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AN X-RAY SOURCE FOR LITHOGRAPHY BASED ON
A QUASI-OPTICAL MASER UNDULATOR

I. Introduction

A major contributor to the tremendous developments taking place in our
ability to process information is the miniaturization of semiconductor
devices marketed by the electronics industry. It is now recognized that
over the next few decades the economic well-being of the United States is
dependent on its ability to maintain a leadership position in the fast-
developing technology for fabricating smaller and cheaper integrated
circuits (IC) (see Ref. 1).

A process by which IC’s are mass preduced is lithography. Using this
technique, a predetermined pattern can be rapidly replicated on the surface
of a semiconductor chip using a beam of radiation or particles. A
reliable, efficient and compact source of radiation or particles is
critical to the economic viability of lithography. This is especially so
because of the high capital expenditure required for the sources
necessitated by further miniaturization.

In this report we propose a novel design concept for a source of x-ray
radiation for the purposes of lithography. In order to motivate the design
concept and to provide a comparison with other sources nresently being
considered, the following section is devoted to a brief description of the
salient aspects of the lithographic technique. Section III describes the
x-ray sources currently under study and/or development. Our proposed
scheme is detailed in Sec. IV, followed by a derivation of the x-ray power
formula in Sec. V. In Sec. VI we consider the availability of the two
major components (electron beam and electromagnetic undulator) required by
the proposed scheme, and we present parameters for an actual device based
on a preliminary analysis of the power-ivimula scaling. In Sec. VII we
compare our design-parameters with an x-ray source based on a conventional

bending-magnet storage ring. Our conclusions are contained in Sec. VIII.

Manuscripi Approvcd February 27, 1989.




II. Lithographx2

The crystal-growing industry routinely provides silicon crystals about
5" or more in diameter. Once a single-crystal ingot is grown, it is sliced
into thin wafers, which are then used for device fabrication. Planar
technology consists, for example, in selective introduction of dopant atoms
into small precisely predetermined areas of the silicon surface to form
regions of p- and n-type material. Dopant atoms can be introduced
simultaneously into many separate, small regions of a wafer. Therefore,
the use of larger diameter wafers and smaller device dimensions minimizes
processing cost per device.

The technique for replication of a predetermined pattern on a silicon
wafer is referred to as lithography. The pattern may correspond, for
example, to an opening for introduction of dopant atoms by diffusion or
implantation. Lithography consists in the application of a thin film of a
radiation-sensitive plastic -- called a photoresist -- onto the surface of
the wafer. The photoresist is then exposed to radiation through a mask,
bearing the desired feature, to create a shadow image on the resist.

A. Resolution

Current state-of-the-art miniaturization requirements by the IC
industry call for the ability to resolve submicron minimum features of
patterns to be replicated. However, for mass-production of critical,
leading-edge circuits for computers, memories, signal processors and other
devices, resolutions approaching € 0.1 um will be required. Resolution,
therefore, is a determining factor in the quest for greater device density.
Hovever, as is well-known, diffraction provides a fundamental barrier for
resolution. If d is the line width of the feature on the mask to be
replicated and X is the wavelength of the radiation, the diffraction angle

is Md, so that if s is the mask-to-resist separation, the blur on the




resist is (Md)s. Thus, to reduce blur, it is necessary to use short
wvavelength radiation (x-rays) or energetic particle bears.
B. Sources

As far as resolution is concerned, x-ray radiation or particle
beams are satisfactory sources. It is, however, necessary to consider
other factors such as throughput and yield in order to be able to select
the most appropriate source for lithographic purposes. Direct-write with
tightly focussed electron or ion beams is frequently used for extremely
high-resolution processes. The wavelength X\ of an electron of momentum p
is A = h/p vhere h is Planck’s constant. Thus, for a 20 keV electron beam
A=2.5x 10—2 R. With such short wavelengths, computer-controlled
particle beams are ideal for making high-quality patterns on masks which
are then used for resist exposure in quantity. However, the main problem
with the electron-beam direct-write process for mass production is that it
is slow compared to parallel exposure through a mask. In addition,
particle beams spread out upon impinging on a resist, and there is also

some backscattering and thus possible damage to the mask.




