam-error estimate and §z(n) is the nth filtered output for
feedback correction.
Combining the estimator and loop-filter responses with the disturbance functions,

the beam-placement error, is given by

HpHp 1

- 1
1+ HgHp P14+ HpHp (5.16)

Xp—Xp=D,

in the z-transform domain. Equation 5.16 reveals trade-offs in loop-filter design. For
frequencies where |Hp| becomes large (Xg — Xp) — D,; thus, estimation errors
couple directly to the beam deflection. For frequencies where |Hp| becomes small
(X — Xp) — D,, and physical disturbances are not compensated. As a result, an
intermediate filter response must be chosen such that one compensates for real distur-
bances without introducing errors from the phase-estimation process. Experimental

details for the estimator and filter are given in section 5.4.

5.2.3 Implementation on the Raith 150 System

To implement real-time spatial-phase locking, we combined a multi-function analog
input-output board (model PXI-6115) with a dedicated Pentium III, 1.26 GHz mi-
croprocessor (model PXI-8714) in a PXI? chassis (model PXI-1000B) all supplied by
National Instruments. The general purpose microprocessor and interface bus provide

a flexible platform on which to developed spatial-phase locking. The phase-locking

2PXI (PCI eXtensions for Instrumentation) is an enhanced version of the compact-PCI (Periph-
eral Component Interconnect) standard, which itself is an industrial version of the standard PCI
bus found in personal computers.
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Figure 5.6: Schematic of the real-time spatial-phase locking system.

and distortion-correction algorithms reside entirely in software, allowing rapid test-
ing and revision. Figure 5.6 shows a schematic of the real-time spatial-phase locking
system. The following section discusses each component in detail.

To date, all real-time phase-locking experiments conducted with the Raith 150
system have used metallic grids and secondary electron detection. Thus, the signal
from the in-lens secondary electron detector is routed to a 10 MHz analog-to-digital
converter (ADC) on the National Instrument PXI-6115 data acquisition card. A 500

kHz, 3rd order, analog low-pass filter prevents aliasing in conversion.

The pixel clock derived from the pattern generator, described in section 5.1, trig-
gers the ADC to sample the secondary electron signal at each location the e-beam
addresses. Thus, one converts from spatial to temporal frequency by multiplying by

the beam-deflection velocity, vg.

wir = kuivap (5.17)
wro = kLovs (5.18)

After the data acquisition board stores the desired number of samples the data is
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transferred over the PCI bus (133 MB/sec maximum bandwidth) to the Pentium
processor. This processor runs National Instrument’s LabView Real-Time operating
system. Real-time operating systems allow deterministic system control and require
few memory or processor resources. As a result, critical control algorithms run reliably
and consistently. Real-time systems generally do not provide user input or video
output, so the software is developed on a standard PC and downloaded to the real-
time system over Ethernet. User settings and data are also passed between the

real-time processor and the Raith control computer over Ethernet.

Once the sampled grid signal reaches the processor, we estimate x- and y- place-
ment error by calculating the DFT at ko and kg;. For each value of yp, corre-
sponding to each scanned line, we phase shift the Fourier transform kernels, e 7*Lo®»
and e 7P by yp cosd and yp sin @ respectively. Thus, we calculate only the phase
errors, A¢ro and A¢gr, and obtain the beam shifts, Az and Ay, from equations 5.8
and 5.9. One could also calculate the phases with the standard Fourier transform
kernel and then subtract the phase-offsets, but this approach introduces wrapping

errors when the phases and phase-offsets approach £.

We verified the performance of the phase-detection system using the 246-nm pe-
riod aluminum fiducial grid described in section 5.4. The grid was rotated -0.352990
radians with respect to the deflection axes, and sampled at a variety of signal-to-noise
ratios. We adjusted the SNR by varying the beam current and beam energy. The
real-time system only stores phase- and amplitude estimates for each block of 1000
samples, not the signal level for every sample of the grid. As a result, we estimate the
SNR by finding the mean and variance of the two fundamental frequency amplitudes,
a. For high SNR, var(a) = 202%/N;[36] thus, the SNR is given by v = 2a/(N var(a)).
This is a biased estimator, but we can reasonably correct for the bias down to y ~ 0.01.
We compare the SNR and variance of the phase-estimate over a small region (10 pm x
10 pm ) where we assume the mean phase is constant. Figure 5.7 plots this comparison

in terms of beam shift. One can see that the standard deviation of the shift-estimate
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Figure 5.7: Standard deviation of shift error versus SNR measured over 10 ym x 10
pm regions of the deflection field. Also shown is the Cramer-Rao bound for phase-
estimation of a sinusoid in white noise. Because the measured standard deviations
track the lower bound, instead of reaching a minimum, we remain in a noise limited
regime.

tracks the Cramer-Rao bound, so we remain in the noise limited regime. We need
to filter the feedback signal to compensate for real disturbances without introducing
additional errors from phase-estimation uncertainty.

The results from the shift-error calculation are passed to the digital loop-filter.
The user specifies the filter coefficients based on equation 5.14 and the software cal-
culates the filtered output using equation 5.15. A separate routine allows the filter
coefficients to change, depending on exposure location. For example, a larger band-
width filter can be used for the first few lines of the field to rapidly correct the initial
beam-position error. Once this error is corrected, the filter bandwidth can be nar-
rowed to reduce the effect of estimation errors. In addition, fully exposed areas will
have higher signal-to-noise ratios than sparsely patterned areas, and one might WiSh.
to adjust the filter coefficients based on pattern density. Currently, these adjustments

must be preprogrammed by the user, but one can imagine an adaptive algorithm that
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monitors the signal-to-noise ratio and physical disturbances to continuously optimize
the filter coefficients.

Next, we multiply the loop-filter output for each axis by a scaling factor to convert
from beam displacement to the voltage required for deflection. These signals, x and y,
are routed to the digital-to-analog converters whose output is summed electronically
with the main deflection signal. For a 10kV exposure using a 100 ym field the beam
deflects 300 nm/V. A voltage divider in line with the correction signal reduces this to
10 nm/V. The range of the DAC output, (£10V), covers corrections up to 100nm
with 12-bit precision (LSB =2 0.05 nm). This range is sufficient for the errors found in
a single field; however, the total drift between beam and stage over an entire exposure
may be several hundred nanometers. Thus, after each field we add the cumulative
correction to the Raith 150’s shift correction which ranges up to £80um . At the

beginning of the next field the phase-locking system’s correction is reset to zero.

5.3 Higher-order Distortion Correction

Several experiments with the Raith 150 revealed field-distortions that were not well
corrected by first order (scale, rotation, and shift) parameters. Higher-order distor-
tions must be minimized to achieve nanometer level pattern placement. Scanning
over the fiducial grid is an excellent way to measure these errors, and one would hope
to correct them using spatial-phase locking. Unfortunately, some of the distortions
cause the beam position to vary too rapidly across the field for the SPL system to
correct. As a result, we measure these distortions with respect to the fiducial grid,
and then add the appropriate corrections to the feedback signal while exposing each
field. The distortions need only be measured once per exposure, so the overhead time
for this procedure is negligible.

It is not surprising that one can extend the field corrections in sections 3.1 and

4.2 with higher order terms. To improve distortion in the Raith 150 system we
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implemented correction through third order with 10 terms per axis. We express the
relationship between the desired and actual beam position in a manner analogous to

section 3.1.

Ty = ag+a1Zp + agyp + a3TpyYp + a4TH + a5Ye
a6z + a7y + agTHYp + AT pYp (5.19)
yp = bo+b1zp + boyp + bazpyp + byx + b5y

+beTh + bryp + beTpyp + bokpyp (5.20)

where, once again, zp is the ideal beam position and zp is the actual beam position.
One could estimate the coefficients in equations 5.19 and 5.20 by moving the stage to
10 different position and measuring the deviation of an image from it’s expected posi-
tion, but this is unnecessary with spatial-phase locking available. If one disables the
feedback signals to the deflection system, and simply records the spatial-phase of the
grid throughout the field, it is relatively straightforward to calculate the coefficients

above.

In our implementation, we divide the deflection field into a 10 x 10 array of blocks.
For a 100 pum field each of these blocks is 10 um on a side, and if the address grid is
10 nm, each block contains 1000 x 1000 samples of the grid. Calculating the average
beam-placement error in each of these blocks provides a map of the field distortion
after only a single raster-scan. Figure 5.8(a) shows typical distortion with only first
order corrections applied. The outermost distortion measurements are not shown
in order to make the central region more clear. The extreme distortion at the left
edge of the field is induced by the beam “fly back” between each exposed line. This
error is reduced for boustrophedonic scanning, but different correction coefficients
are required for left-to-right and right-to-left scanning. Distortion correction for both
directions during boustrophedonic scanning is a straightforward and important future

improvement.
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Figure 5.8: Field distortion maps: (a) First order correction only. (b) Correction
through third order. Vectors indicate beam displacement from desired position for
each point in the field. Note the difference in vector scaling between the two plots.
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Once a distortion map has been constructed one can calculate the correction

coefficients with a least-squares solution to the following matrix equation.
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the coefficients for y-deflection correction can be calculated in the same way. These
calculations are stored for the duration of the exposure and the appropriate correc-
tions are added to the feedback signal as the beam scans over the field. Figure 5.8(b)
shows the residual distortion after applying third order corrections. In the current
implementation this correction is updated every 1000 samples; as a result, there are
discretization errors at the left edge of the field not observable in the distortion map.
Although the mean error is minimized for this region, the error changes too rapidly
over 10 um to be adequately corrected. For the experiments described in section 5.4
we used only a 60 pgm x 60 um section of the field where the discretization error is

below 1 nm.

5.4 Field-Stitching Experiments

We conducted field-stitching experiments to assess the effectiveness of real-time spatial-
phase locking. In the absence of a dose-modulation scheme we were limited in the
patterns that can be exposed. Nevertheless, we wrote arrays of 200-nm-period grat-
ings with stitching errors below 1.3-nm (1-¢). In addition, every feature is placed
with respect to the fiducial grid, so long-range pattern placement exhibits compara-
ble precision.

