
Review of optical direct-write technology for
semiconductor manufacturing

Soichi Owa*
Nikon Corporation, Kumagaya, Japan

Abstract. Optical direct-write technology has been studied since the successful development of
the micromirror-based spatial light modulators in the 1990s. It is expected to have advantages
over electron beam direct-write in the viewpoints of higher productivity and common resist
process with existing semiconductor manufacturing. In the 2000s, there was an effort to develop
an optical direct-write system using deep ultraviolet (DUV) excimer laser and grayscale tilt
micromirror devices, aiming at low-volume manufacturing of semiconductor devices.
Recently, a new scheme of optical direct-write, called the digital scanner, has been demonstrated.
It uses solid-state DUV laser and digitally controlled spatial light modulator. Past development
activity of optical direct-write is reviewed with discussion of the merits and demerits of the
proposed technological options in the new system, comparing them to past efforts. © 2023
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMM.22.4.041402]
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1 Introduction: History of Optical Direct-Write

1.1 Micromirror Device and Optical Direct-Write Concept

Since the first proposal of the micromirror device,1,2 the idea of a direct-write exposure system
(maskless exposure system) using this device has been discussed.3 The basic structure of the
direct-write system was already described as shown in Fig. 1, that is, a light source, a micro-
mirror device as programmable mask, projection optics, and a silicon wafer mounted on mov-
able stage.

1.2 Digital Micromirror Device as the First Product Spatial Light Modulator

A successful product of a spatial light modulator (SLM) of a digital micromirror device (DMD)
became available in the 1990s. It was first called a deformable mirror device,1,2 but now it is
known as a DMD.4 Early-phase DMD was reported4 to have the micromirror size of 16 × 16 μm
with pitch 17 μm, pixel numbers are 768 × 576, total 442,368 micromirrors, which means the
effective pixel matrix area of 13.1 × 9.8 mm. The switching time of the micromirror was <20 μs.
It became commercially available and applied to mass production products, such as PC
projectors. It is natural that people thought that optical direct-write systems can be constructed
using DMD or similar micromirror device SLMs.

1.3 Comparing with Electron Beam Direct-Write Systems

Also at that time, electron beam direct-write systems were already developed, but the optical
direct-write system has been expected to have the advantages of higher productivity and common
resist process with mask-based optical lithography, used for high-volume manufacturing of the
semiconductor devices. Actual productivity of commercially available electron beam direct-write
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tools has been rarely reported, but one paper5 reports that the overall writing time on a 150-mm
wafer was 4 to 5 h, for patterns with minimum line width 0.2 μm. It is equivalent to 0.04 to 0.06
wafer per hour (wph) of 300-mm wafer throughput, much lower than the estimated throughput
0.5 to 20 wph of optical direct-write systems, which are described in Sec. 6.3.

1.4 Micronic and ASML Direct-Write Systems

In the 2000s, there was actual development of optical direct-write exposure systems. One effort
was a Micronic and ASML collaboration,6,7 whereas the SLM technology was developed by
Fraunhofer Institute.8,9

The target application of this development was small-volume manufacturing of semiconduc-
tor devices at foundries. In this area, although the number of wafers produced is small, the mask
number and cost are relatively high. So, the direct-write system was expected to reduce the cost
of the mask set.

This exposure system was designed to use a SLM, which has analog-controlled tilt micro-
mirrors that is different from DMD (which has digitally controlled tilt micromirrors). By the
effect of analog control, grayscale amplitude control of the pixel is possible, then subpixel
pattern-edge control was expected possible as described in Sec. 5.2.

Their light source was wavelength 248- (KrF) or 193-nm (ArF) excimer lasers with repetition
rates in the kilohertz range, which are commonly used for conventional mask-based scanners.

The system was carefully designed based on the technologies, which were available at the
time. Unfortunately, it did not lead to actual commercial products.

1.5 Low Resolution Direct-Write Tools with DMD and Light Emitting
Diode Light Source

There were other maskless exposure tool developments; some of them use a commercially avail-
able DMD as the SLM and ultraviolet light-emitting diodes (UV LEDs) for the light source.10

Several products have become commercially available. In general, this type of exposure tool
has resolution capability larger than 0.5 μm, not enough for the semiconductor manufacturing
of the 2000s or later. They have, though, been useful for other various purposes, including
microelectromechanical systems (MEMS) fabrication, patterning for printed circuit board, or other
low-resolution applications.