ITI. X-Ray Lithography

Since x-ray sources have high throughput compared to direct-write
techniques, we now concentrate on three sources of x-ray radiation that are
envisioned for lithography. These are: a) electron-impact (x-ray tube),
b) high-temperature plasma, and c) synchrotron radiation. To compare
these, ve list the important characteristics that must be considered in
making a choice between different sources.

i) Emission intensity

ii) Efficiency of x-ray generation and usage

iii) Spectral character of radiation (lines, continuum, etc.)

iv) Energy range of emitted photons

v) Source size (important for resolution)

vi) Emission solid angle (determines collimation and exposure area)

vii) Pulsed or cw
In comparing the different x-ray sources, we shall consider the material
polymethyl methacrylate (PMMA) which is a popular, high-resolution resist
suitable for submicron work. To fully expose PMMA one requires 1 J/cm2 of
12 X radiation. More generally, the range of useful photon energies is
0.5 - 1.5 keV (20-8 X). Photon energy influences resist absorption which,
along with the intensity, determines the exposure time. In common with
ordinary photography, faster resists than PMMA are found to exhibit poorer
resolution. Ve now enumerate the properties of the three common sources of
x-ray radiation.

A. Electron-Impact

X-ray tubes were the first to be used for x-ray lithography. The
radiation is uncollimated and is in the form of lines (bound-to-bound
transitions) and a continuum (free-to-free transitions in the nuclear
Coulombic field). X-ray tubes are inefficient, with typically less than 12X

of the electron beam energy being converted into (total) x-ray radiation,
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B. High-Temperature Plasmas

6 17

X-ray radiation from plasmas at 10 -10° °K is in the form of a
line spectrum (bound-to-bound transitions), continua with a high-energy
cut-off (free-to-bound transitions), and a continuum (free-to-free,
bremsstrahlung). Heating of the plasma is via a discharge (as in a
z-pinch) or a high-pover 1aser,3 and the radiation is spread over a large
solid angle (2n to 4n). The process is necessarily pulsed with a lifetime
of 10-100 ns for discharge heating and 1-10 ns for laser heating.
Efficiencies are in the range of 1-10%.
Some of the problems associated with high-temperature plasma
lithography are the following:
i) Contamination of mask and/or resist by debris from the plasma
ii) Low repetition rate
iii) Thermal response of mask and/or resist to very intense, pulsed
heating

iv) Significant shot-to-shot variability of plasma sources.

C. Synchrotron Radiation

Synchrotron radiation is generated by electrons in synchrotron
accelerators and storage rings. It is basically magnetic bremsstrahlung
due to the curved motions of the particles in the bending (dipole) magnets.
Although the radiation process is efficient, usage of the emitted radiation
is quite inefficient due to the large fraction that is lost onto the vacuum
chamber walls. Since the radiation is highly collimated ({ 1 mrad for a
1 GeV electron beam), the mask-wafer separation and wafer flatness are less
critical than with x-rays from a point-source with highly-diverging rays.
The spectrum is continuous so that filters and/or mirrors must be used to

select the desired wavelength band for lithography work.




In existing and proposed storage rings elections are typically
injected at low energy (~ 150 MeV) and then accelerated to about 1 GeV
vhile the bending magnets are ramped up to about 4-5 T. These are designed
for compactness, with linear dimensions on the order of several meters.
Superconducting magnet designs are also available and somewhat more
compact, although there is the added cost and extra space for the cryogenic
system. Thus far, the most important source of x-ray synchrotron radiation
is that provided by dedicated storage rings to be found in many national
laboratories throughout the world. However, these machines are extremely
expensive and occupy a great deal of space. On the other hand, the
commercial storage rings for x-ray lithography are only now becoming
available.

Since there are inherent difficulties associated with each of the
three x-ray sources we have mentioned, in what follows we propose the use
of an electromagnetic undulator as another means of generating x-rays which

may prove to be suitable for lithographic applications.




