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Critical Review

Areview of excimer laser projection lithography
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(Received 31 July 1987; accepted 20 October 1987)

Excimer-laser projection lithography now appears to be in a position to extend production optical
techniques to dimensions approaching 0.25 #m. Such methods could well be the basis for the bulk
of the advanced manufacturing capability in microelectronics over the next decade. This
technology is reviewed with an eye to the state of the art and to the optical-, resist-, and materials-

engineering issues that it presents.

I. INTRODUCTION

In this paper we review the early status of excimer laser pro-
jection lithographies. Although these technologies have
been under moderately paced development since' 1982, only
this year have their special power and significance to the
future of microfabrication become widely recognized.” It
now appears that, with some further development, this rela-
tively overlooked new technology may provide the bulk of
the production capacity for the microelectronics industry
over the next decade. Specifically, it is fully foreseeable that
it is with this technology that optical techniques can be ex-
tended to achieve production throughputs at dimensions ap-
proaching 0.25 um, well into the regime reserved as recently
as last year for x-ray and particle-beam lithographies. It is
also possible that it is this technology that will be the ulti-
mate optical technique, reaching the point where fundamen-
tal materials limitations will finally mandate a departure
from optical lithographies.

The demands on future lithographies are intense. At the
time of this writing, 4-Mbit dynamic random access memo-
ries (DRAMSs) can be produced using commercial step-and-
repeat systems, without subfield stitching. This task already
requires the most nearly perfect wide-field imaging optics in
existence for any commercial purpose. 16-Mbit and 32-Mbit
chips will require ~ 10° pixels in an optical field, two to four
times that of these systems. As will be shown below, the
challenge of developing the appropriate ultraviolet (UV)
excimer projection system is far from trivial.

On the basis of general considerations, higher resolution
optical projection lithographies can be achieved by a combi-
nation of the following approaches: increasing the numerical
aperture (NA), shortening the wavelength, and inventing
resists with highly nonlinear photoresponses. In choosing
between these directions it is noted that the major practical
source of error for an aberration-free optical projection sys-
tem is defocusing, the latitude for which scales inversely
with the square of the numerical aperture. After a point,
wafer topography mandates reducing the wavelength rather
than increasing the numerical aperture, as will be discussed
later. In keeping with this, projection printers have been pro-
gressively designed without significant increase in NA to
operate at 436 nm, then at 405 nm, and more recently at 365
nm. These are the G, H, and I lines, respectively, in the high-
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pressure mercury lamps commonly used as the photon
source in projection printers. Significant work has also been
done in improving photoresists. A major constraint, how-
ever, has been the need to obtain high-sensitivity materials to
be used with relatively weak irradiation from lamps. In prac-
tice, sensitivity is difficult to obtain and optimization of the
nonlinearity of the response has been relatively imperfect.
Incremental improvements to current lamp-based lithogra-
phies may bring the latter asymptotically to the vicinity of
~0.5-um linewidths; however, further progress requires a
more revolutionary modification of projection printers. This
change is now widely speculated to be the replacement of the
mercury lamp with an excimer laser as the photon source.

Such a change will have several benefits. The immediate,
and more obvious one, is improved resolution due to the
shorter wavelength. Excimer lasers operate at several wave-
lengths, the most common ones being 351 (lasing species
XeF), 308 (XeCl), 248 (KrF), and 193 nm (ArF). As out-
lined below, even the shortest of these wavelengths allows
for a defocusing tolerance > 1 um at NA = 0.3, while at the
same time the diffraction-limited cutoff linewidth is reduced
to less than one-half that of the mercury G and H lines.

Moreover, the short wavelength of excimers may open
opportunities for direct (resistless) dry patterning technolo-
gy. This comes about because, at these new higher photon
energies, numerous compounds undergo efficient photo-
chemistry. It is highly likely that the excimer laser will go
beyond the traditional role of the lamp and may izself serve
as an energy source to drive chemical processing, e.g., depo-
sition, etching, and doping.