Fig. 1 Proposal of optical direct-write system in the 1990s.3 (Figure provided by Texas
Instruments.)
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1.6 Additional Expectations for Direct-Write Systems

In recent years, additional expected applications of the direct-write system have been
presented. One is a security purpose,11,12 for which identification mark (chip ID) is printed
in every chip. Using the ID, we can avoid false chips that mimic authentically produced
devices. It is also expected that use of chip IDs can protect internet communications from
unauthorized actions.

Another expectation appeared for large area device fabrication of silicon wafer scale (such as
20 cm × 20 cm), to produce artificial intelligence (AI) electronics.13 When we try to make such
big devices using conventional mask-based scanners, we need to stitch the patterns of a conven-
tional scanner’s shot size (26 mm × 33 mm). In this case, there are pattern design restrictions to
tolerate a certain amount of stitching error. But for the direct-write systems, there are no
limitations to have large-scale patterning within a silicon wafer.

Such wide area printing is also required for the silicon interposer fabrication, which is used
for heterogeneous integrations.14

1.7 Digital Scanner Technology

Recently, a technology called the digital scanner (DS) was introduced.15–18 Figure 2 shows sche-
matic diagram of DS, which uses deep UV (DUV) solid-state laser of wavelength 248 or 193 nm
as the light source, and a SLM whose parameters and operation are different from past SLMs.
It has DUV lithography resolution <100 nm, the same resolution as that of conventional mask
DUV scanners.

Unlike previous systems with continuous analog control, each pixel mirror in the current
SLM has a binary state (digitally controlled), and the optics are designed so that projected pixel
size on the silicon wafer is sufficiently smaller than optical resolution. The SLM’s micromirror
motion can be either piston or tilt.

Various patterning demonstrations on 200- and 300-mm silicon wafers were done using a
DS proof-of-concept (DS-POC) exposure system, whose numerical aperture (NA) is 0.675
and exposure wavelength is 193 nm. Exposed samples15–18 include half-pitch 80-nm line and
space pattern, 180-nm-logic integrated circuit patterns, chip-ID printing, subpixel pattern
edge control, a mixture of different chips on a wafer, and large-size patterning including
meta lens and silicon interposer for heterogeneous integration. Those are the realizations of
the expected performance of the optical direct-write system designed for semiconductor
manufacturing at DUV resolution.

SLM

Solid-
state laser

High speed data transfer

Data conversion

System control

Projection
lens

Body platform

Illuminator

Fig. 2 Schematic diagram of DS.15
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2 Basic Structure of Optics for Direct-Write

An optical direct-write system consists of imaging optics, which contains the SLM, data path that
generates pixel data and transfers them to the SLM, and synchronization system that controls the
scanner system.7,15 In the following, those major parts are described with the discussion on
several possible options.

2.1 Basic Structure of the Imaging Optics

Direct-write optical configuration7,15 is like conventional mask-based scanners except that the
mask is replaced with the SLM. In general, the SLM is a reflection element so the optical con-
figuration should be designed for a reflection mask, which is the same condition as the extreme
UV (EUV) exposure systems.

2.2 SLM Pixel Imaging by Projection Optics

A typical direct-write system has one precisely designed projection optics with low aberrations,
which projects the area of SLM micromirrors to the reduced image on the silicon wafer.

The pixel size projected on the silicon wafer can be smaller than the optical resolution.15–18 In
this case, the light intensity of a point on the wafer is determined by the interference of multiple
light amplitude, which comes from multiple pixels within the area of optical point spread
function (PSF). The number of contributing pixels is calculated by the ratio of pixel size and
PSF diameter (1.22 × λ∕NA, where λ is exposure light wavelength).

The resolution limit (half pitch) of this type of optical system for line and space pattern is
0.25 × λ∕NA, which is the same as conventional mask-based scanners, assuming the pixel size is
small enough. This is the mainstream configuration of optical direct-write scanners for semi-
conductor manufacturing.

In the system design, the projected pixel size, or more exactly, pixel pitch on the silicon
wafer is determined by the actual micromirror pitch of SLM and reduction magnification ratio
of the projection optics. As reference, projected pixel pitch from 40 to 10 nm is described
assuming various conditions of optical direct-write systems.7,15–19 It should be noted that the
projected pixels are blurred on the silicon wafer because the optical resolution is larger than
the pixel pitch.