IV. X-Ray Radiation in an Electromagnetic Undulator

The use of periodic undulators and of wigglers to achieve higher
brightness (energy radiated per unit bandwidth per unit solid angle) and to
modify the spectral character of the radiation by storage rings is by now
well—established.4 Due to complexity and construction costs of
electromagnets (conventional or superconducting) recent developments in the
fabrication of high-field, rare-earth cobalt permanent magnetss’6 have led
to their almost-universal use as insertion devices in storage rings.

Defining the dimensionless magnetic field parameter

|e|B0)\o
K = 73 (1)

2me

where e is the charge and m is the rest-mass of an electron, ¢ is the speed
of light in vacuo, B0 is the peak magnetic induction and Xo is the period
of the planar undulator or wiggler, the wavelength A of the radiation
emitted along the beam direction is given by

A (1+8%/2)

A= ———, (2)
2*{2

vhere y is the relativistic mass factor. Typically, Ao ranges over 1-10 cm
so that for x-ray radiation in the required range (8-20 X) electron
energies upwards of several GeV are required. On the other hand, one might
use lower energy electrons, say 150 MeV, and use extremely short-period
insertion devices. However, to maintain the same magnetic field strength
there has to be a corresponding decrease in the gap spacing between
opposite poles of the magnet.6 This implies very thin filamentary electron

beams and correspondingly high electron-beam brightness.




As an alternative to the permanent magnet designs mentioned in the
preceding, we propose herein to employ a high-power electromagnetic wave of
moderate wavelength ({ 1 mm) to generate x-ray radiation in the required
vavelength range using moderate energy electrons (< 1/4 GeV). It is
expected that with use of moderate energy electrons and one of a variety of
recently-developed, efficient, high-power sources of coherent radiation, a
compact source of x-ray radiation may be designed for commercial use

without an excessive capital outlay.




V. Technical Discussion

As is well-known, the radiation emitted by a charged ,acrticle in
instantaneous circular motion is confined to cone of half-angle 1/y about
the direction of dominant motion.7 It is #1lso well-known that for motion
in a periodic magnetic or ele:tromagnetic field the transverse particle

orbit is periodically deflacted through an angle
Gd = K/'Y. (3)

We can now distinguish two limiting cases. For K { 1 we see that the
transverse angular deflection of the particle lies within the natural
opening angle of the emitted radiation. In this case, the insertion device
is referred to as an undulator and the emitted radiation is confined tc a
very narrow angle about the direction of propagation and is thus of high
brightness. For an insertion device for which K > 1 (referred to as a
viggler) we see from Eq. (3) that the emitted radiation is spread over an
angle K/y, which inay be considerably larger than the natural opening angle
1/y, depending on the magnitude of X, 1In the limit K >> 1, the wiggler
radiation is similar to that from a bending magnet where particles undergo
substantial deflectior. on traversing the bending field.

For the electromagnetic pump wave to be considered herein, one can
define an equivalent parameter K as in Eq. (1). It turns out that for our
configuration K << 1, so that the electromagnetic pump behaves like an
undulator. Therefore, unlike wiggler fields and the commercially available
bending-magnet designs, the radiation from the electromagnetic undulator
would be highly collimated and entirely available for resist exposure.
Additionally, for K << 1 the higher harmonics are negligible compared to

the fundamental.




To evaluate the radiated power for the case of the electromagnetic
undulator, we refer to Fig. 1. This is a schematic (not to scale) of a
configuration wherein the electron beam propagates along the z-axis and
interacts with the electromagnetic pump field stored in the cavity. If L
is the interaction length, the cavity mirror on the right-hand side
includes an orifice of diameter 2L/y to permit extraction of the x-ray
radiation. The opening in the mirror is connected to a Bragg reflector,8
which is simply a long, corrugated metallic tube, to effectively plug the
resonant cavity against microwave power loss. Alternatively, the orifice
may be connected to a tube across which a jet of neutral gas is pumped. If
the gas density is sufficiently high, the microwaves will be reflected due
to cutoff if the microwave electric field exceeds the breakdown field for
ionization of the neutral gas.g’10

