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Abstract

This paper reviews NTT Laboratories’
research and development of x-ray lithogra-
phy during the last ten years since the applica-
tion of synchrotron orbital radiation(SOR).
First, the historical background of x-ray lith-
ography research, NTT’s research programs on
synchrotron x-ray lithography(SOR lithogra-
phy), and the current status of NTT’s SOR lith-
ography system are overviewed. Then, the key
elements of SOR lithography system are re-
viewed, including the electron storage ring, the
x-ray stepper, and the x-ray mask. Finally the
application of SOR lithography technology to
device fabrication is reported.

I. Introduction

The ongoing trend towards smaller feature
size and higher integration scale in LSI is
bringing the era of system-on-chip ever closer
to reality. The NTT LSI Laboratories have
been engaged in the research and development
of fundamental technologies in this field in
order to realize high-performance LSIs for the
telecommunication systems of tomorrow.
Advancement in LSI performance largely de-
pends on how small the feature size of circuit
patterns can be. Up to now, ultraviolet-based
optical lithography has effectively halved the
minimum feature size every six years. Reduc-
tions in wavelength, increased numerical aper-
tures in projection lenses, and other resolution
enhancement techniques have been expanding
the capability of optical lithography. Sooner or
later, however, optical lithography will reach
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its resolution limit determined by the wave-
length and depth of focus of the light. In 1972,
Spears and Smith published papers proposing
the use of soft x-rays for lithography,” ® ap-
plying simple 1:1 proximity printing. The x-
ray mask is made of a thin membrane trans-
parent to x-rays, on which mask patterns are
formed with a heavy metal that absorbs x-
rays. Since x-ray lithography uses a much
shorter wavelength than that used in optical
lithography, it is almost free from resolution-
degrading factors such as diffraction and inter-
ference. Thus it can, in principle, provide a
deeper depth of focus and a higher resolution.
The NTT Research Laboratories began
research on x-ray lithography in 1974, and
have been continuing this research as a funda-
mental technology for LSI development. The
application of SOR to lithography has brought
about technical innovation and made signifi-
cant advances in x-ray lithography research.

This paper reviews, in outline form, the
research projects undertaken by NTT, describ-
ing the historical background, the objectives of
the projects, and technical results.

II. Historical background

1. Early research work

NTT Electrical Communication Laboratories
(now the NTT LSI Laboratories) started x-ray
lithography research in 1974, when NTT
launched full-scale R&D of LSI technology. In
the early stages, characteristic x-rays generat-
ed by an electron bombardment x-ray source
were utilized for exposure. In other words,
proximity printing was performed using diver-
gent x-rays from a point source. Because the
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intensity of these x-rays was low, the x-ray
power on the wafer was extremely low, less
than 1 mW. Thus, each exposure process took
hours. The initial masks broke easily because
of their weak membrane, while mask flatness
and x-ray absorber placement accuracy were
also poor. These shortcomings meant that the
exposure experiment was a time-consuming
process, and it was difficult to analyze error
factors in evaluating the accuracy of pattern
overlays. The first-stage equipment employed
full wafer exposure because the wafers were
small. It was in about 1980 that the introduc-
tion of a step-and-repeat scheme provided the
first breakthrough:an x-ray lithography
system. This new method offered several bene-
fits and improved the performance of the x-
ray aligner.® These benefits included in-
creased x-ray mask accuracy due to the small-
er exposure fields, and stronger x-ray power
resulting from the shorter source distance.
However, the x-ray exposure time was still
much longer than that of optical lithography,
and pattern overlay accuracy was insufficient
for the reproduction of fine patterns. Despite
these drawbacks, x-ray lithography was ap-
plied to test device fabrication at that date.

2. Movement to SOR lithography

The most innovative advance in x-ray lith-
ography came at the beginning of the 1980s
with the application of synchrotron orbital ra-
diation(SOR). SOR offers such advantages as
high brightness, excellent collimation, and
good stability, while providing a choice of
wavelength within a broad spectrum. By ap-
plying these features effectively in using SOR
as an x-ray source, a dramatic improvement in
the performance of x-ray lithography was a-
chieved. The x-ray power intensity on the wa-
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fers was increased by as much as 100times
over conventional electron bombardment x-
rays. This combined with the development of
more sensitive resist dramatically decreased
the exposure time. In addition, using collimat-
ed light minimized blur and run-out, resulting
in greatly enhanced resolution and exposure
accuracy.