2.3 Incoherent Pixel System with Lens Array Optics

In the history of the optical direct-write development, there are other variations of the optical
configuration proposed and studied. A concept is that the projection optics consist of lens
arrays, whose small lens element corresponds to a pixel of SLM.20 One light beam is modulated
by a pixel of the SLM. In this case, each beam does not interfere to other beams. This concept
has been understood by the analogy with the multiple electron-beam direct-write. The pattern-
ing resolution of this configuration is determined by the beam size (PSF) of the diffraction limit,
that is, Airy disk whose diameter is 1.22 × λ∕NA. It is larger than the limit of usual optical
lithography. This type of configuration is not preferred for semiconductor manufacturing,
where finer resolution is required.

2.4 Incoherent Pixels by Large Size Pixel

Another idea for direct-write comes from analogy of PC projectors. In this case, the projected
pixel size is designed to be larger than the optical resolution, so the square shape of DMD pixel
can be observed at the screen. The resolution of the system is determined by the size of projected
pixels. It is also not preferred for semiconductor manufacturing.
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3 SLM Micromirrors and Imaging

3.1 SLM Micromirror Size and Number, Projection Optics Magnification

A larger number of small-size micromirrors are preferred to have high productivity of the direct-
write systems. Considering the current level of MEMS fabrication, several micrometers is the
typically feasible size of the micromirror. Actual micromirror sizes of SLMs have been reported:
two cases are 16 μm,4,7 and another case is 8 μm.21

In one SLM, the total micromirror numbers of several thousand by several thousand has been
reported,21 that is, total pixel numbers of about 10 to 20 megapixels (M pixels) on a SLM. The
actual area size of SLM is several cm by several cm.

Once that is set, the projection optics reduction ratio (reduction magnification) is designed
based on the ratio between actual size of the micromirror and target pixel size on the wafer.
Typical reduction ratio is 100× or 500×, much larger than the conventional mask scanner of 4×.

The field size of the projection lens is typically <1 mm, much smaller than that of conven-
tional scanners (26 mm). To cover the usual chip size of the semiconductor devices by exposure,
we need a scan and stitch exposure sequence described in Sec. 6.2.

3.2 SLM Micromirror: Tilt or Piston

The micromirror device consists of pixel mirrors operating by tilt or piston motion.22–25 The
reflected light wavefront is modulated by the mirror surface of multiple micromirror pixels
of angle (tilt) or position (piston) modulations.

3.2.1 Tilt Micromirror

In case of the tilt micromirror, the reflected light is modulated to have a tilted wavefront after
reflection. If the wavefront is tilted, the light amplitude passing through the pupil of the pro-
jection optics decreases, so that the spot intensity on the silicon wafer corresponding the pixel is
decreased.22–24 Roughly speaking, a tilt micromirror works as an amplitude modulator of a pixel.

As shown in Fig. 3(a), when the tilt angle is 0, the reflected light amplitude is unchanged, the
amplitude state is described as 1. On the other hand, when the tilt angle reaches a certain value,
amplitude becomes 0. The zero-amplitude condition occurs when the two micromirror edges of
up and down sides are �λ∕4 where λ is the illumination wavelength. If the tilt mirror angle is
intermediate of the above conditions, amplitude modulation is an intermediate value between
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Fig. 3 Simplified sketch of micromirror modulation methods of (a) tilt and (b) piston, with modu-
lated optical intensity.
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1 and 0.22–24 This is grayscale status, which can be utilized to adjust the projected pattern edge
position.6,7,22 Details of pattern edge adjustment are described in Sec. 5.2.

Some variations of tilt mirror schemes have been proposed. One is over tilt modulation23,24 in
which tilt movement is larger than λ∕4, so the reflected light has several nonzero small ampli-
tudes, but the phase is inverted, which is equivalent to the phase shifter of attenuated phase shift
mask. Another variation is step mirror structure, which has λ∕4 step at the center line on the
micromirror surface.23,24 In this case, zero-tilt mirror generates zero amplitude, and the tilted
pixel has a phase-shifted amplitude.

3.2.2 Piston Micromirror

There is another promising modulation method of the micromirror operation: piston motion
[Fig. 3(b)].22–25 This pixel mode makes a parallel shift of the wavefront. When the piston stroke
is set to λ∕4, the phase shift of the reflected light becomes λ∕2. Sometimes the modulation is
simply expressed by 1 (not modulated) and −1 (phase modulated by λ∕2). It is similar to a
chromeless phase shift mask.

This system creates a light intensity pattern on the silicon wafer by combining other pixel’s
phase modulated light. The projected pixel pitch on the wafer should be smaller than the optical
resolution to utilize this multiple pixel interference.