From a well-known formula of electrodynamics the instantaneous power
radiated by a single electron in arbitrary, relativistic motion is given

byll

p 2 [ - 7 3

vhere B = v/c is the particle velocity normalized to the spezd of
light, and B = v/c, where v = %T v is the acceleration. Making use of

the Lorentz force formula, Eq. (4) may be rewritten as

p- 2=V [E+pxn? - @p? (5)

vhere E and B are the electric and the magnetic fields. Since the x-ray
radiation field is small compared to the electromagnetic undulator field,
ve may neglect the excited radiation fields in Eq. (5). For the undulator

field we take plane waves of the form
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A
E = Eosin(koz + wbt)ex, (6)
CEoko A
B = - o sin (koz + wot)ey, o)

where Eo is the amplitude of the electric field, % is the radian frequency
and go = (0,0,ko) is the wave-vector. éz is a unit vector along the
direction of propagation of the electron beam, with éx out of the plane of
the paper and éy in the plane of the paper. We note that the electric and
the magnetic field may be obtained from the following vector potential

A=SE cos(k-r + W t)é
- @, o =0— 0

(8)

X’

vhere r is the radius vector. Since the vector potential is not an
explicit function of the x coordinate, the canonical momentum along the

x-axis is conserved, whence

Bx = vx/c = (K/y)cos[kég + wot), 9)
wvhere
le|(cE /w )
K = ——%—° (10)
mc

is the undulator parameter [cf. Eq. (1)]. To evaluate the power according
to the formula in Eq. (5) we make use of the Lorentz equation and after a

simple analysis we obtain, for a single electron,

2 2 2.2
ey wOK 2

P=—=—(1+8) (11)

The distribution in frequency and angle of energy radiated by the

particle is obtained from12

i1




A~r(t)
dzes - ezwi IL/cht A x A x Q)eiws [t_ K ] 2 (12)
b b
dQsdws 4n2c

-L/2¢c

where ﬁ is the unit vector in the direction of observation, and L is the
length over which the electron interacts with the undulator. It is
important to note that g in Eq. (12) refers to the radian frequency of the
scattered radiation (in the x-ray region), which is to be distinguished
from the frequency of the electromagnetic undulator, denoted by R in Eqgs.
(6)-(8). Expressing the unit vector é in terms of the polar (©) and

azimuthal (¢) angles,

A = é cosO + (éysin¢ + éxcos¢)sin6,

z
the distribution of the scattered radiation for 6 < % is given by
dze ew LK vy 2 2,2 2 2
s 1 [ o ] [1 4y° 6% cos ¢] (rirx) (13)
———— 02 T - ?
dQSdms c nc(1+7292) (1+7262)2 X
wvhere
wa ws(l - Bzcose)
x & —— (1 + Bz) wo(l " Bz) -1}, (13b)

From Eqs. (13) we find that for long interaction lengths (Lwo/c >> 1) the

scattered radiation has a peak centered at

w, (1 + B))
s - (1 - B,cos8) ’

2
by wo

1+729

7 (13¢)
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It must be noted that the forward scattered wavelength predicted by Eq.
(13c) is half of that given by Eq. (2). This is well-known and is due to
the traveling-wave nature of the electromagnetic undulator considered in
this Section.

It is important to note that the frequency distribution given by Eq.
(13) pertains to a single electron. The determination of the actual
frequency distribution, in general, presents a complex problem. The factor
(sinx/x)2 in Eq. (13a) indicates a line width on the order of Ao/2L about
the central frequency (13c). For long interaction lengths, however, a
number of other mechanisms limit the line width. Besides the damping due
to the emission of radiation itself, there are several other causes which
broaden a line. These include Doppler broadening, collisional brcadening,
and radiative widths induced by the high power microwaves inside the
resonator cavity.