An aluminum lattice served as the fiducial grid for the first set of real-time spatial-
phase-locking experiments. Zhang developed a process, detailed in reference [28], to

place such a lattice on top of a 100-nm thick layer of PMMA resist with the help
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Figure 5.9: Resist and fiducial grid cross-section for real-time SPLEBL exposures de-
veloped by Zhang[28]. The anti-reflection coating (ARC) reduces the vertical standing
wave in interference lithography, while PMMA serves as the e-beam resist. The SiO,
layer prevents interaction of the positive IL resist with the PMMA, and the aluminum
lattice forms the fiducial grid. The top two layers are largely electron transparent.

of a 8-nm-thick SiO, interlayer and an underlying anti-reflection coating. The final
layer structure is shown in figure 5.9. This particular structure was chosen to provide
electrical continuity so that the grid could be biased for voltage contrast experiments.
These experiments are currently underway, but we did not use voltage contrast for
initial spatial-phase-locking tests.

The grid itself was patterned with interference lithography in a positive resist
(Sumitomo PFI-88) using a Lloyd’s-mirror interferometer and a 325-nm wavelength
HeCd laser. Two orthogonal exposures produced an array of posts in resist, and an
8-nm-thick aluminum layer was electron-beam evaporated onto to the sample. When
the resist was removed only the aluminum lattice remained. Mirror non-flatness and
spurious interference patterns limit the spatial-coherence of grids patterned with the
Lloyd’s-mirror inteferometer; therefore, one would not use such an interferometer for
real masks or devices. However, the Lloyd’s mirror provides rapid and convienient
process development and the resulting grids are adequate for testing spatial-phase

locking.
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A sample with a 246-nm period grid was loaded into the Raith 150 system at
an angle of approximately -0.352 radians (= —20.2 °) with respect to the stage’s x-
axis. The deflection system can correct up to +6° of rotation, so mechanically setting
the angle with a protractor was sufficient. Once loaded in the system, the laser-
interferometer controlled stage was mapped to the grid coordinates by following a
single grid line over several millimeters. Zhang wrote software automating the stage
movement and angle calculations.[28]. The stage was adjusted to move along axes
rotated -0.352990 radians with respect to the grid. This angle was chosen because it
provided an integral number of periods for kg; and kpo across a 99.624 um field. As
a result, one need not track accumulated phase shift from field to field. Field-to-field

phase tracking can be implemented in future software revisions.

The Raith 150 system was configured for operation with a 10 keV beam energy and
172.9 pA beam current. Beam focus and stigmation were optimized by imaging 40-
nm-diameter Au spheres applied to an unused portion of the sample from a colloidal
suspension. Because we have not implemented a dose-modulation scheme in the
Raith system, a test pattern was chosen where the beam remains on during almost
the entire field exposure. This pattern, shown in figure 5.10, consists of 200-nm period
vertical and horizontal gratings at each field boundary. Instead of exposing the grating
lines themselves, we expose the entire surrounding area. After development, PMMA

remains in regions where the beam was briefly turned off.

The Raith 150 system is installed close to a city street that is under construction,
so the exposures were conducted at night when there is reduced vibration. Increasing
the signal-to-noise ratio of the grid, and thus expanding the bandwidth of the feed-
back loop, would allow exposures in the presence of larger mechanical and acoustic
disturbances.

The test pattern was isolated to a 60 x 60um region of the field where —20um <

z < 40pum and —30um < y < 30pum. Although the third order distortion correction

removes the mean displacement error over a larger area; these corrections are currently
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Figure 5.10: Field-stitching test pattern for real-time spatial-phase locking. The
exposed pattern occupies a 60 pm x 60 pm square within the 100 pm field. The
pattern contains horizontal and vertical 200-nm period gratings at the field boundaries
for stitching measurements.
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updated too infrequently. At the left edge of the field, when the beam is beginning its
scan, errors within the 10 ym correction regions change by several nanometers. Thus,
we decided to restrict the pattern to a region with sub-2-nm residual distortions.
Patterning larger regions of the field will be possible after software revision for more

frequent distortion correction.

The desired 10 keV dose, D, for such a pattern in PMMA is 70uC/cm?. With
the given beam current, Iz, and a 9.962-nm (99.624 pm /10000) address grid, I, the
dwell-time, dt, is

dt = E;BQ = 405 ns per pixel. (5.22)
This translates to a 2.469 MHz pixel clock. The patterns were exposed from left-to-
right only, and 3 ms was allotted for beam settling after fly-back between lines. As a
result, each field required 70 seconds to expose. This is not a throughput limit, even
for the Raith system. Boustrophedonic scanning would reduce this exposure time to
40 seconds by eliminating most of the fly-back delay. In addition, one could use the
full pattern generator speed, 10 MHz, with a higher beam current (available with only
slight sacrifice of resolution) to obtain 10 second field exposures. These improvements
would be beneficial for laboratory use, but the Raith system is fundamentally unsuited

for high-throughput exposures.

We exposed 7x 7 field arrays of the test pattern in figure 5.10 so that the gratings at
the edge of one field align with those of the four adjacent fields. Figure 5.11 shows the
overall pattern layout. Before starting the exposure we scanned the fiducial grid and
calculated the first-order field correction coefficients (scale, rotation, and shift). These

corrections were applied with the Raith field-correction hardware. Then we scanned
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the grid twice more and calculated corrections through third order.® These revised
corrections were applied simultaneously with the spatial-phase locking corrections.

Scanning the grid at the exposure dose showed that the standard deviation of the
x- and y- shift estimates, over a 10pum x 10pm region, was = 14 nm. As discussed
in section 5.2, this is clearly in the noise limited regime. Therefore, we set the loop
filter coefficients to [0.0025 0.0025] for the numerator and [1 -1] for the denominator.
This is approximately equivalent to an accumulator with a gain of 0.005. This should
provide a noise component of o &~ 1 nm for the feedback control signal. For the first 4
lines (40 nm) of the field the numerator coefficients were increased by a factor of 16.
This allows the system to rapidly correct for the initial placement error present at
the beginning of each field. Of course, this trade-off adds noise to the system for the
first 4 lines in the field. Figure 5.12 plots the calculated system response for physical
disturbances, 1/(1 + Hg Hp), for the initial and standard filter coeficients.

After exposing the grating pattern we removed the aluminum grid and the SiO,
interlayer using a buffered hydrofluoric acid solution (=~10% HF, Transene Co. Inc.,
Danvers, Ma.). We developed the PMMA in a solution of IPA and MiBK (2:1 by
volume) for 60 seconds at 21.0 ° C. The PMMA on ARC gratings were sputter coated
with a gold-palladium alloy before measuring the stitching errors. Figure 5.13 shows
the aligned gratings across the vertical and horizontal field boundaries. Beam blank-
ing oscillations are visible at the left edge of the horizontal grating lines.

The stitching precision was measured by comparing the spatial-phase of the grat-

ing across the field boundaries. Figure 5.14 shows histograms of the x- and y-stitching

3For reference, the final correction values were

ao= B8.95E — 6um as = —3.0874E —Tum™1 b= 4.22E - 3um bs = 2.4451E — 6um™!
a1 = 9.9994E — 1 as = 24776E —Tum™2 by = —7.3047E — 6 bg = ~ 3.405E — 8um ™2
ag= A4.8335E~5 ar = — 1.1354E — 8um~2 by = 9.9998E — 1 by = — 5.9220F - 9pm 2

a3 = —6.4194FE — Tum™! ag = — L.8T04E — Bum™2 b3 = — 11284E — 6um™' bg = — 7.6222E — 9um ™2
as = —7.87TE — 6pm™'  ag = —5.751E~9um™2 by= 19806E —6um™> bg= L1.7146E — 8um™2
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Figure 5.11: Full pattern layout for field-stitching experiments. A 7 x 7 array of fields
was exposed with the gratings aligned at each edge.
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Figure 5.12: Calculated system response for physical disturbances for a 1000 point
phase estimate. The dashed line indicates the response for the first 4 lines in the field,

and the solid line for the remainder of the field.
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Figure 5.13: SEM of stitched gratings at the (a) horizontal and (b) vertical field
boundaries. The pattern intentionally contains gaps between gratings so that the

boundaries, denoted by the dashed line, could be identified.
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errors for vertical and horizontal boundaries. The mean errors, p, range from -1.4 to
2.5 nm and the standard deviations, o from 1.0 to 1.3 nm. Remeasuring the same
grating pair 42 times yielded a standard deviation of 0.2 nm, so the measurement
uncertainty is not significantly contributing to the observed standard deviations. In
comparison, the manufacturer specifies stitching precision for the Raith 150 system
as 40 nm, mean + 2 standard deviations. Our own evaluation of the system showed
stitching errors between g = —0.6 nm, ¢ = 6.2 nm, and 4 = —15.4 nm, ¢ = 9.1 nm
for a single exposure depending on location in the field.[45).

The Raith system does not guarantee global pattern placement, and the relative
beam and stage position was found to drift by ~ 6 nm per minute without spatial-
pha,se locking. The system drifts faster until the sample and stage have thermally
stabilized, and can drift more slowly under certain conditions.[45] In contrast, all
patterns exposed using spatial-phase locking are positioned with respect to the fiducial
grid. As a result, we can estimate overall pattern-placement errors from relative
stitching measurements. If the placement errors of features on opposite sides of
the field boundary are uncorrelated, then the pattern placement precision, o, With
respect to the grid is given by opp = 05/ V2 < 0.9 nm. Without spatial-phase locking,
stitching measurements are not a reliable measure of global placement precision. The
slow drifts described above may produce small stitching errors while a large global
placement error accumulates

These results were obtained with the Raith 150, a converted scanning-electron
microscope, in a standard laboratory environment. No special efforts were made to
control temperature fluctuations, vibration, or electromagnetic interference beyond
those present in the original electron microscope. The pattern-placement quality,
though limited by the grid signal-to-noise ratio, confirms the importance of closed-

loop control.
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Figure 5.14: Stitching error histograms from real-time SPLEBL exposures. X- and
Y-stitching measurements are shown for both vertical and horizontal boundaries, and

the mean, y, and standard deviation, o, are included.
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Chapter 6

Silicon-on-insulator Integrated

Optical Devices

Optical data transmission is the only technology available that can meet the de-
mand for high-bandwidth, long-distance communications. As these communications
networks grow in complexity, they will increasingly rely on compact, integrated com-
ponents that manipulate signals in the optical domain. Planar processing promises
to bring the same manufacturability and miniaturization to optical devices that it
has to semiconductor devices. The promise of integrated optics remains only par-
tially fulfilled because optical devices place different demands on the materials and
fabrication techniques than do electronic devices. One key example of this is the
integrated-Bragg-grating filter.