As shown in Fig. 3(b), we can simply imagine a dark area is generated by a checkerboard
pattern of 1 and −1 as the negative interference result, and a bright area is generated by a flat
pixel area of all 1 pixels or all −1 pixels. For other general cases, we cannot imagine the resultant
intensity images intuitively and need computer calculation to predict the intensity patterns on the
silicon wafer.

Inversely, if the desired intensity profile on the silicon wafer is given, we need more com-
plicated computer calculation to solve the optimal phase pixel distribution of the SLM. This
process was difficult and time-consuming in the past, but now has become possible using
high-speed processors.

3.3 Case of Very Small Size Pixel of SLM and Pixelated Phase Mask

There are historical reports that have similar concept to the piston micromirror imaging. It is
pixelated phase mask proposed by Intel.26 Basic pixel function is the phase shifter that is the
same as of piston micromirror pixel. But there is a difference at the actual size of the pixel,
compared with the exposure wavelength. In the actual cases of direct-write systems with
100× or 500× reduction ratio, the micromirror size is large compared with the wavelength λ
of the exposure light, 248 or 193 nm. But in the case of pixelated phase mask using 4× masks,
pixel pitch can be smaller than λ∕2 (cut off pitch), then the phase modulation by diffraction does
not transmit to the projection optics, becoming near field modulation. The light passes through
the mask as the non-diffracted (zero-order) light without modulation. A pixel pitch of 96 nm on
the glass mask (corresponding pitch 24 nm on the wafer) is the “cut off” size of the pixelated
phase mask in the case of 193-nm illumination. On the other hand, the cut-off condition does not
happen with actual direct-write systems.

3.4 Telecentricity and Reflection Type Mask

In general, optics design is categorized as telecentric and nontelecentric configurations. In case
of the telecentric design, all the chief rays are parallel to the optical axis. This condition is widely
used for conventional DUV mask-based scanners with transmission-type photomasks. It has the
advantage that magnification does not change even if the photomask position changes along
the optical axis (i.e., a focus error does not induce further errors). On the other hand, when the
photomask is reflection type, such as EUV photomask or SLM for direct-write, telecentric
design is generally difficult at mask side with simple optical configuration.

For instance, use of a beam splitter is sometimes suggested, to combine and separate
the incident light and reflected light on the SLM. In that case, we can realize the telecentric
optical design. But simple beam splitter has demerit of total optical power efficiency lower
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than 25%. If we use polarized beam splitter and quarter-wave plate, we can have near 100%
efficiency, but we cannot apply polarized illumination, in which polarization vector has arbi-
trary distribution in the illumination pupil. The polarized illumination is needed for higher
NA optics, such as NA 1.35 immersion optics. If we limit the direct-write optics to lower NA,
we may use the polarized beam splitter, but considering the compatibility of the optics design
to high NA condition with polarized illumination, it may not be a good choice to use the
polarized beam splitter.

In the actual nontelecentric design for the direct-write system, SLM side has very small NA
(such as NA 0.005) so that adjustment of SLM distance and magnification can be done simulta-
neously, with reasonable tolerance.

3.4.1 Telecentricity of optics for DMD

This telecentricity problem can be alleviated with a tilt type SLM of DMD. Its micromirror does
not have zero-tilt status (parallel to substrate), but it has two digitally tilted status with seesaw
structure (+tilt and −tilt).4 The micromirror tilt angle is larger than �10 deg.

Illumination optics and projection optics using DMD have a specific configuration that the
illumination light has angled axis of twice of the mirror +tilt angle, but the optical axis of the
projection optics is vertical to the DMD substrate. This configuration is shown in the Fig. 1. With
this setting, +tilt pixel is the “on” pixel and −tilt pixel is the “off” pixel.

Thanks to the nature of DMD, the projection optics can be telecentric on the DMD side and
silicon wafer side.

4 SLM Driving Electronics and Synchronization

4.1 Micromirror Driving Electronics 1: Memory Matrix Structure

SLM micromirrors are driven by the electric field generated by the voltage applied on the
electrodes formed under the micromirrors. Electrodes are connected to CMOS or other driving
electronics installed in the underlayers of micromirror structures.4,21

DMD or most of the SLMs have adopted a kind of memory structure for driving
electronics.4,8,9,21 Memory structure is good to address the pixel position using a bit cell address-
ing method of the memory, and the voltage keeping function of the memory is useful for keeping
the tilt or piston status of the micromirror for necessary time.

DMD is reported to have static random access memory (SRAM) structure for the electronics,4

and other SLMs seems to have dynamic random access memory (DRAM)-like structure.8,9,21 In
case of DRAM-like structure, the capacitor of one cell (one pixel) can have an analog-controlled
charge; that means, it is possible to keep analog controlled voltage on the electrode to have an
analog controlled grayscale tilt-angle micromirror.