Synchrotron x-ray lithography research was
carried out from an early stage using giant
synchrotron radiation facilities.®: © In the
United States, IBM conducted a range of exper-
iments using the National Synchrotron Light
Source(NSLS) at the Brookhaven National
Laboratory,” ® and the Center for X-ray
Lithography(CXrL) was established at the Uni-
versity of Wisconsin-Madison somewhat later
based on use of the ALADDIN ring. In Europe,
the Fraunhofer Institute carried out its own
research programs using the Berlin Electron
Storage Ring for Synchrotron Radiation
(BESSY).® In Japan, the Photon Factory(PF)
at the National Laboratory for High-Energy
Physics(KEK) was made available for research
use. NTT and several electronics firms con-
structed the beamlines for x-ray lithography
research. These various research efforts con-
firmed the excellent resolution and exposure
stability offered by synchrotron radiation, and
underlined its potential as a commercial pro-
duction technology once the size and cost of
the electron storage rings could be minimized.
At that point, the ultimate objective of the
research shifted from pure research work to
LSI manufacturing technology for industry.
Japan established SORTEC, a joint institute
dedicated to accelerating x-ray lithography R&
D. Heavy industry led the way in developing
compact electron storage rings suitable for
commercial production. These efforts led to
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the development of electron storage rings that
are currently in use."”~"® R&D of a vertical
x-ray stepper,*¥~"® high-quality x-ray mask
production,'®: ®” an electron-beam writer for
x-ray masks,®" defect inspection equipment
for x-ray masks,”” and x-ray mask repair
equipment® was among the work being car-
ried out, primarily in the United States and
Japan. Both IBM and NTT completed integrat-
ed x-ray lithography facilities, including a
compact ring and clean room, for use as an in-
frastructure for full-fledged research focused
on device fabrication by x-ray lithography.®~®

3. Full-scale research on SOR lithography

In early 1984, NTT decided to start full-scale
R&D of SOR lithography based on the research
results obtained at the PF. Projects included
the development of a compact electron storage
ring and the construction of an SOR facility at
the Atsugi Electrical Communications Labora-
tories(now the NTT LSI Laboratories). It was
clear that the fundamental technology for
advanced LSI was lithography. It was also rec-
ognized that SOR lithography had the potential
to break through the resolution limit of optical
lithography. The initial plan was set to estab-
lish facilities for LSI R&D by 1990, anticipating
commercial introduction into manufacturing
in the second half of the 1990s. R&D programs
were started to develop a compact electron
storage ring, beam lines, x-ray steppers, an
electron-beam mask writer, and x-ray masks.
The compact storage ring was the initial devel-
opment target. While development of a ring
was uncharted territory for the NTT Labs, the
design work was executed based on the elec-
tron beam technology obtained through experi-
ence in developing electron-beam exposure
systems. The labs also worked to significantly
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enhance the x-ray mask and x-ray stepper
techinologies that had been developed over the
previous ten years. Figure 1 outlines the prog-
ress of NTT's R&D after launching its SOR
lithography research project. An SOR system
was designed, manufactured, and installed, as
well as the facility building. In 1988, SOR was
successfully extracted from the NAR(normal-
conducting accelerating ring).®" In the next
year, the first ring oscillator circuits was fabri-
cated using the NAR, x-ray masks, and an x-
ray stepper prototype.”® In early 1989, SOR
was extracted from the Super-ALIS(super-con-
ductingadvancedlithographyimagingsys-tem),®
which is the first time ever that SOR had been
derived from a super-conducting compact ring.
Since then, the storage current has been steadi-
ly increasing. Combined with a in-house devel-

oped x-ray mask and x-ray stepper, an
advanced SOR lithography system became
available in an integrated manner® in 1991.
Following that, a series of test device fabrica-
tions was carried out.®®~® The SOR lithogra-
phy system has continued to be enhanced and
further stabilized based on feedback from proc-
ess engineers, the main users of this system.