A number of integrated-optical components require diffraction gratings, periodic
modulations of refractive index or physical structure, within an optical waveguide.
Examples include distributed-feedback (DFB) and distributed-Bragg-reflector (DBR)
lasers, gain equalization filters, dispersion compensators, input/output couplers, and
channel add/drop filters for wavelength-division-multiplexing (WDM). Some of these
devices are realized in photosensitive optical fiber, but most candidate materials for

integrated optics are not photosensitive. Modulation of the physical waveguide di-
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mensions by lithographic patterning provides a general technique to form gratings in
any material.

This chapter addresses the design, fabrication, and performance of grating-based
filters for wavelength-division-multiplexing (WDM) using silicon as the waveguide
core material. The devices were designed around standard WDM system bandwidths
and channel spacings. In contrast to typical devices, the gratings were patterned in
the sides of the waveguide instead of the top or bottom. This geometry provides
additional design flexibility and reduces fabrication complexity. Spatial-phase-locked
e-beam lithography guarantees highly-coherent gratings. The filter performance was

characterized and compared to the predictions of coupled-mode theory.

6.1 Integrated-Bragg Grating Theory

To design useful grating-based devices one needs to describe the propagation of light
in a waveguide with a periodically varying refractive index or physical dimension.
Thus, we wish to find time-dependent solutions to Maxwell’s equations in three di-
mensions. Typically, one employs numerical techniques with a range of simplifying
assumptions that trade accuracy for reduced computational time. Rapid numerical
results are essential if one wishes to consider a broad range of design parameters, but
the chosen techniques must provide sufficient accuracy such that fabricated devices
function properly.

The time required for fabrication and testing greatly exceeds that required for
design, so it would seem that any investment of resources in more accurate modeling
would be worthwhile. While generally true, such an investment cannot be made
blindly without verifying the techniques with real devices along the way. In addition,
design techniques must account for real-world fabrication tolerances. An issue that
is all too often neglected.

This section presents techniques to determine the electric and magnetic fields for
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waveguides with integrated gratings. First, we analyze the fields in uniform wave-
guides, and then we introduce coupled-mode theory to model the fields in the pres-
ence of a grating. From the coupled-mode solutions for a uniform grating we build

up models for the non-uniform gratings necessary for WDM channel add /drop filters.

6.1.1 Integrated Waveguides with Gratings

Dielectric waveguides consists of a higher refractive-index core region surrounded by
a lower refractive-index cladding region. Light is guided in the core region by total-
internal reflection, and the boundary conditions yield discrete solutions to Maxwell’s
equations. These solutions describe the waveguide’s modes of propagation. Cylindri-
cal glass optical fiber is the most common optical waveguide in use, while integrated
optical devices use a variety of materials and geometries.

Two of the most common planar waveguides are illustrated in Figure 6.1. The
channel waveguide, Figure 6.1(a), consists of a rectangular core region embedded in
a uniform cladding region. Figure 6.1(b) depicts a ridge waveguide, the geometry
addressed in this work. Ridge waveguides confine light vertically with high and low
refractive-index layers, while the ridge protruding from the high-index slab provides
lateral confinement. The most common coordinate definition for waveguide analysis
is also shown in 6.1(b).

To introduce gratings one must periodically modulate the waveguide’s dimensions
or refractive index. Typical materials used for planar waveguides are not photo-
sensitive. One cannot induce a permanent refractive-index change by exposure to
light, so physical changes of geometry provide the most general solution. Considering
the waveguides described above we can imagine placing a grating at one or more of
the core-cladding interfaces. Figure 6.2(a) shows a typical channel waveguide with a
grating at its top interface. Placing the gratings in the sidewalls of the waveguide,
figure 6.2(b), is equally effective and presents several advantages. Gratings can be

introduced in ridge waveguide structures as shown in figure 6.2c and d.
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Figure 6.1: Common waveguide geometries achieved in planar processing. (a) Rec-
tangular channel waveguide. (b) Ridge waveguide. (b) also shows the most common
coordinate system for waveguide analysis.
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Figure 6.2: A few possible waveguide-grating structures. (a) Rectangular channel
waveguide with grating at the top core-cladding interface. (b) Channel waveguide
with sidewall gratings. (c) and (d) Ridge waveguides with top and sidewall grating.

Fully functional add/drop filters typically require additional waveguide structures.
The most basic of these is the co-directional coupler. An integrated coupler transfers
a desired amount of power (often 50%) from one waveguide into another. This is
usually accomplished by bringing the waveguides close together over a prescribed
distance. A Mach-Zehender interferometer can be formed from two 50% couplers and
two identical gratings as shown in figure 6.3. To design any such device we must

begin with the analysis of a uniform waveguide.

6.1.2 Uniform Waveguide Analysis

One of the most effective design techniques in balancing accuracy and computational
intensity is to model a uniform waveguide and then treat gratings, or coupled wave-
guides, as perturbations. A uniform waveguide’s refractive-index profile, n(z,y), is

defined over the x-y plane and is invariant in the z direction. As a result, it will have
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Figure 6.3: The integrated Mach-Zehender interferometer combines two 50% direc-
tional couplers with two identical Bragg gratings. This device serves as a WDM
channel dropping filter by routing the reflected light from the gratings to the drop-
port of the first coupler. All other channels pass through the grating region and are
routed to the pass-port.

one or more modes whose field-profile magnitudes are, by definition, constant in z.

To analyze such a waveguide we begin with Maxwell’s equations in an isotropic,

source free medium, of permittivity € and permeability pp.

OH
VxE-= —/,I,o—a—_z- (61)
VxH= e%tE (6.2)
V- (eE)=0 (6.3)

V-H=0 (6.4)

We assume the time dependence of all fields is described by e/**, where w is the

angular frequency.! Using equations 6.1, 6.2, and 6.3, we can derive the vector wave

IThroughout this thesis the same notation is used for real and complex vector fields. Thus
E(:L‘, Y, 2, t) = R,G{E(m, Y, z)ej“”’}.
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equation for E.
1
V’E 4+ V (EV(E) - E) +wueE = 0 (6.5)

2

where € = n°¢g can vary spatially.

Only two E or H field components are necessary to specify a solution to equation
6.5. Usually, it is most interesting to solve for the transverse components of the
electric field. To do this it is convienient to express equation 6.5 as a function of the
transverse field Er. We assume all field components evolve in z as 777 where 3 is the
propagation constant characteristic of the solution. Factoring out the z component

gives the transverse wave equation.

VEr +V (;L1—2V(n2) : ET> + n?k*Er = B°Er (6.6)

We have expressed € in terms of n? and introduced the free-space wavenumber, k = £

P

Equation 6.6 is a partial-differential eigenvalue equation with eigenvalues (3, and

eigenfunctions Er.

Two simplifications of the vector wave equation are often employed in waveguide
design. If we assume that the change in refractive index within the guiding structure
is small, we can treat n as constant and equation 6.6 reduces to the scalar wave

equation:

# P :
(325 + 57 + 702 e = Fote) 67)

where ¢(z,y) is the scalar field.

This equation does not differentiate between the quasi-TE and TM modes of the
structure; as a result, it does not reveal any polarization dependent behavior. This
is problematic for the high-index-contrast ridge waveguides addressed here. Alterna-

tively, if one transverse-field component is much larger than the other, the approxi-
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mate scalar eigenvalue equation for this component is given by

0 [106n°E,| O*E, 5,

oz ln2 Ox ]+ Oy* k= E, ¢
for quasi-TE modes, or by

O’E, o [1 6n2E,

8x2y + oy Lﬂ Oy y] + 'k = 5E, (6.9)

for quasi-TM modes. These equations, the semi-vectorial eigenvalue equations, par-

tially retain the vector nature of the field.

In practice, these equations are solved numerically by a number of different meth-
ods. Here we have chosen to solve the semi-vectorial equations using the finite-
difference approach described by Stern [46] as detailed by Murphy [47]. Finite-
difference techniques sample both the refractive-index profile and the mode’s field

profile over a discrete mesh of points.

The second derivatives of equations 6.8 and 6.9 are approximated by difference
equations at each mesh point. This large set of equations can be couched as a
single matrix-eigenvalue equation. Several techniques can be used to compute the
desired eigenvalues and eigenvectors; following Murphy, we use the MATLAB eigs
function.[48] We need only compute the few largest eigenvalues that correspond to
physical modes; for single-mode waveguides only the largest eigenvalue needs to be
determined. Figure 6.4 also shows the result of the semi-vectorial finite difference

computation for the E, field.

6.1.3 Contra-directional Coupled-Mode Theory

Adding a Bragg-grating to a uniform waveguide couples a forward propagating mode

to its corresponding backward propagating mode for a narrow range of wavelengths
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Figure 6.4: Refractive-index profile, finite-difference mesh points, and mode shape
for a ridge waveguide. The mode’s y-axis symmetry allows one to calculate only half
the mode profile.

about the Bragg wavelength, Ag, given by

/\B = 2??.effA (610)

where neg = [/k is the mode’s effective index and A is the grating period. The rate
of contra-directional coupling and the range of wavelengths effected are determined
by the strength of the grating. The grating strength is determined by the refractive-
index difference between the grating teeth and their surrounding material and by the
overlap of the waveguide-mode with the grating region. In this section we seek to
quantify the relationship between the physical waveguide-grating structure and its
spectral response.

Once we determine the waveguide mode profile and its corresponding propagation

constant, we need to quantify the effect of adding a grating. Coupled-mode theory

treats the grating as a perturbation to the waveguide, and expands the fields of
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the waveguide-grating structure as a superposition of the unperturbed waveguide’s
modes. When this mode expansion is substituted into the perturbed wave equation we
obtain a set of differential equations describing the coupling between various modes.
The solutions to these equations yield the transmission and reflection response of the

structure. Here we closely follow the treatment of Coldren and Corzine.[49)

Consider a waveguide that is piecewise defined by regions of constant n and that
has a grating described by an dielectric-constant perturbation, Ae(z,y, 2). The fields

of such a structure must satisfy the homogenous wave equation with a perturbation,

VZE + [e(z,y) + Ae(z,y, 2) keE = 0. (6.11)

For a waveguide supporting only a single mode for each polarization, we can
express the fields of the perturbed waveguide as a superposition of the forward and

backward traveling modes.
E(z,1,2%) = Ex(s,9) [, ()99 + B_(2)09]  (612)

where Er is the transverse-mode profile and E, and E_ are the amplitudes of the
forward and backward traveling modes. In fact, to form a complete basis set of modes
we must include radiation modes as well as the waveguide modes. By neglecting radi-

ation modes, our solutions will not account for grating induced loss in the structure.