4.2 Data Loading Speed to the SLM: Memory Matrix Case

General memory devices, such as SRAM or DRAM, use a matrix structure for data
addressing. The matrix consists of row line group (word line) and column line group (bit
line). Two line-groups cross perpendicularly. Having activated only one row line, data are
applied through the column lines, and stored at cross-point cells. Changing the activation
of one row line to another row line, another dataset is written. The whole data are loaded
after activating all row lines and writing all column data, that is, addressing all the crosspoints
of the matrix (pixels).

For this memory matrix driving method, all the pixels in SLM should be rewritten before
the next illumination light pulse comes to the SLM. Usually, the data loading frequency
(frame rate) of the memory matrix SLM is several kilohertz to several tens of kilohertz (such
as 6 to 30 kHz).4,7,21 This speed is high enough for PC projectors and other commercial
applications of DMD, but it is sometimes slower than the ideal requirement for direct-write
applications.
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4.3 Micromirror Driving Electronics 2: Shift Register with Higher Speed

Another method has been reported for the data loading for SLM: a shift register.15 In the typical
function of a shift register, data are written at the first row (top end or bottom end) by the voltage
of column lines connected to the first row. At the clock timing, all the data on the row move to the
next row while new data are supplied to the first row. The data shift happens at all row lines at the
same clock timing (shift register function). All the pattern data are supplied from the first row,
and the pattern moves in one direction (downwards or upwards) on the SLM area. This scheme is
adopted by the SLM for the DS.

It is like scanning motion of a photomask of the conventional scanner system, except that the
pattern movement is discrete at shift register.

The data loading frequency can be higher than megahertz. This data loading method is
good for scanning exposures of the direct-write system by combining a high repetition rate
pulsed laser.

4.4 Laser Pulse Timing for Scanning Motion

In general, optical direct-write systems use a scanning exposure sequence.6,7,15–18 In the scanning
exposure, silicon wafer motion is a continuous motion because moving wafer stage has some
amount of inertia as well as high speed. On the other hand, SLM pattern change happens at
discrete clock timings.

We therefore need to use a pulsed light source for the direct-write scanning exposure. Pulse
emission timing should be precisely controlled so that laser pulse emission happens when the
projected SLM pattern image comes on the correct position of the silicon wafer. Detailed
condition is described in Sec. 6.1.

Note that in conventional mask-based scanners, mask and wafer stages move continuously
and their mutual positions are servo-controlled. Laser pulse timing does not affect the position of
the pattern so the pulse timing control is relaxed, and even continuous light source can be used.

4.5 Laser Pulse Frequency

4.5.1 Excimer KrF and ArF lasers of kilohertz frequency

The DUV laser for conventional mask-based scanner has been an excimer laser with KrF
(wavelength 248 nm) or ArF (193 nm) as the light source. They are gas lasers of repetition rate
at several kilohertz (kHz).

With the combination of SLMs with memory matrix driving electronics,4,7,21 these kinds
of excimer lasers are useful light source because the laser pulse repetition frequency and SLM
data loading frequency are in the similar kilohertz range. In this case, we must be careful
about the exposure pulse numbers applied on a point of the silicon wafer. Considering small
SLM image on the wafer, relatively high scanning speed, and kilohertz laser pulse frequency,
we can estimate that only a few pulses (such as two pulses) are exposed to one point of the
silicon wafer.

This brings about the necessity of careful control of dose energy6,7 because we cannot expect
an averaging effect of fluctuating pulse energy by applying multiple number of pulses.

At the same time, we must be careful about the pixel defect of SLM. If a pixel on SLM is
defective, it will be highly probable to be printed with this small number pulse exposures. High
quality, zero-defect SLM is required.

4.5.2 Solid state DUV lasers of megahertz frequency

Recently, relatively high power DUV solid lasers have been developed.15,27 The wavelengths of
193 or 248 nm are available with high repetition frequency such as 1 or 2 MHz. Pulse duration
can be several nanoseconds. Repetition frequency and pulse duration are good for the light
source of direct-write scanning exposures systems with the shift register SLMs, which has
megahertz order pattern changes.
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With the shift register driven SLM, and megahertz pulse repetition rate of the solid-state laser,
it realizes the many numbers of laser pulses (more than 100 pulses) are exposed on one point of
the pattern, shifting the pattern on the SLM.15 In this case, even if a pixel is defective, the effect of
the defective pixel is diluted by the other healthy multiple pixels’ exposure. This tolerance
against defective pixel is helpful to have practical SLM devices, which have very few but a
finite number of defective pixels.