II. SOR Lithography System

1. Design of the x-ray lithography system

Table 1 shows the main specifications of the
SOR lithography system. The system is de-
signed to achieve a resolution with critical di-
mension control of 0.2+0.02¢m and an over-
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lay accuracy of +0.lgm using an exposure
wavelength of 0.7-1nm and an exposure gap of
30um. In designing the resolution capability of
an x-ray lithography system, the following fac-
tors should be taken into account; penumbral
blur, Fresnel diffraction at the edge of the
mask absorber, secondary electrons emitted
from the resist and underlying substrate as a
result of x-ray radiation, and the contrast of
the mask to the x-rays. SOR minimizes the ef-
fect of penumbral blur but increases the influ-
ence of Fresnel diffraction. This is because
SOR is coherent light with strong directivity.
Since the Fresnel diffraction increases in pro-
portion to the square of the product of the
proximity gap and the wavelength, a higher
resolution can be achieved by using a shorter
wavelength and a narrower gap for exposure.
However, short-wavelength x-rays have high
radiation energy and, therefore, increase the
volume of secondary electrons emitted from
the substrate, which turn  degrades
resolution.® © Figure 2 illustrates the rela-
tions between the resolution-limiting factors.
The estimated resolution limit is 0.24m with
an exposure gap of b0um, and 0.154m with a
30um gap, given an exposure wavelength of

in

(Table 1) Main specifications of the SOR lithogra-

phy system.
Resolution/Accuracy 0.21£0.02um
Overlay Accuracy +0.1pm
Wavelength 0.7-1nm

20-40¢m (typ. 30¢m)
up ;to 256 X 26bmm

Exposure gap
Field size

mirror scanning
Exposure Environment | in air

Wafer size 6 inches

(153)

0.7-1Inm. The circle in the figure shows the
design point of the SOR lithography system.
Although x-ray lithography offers excellent
critical-dimension control, the extremely small
target feature size involved makes it necessary
to maintain uniformity in the x-ray radiation
intensity.

The trade-off between pattern overlay accu-
racy and throughput, both of which are affect-
ed by field size(see Figure 3), should also be
taken into account. In the pattern overlay
process, run-out and rotational errors, as well
as physical errors in x-ray masks, are func-
tions of the exposure-field size, which means
that overlay accuracy decreases as field size in-
creases. On the other hand, a reduction in field
size sharply increases the number of wafer
step-positioning and alignment, thus decreas-
ing throughput. Throughput improves with in-
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(Fig. 2) Resolution capability of SOR lithography
system.



42 199%5% 28 ETTEEE F2% F25%

fhro@:ghput )

150

-~
£
g g
4 FY
£ g
2 100 §
®, <
‘ >
3 Overlay 2
Q ]
£ Accuracy S
> o
3 =
H : 50 8
g 3
¢ Deslign ()
¢ Area >
O T T T | + 0
0 10 20 30 40 50

Fleld size 2R [mm]
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creases in field size, although the improvement
gradually saturates with exposure time. The
SOR lithography system is designed to achieve
an overlay accuracy of £0.1um for, at most,
1-inch-square exposure field. Components of
the system are designed to deliver performance
that maximizes throughput under these condi-
tions.

2. Key elements

Figure 4 gives a schematic view of the SOR
lithography system. Figure 5 shows the layout
of the SOR lithography facility. A compact
electron storage ring is used as the x-ray
source, from which a beamline extends into a
clean room. At the other end of the beamline
is an x-ray stepper, in which an x-ray mask is
held vertically and wafers are exposed in suc-
cession. This paper outlines the main features

X-ray Stepper

(Fig. 4) Schematic of the SOR lithography system.
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(Fig. 5) Equipment layout at the NTT SOR lithography facility.

of these various elements and discusses the
current status of research. '

The NTT SOR facility consists of a linear ac-
celerator(Linac), two electron storage rings
(Super-ALIS and NAR), and beam transport
systems linking these systems. Super-ALIS is a
dedicated x-ray source used for lithography."?
Figure 6 shows a photograph of the Super-
ALIS with three beamlines. A racetrack-
shaped compact ring with super conducting
bending magnets on both ends, Super-ALIS is
designed to emit a peak wavelength of about 0.
Tnm, which is appropriate for lithography, at a
final energy of 600MeV. This system has a
low-energy injection mode in which 15-MeV
electrons are injected directly from the Linac
to Super-ALIS, and a high-energy injection
mode which uses NAR as a booster synchro-
tron. The low-energy injection mode achieves
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(Fig. 6) Superconducting compact electron stor-
age ring Super-ALIS.