A final property with important implications is the high
peak intensity of excimer lasers. Mercury lamps are contin-
uous sources delivering fluxes in the 1 W cm ™ range. Ex-
cimer lasers, on the other hand, operate in the pulsed mode
(10-25 ns pulse width), delivering fluxes over cm? areas
which are easily 107 times higher. This dramatic difference
in flux, coupled with the shorter wavelength of the excimer
laser, has important implications for integrated circuit pro-
cessing with resists. Nonlinear processes can now be induced
in numerous materials with great efficiency. Therefore, the
concern with resist photosensitivity, which is dominant in
lamp systems, may become of secondary importance. In-
stead, new resists can be employed with properties such as
dry processibility, self-development, bleaching, and high
contrast. In particular, acceptable levels of the intensity
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modulation in the image plane can be reduced well-below
the common requirements (usually ~0.7). It thus becomes
possible to operate the projection system closer to the high-
spatial-frequency cutoff, further enhancing the resolution to
linewidths possibly below 0.2 zm. This last dimension has in
fact already been achieved in the laboratory.’

The great potential of excimer lasers in photolithography
is at present tempered by a number of not yet fully solved
challenges. Foremost of these is the availability of aberra-
tion-free projection optics in the UV. The design of such
optics must take into account the specific adjustable output
properties of the laser, such as spectral linewidth and spatial
coherence and uniformity. The high peak intensity may
cause catastrophic damage to optical elements; the high
average power may generate absorption in nominally trans-
parent materials. Direct processes necessitate low values of
peak power in order to avoid surface damage. This may re-
duce the throughput to unacceptably low levels, unless
changes are introduced in present excimer laser technology.
Laser sources must operate with the high degree of reliability
required in integrated circuit production lines. Unfortunate-
ly, these technological issues grow in complexity as the
wavelength is shortened.

In the following sections we will review recent develop-
ments in the field of excimer projection. In Sec. II we will
discuss the optical aspects that need to be considered in an
excimer stepper. In Sec. III we will outline some general
considerations, as well as detail specific examples of laser/
material responses as they apply to excimer projection pat-
terning. We draw upon our own results and those of other
researchers. In the final section we summarize the current
status and direction of the technology.

il. OPTICAL CONSIDERATIONS
A. General

We begin with a discussion of the design considerations
for the optical systems to be used with excimer sources. Key
issues are resolution, depth of focus, and the trade-off in
optimization of these two quantities, control of chromatic
aberration, and the new considerations in coherence of illu-
mination introduced by excimer sources. We treat these
questions below.

B. Resolution and depth of focus

The smallest dimension that can be generated by an opti-
cal imaging system is ultimately limited by diffraction. In the
case of imaging of equal lines and spaces with incoherent
light, for instance, the absolute cutoff linewidthisd,, =4 /4
NA, where A is the wavelength and NA is the numerical
aperture in the image space. Of course, several factors, par-
ticularly resist response, limit useful resolution to well short
of this value; the smallest linewidth is typically > 3d,,. Nev-
ertheless, d_, is a useful quantity in evaluating the optical
limitations of a projection printer. From the expression for
d,, it follows that higher resolution may be achieved by
reducing A or increasing NA. However, changing either one
of these parameters automaticaily affects another quantity,
namely, the depth of focus. A measure of the acceptable tol-
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F1G. 1. The diffraction limited linewidth d., and the defocusing tolerance z,,
as functions of the wavelength A and numerical aperture NA. For any imag-
ing system, d_, and z, are the coordinates of the point determined by the
intersection of the appropriate A curve and NA curve. The solid line seg-
ments represent the operating parameters of existing Hg-lamp steppers at
A =436 and A = 365 nm, with NA in the range 0.30-0.45.