The current DS system uses a solid-state pulsed laser with 248- or 193-nm wavelength. This
offers the same wavelength of illumination as conventional mask scanners and a megahertz pulse
frequency that is compatible with the shift-register type SLM, and that offers enough pulses to
have good dose control and averaging of pixel defects.

4.5.3 Motion blur and timing jitter

Pulse length (pulse duration) of the laser light source should be short enough because the wafer
stage motion is continuous, whereas the pattern change on the SLM is discrete (see Sec. 6.1 and
Fig. 5).6,7 That means that finite pulse length will create motion blur. Usually, we need to limit
the motion blur within several nanometers, so that less than several nanoseconds of laser pulse
length is required for the typical scanning speed of the wafer stage at several hundred mm/s
(such as 500 mm∕s).

Similarly, we should be careful about timing jitter of the laser pulse emission.6,7 If jitter is
large, we have position errors of the projected pattern.

5 Data Path

A direct-write system is characterized with the high data volume of the exposure data and
high-speed data path.19

5.1 Data Volume and Data Transfer Speed

The total amount of data volume needed for one wafer exposure can be simply calculated by the
area of a silicon wafer (such as 700 cm2 for 300 mm wafer, 310 cm2 for 200 mm wafer) and area
of a pixel (such as 10 × 10 nm pixel area).19 If grayscale pixels are used, the bit number for
making the gray levels should be considered. Table 1 shows typical cases of the pixel data
volumes.

The maximum data volume in the Table 1 is 700 terabits (Tbit) per wafer (300-mm wafer and
10-nm digital pixel). Such large size data should be stored in storage devices before being trans-
ferred to the SLM. This data volume with high-speed data read-out was challenging in the past,
but now it is possible by the progress of storage device technology based on NAND flash
memory.

If we assume 10-wph throughput for a direct-write exposure system, we can calculate the
required data transfer speed by dividing the data volume of 700 Tbit by the time of 360 s (0.1 h).
It is calculated such as 2.0 Tbit∕s; by another unit, it is 250 GByte∕s.

Table 1 Data volume and data transfer speed for several cases of direct-write systems.

Case 1 Case 2 Case 3

Pixel size on wafer (nm) 30 20 10

Gray level 64 (6 bit) 16 (4 bit) 2 (1 bit)

Total pixels on 300-mm wafer (Tpixel) 78 175 700

Total bit on 300-mm wafer (Tbit) 470 700 700

Data transfer speed for 10 wph (Tbit/s) 1.3 2.0 2.0
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Recently, high-speed optical fiber communications over 10 Gbit∕s have become available.
By binding multiple optical fiber channels, we can have such high-speed data transfer lines.

5.2 Pixel Data Preparation

In general, pattern data are given by GDS II or OASIS format. Such data should be converted to
pixel data before being sent to the SLM.6,7,15–18 Pixel data conversion methods should be con-
sidered according to the different types of the amplitude pixels (tilt micromirrors) or phase pixels
(piston micromirrors), as well as grayscale pixels or digital pixels.

5.2.1 Tilt mirror: amplitude modulation pixel

In general, tilt pixels are considered as amplitude modulated pixels. First, we try to consider a
case that we can ignore optical proximity correction (OPC). The basic pixelation is simple: bright
position should be zero-tilt pixels, and dark position should be tilted pixels.

Pixel size is generally larger than the required position accuracy of the pattern edge; we need
subpixel pattern edge control.

One control technique is using analog grayscale pixels [shown in Fig. 4(a)].6,7,22 If a pixel is
at the pattern edge, we can control the pixel amplitude so the light intensity at the pattern edge
can be the desired value. This pixelation algorithm seems to be simpler compared with the fol-
lowing digital pixel patterning, so that high speed pixelation calculation is expected.

Another technique is using small pixel distribution [shown in Fig. 4(b)], which is effective for
digital tilt pixels (þ1 or 0). For this method, smaller pixel size is needed compared with the case
of grayscale pixels. Optimal distribution of the “þ1” pixels and “0” pixels need to be obtained
using imaging simulation calculations. Multiple pixels are contributing to make the pattern inten-
sity; we have degrees of freedom to adjust the pattern edge position.

This calculation was estimated to take longer time than the calculation of grayscale pixels, so
it was not preferred in the past.

