








3. NEW COLUMN DESIGN FOR IMPLEMENTATION OF REFLECTIVE OPTICS

A significant change in the system design has been the implementation of the reflective optics concept in a new
column design. This new column is referred to as Column-2. The column design described in reference ***" is for
Column-1. The new Column-2 design and testing results are described in reference . The principles of the
reflective optics concept remain the same in this new design; the implementation is, however, greatly improved.

Column-2 utilizes a Wien or ExB filter to replace the magnetic prism used in Column-1. The function of both of
these components is to separate the incoming illumination beam of electrons originating at the electron gun from the
outgoing beam of electrons forming the patterned projection beam which is imaged at the wafer plane. The reason
for this design change was to simplify the column design and significantly reduce the projection electron optical
path length.

The Column-1 design which was based on a LEEM (Low Energy Electron Microscope) used a magnetic prism as a
separator. The projection electron optical length of Column-1 could not easily be reduced because the prism behaves
as a weak lens element which had a characteristic focal length which was quite large. This focal length determined
the focal lengths of most of the other optical elements in the rest of the column. The projection optical length of
Column-1 was ~1540 mm. The projection electron optical length for Column-2 using the Wien filter as a separator
was reduced to ~506 mm. A comparison of column size to scale for the two columns is shown in Figure 3.

The decrease in the size of Column-2 is critical in at least two important ways. The shorter electron optical lengths
for both the projection optics as well as the illumination optics greatly increases the beam current that can be
projected to the wafer for a given pixel blur ? #. This change also greatly reduces the size of the column and
straightens the projection optical axis. Reduced size generally results in reduced cost, greater ease of manufacturing,
better stability and improved error budget. It also is a big step in achieving a system design which will be capable of
producing throughputs commensurate with HVM. More will be said about this in the section 7.

Column-1 Column-2

DPG Plane

506 mm

v

Wafer Plane

Figure 3. Comparison of the Column-1 and Column-2 designs both of which implement the reflective optics concept but in very
different and distinctive designs.

The photographs in figure 4 were taken approximately two years apart in two different facilities. The photograph on
the left was taken at the San Jose campus and published in reference ‘°. This is the first REBL test system. It uses a
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mag-lev linear stage and is 300 mm wafer capable but is only being used with 200 mm wafers. Column-1 is
installed in this photograph. Column-1 is the only column thus far which has been used for wafer exposures. Some
exposure results are shown in section 5.

Figure 4. The photograph on the left is the first REBL test system using a mag-lev linear stage with Column-1. The
photograph on the right is the same linear REBL test system now with Column-2 installed.

Since this photograph was taken we have moved to the Milpitas campus and just recently retired Column-1 and
replaced it with Column-2 shown in the photograph on the right. The large cylindrical object seen in the left photo
with its axis in the horizontal direction and in the right photo with its axis in the vertical direction is a HV (high
voltage) and magnetic shield. It is mostly empty space shielding the DPG and its associated control electronics
which are at HV from EMI and shielding people from the HV. Future designs will reduce the size of this shield
significantly.

4. DIGITAL PATTERN GENERATOR AND LENSLET ARRAY

The heart of the maskless patterning system for the REBL Nanowriter is the Digital Pattern Generator (DPG). The
DPG is a CMOS ASIC chip with an array of small, independently controllable electron mirrors in an array
producing over 1 million beamlets. This array of electron mirrors act exactly analogous to the DLP® technology
used by Texas Instruments for projection television. The concept of massively parallel and individually controlled
beamlets reflected from the DPG is the principal enabling technology that provides the high speed maskless pattern
generation capability. Producing an effective electron mirror, however, proved to be more difficult than first
envisioned. This required an extensive development effort to integrate the CMOS logic with a MEMS structure that
produces the required performance.