erance on defocusing is the Rayleigh range, z, =4 /2
(NA)Z Although optical projection systems are frequently
designed to operate at near theoretical diffraction-limited
performance, in practice, defocusing is a major source of
degradation. Defocusing is the result of several factors*: fo-
cusing error, wafer nonflatness over the field of view, and
imperfect planarization between lithographic steps. A com-
mon minimum focal latitude in current manufacturing prac-
tice is 0.8-1.0 um. Figure 1 represents the interplay between
d,, and z, for different wavelengths and numerical aper-
tures. In Fig. 1, a set of values of 4 and NA determines a
point, whose coordinates are d,, and z,. The solid line seg-
ments represent existing steppers’ operating at 436 and 365
nm with NA in the range of 0.30-0.45. On the basis of the
relationships of Fig. 1, the preferred trend is to achieve
smaller d_, by reducing the wavelength rather than increas-
ing the numerical aperture in order to lessen the decrease in
z,. For instance, in order to achieve d., = 0.2 um (corre-
sponding to a practical minimum feature size of ~3 4,
=0.6um), a G line stepper at 436 nm has to be operated at
the relatively high NA = 0.55, witha z, = 0.73 um, while a
KrF laser stepper at 248 nm can have more relaxed values of
NA =03landz; = 1.3 um.

The information presented in Fig. 1 can also be cast in a
different way. If one assumes that because of practical con-
straints in any stepper, 2, >0.8 #m and NA0.45, then d_,
assumes the values 0.21, 0.19, 0.16, and 0.14 um for G line, I
line, KrF laser, and ArF laser steppers, respectively. The
lithographic dimension (using the factor of 3 mentioned
above) can be lowered from 0.62 um at 436 nm, to 0.48 and
0.42 pm, respectively, at the two excimer wavelengths. Even
without postulating improved resists, this reduction is equiv-
alent to a shrinkage of 23% and 33%, respectively, in the
linear dimension of the printable element size.
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These figures provide a strong motivation for replacing
mercury lamps with short-wavelength excimers. However,
as the following sections will show, the degree of difficulty in
carrying out this transition also increases as the wavelength
becomes shorter.

C. Chromatic aberration

Excimer lasers operate on bound-to-dissociative molecu-
lar transitions, which have significant spectral width. Free-
running ArF lasers have a spectral width of ~ 100 cm ™~ !
and the KrF laser output is ~ 50 cm ~ ' wide.® The XeCl and
XeF lasers, because of the weakly bound nature of their
ground states, exhibit (in their free-running mode) several
sharper vibrational lines superimposed on a weak contin-
uum.” This spectral width causes a significant chromatic
spread in the best focus of the projection system. The effect
of large bandwidth of excimer lasers is further compounded
by the fact that the dispersion of most optical materials in-
creases rapidly with decreasing wavelength. For fused silica,
for instance, the refractive index at 193 nm varies across the
100 cm ~ ! width of ArF lasers by 6n,, ~6.2X 10~ %, while
at 248 nm it varies across the 50 cm ~' of the KrF laser by
Sny.r =~ 1.7 10~ % If a fused silica lens is used for projec-
tion, these values of 8z cause a spread in focal length §f given
by

&f =fdn/(n — 1), (D

where f'is the focal length and » is the (mean) refractive
index. Even with a conservatively short focal length f=1
cm, the spread assumes the values §f,, r =~ 11 and §f ¢ =~3.4
pm, which are much larger than the defocusing tolerance
discussed in Sec. II B. While the above treatment deals only
with primary chromatic aberration, the laser bandwidth
further degrades the image quality via higher order aberra-
tions such as spherochromaticity. It is therefore obvious
that, because of the combined effect of large free-running
bandwidth and high dispersion, chromatic aberrations must
be addressed in projection systems using excimer lasers.
With refractive optics, 8f can in principle be reduced by
either spectral narrowing of the excimer laser output, or by
achromatization of the projection lens. Both. approaches
have recently been applied to the development of steppers at
248 nm. The first method, applied by Pol ez ¢/.® and Endo
et al.,? introduces a degree of complexity in the laser end of
the projection system. For instance, the bandwidth of KrF
lasers can be reduced to < 1 cm ! with the use of intracavity
étalons or with injection locking in an oscillator-amplifier
configuration. In either case there are certain drawbacks,
such as reduced energy output or lower pulse repetition rate.
The second approach, applied by Nakase ef al.'® and by Ka-
meyama and Ushida,!! employs free-running lasers at the
price of a more complex and more damage-prone projection
lens. The design and production of achromatsin the visible is
by now a routine task because of the availability of glasses
with varying refractive indexes and dispersive properties. In
fact, achromats are employed in Hg-lamp projection sys-
tems, where pressure broadening results in several-nm-wide
output lines. At the excimer laser wavelengths, however,
there is a limited selection of transparent materials. These
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include fused silica and several metal fluorides, mainly cal-
cium, magnesium, and lithium. A projection lens which is
achromatic over the laser bandwidth can indeed be designed
using two or more of these materials. Unfortunately, they all
have certain undesirable properties. For instance, LiF is hy-
groscopic, and MgF, is birefringent. All, and in particular
CaF,, develop color centers due to minute amounts of im-
purities, when exposed to high doses of laser radiation. It
should also be noted that both the difficulties encountered in
line narrowing the laser and the propensity of materials to-
ward developing color centers quickly increase at the shorter
wavelengths.