Now we multiply equation 6.11 by EX(z, y) and integrate over the waveguide cross
section. At this point many authors disregard all terms involving second derivatives
of the amplitude functions E, and E_. This is a convienient simplification, but it
has been shown to be unnecessary.[50] We obtain the exact coupled-mode equations

regardless of whether we retain the second-derivative terms. In any case, we obtain



6.1. INTEGRATED-BRAGG GRATING THEORY 131

the following relationship

[ | AcErErdady
[ J ErErdzdy

2
d_.E.ie—j'Bz — g_‘Eiejﬂz — E

dz dz 20 [E'+e_jﬂz + E_eiﬁz]

(6.13)

It is useful to expand the dielectric constant perturbation in terms of it’s Fourier

components in z. Thus,
Ae(z,y,2) =Y Sen(z,y)e 2™ (6.14)
m

where d¢,, is the m'™ Fourier coefficient. If we choose our waveguide-grating geometry
appropriately the grating does not alter the propagation constants of the waveguide

modes, and deg = 0. We note from equations 6.13 and 6.14 that unless m = %1, %

dE_
dz

modes. Said another way, unless the reflections from the grating teeth combine in

and will oscillate rapidly and there will be no net coupling of power between the

phase, there will be little net reflection from the entire grating.
Equation 6.13 now simplifies into two coupled differential equations.

dE, (2)

= jh 1 E_(2)el (6.15)
dE_(z ) 05z
dz( - k-1 By (2)e’® (6.16)

Where the coupling coefficient, x, determines the strength of coupling between the
forward and backward propagating modes.

_ k_gf(SE:ﬂEszTdA

= 1
"= 58 [ErErdA (6.17)

And the detuning parameter, 6 = 8 — 7/A, defines how far the frequency of interest

differs from the Bragg condition.

This formulation of the coupled mode equations makes sense intuitively. The
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amplitude of the backward propagating wave increases at a rate proportional to the
amplitude of the forward propagating wave. In addition, the rate of change is pro-
portional to strength of the grating, x, and is influenced by any deviation, J, from
the Bragg condition. However, to solve equations 6.15 and 6.16 it is useful to make

the following change of variables

A (2) = E (2)e 7P (6.18)
A_(2) = E_(2)e'?* (6.19)

Switching to matrix notation, we find that

a A, (z) _ —jé —jku A (2) ’ (6.20)
4z | A_(2) je-1 6 A_(2)
which has solutions
A1) ] _ [ coshr) ~ jsinb(y)  —jisinn(r) | [ 4.00)
A_(2) 7=+ sinh(y2) cosh(yz) + jf‘y— sinh(yz) A_(0) 6.21)

where 72 = k2 —§2.[51] The transfer matrix in equation 6.21 is also the transfer matrix
for the forward and backward .propaga,ting mode amplitudes provided the beginning
and ending reference planes of the grating are placed such that /%2 = 1. This is

easily accomplished when modeling the grating.

So we see that the coupled-mode equations emerge from the perturbed wave-
equation when we expand the fields of the perturbed waveguide in terms of the un-
perturbed waveguide modes. The equations are simplified by expanding the pertur-
bation in terms of its Fourier components, and noting that only the -1 components
couple the lowest order forward and backward propagating modes. Finally, we have

expressed the strength of this coupling in terms of a coupling coefficient, x, that de-
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pends on the index contrast of the grating and the mode-overlap with the grating

region.

6.1.4 Uniform Grating Analysis

Calculating x is key to applying the coupled-mode solutions to a real waveguide-
grating structure. First, we calculate the unperturbed waveguide modes with the

grating replaced by a uniform region of intermediate refractive index given by
ngrat = I:D nzore + (1 - ‘D) nzlad:l - (622)

Ngrat 18 the index assigned to the grating region and D is the grating duty cycle.
Including the grating region in the initial mode calculation avoids the assumption
that the grating does not alter the mode-profile and ensures that d., = 0. Figure 6.5
shows the refractive-index and mode profiles for a rib waveguide with 50% duty cycle
sidewall gratings.

Once the fields for a given mode have been determined one can calculate x from
equation 6.17. For a grating with rectangular teeth and a 50% duty cycle, the first

Fourier component is given by

661 = (nzore - n?:lad)/ﬂ' (623)
and s simplifies to
27‘,/3 core C.
where
Er|?dA
= Jygat [Er[*dA (6.25)

J|Er[2dA
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Figure 6.5: TE-mode profile of a silicon-on-insulator ridge waveguide with 50% duty-
cycle grating regions. The gratings extend 300-nm on each side of the ridge
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I', the mode-overlap integral, is the ratio of modal-power in the grating region to
the total power in the mode. For the grating designs described here, the transverse
electric field, Er is approximated by the dominant component for each polarization,
E, for TE-modes, and E, for TM modes.

Now that we know k we can use equation 6.21 to calculate the reflection and
transmission coefficients for a uniform grating. Suppose a forward traveling wave is
incident on a grating lying in the region 0 < z < L. The incident wave has amplitude
1 at z = 0, and there is no backward traveling wave at z = L. Thus, A,(0) = 1,
A_(0)=r, A (L) =t, and A_(L) = 0 in equation 6.21. Solving for the reflection

and transmission coefficients, r and ¢, we find

jh=t =L tanh(7L)

r(0) = 1+ j % tanh(-yL) (6.26)
sech( L)
t0) = 1+32 8 tanh(yL) (6:27)

These equations provide closed form solutions for the reflection and transmission
coefficients of a uniform grating, but the transfer matrix itself, equation 6.21, is used

to analyze non-uniform gratings.

6.1.5 Non-uniform Grating Analysis

Uniform gratings are useful for some applications, but their performance is insufficient
for WDM channel add/drop filtering. Uniform gratings exhibit significant reflectivity
outside the main stopband of the filter, and these side lobes in the reflection spectrum
introduce cross-talk between WDM channels. For systems seeking to utilize 100, 50,
or even 25GHz channel spacings, uniform gratings cannot provide adequate channel
isolation.

The process of suppressing the side lobe levels in the reflection and transmission

spectra is termed apodization. It is accomplished by gradually increasing and then
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decreasing the grating strength along the length of the grating. In practice, this
means gradually increasing and then decreasing the depth and or duty cycle of the
grating teeth. There are several techniques available to model apodized gratings and

non-uniform gratings in general.

The most intuitive technique divides a non-uniform grating into small segments
where the grating strength, grating period, and propagation constant can be consid-
ered constant. The response of the non-uniform grating is calculated by multiplying
the transmission matrices of the small uniform grating segments. Using the forward
transmission matrix of equation 6.21 the non-uniform grating response is given by

t 1
=TnTn_1---Ti'Ty (6.28)

0 r
where T, is the transmission matrix for a uniform grating segment. Additional trans-
mission matrices can be inserted to model intentional or erroneous phase shifts in the

grating. The forward transmission matrix for a phase-shift A¢ is

e I8¢ 0
T = (6.29)
0 &ia¢
where the phase shift is given by
Ao =(Az (6.30)

While the transfer matrix method is an approximation for gratings with con-
tinuously varying parameters, gratings fabricated with computer aided design often
change parameters in discrete steps determined by the system’s design grid. The
transfer matrix approach is particularly appropriate for these structures. Unlike cal-
culations involving thin film stacks this technique does not use a separate transfer

matrix for each grating tooth. Rather, the transfer matrices for uniform gratings as-
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sume that the fields vary slowly over several gratings periods; as a result,the uniform

segments must encompass a number of periods.

6.2 Silicon-on-insulator WDM Filter Design

Grating-based filters have been fabricated in a number of materials systems including
III-V semiconductor[52], doped silica[47], silicon oxy-nitride[53, 54], and SiN.[55] Like
many of these materials silicon exhibits low absorption for wavelengths near 1550 nm.
The availability of high-quality silicon-on-insulator (SOI) substrates makes silicon an
interesting material system for integrated-optical devices. This section details the
design process for a silicon-on-insulator WDM filter. The design process translates
a specified reflection spectrum into a suitable waveguide geometry with apodized

sidewall gratings.

6.2.1 Silicon Based Optical Devices

Silicon’s material properties, low loss at 1550nm, single crystal films, and low material
birefringence, make SOI an attractive platform for integrated optics. In addition,
materials processing techniques are well established for silicon, and many silicon-
based electronic devices can be integrated with optical devices. The high index-
contrast between silicon and silicon-dioxide supports a range of waveguide geometries
allowing one to optimize device size and loss. Some optical components realized in
SOI include modulators[56], switches[57], gratings[58, 59], ring resonators(60], and
photonic band-gap structures[61].

The atomic structure of crystalline silicon yields an electronic bandgap of 1.1eV.
As a result, light in the low fiber-loss widow near 1550 nm, or = (.8 €V, is not strongly
absorbed in silicon. The engineering demands of the semiconductor-electronics indus-
try have made silicon available with high purity and excellent crystalline quality. As

a result, other forms of loss (free-carrier absorption and Raleigh scattering) are min-
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imized and the refractive index can be highly predicatable and repeatable.

In addition to the high-index core, silicon integrated optics require lower-index
cladding layers. Silicon-on-insulator (SOI) substrates introduce a dielectric layer,
typically silicon-dioxide, below the critical silicon layer. For semiconductor devices,
the SiO, layer provides electrical isolation between the transistors and the bulk-silicon
substrate. For integrated optics, this layer forms the lower cladding. Another dielcc-
tric layer can be deposited for the upper cladding, or one can simply use air.