A development effort was started early in the program to develop a means of eliminating three problems that a flat
mirror array would encounter. One problem was the crosstalk between adjacent mirrors when switching between
“on” and “off” pixels. The second problem was related to the weak electric field above the mirror plane. It was
desirable to increase the electric field near the mirror in order to reduce the effects of energy spread in the
illumination beam. The third problem was a micro-lensing effect which affected the fidelity of the maskless image
and is caused by the electric field at the boundary between “on” and “off” pixels  The result of a nearly 3 year
effort was a MEMS structure which formed an array of micro-lenses, one set of micro-lenses for each mirror. Each
of these lens stacks are referred to as a lenslet and are comprised of a set of five electrodes (referred to as a pentode)
separated by four dielectric layers as seen in figure 5. The top electrode interfaces with the macro-electron optics of
the DPG lens. The top electrode and the next three (named upper, middle and lower) are common to all the lenslets
of the array. The bottom electrode is the mirror which is switched “on” or “off” individually by means of the CMOS
DPG chip located below the lenslet array.
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The fabrication of the lenslet array was a major effort since the complete pentode structure required over 75 custom
MEMs processing steps, including the use of novel processing to perform high-aspect ratio etching. The lenslet
array MEMS structure was developed independently from the CMOS development by IMEC. The entire
development of this lenslet array was carried out using a 300 mm wafer tool set at IMEC’s 300 mm Fab in Leuven,
Belgium. Fabricating the lenslet MEMS on 300 mm wafers was required because the CMOS logic, fabricated by
TSMC in Hsin-Chu, Taiwan was also fabricated on 300 mm wafers and the lenslet MEMS was to be integrated with
the CMOS DPG chip as a post processing step forming an integrated chip.

EOAASE86 5.0kV ;¢15.0k 4/28/20 10

1.6 micron 4.0 micron
Pitch Depth

Figure 5. The CMOS with MEMS lenslet array mounted on substrate (lower left). Micrographs of cleaved lenslet
MEMS array structure including dimensions. There is one lenslet for each of 1,015,808 pixel mirrors.

The DPG chip is approximately 25 mm x 27 mm. The mirror lenslet array occupies an area at the center of the DPG
chip approximately 6.5 mm x 0.4 mm. As seen in figure 5, the chip is mounted to a substrate for electrical testing.
The lenslet electrode MEMS structure is fabricated on top of the CMOS providing 4 electrodes to establish the
potentials required to produce an electric lens for each pixel. The pixels and lenslets of the array are located on a 1.6
um pitch and the lenslet structure is ~4 um in height. The bottom electrode, one for each pixel, is the mirror
electrode and is connected to and switched by the CMOS drivers located below the MEMS structure and connected
through a via.

REBL Column testing is done using a column test stand which is equipped with a small x-y stage located at the
wafer plane and which has a verity of test targets and a Faraday cup for beam current measurements. Located below
the wafer plane is an electron microscope capable of up to 15,000x magnification. The image of this microscope is
projected onto a YAG screen (Yttrium Aluminum Garnet scintillation screen) which can be captured by a high
resolution camera. This YAG screen image is a very important tool used in the REBL program for the development
of both the columns and the DPG’s.

Figure 6 is a YAG screen image of a DPG. The image on the left shows a little more than 1/8 of a full length DPG.
The curved ends of the lines in the image are the extent of the round YAG screen. The lines and spaces shown are
comprised of alternating groups of 12 pixels “on” and 12 pixels “off”. This image is the magnified view of the aerial
image at the wafer plane projected onto a YAG screen. The long direction of the lines is the 4096 pixel direction. The
248 pixel direction is perpendicular to the lines.

The view on the right is a further magnified image which clearly shows the individual pixels on a 25.6 um pitch. This image is
comprised of various line and spacing widths. The beam current in this image was turned down to a small fraction of the
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available beam current. This was done in order to distinguish the individual pixels of the DPG. As the beam current is increased
the pixels will fill in the dark area between pixels until a uniform emission is achieved producing a result similar to the left
image. This fill in as the beam current is increased is the result of beam blur. The allowable beam blur for a desired resolution is
the final limit to beam current. Too much blur and resolution is lost. Too little beam blur will result in a loss of gray tone
exposure which allows the sub-pixel placement of pattern edges and CD control. A viable lithography exposure could not be
achieved with the DPG setup as depicted in the right image.