It is useful to express the power emitted as x-ray radiation, Eq.
(11), in terms of the power in the electromagnetic pump rather than the
undulator parameter K. To do so, we assume the fundamental Gaussian
(resonator) mode is proportional to exp(- rz/az) vhere o is the spot-size.
It is simple to show that the undulator pover and the undulator parameter K

are related via

w K. 2

vhence the total power (in x-rays) of an electron beam of current Ib
emitted over a length L of interaction is expressible as

64|e|3y21bL

P = ——p————e— P (15)
X-ray 3azﬂzmz 5 u’

Cc
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vhere use has been made of Eqs. (11) and (14). For applications it is
necessary to refine this formula in two respects. First, in order to take
into account the variation of the spot-size of the undulator field inside
the resonator, we assume the waist to be at the center of cavity, z=0.

From elementary diffraction theory, we have

9 9 1/2
o(z) = ao(1+z /zR) , (16)
vhere %, is the waist and zp = ncoz/xo is the Rayleigh range corresponding
to microwaves of wavelength Ao. Substituting Eq. (16) into Eq. (15) and

averaging over the interaction length L, one obtains

32n|e|31bpu

> 2 ——
x-ray 3Bzm2C5XS

<p tan‘l(L/zzR), (17)

vhere As is wavelength of the x-rays.
A further refinement pertains to the angular distribution of the
x-rays. From Eq. (13a) the power radiated per unit solid angle (in terms

of the electrons’ time) is given by

dPx—raz -2 gz l~|2 1 1- axzezcoszg
de " ne 2,2.3 2,2.2 |°
s (l+y"97) (1l+y707)

Integrating over the cone of semi-angle 1/y around the forward direction,

Eq. (17) is modified to

25mle|’1,p

25
c Xs

-1
<Px~ray> = - tan (L/ZZR),
z

14




or, in practical units.

I [AlR [MW]
<P >{¥] = 0.045 ———5——— tan " (L/2z,), (18)
X-ray A_[A) R
s
where the x-ray radiation power is in watts, the electron beam current is

in Amperes, the undulator stored power is in megawatts, and the x-ray

(]
vavelength is in Angstroms.
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VI. Design Parameters for Electromagnetic Undulator

As a concrete example of a synchrotron radiation source based on the
electromagnetic undulator we present a set of design parameters which would
be useful for x-ray lithography. There are basically two main components
in our proposed device, the electromagnetic pump wave (undulator) and the
electron beam. The goal is to have a powerful source of x-rays to be able
to expose a commercially interesting number of wafers. Bearing this in
mind and noting the scaling of the x-ray-power formula in Eq. (18) we
consider each of these components separately.

For the undulator we have examined several sources of radiation. A
good candidate is a pulsed CO2 laser since gigawatt power levels are
readily available from such a source. One of the problems, though, with
using such high power levels is the difficulty in designing beam-line
optical elements that can operate at high powvers.

Our present choice for the undulator is the quasi-optical gyrotron.13
Quasi-optical gyrotrons employ an open resonator cavity containing a
gyrating electron beam which propagates perpendicular to the resonator
axis. Among the attractive features of this source are high cw operating
powers and high efficiency. Quasi-optical gyrotrons are routinely and
reliably operated at the Naval Research Laboratory.14 A schematic of the
NRL quasi-optical gyrotron is shown in Fig. 2.

The other major component of the x-ray source is the electron beam.
Vith the use of a short-wavelength electromagnetic undulator, we require
moderately energetic electron beams at high average current levels. For
electron beam energies of interest (< 1/2 GeV) race-track microtrons may be
appropriate. Typically, microtrons are limited to very low currents

(< 1 mA), and the linacs that are suitable are fairly expensive. Storage

rings appear to be most suitable for our purposes.15 A closed vacuum
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chamber threads through the components of the storage ring which include
the bending magnets and the rf cavity. Electron injection can be below the
energy of operation in which case the ring is used to accelerate the
particles to their final energy within several minutes. The lifetime of
the beam may be several hours depending on the average pressure in the
ring.