Irrespective of the scheme to overcome chromatic aberra-
tions, refractive optics are also sensitive to ambient tempera-
ture fluctuations. The temperature should be stabilized
within tolerances determined by allowable temperature-in-
duced variations in focal length 8/ < 0.1 z,. For fused silica,
the temperature coefficient of the index of refraction is
dn/dT=1.8x10"°K~'at248 nm and dn/dT=2.2x 1073
K" at 193 nm. For z; =1 um, §f<0.1 um implies the
rather stringent requirement of 57" < 0.25 K for practical fo-
cal lengths at these two wavelengths.

A different way to eliminate chromatic aberrations is the
use of a projection lens made of reflective elements, since
mirrors are systems intrinsically free of chromatic aberra-
tions at all wavelengths. Reflective optics have been em-
ployed in scanning projection systems with 1:1 imaging us-
ing a XeCl laser.'” For finer patterning, however, steppers
with some demagnification seem to be more appropriate. An
example of such a lens is the Schwarzschild microscope ob-
jective which we have used extensively in our own narrow-
field-of-view studies of projection lithography.*'* These op-
tics, based on a simple two-mirror imaging system, is shown
in Fig. 2. At present, reflective optics, as well as catadioptric
systems, are not yet fully developed candidates for projec-
tion objectives in commercial excimer-based steppers.

D. Spatial coherence

Conventional projection printers are designed to operate
with partially coherent illumination, i.e., with a certain
amount of statistical correlation between the optical field at
various points in the object (mask) and image (wafer)

SCHWARZSCHILD
REFLECTOR
EXCIMER-LASER iNA 05)
BEAM -

4
AFER

o 6~ o ‘] oA
" TRANSMISSIDN -

RETICLE
(Cr on Quartr) VAPOR

CONDENSER

FIG. 2. Original Schwarzschild-objective imaging system for the first submi-
crometer-resolution excimer projection experiments (see Ref. 13). The re-
flective design allowed imaging wavelengths shorter than those permitted
by the large-NA refractive optics of the time. Experiments were carried out
to wavelengths as short as 157 nm. The record for high resolution at the time
of writing (0.13-um lines and spaces) is still held by a version of this system.
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planes. Although from a practical standpoint the raw lamp
output is totally incoherent, some coherence at the mask is
imposed by the finite size of the condenser and objective. The
parameter o, defined in terms of the cutoff in the spatial
spectral density of the optical field and approximately equal
to the inverse of the correlation length of the optical field
normalized to A /NA, is often taken as a measure of the de-
parture from coherence. The value of o is determined by the
numerical apertures of the two lenses:

o= NA /NAnhjeclive 4 (2)

where both NA’s are in the object (mask) space. The two
extreme values of g are o = 0, corresponding to the coherent
limit when the lamp is effectively a point source, and 0 — oo,
corresponding to the incoherent limit when the lamp is an
infinitely large plane source. In projection printers, o has
intermediate values, typically in the range 0.4-0.8. The de-
gree of coherence to be employed has major implications in
the design of excimer projection optics and we, therefore,
consider this issue in some depth below.