The dark rectangular spot near the center of the image on the right and near the center of the 2™ line from the left on the left
image is a dust particle located on the YAG screen. One day we may clear this particle off the YAG screen, however it has
proved a useful reference from time to time. The triangular dark area at the extreme right hand side of the right image is caused
by some debris on the DPG. In general, the number of defective pixels is very small < 0.05%. A study is underway to also
measure the intensity variation of the pixels across a DPG. So far the study has indicated that the DPG’s studied have been well
within the uniformity requirement by a factor of 4 to 6. This is not yet the final word on uniformity and we are working to
improve both uniformity and defective pixels, but for now we find the results very encouraging.

Figure 6. The left view shows alternating groups of 12 pixel lines on and 12 pixel lines off as view on a magnified view of the
aerial image projected onto a YAG screen. The view on the right is a further magnified image which clearly shows the individual

pixels on a 25.6 um pitch with various line and spacing widths.

5. SOME FIRST EXPOSURE RESULTS

An early milestone for the REBL program was to attempt resist exposures of lines and spaces as a means of
validating the reflective electron optics concept and establish a baseline for Column-1 and the linear system. Even
though both Column-1 and the linear system are planned to become obsolete before the end of the REBL program
this baseline would be used to determine if there might be any unexpected issues with the REBL exposure concept
and also to gauge later column designs against the performance of Column-1. The milestone required 200 nm hp
lines to be exposed in PMMA and 18 pC/cm? CAR sensitivity.

A relatively simple quasi-static design of a DPG chip was used during the course of the development of the lenslet
MEMS so that we could learn how the DPG lenslet array performed and how to optimize its setup. The lenslet
MEMS comprises a 4096 x 248 array of electron optical lenses of 1.4 um diameter arranged on a 1.6 um pitch which
matches the pitch of the CMOS array of mirror control pads. The lenslet was designed through extensive electron
optic simulation in conjunction with the fabrication process as it evolved to produce a lenslet design with high
electron reflection efficiency and contrast. The simplification made to the structure for process development of the
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lenslets was to only provide the capability to address each of 248 columns comprised of 4096 lenslets (pixels). This
allowed only the capability to demonstrate a one dimensional array of lines and spaces of varying number of pixels
in width.

Furthermore, because of packaging limitations the number of leads that could be brought out through wire bonds
was limited to 181. It was decided to tie every 24™ line together and bring them out through one of the bond pads.
This limited the line and space capability but provided sufficient flexibility and capability for the column, exposure
and DPG development.

This limited static DPG has been used for all wafer exposures to date. The pictures in figure 7 are two examples of
resist exposures on wafers. These were made using the REBL linear test system with Column-1. The micrograph
on the right show 100nm HP lines and spaces in PMMA resist. The resist sensitivity was approximately 390 uC/cm? with a
thickness of 150 nm. The micrograph on the right are 65 nm isolated lines in 18 uC/cm? and 125 nm thick CAR.
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Figure 7. Early exposure results from the linear system using Column-1. On the left are 200nm lines and spaces in PMMA. On
the right are 65 nm lines in 18 uC/cm? and 125 nm thick CAR.

6. ROTARY STAGE AND ROTARY METROLOGY

The rotary stage used in REBL was chosen because it removes the throughput barriers normally associated with
linear stages conventionally used in wafer lithography when a relatively small beam swath is used such as in REBL
(~100 pm). In addition, it behaves quasi-statically, imparting virtually no disturbances to the system during the
writing process. The rotary writing strategy also has a positive impact on throughput because it eliminates the time
to turn a linear stage around at the end of travel.

The REBL Nanowriter will expose batches of wafers by moving them under the electron beam on a rotating stage.
This technique eliminates the frequent reversals of direction and percussive accelerations associated with a high-
speed linear stage. The apparent path of the image of the DPG across the circle of wafers is a spiral because as the
platter spins an x-stage slowly moves the rotating platter in one axis relative to the column center.

Figure 8 shows the design of the rotary stage loaded with six wafers. The wafers are clamped by means of
electrostatic chucks. A batch size of six wafers was chosen as a reasonable compromise for the first rotary stage
prototype and which is now under test. This batch size may change in the future when integration to actual Fab
conditions is taken into consideration.
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Figure 8. Drawing of the Rotary and X-Stages with six wafer platter and 10 axis metrology system.

The wafers lie in a horizontal plane and the stage rotates about an axis which is parallel to the axis of the column.
Exposure on the rotary stage proceeds in a spiral path with a pitch nearly equal to the beam height, starting from the
outer diameter of the wafers and moving to the inner diameter of the wafers. The swath pitch is slightly smaller than
the beam height because there is a few percent overlap of adjacent swaths.