If ve assume the stored (circulating) power in the quasi-optical
cavity is 1/4 GV, using a 1/4 GeV, 1/2 A (average current) storage ring,
from Eq. (18) we find that the power emitted as x-ray radiation is about
3/4 V. From Eq. (13c) we find that if the x-rays are centered at about 12
Z then the undulator (that is, the microwave radiation in the quasi-optical
resonator) has a wavelength Xo of about 1.2 mm, which should be readily
available with current quasi-optical technology. In making use of Eq. (18)
wve have assumed that the intramirror separation L in the quasi-optical
cavity is much larger than the Rayleigh range zp of the microwaves. This
is true provided the waist of the microwaves is on the order of or less
than several centimeters and L is on the order of 1 meter or longer. It is
important to note that for L/zR > 1, tan_l(L/ZzR) % n/2 and the power
formula in Eq. (18) is then independent of the cavity dimensions, the
microwave spot-size and wavelength, and the electron beam energy. However,
the latter two parameters determine the required x-ray wavelength, which is
constrained by the composition of the resist material.

If we consider using gas breakdown instead of the Bragg reflector to
stop microwave leakage through the mirror orifice, then for this
configuration the electric field of the microwaves passing through the
orifice in the right-hand cavity mirror exceeds the breakdown field of a
typical gas at 20 torr. At this pressure, x-ray absorption is negligible,
but the plasma density exceeds the microwave frequency and may therefore

completely eliminate the loss of microwaves from the cavity.
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VII. Comparison of X-Ray Sources for Lithography

In order to put the expected performance of the electromagnetic
undulator x-ray source in perspective, we now briefly compare such a device
with a conventional, bending-magnet source, such as a storage ring.

Ve assume the silicon wafer diameter is 5" and divided into chips of
area Ac = 3X3 cm2. When such a wafer is covered with a high-quality resist
such as PMMA (resist sensitivity =1 J/cmz) and placed at about 8.5 m from
the source, we find that with the design parameters of Sec. VI the chip

exposure time T_ is 12.3 sec. The throughput T of the lithography process,

E
in terms of wafers/hr, can then be estimated from16
T < 3600 — ’
A /AC
TL/U+TG+;\Z TS+TA+V +TE
vhere
Very
Aggressive Aggressive
TL/U = wafer load/unload time, (sec), 20 12
TG = global alignment time, (sec), 6 3
Ts = stage acceleration and settle time, (sec), 1/5 1/10
TA = chip alignment time, (sec), 1/2 1/5
V = stage velocity, (cm/sec), 1/2 10

and AV is the area of the wafer.
The columns on the right of the table indicate typical values for an
aggressive and for a very aggressive stepper used in exposing the chips on

a wafer.
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Using an aggressive stepper, the wafer throughput is found to be 12
vafers/hr. With a more sensitive resist such as PBS (polybutene-f-sulfone;
resist sensitivity < 100 mJ/cmz) the throughput rises to 26 wafers/hr,
vhich compares favorably with plasma and with storage ring throughputs. It
is of interest to note that the demands on the quasi-optical gyrotron and
the electron beam can be significantly reduced by using a very aggressive
stepper. For example, a very modest gyrotron (50 MW) and electron beam
(100 mA, 1/4 GeV), used in conjunction with PBS and a very aggressive

stepper, have a throughput of 8 wafers/hr.
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VIII. Conclusion
In this report we propose a novel application of an electromagnetic
undulator; namely, as an x-ray source for lithography in the fabrication of
high-density integrated circuits. The preliminary conclusion of this work
is that it may very well be possible to design such a compact source of
x-rays with a commercially-attractive throughput. A significant attribute
of this system is that its throughput can be substantially enhanced should
resists sensitive to shorter wavelength x-rays be available. In such a
case it is necessary to adjust appropriately either the microwave
vavelength in the quasi-optical maser or the electron beam energy.
In closing, we mention several problem areas requiring further
investigation:
(i) Heat loading of the resonator mirrors in the quasi-optical
cavity.
ii) Effect of the transverse distribution of the undulator field on
electron motion and the generated x-rays.
iii) Effect of finite electron-beam emittance on x-ray emission.

iv) System design and cost for commercial applications.
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