Most SOI substrates are produced by one of two approaches. In the first approach
oxygen is ion-implanted to the desired depth below the silicon. Implantation damage
is subsequently removed by annealing. The second technique, more common for
thicker silicon and silicon-dioxide layers found in integrated optics, utilizes wafer
bonding and selective etching. Companies following this approach include SOITEC,
SA; SiGen, Inc.; SiBond, LLC; and Canon. As the example most relevant to this
work, we describe Canon’s ELTRAN (Epitaxial Layer Transfer) process.[62]

Canon’s ELTRAN process begins with a seed Si wafer up to 300mm in diameter.
Two layers of porous silicon are formed on this wafer with different porosities. The
device silicon layer is grown epitaxially on the porous layer, and then thermally oxi-
dized to form the insulating SiO, layer. To complete the process this stack is bonded
to a handle Si wafer and split off using a water jet aimed at the porous layers. The
porous layer is selectively etched away, and the final wafer is annealed in a hydrogen
atmosphere to reduce roughness.[63] This prevents material loss that would normally
be associated with chemical-mechanical polishing. The seed wafers can be reused

several times. Figure 6.6 illustrates this process.

6.2.2 Filter Specifications

For a grating-based add/drop filter to be useful for wavelength-division multiplexing
it must meet a number of specifications. Clearly, the device must not introduce

excessive loss in either the dropped or passed channels. In addition, residual light on
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Figure 6.6: Canon’s Epitaxial Layer Transfer (ELTRAN)process.
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Two layers of

porous silicon are formed with different porositics. Epitaxial Si and thermal SiO,
are formed on top of the porous Si. After bonding to a handle wafer, the seed wafer
is removed by aiming a water jet at the porous layers. The SOI wafer is completed

by selectively etching the porous Si and annealing.



140 CHAPTER 6. SOI INTEGRATED OPTICAL DEVICES

the primary bus from the dropped channel must be sufficiently week to not interfere
with an added channel. It is equally important that light from passed channels not
couple into the dropped port. Excessive cross-talk between the dropped and passed
channels introduces transmission errors.

Commercial WDM systems currently use 2.5 Gbit/s and 10Gbit/s channels spaced
50, 100, or 200 GHz apart. For most applications these channels fall in the “c-band,”
wavelengths from 1530.33nm to 1569.59nm. In order to make use of existing fiber, one
would like to maximize spectral efficiency, the ratio of data rate per channel to channel
spacing. Spectral efficiency improves with both denser channel spacing, e.g. 10Gbit/s
at 25 GHz spacing, or higher data-rates, e.g. 40Gbit/s at 100 GHz spacing. Which
approach gains wider use will be determined not only by the technical capabilities,
but also by component costs? and by the way in which service providers apportion
bandwidth to their customers.®

Grating-based add/drop filters can be designed for any physically realizable com-
bination of data-rate and channel-spacing. Whether one chooses smaller channel-
spacings or higher data-rates, filter induced cross-talk becomes increasingly problem-
atic. To address this issue, the reflection bandwidth of the filter is typically specified
at several power levels. For example, Telcordia specifies minimum bandwidths at -1
dB and -3 dB and maximum bandwidths at -20dB and -30dB[64]. This ensures that
the filter response is sharp enough to completely drop one channel without affecting
others.

Although grating-based add/drop filters can provide a useful replacement for cur-
rent WDM technology, the devices described here are designed for a next generation

system operating at 40Gbit/s data-rates and 100GHz channel spacing. Such systems

2Low channel-count high data-rate systems generally require fewer, but more expensive, compo-
nents. Likewise, high channel-count, low data-rate systems require a greater number of components
that may be somewhat less expensive.

3If a service provider wishes to sell discrete WDM channels to its customers, then lower data-
rate system provide the flexibility to sell bandwidth in smaller increments. On the other hand,
high data-rate channels can be further divided by electronic time-division multiplexing to provide
reconfigurable bandwidth slices to customers.
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Figure 6.7: WDM filter specifications and calculated response for 40Gbit/s data
rate and 100 GHz channel spacing. The minimum and maximum bandwidths are
shown for -0.5dB and -30dB respectively. Reflections within other channels is reduced
below -40dB. The calculated response is shown for a SOI sidewall-grating device with
k = 28cm ™!, a length of 3.0mm, and a raised-cosine apodization function.

are not yet commercially available, but have been demonstrated for 40 channels (1.6
Thit/s total data-rate) over 480km of optical-fiber,[65] and 25 channels (1 Tbit/s to-
tal data-rate) over 90 km of fiber[66]. The filter described here was required to have
a minimum bandwidth of 60GHz at -0.5dB and a maximum bandwidth of 130 GHz
at -30dB. In addition, reflection of all other channels is less than -30dB. Figure 6.7
shows these specifications along with the calculated filter response for the final design

(see section 6.2.3).

Typically, a WDM filter’s loss, center frequency, and channel isolation must be

specified for each polarization. If these parameters are too highly polarization sensi-
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tive the device will not function properly. Many integrated optical components are,
in fact, polarization sensitive because of material birefringence and waveguide geom-
etry. As a result, some investigators have concluded that effective integrated-optical
devices will require two identical sets of devices along with a polarization splitter and
rotator at the input.[67] Because integrated components are small compared to their
bulk-optic counterparts, duplication of each device does not usually present a prob-
lem. In fact, eliminating the need for polarization independent design paves the way
to further size reduction.* We shall see that the SOI ridge waveguides with sidewall
gratings are also highly polarization sensitive and would require the duplicate device

approach.

6.2.3 Waveguide and Grating Design

To realize the filter response described in section 6.2.2 we must first choose a suit-
able waveguide design for the input, output, and grating region. The ideal wave-
guide geometry supports only one mode, maximizes coupling efficiency, and mini-
mizes propagation loss. In addition, the waveguide design must provide adequate
grating strength and limit grating-assisted coupling between guided modes and slab
modes. The effective-index of the selected waveguide determines the grating period,
and the specified filter response determines the grating apodization function, x(z).
The grating and waveguide dimensions are chosen to provide the desired variation of
% without altering the mode’s effective-index.

The high refractive-index contrast between silicon (ng; = 3.48 at 1550 nm) and
silicon dioxide (ng;0, = 1.46) dictates a maximum single-mode slab-waveguide thick-

ness of about 200 nm. Channel waveguides must be similarly constrained in at least

4The smallest waveguides with the tightest bend radii are usually based on thin (about 200nm)
and wide (about 5 pm ) high index contrast (silicon/air) structures that have large geometrical
birefringence. The loss in these structures is reduced because the top and bottom surfaces are
epitaxially defined while the rough edges, which are far from the high electric field region, are
lithographically defined.
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one dimension. Such structures offer unmatched miniaturization, but they can ex-
hibit high fiber-coupling and propagation loss. Alternatively, ridge waveguides remain
single mode with larger mode cross-sections. Ridge waveguides offer improved input-
coupling efficiency because the larger mode-size better matches that of an optical-
fiber. Large cross-section ridge-waveguides also reduce propagation losses because
of the reduced mode-overlap with rougher etched surfaces. Both Schmidtchen et al.
and Rickman et al. have fabricated single-mode SOI waveguides with dimensions of

several microns and losses as low at 0.5 dB/cm.[68, 69].

Multi-mode waveguides are unsuitable for grating based devices because each
mode interacts differently with the grating region. The modes’ differing propagation
constants lead to different center stopband wavelengths, while the modes’ differing
field-profiles lead to different grating strengths. A multi-mode waveguide-grating de-
vice cannot serve as an effective narrow-band filter. As a result, it is helpful to have a
simple criteria for determining if a waveguide is single-mode, and a common starting
point is the effective-index method (EIM). While this method is not sufficiently ac-
curate for grating design, Pogossian has shown, using Rickman’s experimental data
[68], that the EIM provides a conservative bound for single-mode ridge-waveguide
design.[70]

Because the effective-index method has been well described in several texts [49],
only a brief summary is given here. The EIM divides a two-dimensional waveguide
into several, usually three, one-dimensional slab waveguides. Figure 6.8 shows a
ridge waveguide subdivided in this way. To find the overall propagation constant
of the 2D-waveguide we first find the propagation constants of the three constituent
slab waveguides. The propagation constant of the 2D-waveguide is approximately
the propagation constant of the slab-waveguide formed by layers with the previously

calculated effective-indices.

For a ridge waveguide whose thickness, H, would allow several slab modes, proper

choice of the ridge width, w, and ridge height, rh, will provide single-mode opera-
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Figure 6.8: SOI ridge waveguide refractive-index profile with divisions for effective-
index method.

tion. As Pogossian [70] shows, the EIM produces two criteria for the ridge waveguide
single-mode condition. First, the effective-indices of the fundamental-modes of the
three constituent slab waveguides must produce a single-mode “effective” slab guide.
Secondly, the effective-indices of the higher order slab-modes for the ridge region,
height H, must be smaller than the effective-index of the fundamental mode in the
adjacent slab-regions, height h. Pogossian uses these two criteria to derive an approx-

imate, but conservative, bound on the single-mode condition for a ridge waveguide.

r

< ———(1 e (6.31)
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where
t = wers/Heys,
r= heff/Heff < 0.5,
heff =h+ q,
Hep=H +g,
Weff =W + 27013(1/ [k(n(z:ore - nzlad)1/2] )
q= ’)’clad/ [k(nzore - zlad) 1/2] + ’Ysub/ [k(nzore - ngub)l/Z]
and where

Yelad = VYsub = 1 for TE modes, and

2
clad = \Mclad/ Tcore
Yetaa = (ana/ ) for TM modes.

Ysub = (nsub / ncore)2

For a given set of refractive indices, Ngad, Mcore,; a0d Neup, We can evaluate the single-
mode condition in terms of the ratio’s w/H and h/H. Figure 6.9 plots the EIM-based
single-mode condition for a silicon-on-insulator ridge waveguide. This plot serves as an
excellent guide for initial waveguide geometry selection, but single-mode propagation
is not the only constraint.

For efficient fiber coupling, one would normally target a silicon-layer thickness and
rib width comparable to the fiber’s mode size, = 9um . However, reasonably sized
gratings placed in such large waveguides do not provide adequate grating strength
for the desired filters. To minimize coupling and propagation loss, we choose the
largest cross-section waveguide that provides sufficient grating strength for the filter
in question. It was found that an initial silicon thickness of H = 2.2um, a ridge height
of rh = 0.8um, and a ridge width of w = 1.6um provide sufficient grating strength
in a single-mode waveguide.