The platter is a little over 1 meter in diameter and is mounted on a magnetically levitated hub. The approximate
weight of the platter is 120 kg. The benefit of using magnetic levitation is that it decouples the platter from high
frequency disturbances and any low frequency disturbances can be counteracted by the servo control of the platter
position as it rotates.

There are mainly two means of metrology for the “stage”. There is a ten axis laser interferometer (IFM) system
which measures all positions and attitudes of a very precision ring mirror attached to the center of the platter
assembly relative to the “system”. In addition, there is a rotary encoder which measures the angular position of the
platter relative to the “system”. In figure 8 the supporting structure for the 10 axes IFM system has been removed.
The interferometer detectors are shown suspended above the IFM system.

Figure 9 shows a series of pictures taken during the build of the x-stage, the rotary stage and the IFM metrology
system and their integration into the system platform (vibration isolation system and vacuum chamber). The first
photograph on the top-left shows the x-stage being integrated with the vacuum chamber. The mag-lev hub and
platter are integrated next (top-middle photograph). The lower-right photograph shows the installation and
alignment of the ring mirror. The IFM metrology system is shown in the top-right photograph; it is shown installed
in a red tooling fixture and standing upright. Upon installation it would be laid down 90 degrees from that shown in
the photo over the ring mirror. The lower-left photograph is the full isolation system and vacuum chamber with the
stages and IFM installed. The EFEM wafer loader is shown in the background.
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Figure 9. These are views of the x-stage, and rotary platter being assembled into the vacuum chamber and platform of the REBL
system. Also shown is the ring mirror being aligned and the 10 axis interferometer metrology system prior to installing over the
ring mirror.

The system has now been tested under vacuum and is in the process of characterizing the stage and metrology
system. The results thus far look very good.

7. COLUMN EVOLUTION AND THE HVM SYSTEM CONCEPT

Figure 10 shows the REBL column evolution as it has unfolded in the past and where it is expected to go in the
future. Column-1 was used as proof of concept for the reflective electron optics and the DPG writing strategy. It
was also used to expose some simple lines and spaces in resist on wafers. The column had very limited capability
relatively poor performance for beam current and contrast. Column-1 has now been retired. It has now been
replaced on the linear REBL system with Column-2. Column-2 has been under test on the column test stand for
well over a year. While on the test stand it was also extensively used to develop, test and characterize DPG’s.
Column-2 has been replaced on the test stand with Column-3.

The changes between Column-1 and Column-2 have been described previously in this paper. Suffice it to say that
the change between 1 and 2 was revolutionary. The entire design concept for the implementation of the reflective
optics was dramatically changed.

Column-1 had a beam energy of 50 keV with a beam current up to 200 nA and a demagnification from the DPG to
the wafer of 50x. Column-2 has greatly reduced the projection distance from the DPG to the wafer from ~1540 mm
in Column-1 to 504 mm in Column-2. The beam energy has been extended to 75 keV as well as the beam current to
1 pA. The demagnification has also been increased to 80x. Column-2 has been integrated onto the REBL linear
stage test system. As of this paper the column is operational and wafer exposures have just begun but no results are
available yet.

The first Column-3 has been built up on the column test stand and is operational. Column-3 is an evolutionary
change from Column-2 in that it incorporated the same design concepts but extends several of the performance
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characteristics of Column-2. Column-3 is capable of increasing the beam energy to 100 keV and the beam current
to 2.75 pA. The demagnification is designed for over 100x.

A fourth column is under development. The main objective of Colum-4 is size, cost and complexity reduction. The
changes from Column-3 to Column-4 could be described as revolutionary in that the design implementation of very
similar optics concepts is very dramatic. The rational for Column-4 is to achieve the throughput goals required for
HVM.

Column-1 Column-2 Column-3 Column-4

Figure 10. The evolution of the REBL column development.