a stored current of 200mA, while the high-en-

ergy injection mode achieves a stored current
of 500mA. Super-ALIS now offers users SOR
with an initial stored current of 500 mA.
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The role of the beamline is to transmit x-
rays onto the entire exposure field with mini-
mum loss and a maximum degree of uniformi-
ty. The beamline is also capable of selecting
the exposure wavelength. In order to satisfy
function and performance requirements, the
beamline uses two x-ray mirrors : one for hori-
zontal convergence to increase x-ray intensity
(the vacuum chambers of the 1st mirror are
seen in Fig. 6) and the other for both x-ray
beam collimation and vertical scanning of the
exposure beams by mirror vibration. The 0.7-
Inm beams are selectively extracted by filter-
ing out shorter wavelength beams by x-ray
mirror and longer-wavelength
beams by beryllium window absorption. In an

reflection

attempt to maximize x-ray intensity loss in re-
flection, an ion-assisted evaporation method
has been developed for coating the x-ray mir-
ror with platinum thin film. This has succeed-
ed in increasing the x-ray mirror’s reflectivity
at an incidence angle of 1.8 to over 50%, close
to its theoretical value.

The principal requirements for an x-ray
stepper are a small exposure gap and high
alignment accuracy. In order. to satisfy these
requirements, an x-ray stepper called SS-1 has
been developed by combining novel friction-
free xy stage technology and an optical- heter-
odyne alignment method. The main part of the
SS-1 is shown in Fig. 7. The xy stage fully
utilizes air lubrication, including air-bearing
lead screws, and achieves both nanometer-
level step positioning and long stroke drive.
This contributes to making the stage compact
and lightweight, offering high operating speed
and positioning accuracy. The positioning con-
trol is executed with a precision of 5nm. Opti-
cal-heterodyne alignment is achieved through
the use of two incident laser beams with
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(Fig. 7) Main part of the x-ray stepper SS-1.

slightly different wavelengths. The beams illu-
minate the gratings on an x-ray mask and a
wafer, and the beams diffracted by the grat-
ings interfere with each other. The phase of
the resulting beat signals is then detected. The
phase difference between the signals from the
x-ray mask and those from the wafer corre-
sponds to the lateral displacement between
them. This method plays a vital role in achiev-
ing high alignment accuracy because it has a
nanometer level detection sensitivity and is
less sensitive to accuracy-degrading factors
such as changes in wafer surface reflection
and atmospheric fluctuation. From many expo-
sure experiments designed to evaluate the
alignment capability, the x-ray stepper SS-1
has achieved an alignment repeatability of +
25nm. In addition. the size of the x-ray stepper
has been reduced by adopting a mechanism
for loading wafers from the hack of the step-
per, and the wafer exposure process has fully
computerized. The x-ray stepper SS-1 is
already being used in the fabrication of many
test devices.

3. X-ray masks®
For the x-ray mask fabrication process, tech-
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niques were selected to be similar to the LSI
process techniques already developed in the
laboratory. A photograph of an x-ray mask
fabricated in the NTT Labs is shown in Fig. 8.
The membrane is SiN and the x-ray absorber
is Ta. The mask patterns are formed through
an etching process. The major issues in x-ray
mask development are reducing absorber pat—
tern feature size, improving flatness, and en-
hancing the accuracy of absorber pattern
placement. The last issue is particularly impor-
tant because mask accuracy is a decisive fac-
tor in determining the viability of x-ray lithog-
raphy, which remains, in essence, a 1:1 expo-
sure process. As is clear from the x-ray mask
structure and the method of fabrication, the
major error factors affecting the mask pattern
position accuracy are pattern placement error
generated in the electron-beam writing process
and distortion generated in the mask fabrica-
tion process. The distortion can be classified
into two types: position shifts generated by
absorber and membrane stress during the
back-etching process, and those produced
when the silicon substrate is mounted onto a
glass frame.