While a properly designed rib waveguide supports only a single bound mode, there
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Figure 6.9: Plot of the EIM-based single-mode condition for a SOI ridge waveguide.
The shaded region indicates geometries which support only a single bound mode. The
circle indicates the design point for the waveguide described in section 6.2.3.
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exist higher order states, so called leaky “modes”, that can propagate for significant
distances along the waveguide. The introduction of a grating into the waveguide
can couple the fundamental forward mode to backward-propagating leaky modes.
Previous experiments have shown that these modes are approximately the slab modes
of the structure in the absence of the rib.[58] As expected, efficient coupling between
these modes occurs when the grating k-vector is approximately the difference between
the forward and backward mode’s k-vectors. By taking this effect into consideration
when designing a waveguide-grating structure we can reduce transmission losses on

the short-wavelength side of the spectrum.

Murphy et al. illustrated this effect by plotting the dispersion relations for the
forward and backward propagating slab modes.[58] Wavelengths with both desirable
(fundamental forward to fundamental backWard) and undesirable (fundamental for-
ward to higher-order backward) mode coupling can be easily identified. Figure 6.10
shows the dispersion relations for the first four TE slab modes of a 1.4 pm thick
Si0,-Si-Air structure. A 224.9-nm-period grating introduces the illustrated coupling
between the lowest-order forward mode and backward modes. The coupling near
1550 nm performs the filter function, while the coupling near 1524 nm is undesirable.
Nevertheless, this design eliminates extraneous coupling within the communications

c-band.

A final design was chosen that allows adequate grating strength and minimizes
extraneous coupling. Specifically, the silicon slab region is 1.4 pm thick, while the
rib region is 2.2 pum thick. The rib is 1.6 pm wide in regions with no grating. Given
these parameters, we determine the propagation constant for the fundamental TE
mode using the semi-vectorial eigenvector approach described in section 6.1.2. The
propagation constant is predicted to be 1.3969 x 10°cm™! (nes = 3.446). Thus we
choose a grating period of 224.9 nm to center the filter response at 1550-nm free-space

wavelength.

A number of apodization functions will satisfy the filter requirements for dense
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Figure 6.10: Dispersion relation for the first four TE slab modes of a 1.4 pm SiO,-
Si-Air waveguide. A 224.9 nm period grating couples both the first forward mode
(+1) to first backward mode (-1), arrow (a), and the first forward mode (+1) to the
second backward mode (-2), arrow (b).

WDM. Wiessman et al. even developed an optimized apodization function based on
a genetic algorithm.[54] For our initial demonstration of apodized sidewall gratings

we chose to use a simple raised cosine apodization profile.

k(z) = nocosz(%) (6.32)
Less strongly apodized devices may be able to achieve adequate performance with
slightly shorter grating lengths. This apodization profile must be achieved without
altering the propagation constant of the waveguide. Otherwise, one would introduce

chirp as well as apodization. In order to accomplish this we must adjust the waveguide

and grating dimensions simultaneously.
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Figure 6.5 shows the refractive index profile of a SOI ridge waveguide with sidewall
gratings. The grating regions are represented by the mean refractive index of the
core (silicon) and cladding (air). Using the geometry described above, an array of
waveguide and grating widths were analyzed using a semi-vectorial mode solver. The
grating’s duty-cycle was set to be 50%, and only the quasi-TE mode was considered.
The resulting map of n.g and k over these two parameters allowed us to design the
waveguide grating structure.

Figure 6.11 shows contours of constant n.s and k. By selecting waveguide and
grating dimensions along one n.g contour we can obtain any required £ without chang-
ing n.g. Figure 6.12 shows the waveguide width and the extent of the grating along
a 3mm long waveguide. It is clear from this diagram, as well as figure 6.11, that
the grating strength and ne.g are non-linear function of grating depth. As a result,
designing a structure based on a single mode-profile calculation would introduce large
errors. It is important to note that this design differs from the fabricated filter (shown
in figure 6.17). Unfortunately, the fabricated filter was designed by incorrectly mod-
eling the grating as a region of mean refractive index, as opposed to mean dielectric
constant. As a result, the calculated peak grating strength increases from 28 cm™ to

38 ecm?, and the apodization profile is no longer a simple raised-cosine function.

6.2.4 Grating-Phase Tolerances

After designing the waveguide-grating structure, we wish to assess the effect of phase
errors on device performance. This topic has been investigated elsewhere with respect
to both fiber[71, 72, 73, 74] and integrated Bragg-gratings.[23, 75] We model such
errors numerically by introducing deterministic or stochastic phase shifts, equation
6.29, into the device’s concatenated transfer matrix, equation 6.28. If one wished to
perform a full yield analysis, specifications could be placed on the center frequency,
bandwidth, cross talk in adjacent channels, and spectrum-wide cross talk. Then one

could perform simulations with typical error locations and magnitudes to see how
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Figure 6.12: Inner and outer edges of the waveguide-grating structure. The dark

shaded area represents the waveguide core, while the lighter area represents the grat-
ing region. Note that the x- and y-axes are scaled very differently.

many devices met these specification. Here we provide illustrative examples of the

negative impact of common phase errors on device performance.

First let us consider deterministic phase errors at regularly spaced intervals. These
errors are typical of e-beam written gratings when the deflection field is not well
calibrated to the stage movement. When this is the case, we observe sidebands in the
reflection spectrum at +\2/(2n.gF)[76] from the central peak, where F is the field
size. Figure 6.13(a) shows a calculated reflection spectrum based on 5-nm stitching
errors every 71.5 pm, the field size used in fabricating the devices. The spurious
reflection peaks are clearly visible at &~ +600GHz. In addition, the stopband is

shifted to lower frequencies.

In practice, placement errors have deterministic and stochastic components. Once
again let us consider e-beam-exposed gratings with errors at the field boundaries,
but now let the stitching errors have zero mean and standard deviation oy. This

implies that each field is randomly placed with standard deviation o,/ v/2 with respect
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Figure 6.13: Deterministic and stochastic errors in an apodized SOI Bragg-grating
filter. (a) Simulated reflection spectrum with deterministic 5-nm errors at each field
boundary (71.5-um spacing). (b) Sample simulated reflection spectrum with stochas-
tic errors, ¢ = 5 nm, at each field boundary, but with no accumulated phase error.
Dashed lines indicate ideal spectra in each case.
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to its desired position. One could also model random stitching errors, as opposed
to field placement errors, but this would introduce a random walk in the grating
phase. This is not generally the case with e-beam—exposed gratings. Figure 6.13(b)
shows a sample reflection spectrum calculated with o5, = 5 nm. The random errors
introduce undesirable reflections near the central peak, effectively broadening the
filter bandwidth. If one seeks to suppress spurious reflections below 30 dB across the
entire WDM spectrum, neither deterministic nor random errors of this magnitude are

permissable.

6.3 SOI WDM Filter Fabrication

The SOI WDM filter design presented here has two advantages that greatly simplify
fabrication. First, the SOI rib waveguide structure requires no upper-cladding. InP
channel waveguides require single-crystal upper cladding to be epitaxially grown on
an etched surface. The high temperature deposition of doped silica cladding often
deforms the grating even if the waveguide survives.[47] Other materials suffer from
difficulty in filling the etched gratings with the upper cladding material.[53]

The sidewall grating design also offers several benefits for fabrication. Exposing
the waveguide and grating in the same mask level eliminates the need to precisely
align the waveguide to the grating. This is particularly important for apodized devices
where the grating teeth cannot extend across the entire waveguide. Moreover, the
sidewall gratings avoid the need to change the grating duty cycle along the length of
the guide. If the duty cycle is used to apodize the grating, the degree of apodization
is limited by the smallest feature one can expose. One must pattern 20 nm features
to achieve a 10% duty cycle in silicon.

Additionally sidewall gratings allow coupling coeflicients at least twice as large as
gratings at only one interface. In the case of rib waveguides the increase in grating

strength is even greater. The sidewall grating design exhibits one drawback. Sidewall
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gratings typically require higher aspect ratio reactive-ion etching. For example, to
fabricate a 200nm period, 200nm deep grating in the top of a 1um waveguide requires
an aspect ratio of 2:1. However, if the grating is in the side of the waveguide an aspect
ratio of 10:1 is necessary.

Fabrication of the sidewall grating devices required four main processes. The
fiducial gratings for SPLEBL were be patterned on the SOI substrate by x-ray litho-
graphy. Then the waveguide-grating structure was exposed with e-beam lithography.
The waveguide rib and sidewall gratings were formed by reactive ion etching the
silicon layer. Finally, the device was diced and polished in preparation for optical

testing.

6.3.1 Fiducial Grid Patterning

An x-ray lithography mask with isolated 244.4-nm-period fiducial gratings was previ-
ously fabricated by interference lithography specifically for integrated-optical devices.[52]
The x-ray mask was formed a 1-um -thick silicon-rich silicon-nitride membrane with
200 nm of electroplated gold as an absorber. The fiducial gratings were isolated into
stripes, so as to occupy only the edges of the e-beam deflection field. This pattern
was proximity printed in 200 nm of PMMA on an SOI substrate using a Cuy, line
electron-bombardment x-ray source. The exposure required 21 hours with a source
to substrate distance of 23.3 cm. The PMMA was developed for 30 seconds in 2:1
IPA:MiBK at 21° C. After development, 30 nm of tungsten was electron-beam evap-
orated and lifted off by dissolving the PMMA in n-methyl pyrrollidone (NMP) at
80°C.

6.3.2 SPLEBL Exposure

The SOI substrate and tungsten fiducial gratings were spin coated with 125 nm of
hydrogen silsesquioxane (HSQ, commercially available as FOx from Dow Corning

Corporation, Midland, Mi.). Although intended as a low-dielectric-constant material
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Figure 6.14: Secondary electron signal from W-fiducial grating under 125nm of HSQ
resist. The primary electron energy was 30 keV.

for integrated circuits, HSQ can also serve as a high resolution (<10 nm) negative-
tone e-beam resist.[77, 78] Appendix A provides more detail on the processing and
exposure of HSQ. After spin coating, the HSQ was pre-baked on hot plates for 120
seconds at 150°C and for 120 seconds at 220°C. A standard silicon monitor wafer was

processed simultaneously to verify the pattern fidelity and etch quality.

Figure 6.14 shows the secondary-electron signal obtained from the tungsten fidu-
cial grating under 125nm of HSQ with a 30kV electron beam. The range of secondary
electrons in most glass-like materials is no more than a few nanometers, so one might
expect that imaging the W fiducials under the HSQ layer would be difficult. However,
the backscattering efficiency of W is approximately twice that of Si at 30kV [25], and
the increased number of backscattered electrons creates additional secondary elec-
trons at the HSQ surface. In this way one can form a secondary-electron image of a
buried pattern based on the difference in backscatter efficiency. Figure 6.15 illustrates

this process.
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Figure 6.15: Primary electrons (pe’) incident on HSQ with the underlying W fiducials
are more likely to backscatter and produce additional low-energy secondary electrons
(se’) than primary electrons incident on HSQ with only silicon beneath it. In this
way we obtain contrast in a secondary-electron image even with the W buried under
the HSQ.