A single REBL column is practically limited to single digit microamperes for usable beam current at the wafer with
the required blur. Therefore, multiple columns will have to be employed in order to achieve HVM throughputs. The
projections for the DARPA contract established a goal of 11 microamperes for a system spec. This would produce
the desired 5 to 7 300 mm wph (wph refers to 300 mm wafer levels per hour) goal. For very sparse levels (~5%)
this would produce upwards of 40 wph. The best estimates early on in the program were that at least 5.5
microamperes would be achievable per column at the 45 nm node and therefore two columns might be needed to
achieve the throughput goal of the program. However, for HVM at the smaller nodes 2x and 1x many more
columns will have to be used. Throughput is entirely about how much beam current can be deposited on the wafer
at the request blur.

Figure 11 shows a very conceptual view of a multiple column REBL system using the multiple wafer rotary stage. A
six wafer rotary stage is shown because that is what is being built currently. This size was practical for the
development of the system but may or may not be what is productized. The important point is that a rotary stage
system allows room for many columns of reasonable size with a footprint well under 1.5 meters square.

There are multiple configurations under consideration, all using a cluster of columns, e.g. six columns as shown,
nominally about 100 mm in diameter. Up to 6 of these “six packs” could be incorporated in the REBL rotary stage
system. A big advantage of the rotary stage system is the abundant availability of space for locating columns.

As the number of columns increases several system requirements decrease. Effectively, by increasing the number of
columns the width of the “paint brush” used to pattern the wafers is increased proportionally. This reduces the
required stage rotational speed for a given throughput. The line-clock rate of each DPG and the x-travel distance
are also reduced proportionally. The line-clock rate in units of ML/s (million lines per second) is the rate that the
data is clocked from one line of 4096 pixels on the DPG to the next line of pixels. The columns are configured so
that each column writes an annular region of the wafer with a width equal to the wafer diameter divided by the
number of columns; this is referred to as the x-travel distance. Both of these numbers are important for system
design because it is significantly easier to move the wafers ~8 to 25 mm in the x-travel direction rather than 300
mm. Also a single channel of a data path supplying data to each column in a multiple column configuration at less
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than a Th/s (Tera bit per second) with a line-clock rate of up to 160 ML/s is achievable. However, a data path which
would supply data to a single column configuration at 40 Th/s with a line-clock rate of over 2000 ML/s is not. It
should be noted that these bit rates for the data path are for the raw data rate (equal to the line-clock rate x 4096
pixels per line x 5 bits/pixel) assuming every pixel is changing at each clock cycle and there is no compression. We
estimate data compression through simulation to be typically between 4x to 15x depending on the pattern
complexity. Simulation work on data compression is being done in-house and by others %,

Figure 11. This is an early concept view of a multiple column HVM system.

8. SUMMARY

This paper has briefly reviewed some of the core concepts being developed for use in the REBL Nanowriter and the
significant changes made in the last year or two. This past year has been the year of building: Column-2, Column-3,
the mag-lev rotary stage and platform. We are now poised to begin wafer exposure with a better column on the
linear system and later this year with the rotary system. Some first exposure results are shown which were made
using the REBL linear mag-lev stage system (being used while the rotary stage comes online) and Column-1. We
are just beginning to expose wafers using the linear system with Column-2 but do not have results at the time of this
paper.

One of the biggest changes has been to the column design. A new design was implemented in Column-2 utilizing a
Wien filter instead of the prism used in Column-1. This greatly shortened the length of the projection optics by a
factor of 3 and it allowed the projection optical axis to be straightened. The basic principle of Reflective electron
optics remains the same. Column-3 is also built and under test on the column test stand. It will be integrated with
the Rotary REBL system later this year.

Reflective electron optics enables the use of a very high speed CMOS ASIC chip called the Digital Pattern
Generator. The DPG is the enabling technology for maskless lithography in REBL. The DPG has also undergone a
significant change with the addition of a MEMS structure integrated on top of the CMOS chip. This structure forms
a 248 x 4096 array of 1.6 um pitch lenslets above each of the pixel mirrors.

A mag-lev Rotary stage architecture is used to remove the barriers normally associated with linear stage acceleration
and greatly reduce overhead time. This stage has now been integrated into the system platform and is under test and
characterization. A ten axis laser interferometer metrology system is also described and is also under test and
characterization.
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The REBL column evolution both past and future was described. This evolution path is directly coupled with the
future direction REBL must take to achieve HVM requirements for throughput.
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