(Fig. 8) Photograph of an NTT x-ray mask.
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Electron-beam writing accuracy has been
further improved through the development of
an advanced writing system. The newly-devel-
oped EBX-1 is a dedicated x-ray mask writing
system. It features an improved electron-beam
edge sharpness(50nm) for higher resolution,
an improved beam-positioning resolution(5nm)
to correct deflection distortion, and improved
wafer flatening capability with an electrostatic
wafer chuck. The EBX-1 achieves an overall
pattern placement accuracy of 50nm in 3.
The electron-beam system uses a variable-
shaped beam, and has a throughput signifi-
cantly higher than that of the vector-scanning
system. With regard to the electron-beam writ-
ing process, a multiple writing procedure has
been developed that improves accuracy by
writing the same pattern using various pattern
data in a multiplexed fashion. The accuracy is
improved by averaging the EB system’s beam
drifts, charge-up, and beam current fluctua-
tions. A quadruple writing scheme has been
shown to achieve twice the accuracy of the
previous single-writing scheme in terms of line
width, pattern placement, and stitching,

To minimize distortion generated during
mask fabrication, processing conditions have
been optimized to control the stress in films.
The extent of the position shifts generated dur-
ing back-etching depends largely on the ability
to control the stress on both the membrane
and absorber thin film. At present, stress-con-
trol conditions are less than 5X 10%dyn/cm? for
the SiN membrane and less than 1X10%dyn/
cm? for the Ta absorber. Furthermore, to mini-
mize distortion due to adhesion during the
process of mounting the x-ray mask substrate
on a glass frame, an effective technique for
one-point adhesion has been developed.
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4. Application to test-device fabrication®~

In terms of the resist process, the advantages
of x-ray lithography include high resolution,
good depth of focus, and high process latitude.
To take advantage of these benefits, we have
developed a 0.2¢m LSI x-ray lithography resist
process using EXP and CANI positive resist de-
veloped in-house, and commercially available
SAL601 negative resist. The resist process a-
chieves an isolated pattern(gate layer) reso-
lution of 0.1pm, a line-and-space pattern(wir-
ing layer) resolution of 0.15 tm, and a hole
pattern(contact hole layer) resolution of 0.1y
m. Experimental study shows that the expo-
sure-dose margin allowed for 0.2um patterns is
+20% to restrict variations in line width to
less than +10% of the design size. The capa-
bility for linewidth control in the test-device
fabrication processes was evaluated to be less
than +£20nm in 3¢. The SOR lithography
system and the resist process technology have
been applied to the fabrication of various test
devices in order to confirm their feasibility. To
fully exploit the high resolution of x-ray lith-
ography, the technology has been applied to
fabricate devices with pattern sizes of less than
0.2¢m, and the integration scale of devices has
gradually increased. In particular, the installa-
tion of the Super-ALIS super-conducting ring,
the SS-1 x-ray stepper, and the availability of
high-accuracy x-ray masks has greatly accel-
erated SOR lithography application to full-
scale LSI device development. Figure 9 shows
an example of the test devices fabricated by
SOR lithography. In addition to confirming the
feasibility of SOR lithography, test-device fab
rication has been very effective in improving
x-ray masks and other lithography system ele-
ments, and in overcoming a number of techni-
cal obstacles. As a result, the SOR lithography

(158)

(Fig. 9) SEM photographs of a LSI test chip fabri-
cated by SOR lithography.

technology is becoming more practical for LSI
fabrication.

IV. Summary

This paper has outlined the background of
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x-ray lithography, and presented an overview
of NTT’s R&D of SOR lithography technology
up to the present. The breadth of research and
development projects has resulted in SOR lith-
ography systems able to test-fabricate LSIs,
and the technologies involved are now close to
practical feasibility. It should, of course, be re-
membered that NTT does not manufacture
semiconductors or LSI production equipment
on a comimercial basis, and that its research on
key LSIs for telecommunication systems is not
intended to lead to volume production of gen-
eral use LSIs. Rather, the principal objective of
this research on x-ray lithography is to pro-
vide industry with the most advanced manu-
facturing technologies for both telecommu-
nication-use LSIs and LSIs for other applica-
tions. NTT will further its research and devel-
opment of communications-use LSIs in the on-
going advancement of technology, and hopes
that its R&D activities will continue its contrib-
ute to industry.
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