The fine grating period and high signal-to-noise ratio allow precise phase-locking.
The pattern was exposed using a 89.9 pum field size (400 device-grating periods),
but no patterns were placed in the right-most 18 pm of the field to avoid previously
measured intra-field distortion.[45] The beam energy was 30 keV, and the dose was 550
pC/em?. As detailed in chapter 3, we observed a deflection-dependent field-scaling
error after phase-locking to the fiducial grating. The x-scaling of the field was found
to vary linearly with the beam-deflection velocity in the y-direction. This error was

highly reproducible, and was compensated by a velocity-dependent scale correction.

After exposure, the HSQ was developed in Shipley CD-26 developer for 8 minutes
at 21° C. The field-stitching precision was measured on the monitor wafer by imag-
ing the HSQ grating at the edge of the waveguide. The grating’s spatial-phase was
compared across each field boundary within four uniform grating devices (80 mea-
surements). Stitching for apodized gratings was not easily measured because of the
varying grating depth. The mean stitching error was 0.6 nm and the standard devia-

tion was 2.6 nm. Figure 6.16 shows a sample field boundary along with the stitching
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Figure 6.16: Stitching measurements for the sidewall grating pattern. (a) Field
stitching was measured for uniform gratings at each field boundary. (b) Histogram
of stitching errors encompassing four uniform-grating devices.

error histogram.

6.3.3 Silicon Etching

The pattern was transferred into the underlying silicon layer using chlorine reactive-
ion etching (RIE) in a Perkin/Elmer sputter-etch system modified for RIE. The etch
was carried out in four 3:00 minute steps (etch rate ~ 67 nm/min) at a pressure of
10 mTorr, a DC self-bias of 350 V, and a power of 50 W. The sample was removed
from the RIE and inspected after each step. This process reduced the slope of the
sidewalls compared to samples that were etched continuously. It is hypothesized that
exposure of the sample to atmosphere formed a native oxide which was subsequently
sputtered off horizontal surfaces while protecting the vertical surfaces.
Figure 6.17 contains scanning-electron micrographs of the apodized sidewall-grating

structure after RIE. The pictures were taken at three points along the gratings length.
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The grating teeth have an aspect ratio of 7:1 with little sidewall slope. The etch se-
lectivity of Si to e-beam-exposed HSQ was found to be ~ 9 : 1. Unexposed HSQ
etches more rapidly under the same conditions. The remaining HSQ etch mask was

removed using a 49% hydrofluoric acid solution.

6.3.4 Dicing and Polishing

Before the devices could be tested it was necessary to expose the end faces of the
waveguides. This was accomplished by sawing the devices with a Disco DAD-2H/6T
die saw. A fine grit (5 um ) blade was used to minimize damage to the end face, but
a number of small chips and scratches remained after sawing. To smooth the end
surfaces a polishing step was performed. The chip was mounted on a stainless steel
block with CrystalBond (Aremco Products Inc., Valley Cottage, NY) and placed in
a polishing tripod holder for TEM samples. This holder allows the user to adjust the
angle of the chip with respect to the polishing surface in order to polish normal to
the surface. Several stages of polishing were conducted with progressively finer grit
AL O, lapping paper on a Buehler ECOMET (Buehler, Ltd. Lake Bluff, I..) grinding
system. The end facets were inspected by SEM to determine the end point. Figure
6.18 shows a typical waveguide facet after polishing.

6.4 SOI Filter Performance

6.4.1 Measurement Apparatus

Transmission measurements of the devices were taken over the range of communica-
tions wavelengths near 1550nm. Figure 6.19 contains an overview of the measurement
apparatus. Light from a tunable laser (Tunics model, Photonetics Inc.)® was coupled

into the guide with a lensed glass fiber. The fiber lens has a focal length of approx-

5Photonetics has been acquired by NetTest A/S, Brondby, Denmark
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Figure 6.17: Apodized-sidewall gratings: (a) plots the waveguide-grating geometry
and indicates where the micrographs were acquired, (b), (c), and (d) show the
sidewall grating structure after reactive-ion etching. The etch aspect ratio was 7:1
and the etch selectivity (Si:HSQ) was 9:1.
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Figure 6.18: SEM of polished SOI waveguide facet.

imately 20um and a numerical aperture of approximately 0.25. While this provides

sufficient coupling to test the device, it far from optimal.

The guides were intentionally angled to intersect the end faces of the device at a
6.7°. This reduces Fabry-Perot reflections from the facets, while still allowing one to
polish the facets normal to the surface. The waveguide angle also dictates that the
fiber must be angled 23.6° with respect to the facet to account for refraction between
air and silicon. This relationship is shown in figure 6.19 at the input to the waveguide.
The sample was mounted on a stainless steel holder at approximately this angle. The
fiber and sample were positioned with separate stages having three and five degrees
of freedom respectively. The sample and fiber position were optimized for maximum

transmission through the device on the long-wavelength side of the Bragg condition.

After passing through the waveguide-grating structure the light was collected by
an objective lens and focused onto a photo-diode detector. A pinhole aperture was
placed in front of the detector to minimize detection of stray light. In addition, a
variable polarizer facilitated separate measurement of the quasi-TE and TM modes.

An infrared-sensitive CCD camera was used to perform the initial alignment of the
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Figure 6.19: Waveguide transmission measurement apparatus.

system and to verify that the objective was aligned to the guide of interest.

6.4.2 Uniform Grating Results

To measure the wavelength dependent transmission of the gratings, the laser source
was tuned across the communications c-band from 1530 to 1570nm. To monitor the
laser output at each frequency, 10% of the laser power was split off with a fiber cou-
pler. Devices with uniform 1.5-mm long gratings and calculated TE-mode-coupling
coefficients of 38¢m~—! were measured first. Figure 6.20 shows the TE- and TM-
transmission spectra for such a device.

One will note that the transmission minimum for the TE-device is approximately
1553.5nm, while the design was intended for 1550nm. This discrepancy is almost
entirely explained by a calibration error of the e-beam lithography stage in the Raith
150 system. Although the SPLEBL exposure was referenced to the fiducial grating,
not the stage, the stage was used to measure the grating initially. Thus the device
grating was necessarily specified with respect to the fiducial-grating measurement.
There was a relatively large discrepancy between grating period measurements on the

two EBL system discussed here, VS2A and the Raith 150. Through consultation with
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Figure 6.20: Measured c-band TE- and TM-transmission spectra of a waveguide
with a 1.5-mm long uniform grating. Although short-wavelength losses are present,
there are no discrete transmission minima indicating leaky-mode coupling for the TE
transmission spectrum within the c-band.



6.4. SOI FILTER PERFORMANCE 163

Raith GMBH it was determined that the stage was miscalibrated by at least factor
of 1.00127. Comparison with measurements of masks written on a MEBES system
indicate the error is closer to 1.00158.[29] This discrepancy accounts for most of the
transmission-minima location error. The residual error can probably be explained
by the geometrical differences between the designed structure and the fabricated

structure.

Figure 6.21 contains a more detailed plot of the TE- and TM-transmission minima.
The difference between the minimum and maximum transmitted power is approxi-
mately 25dB. Theoretically, the transmission minimum should be much lower. The
-25dB measurement floor does not stem from measurement noise alone. Increasing the
input power increases the output power correspondingly, but the transmission minima
does not become deeper. Most likely, stray light or coupling between the polarization
states after the grating region produces this background. The stray light problem is
largely one inherent in the measurement setup, but the coupling between polarization

states presents a problem if the two polarizations are to be filtered separately.

Figure 6.21(a) indiates that the actual value of & is 36 ¢cm™ compared to an an-
ticipated value of 38 cm™l. The measured value for the TM-mode, for which the
structure was not designed, is 38 cm™! compared to an anticipated value of 43 cm™.
It is clear from SEM micrographs of the structure that the fabricated devices do not
exactly match the device design. Three factors contribute to the these errors. The
Raith 150 corrects for the slow response of its magnetic deflectors by intentionally
lengthening the input scan-voltage sweep by an experimentally determined amount.
Unfortunately, this calibration was conducted at a different accelerating voltage than
the one used to expose the waveguide patterns. As a result the grating teeth were
longer than desired by up to 6%. In addition, proximity effects from electron scat-
tering tend to expose the region between the grating teeth and near the waveguide,
making the central waveguide slightly wider than desired by = 8%. Taking these

variations into account semi-vectorial mode solutions predict x = 36 cm™ for the
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Figure 6.21: Detailed (a)TE- and (b)TM-transmission spectra of a waveguide with
a uniform 1.5-mm long grating. The dashed lines show the calculated transmission
for kK = 36 cm™! (TE) and & = 38cm™! (TM).
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TE-mode which is in very good agreement with the measured spectrum. For the
TM-mode the predicted value of & is 40 cm™, which is also in better agreement with

the measurements.

6.4.3 Apodized Grating Results

Similar measurements were taken of the 3-mm long apodized gratings. Figure 6.22
shows the TE- and TM- transmission minima within the c-band. Figure 6.23 shows a
more detailed plot of the TE-response. The uniform gratings shown in figure 6.21(a)
have sidelobe levels of ~ 5dB; in contrast, the sidelobes in the transmission spectrum
of the apodized grating are not discernible. In addition, there are no observable trans-
mission minima at +607GHz from the central minimum. Such spurious transmission
minima would indicate systematic stitching errors at the field boundaries. However,
direct measurement of the reflection spectrum would be preferable for determining
the grating quality.

For the apodized devices, the transmission spectrum is broadened slightly and
does not reach the -25dB measurement floor. This is a direct result of fabrication and
design errors described earlier. Because the length of the grating teeth and the central
waveguide do not vary in the correct manner, the effective index, n.g, is not constant
along the length of the grating. This leads to a symmetric chirp about the center
of the grating. That is, the Bragg wavelength increases as one moves toward the
center of the grating from either end. Although the device was not designed for TM-
operation, the additional structure on the high frequency edge of the TM transmission
minimum is also indicative of symmetric chirp. This effect would be apparent in the
TM-mode results even in a perfectly fabricated device, because the effective-index
can only be uniform along the length of the grating for one polarization state. In
addition, rounding of the grating teeth in regions with weak gratings produces a
sinusoidal index perturbation rather than a square-wave perturbation. This effect

also alters the apodization profile. Despite these shortcoming, this first set of devices
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Figure 6.22: Measured c-band TE- and TM- transmission spectra of a waveguide with
a 3.0-mm long apodized grating.
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illustrates the effectiveness of sidewall gratings for fabricating apodized filters.