Now most of the fine pattern needs OPC corrections, which also needs imaging simulations
in the calculation. The disadvantage of the digital small pixel becomes small.
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Fig. 4 Concepts of subpixel pattern edge control method with tilt micromirror SLM. (a) Grayscale
tilt pixel and (b) mixture of small digital tilt pixels. Optical intensity curves (solid curves) can be fine-
tuned by changing (a) the grayscale tilt angle or (b) mixing ratio of tilt and flat pixels between
dashed curves.
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5.2.2 Piston mirror: phase modulation pixel

Piston mirror pixels work as phase modulation pixels. Although piston pixels can be controlled
by either analog or digital modulations,22–24 here we consider the digital pixels (þ1 and −1). The
light intensity on the silicon wafer is determined by the interference of lights from the multiple
pixels. In this case also, there are multiple pixels, which contribute to pattern intensity; we have
degrees of freedom to adjust the pattern edge position.15–18

Imaging simulation calculation is also needed in this case, like the case of digital amplitude
pixels in the above section. 16,18 The calculation time is almost the same between amplitude
pixels and piston pixels if the pixel size and numbers are same.

In general, phase pixels have more degree of freedom to design the desired intensity patterns
on the wafer. Because phase pixels have þ1 pixel and −1 pixel, they can interfere to have zero
amplitude, whereas amplitude pixels þ1 and 0 cannot have such complete interference.

5.3 Pattern Correction of OPC or Inverse Lithography Technology

The pixel calculation is related to OPC or inverse lithography technology (ILT) for conventional
mask making, in which optimal polygon patterns on the conventional mask are calculated so the
projected optical pattern edge is near to the target pattern edge position.28 Since the current
optical direct-write scanner operates with DUV wavelength, it naturally requires OPC as well,
and we may expect it to operate on similar principles. OPC of a pixelated phase mask, for in-
stance, is already well known. Thus, similar to correcting polygon patterns on the conventional
mask, we need to correct the distribution of digital pixels on the SLM.

By the recent progress of high-speed processers, conventional mask OPC/ILT calculation for
a full-size chip of several cm2 is expected to be done within a reasonable time, such as 1 day. The
pixelation calculation for direct-write with OPC/ILT is also expected18 to be done within a rea-
sonable time using high-speed processors.

5.4 Actual Data of Subpixel Pattern Control

Subpixel pattern control has been demonstrated experimentally by a direct-write system DS-
POC.16,17 This system uses digital phase pixels of 40 nm on the silicon wafer. The optical res-
olution limit for the half pitch of line and space pattern is 71 nm in terms of 0.25 × λ∕NA.

The projection optics has the PSF of the first dark ring diameter of 348 nm (1.22 × λ∕NA) of
Airy disk. There are ∼60 pixels inside the first ring, and 200 pixels in the second dark ring.16

Because of multiple numbers of contributing pixels to one-point optical intensity, we have the
capability of subpixel pattern edge control. Experimental data16 show pattern edge control res-
olution <5 nm, which is <12.5% of the pixel size. Further fine pattern edge control is possible
using smaller pixels.

6 Direct-Write Exposure System

6.1 Synchronization

Direct-write scanner should have a synchronization system different from that of conventional
mask-based scanners.6,7,15,17

In case of the conventional scanners, the mask stage and wafer stage should be controlled to
have the synchronized positions, as shown in Fig. 5(a). The pulse emission timing of the light
source should be controlled only for keeping the exposure energy uniformity, not to have pattern
position accuracy.

The direct-write exposure system synchronization is much different. The SLM never moves,
so its position is fixed. The pattern on the SLM needs to effectively “move” discretely, synchron-
ized with the wafer, like a movie marquee [Fig. 5(b)]. During exposure, pattern data are
effectively scanned across the face of the stationary SLM to emulate reticle scan motion of a
mask-based scanner, whereas wafer stage continuously scans without stopping. A laser pulse
illuminates the SLM, and its projected image is transferred to the wafer. Thus the direct-write
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exposure system needs to synchronize three major parts precisely to have accurate pattern posi-
tion. The first part is the data loading for SLM, the second is wafer stage position, and the third is
the laser pulse timing.

Since the SLM data pattern shift motion is discrete, the laser pulse emission should happen
when the projected SLM pattern image comes to the expected position of the silicon wafer,
which is doing continuous motion. Such three-way synchronization, as well as high-speed data
path, is the new development subject of the optical direct-write exposure system.