Chapter 7

Conclusion

Spatial-phase locking fundamentally improves the pattern-placement process in e-
beam lithography. Closed-loop feedback provides unmatched placement precision
while reducing the need for complex and costly measures to stabilize the system. The
segmented-grid and sparse-sampling modes provide straightforward solutions when
one can sacrifice substrate area and throughput, while continuous feedback yields the
best pattern-placement precision and requires no substrate area or overhead time.

Transferring segmented grid SPLEBL to the Raith 150 system improved the
placement-precision of this technique, but revealed several pattern-dependent place-
ment issues. Careful compensation for deflection-velocity dependent errors allowed
field stitching precision of ¢ = 2.6nm. The segmented grid mode also proved useful
for integrated optical device fabrication. These devices required the development of
a fiducial grid, resist processes, and reactive ion-etching compatible with direct-write
SPLEBL. A

Sparse-sampling occupies an intermediate domain between the segmented-grid
mode and continuous phase-locking. It uses a global grid and sacrifices no substrate
area but remains a “look-then-write” approach. Techniques were developed to ex-
tract field calibration parameters from grid moiré patterns; thus, the system could

sample a fine-period grid with a sparse array of points. The sparse-sampling mode
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provided the first pattern exposures using 2D spatial-phase locking and the first im-
plementation of a scintillating fiducial grid. Scintillating grids offer the advantages
of UV quenching and reduced electron scattering, but, despite the efforts of several
researchers, no fluorescent grid was found that provided adequate signal-to-noise ratio
for fine-periods. The e-beam induced scintillator damage also reduced SNR for dense

sampling, and made repeated observations of the same grid area impossible.

Real-time spatial-phase locking corrects x- and y-beam shift while raster scan-
ning over a rotated fiducial grid. To implement this continuous feedback approach
we developed two-frequency spatial-phase locking, implemented raster-scan pattern
generation for the Raith 150 system, and developed hardware and software to per-
form the feedback corrections. To minimize deterministic deflection errors we devised
methods to calculate higher-order distortion corrections by scanning the fiducial grid.
Real-time SPLEBL yielded field-stitching errors with ¢ < 1.3nm and comparable
global pattern-placement with respect to the grid.

While the initial performance of real-time SPLEBL is impressive, many oppor-
tunities for improvement remain. In the short term, boustrophedonic scanning and
more sophisticated distortion correction will expand the useful field size and improve
throughput. Optimizing the feedback loop filter may offer additional improvements
in placement precision, while enhancements to the spatial-phase locking software will
make it accessible to users with less extensive e-beam lithography experience. Longer
term, implementing dose-modulation is essential for flexible patterning, and the recent

incorporation of dose-modulation in commercial systems is encouraging.

Fiducial grids with higher SNRs and finer periods will further improve pattern-
placement and will allow spatial-phase locking with lower doses and more sensitive
resists. High secondary-electron yield materials and voltage contrast hold promise
in this area. Initial mastering and faithful replication of highly accurate grids re-
main challenging, but the combination of scanning-beam-interference lithography and

phase-mask replication offers a potential solution. Finally, simplified grid pattern-
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ing, not involving resist-based lithography, deposition, or etching, would increase
SPLEBL’s appeal to mask manufacturers. Zhang is currently pursuing several ideas
along this line.[28]

While integrated-circuit mask production remains the largest future market for
SPLEBL, many integrated-optical components currently require improved placement
accuracy. This thesis presents the design, fabrication, and testing of Bragg-grating
optical filters based on silicon-on-insulator waveguides. SOI provides an interest-
ing and relatively unexplored material system for communications wavelengths, and
serves as an excellent platform on which to demonstrate the sidewall-grating concept.

The sidewall grating process produces gratings and waveguides in a single litho-
graphic step and eliminates the need for precise registration between two layers. Per-
haps more importantly, the sidewall approach allows the grating strength to be con-
trolled lithographically. This is particularly important for devices with an apodized
filter response such as those described in chapter 6. While the measured transmission
response for this first set of devices is not ideal, the effects of apodization and the pre-
cise stitching of SPLEBL were demonstrated. In the future, sidewall gratings should
provide a powerful design and fabrication technique for filtering and laser feedback
applications.

Now that several planar fabrication techniques offer near-nanometer resolution,
continuing efforts will be required to ensure nano-accuracy. This is particularly rele-
vant as devices move from the laboratory to manufacturing where product uniformity
and yield are essential. Not surprisingly, closed-loop control and high-quality stan-
dards, two fundamental engineering concepts, will play a key role in maintaining
accuracy at the nano-scale. The author hopes that spatial-phase locked e-beam litho-
graphy provides a fabrication solution for future electronic and optical devices, and
provides a foundation for high-precision patterning in other fields that harness planar

processing.
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Appendix A

Hydrogen Silsesquioxane: a

Negative EBL Resist

Hydrogen silsesquioxane (HSQ) is a dielectric material with many of the properties
of Si0,. Unlike SiO,, it can be spin-cast from certain organic solvents, most often
Methyl-iso butyl Ketone (MIBK). HSQ consists of Si,O ,H, “cage” structures as
shown in figure A.1. When thermally cured these cage structures break apart and form
a longer-range network structure based on Si-O-Si bonding.[79] Some disagreement
remains concerning the exact reaction pathway and its by-products.

HSQ also serves as a high-resolution negative resist where network formation is
induced by electron exposure.[77] Unexposed HSQ is soluble in basic solutions such
as potassium hydroxide and tetra-methyl ammonium hydroxide (TMAH), while the
network structure of exposed HSQ) is not. Namatsu et al. demonstrated 7-nm isolated
lines with 10:1 aspect ratios in 100 keV exposures.[80] Dense 20-nm lines and spaces
were realized by vanDelft et al, also using a 100 keV e-beam.[78] HSQ exhibits
adequate sensitivity for research applications, acceptable contrast, and etch selectivity
to many materials.

To characterize HSQ’s performance as a negative e-beam resist we measured its

development rate as a function of areal dose. A 520-nm-thick layer of HSQ (FOx-
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Figure A.1: Molecular structure of HSQ “cage” before e-beam exposure or thermal
curing.

16 from Dow-Corning) was spun onto silicon wafers. The HSQ was prebaked for
30 minutes at 150° C and 30 minutes at 220° C in a convection oven. Rectangles,
1pm x 20pm,, were exposed using a 30 keV e-beam with doses ranging from 60 pC/cm?
to 800 pC/cm? The rectangles were spaced by 50 pm which is beyond the range of
backscattered electrons at 30kV. We developed the samples at 21.0° C in Shipley
CD-26"' for 15 minutes.

To characterize the resist with only one development time it is necessary to assume
uniform energy deposition as a function of depth. This assumption is valid for weakly
scattering resists exposed at high accelerating voltages. HS(Q) has somewhat higher

Z-density than most organic resists, but the uniform energy deposition assumption

1Shipley Company, LLC. Marlborough, MA. CD-26 is a general purpose {etra-methyl ammonium
hydroxide (TMAH) based developer with additional surfactants.



seems reliable based on observed development rates.

After development, the remaining resist height for each box was measured using an
atomic force microscope. The development rate is given by (ho — h)/T where hy is the
initial resist thickness, h is the remaining resist thickness, and 7 is the development

time. The development rate of most resists is well modeled by the function
R= AD" (A1)

where R is the development rate, D is the dose, and A and B are fitting parameters
that depend on the resist and developer. In this case we consider areal dose, as
opposed to linear or volumetric dose, in units of uC/cm?. Figure A.2 plots the
experimental development rate versus dose on a logarithmic scale. All boxes with
doses below 150 uC/cm? developed away completely. The solid line plots the least
squares fit of equation A.1 to the data. It is also useful to plot the normalized resist
thickness versus dose. This sensitivity curve is shown in figure A.3. The required
dose to maintain 80% resist thickness is about 240 uC/cm? at 30kV for a 15 minute

development time.

To further characterize HSQ as a high-resolution resist we exposed isolated lines
and gratings. A dilution of 3 parts MiBK to 2 parts FOx-16 was prepared and spun
onto silicon wafers to obtain a 125-nm-thick HSQ layer. For these experiments the
samples were baked on vacuum hotplates for 120 seconds at 150° C and 120 seconds
at 220° C. After exposure with a 30 keV e-beam, the HSQ was developed for 6:00
minutes in CD-26 at 21.0 ° C. Figure A.4 shows the resulting isolated lines. The 50-
nm wide line was coded as a 50-nm wide rectangle and exposed with a 1320 pC/cm?
dose. The 22-nm wide line was written with a single pass of the e-beam and a linear
dose of 2.25 nC/cm. Figure A.5 shows a 100-nm-period grating that was coded as 50

nm lines and spaces and exposed at 400 pC/cm?.

HSQ has proven somewhat unstable with time, both in solution and on the
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1320 uCl/em?2

(a) (b)

Figure A.4: Isolated lines patterned in HSQ with a 30 keV e-beam. (a) 50-nm wide
line from a 50-nm wide coded rectangle (dose = 1320 uC/cm?). (b) 22-nm wide line
written with a single pass of the electron beam (linear dose = 2.25 nC/cm).

400 uClcm?2

Figure A.5: 100-nm period grating patterned in HSQ. The coded design consisted of
50-nm lines and spaces, and the dose was 400 uC/cm?2.
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wafer.[81] As a result, one should avoid delays between spin coating, exposure, and
,; development. It is also important that the HSQ solution not come in contact with
glass; otherwise, the solution will convert into a gel-like substance in a matter of
minutes. Nevertheless, HSQ provides a high-resolution negative e-beam resist with
the ease of processing, if not the stability, of PMMA. Unlike PMMA, HSQ is stable
under SEM inspection and can provide a hard-mask layer for reactive-ion etching. As

such, it provides a valuable addition to the range of materials. available for e-beam

patterning.
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