6.2 Scan and Stitch Exposure

The projected field size on the wafer of the direct-write systems is generally small, typically both
width and height are <1 mm, respectively. Scan and stitch exposures are necessary to cover the
area of semiconductor devices and to cover whole area of the silicon wafer.6,7,15,17

It is best for the scan trajectory to pass through the wafer area from the wafer edge to another
wafer edge as shown in Fig. 6(a) because the number of U-turning motion needs be minimized in
the whole wafer area scanning.

Mask scanner

Time

Position

Mask stage

Wafer stage

Laser pulses

Digital scanner

Time

Position

Wafer stage

SLM Pattern

Laser pulses

(a) (b)

Fig. 5 Scanning synchronization condition of (a) mask scanner and (b) DS. Vertical lines indicate
laser pule timing. Mask scanner allows timing shift of the pulses. DS requires exact pulse timing at
the cross point of SLM pattern and wafer stage position.

X

Y

(a) (b)
Stitching area

Exposure field widthWafer scanning trajectory

Scan stripe

Fig. 6 Scanning trajectory of (a) DS. (b) Scan stripe and stitching area.
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Exposed area by one scan path thus becomes a long straight narrow-width band (such as
25 cm length, 0.5 mm width), which we call as stripe. The stripe side needs to be stitched
to the next stripe. When there are device patterns crossing the stitching side, they should be
surely connected, and the linewidth change should be within the tolerance. To secure this stitch-
ing, we usually have overlapping area (stitching area) between the neighboring stripes as shown
in Fig. 6(b), allowing small amount of positioning errors between them.15 This overlapping area
should be carefully designed so the width is enough wide (such as 200 pixels or more) with
gradual change of the dose intensity, which is necessary to have equivalent imaging quality
of nonstitching area.

6.3 Actually Expected Performance of Direct-Write Systems

Based on the system design discussed above, plans of actual direct-write exposure systems
have been presented. Those are categorized by exposure wavelength and numerical aperture.
Table 2 show the expected parameters of the DS systems.17

The first product-class exposure systems will have the exposure wavelength of 248 nm
(DS248). Its productivity will be limited at the starting timing. By increasing the SLM pixel
numbers, productivity is expected to increase to 20 wph (300-mm wafer) in the future. In addi-
tion, resolution improvement is expected using shorter wavelength of 193 nm and higher NA
optics.

6.4 Dynamic Optimization of Illumination Pupil

It is possible to combine the direct-write exposure with a dynamically changeable pupil illumi-
nation, which uses another multimirror devices.29,30 It is effective because the field size of direct-
write optics is smaller than the usual chip size of semiconductor devices. Illumination shape can
be optimized for the various patterns in the semiconductor chip.

6.5 Dynamic Position Error Correction by Pattern Data Change

It is thought that the real-time pixel data modification might be possible to improve the pattern
positioning accuracy, for improving overlay or stitching condition of semiconductor device
pattern. Although it is possible theoretically, in practical terms, it is very difficult with current
technology levels. The data transfer rate is higher than Tbits/s. Real-time modification of such
high-speed data needs further higher speed electronics.

7 Conclusion: Digital Imaging Revolution at Semiconductor
Manufacturing

Looking back at the history of general imaging technology since the 1990s, we know that
we are experiencing the “digital imaging revolution”19 that involves digital cameras, digital

Table 2 Expected parameters of DS systems.

Name DS-POC DS248 DS193 DS193imm

Wavelength (nm) 193 248 193 193

NA 0.675 ∼0.8 ∼0.9 ∼1.35

Target resolution (nm) ∼110 ∼110 ∼65 ∼40

Throughput (300-mm wafer; wph)
Start → Upgrade

∼0.5 ∼2 ∼1 ∼0.5

→ ∼20 wph → ∼10 wph → ∼5 wph

Expected timing Available Mid of 2020s To be determined To be determined
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high-definition TV, internet transmission of photographs and movies, PC projectors, digitally
imaged printers, and so on. Although the digital imaging revolution has not come to lithography
for semiconductor manufacturing yet, it is a historical necessity that a similar change happens
in this industry. Direct-write technology is the “digital imaging” of the semiconductor
manufacturing.

There are numbers of expected applications of direct-write proposed so far. One is
small-volume manufacturing or rapid prototyping of semiconductor devices. Recently, there are
requests of security ID printing of individual chips, large area patterning, such as AI processors,
silicon interposer for heterogeneous integration, large size meta lens, and so on.

In addition, we can expect that new applications will appear when the direct-write exposure
systems become realistic, and its productivity is steadily and continuously improved, like it
happened at the other technologies of the digital imaging.
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