A common mode of analysis in incoherent imaging in-
volves the effect of the optical system on the various Fourier
terms of the object, described in terms of a modulation trans-
fer function (MTF), which is the ratio of the contrast in the
image plane to that in the object. For a high-contrast one-
dimensional object the MTF may be defined as:

condenser

1. -1
MTF(é_) — max ('x) min (X)<1, (3)

Inm.\ (x) + Imin (x)

where £ is the frequency and I(x) is the intensity distribu-
tion in the image plane.

The fact that the MTF is a meaningful and useful quantity
inincoherent imaging follows from the fact that (a) the phy-
sically significant quantity in incoherent light is its intensity,
and (b) both the Fourier transform and the effects of the
optical system are linear in intensity. With partially coherent
illumination, however, both the amplitude and the phase of
the illuminating wave front participate in the image-forming
process. The MTF is no longer a universal, single-valued
function of frequency.'* Nevertheless it has remained the
most customary characterization of stepper objective op-
tics'® and we retain it for our discussion. Figure 3 shows the
results of calculations assuming a one-dimensional lens, and
a one-dimensional object'® whose amplitude distribution is

A(x") = L[1 + cos(2m& 'x") ). (4)
This describes a high-contrast single-frequency object with
no phase modulation, as is typical in lithography. The inten-
sity in the image plane is given by

I(x)=F, + F, cos(2méx) + F, cos(4méx). (5)

The quantities F|, F,, F, are functions of the normalized
spatial frequency & as well as of the degree of coherence o.
I(x) contains more than one spatial frequency. The MTF
[Eq. (3)] becomes

MTF = F,(£)/[F, + F5(&)], (6)

where the value of MTF pertains only to the particular ob-
ject Eq. (4). In Fig. 3, this MTF was calculated for three
values of 0: 0.2, 0.5, and 2.0, corresponding to highly coher-
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Fi1G. 3. The effects of spatial coherence and defocusing on resolution, as
determined by the modulation transfer function (MTF) for the periodic
object represented by Eq. (4). The MTF curves were calculated for three
values of the degree of spatial coherence, o: v = 0.2 (highly coherent)
o =0.5 (intermediate), and ¢ = 2.0 (highly incoherent). In (a) perfect
imaging is assumed (defocusing tolerance z, is zero}, and in (b) and (c)

defocusing of one and two Rayleigh ranges, respectively, is introduced in
the analysis.

ent, intermediate, and highly incoherent illumination. The
effects of defocusing error on an aberration-free system were
examined by calculation of three cases: z, = 0,4 /2 (NA)?,
and A /(NA)Z While certain details of the results may vary
from object to object, the qualitative features in Fig. 3 are
quite general. In perfect focusing (z, = 0), the more coher-
ent illumination yields a higher MTF for £ < NA/A, and
lower MTF for £ > NA/A. Also, coherent illumination is less
sensitive to defocusing. For instance, at £ = NA/A, a defo-
cusingerror of 4 /2 (NA)? results in the MTF being reduced
from 0.65 to 0.32 at o = 2, but only slightly changed (from
0.65t00.62) at o = 0.2. In general, the larger z,,, the smaller
the range of frequencies over which incoherent imaging hasa
higher MTF than coherent imaging. It should be noted that
& and z,; are normalized in terms of A and NA, and therefore
the same expression may have different numerical values in
different systems. For instance, the frequency £ = NA/A is
0.80 um ~! for a G line projection system (4 = 0.436 um)
with NA = 0.35, and 1.6 um ~ ' for an ArF-excimer projec-
tion lens (4 =0.193 pm) with NA = 0.30. Similarly, the
defocusing z, =4 /2 (NA)? has the numerical values 1.78
and 1.07 um in the two systems, respectively.

The foregoing analysis may be applied to an isolated
edge'"'® rather than to a periodic object. In this case, the



5 M. Rothschild and D. J. Ehrlich: Critical Review: A review of excimer laser projection lithography 5

12 T 7 T T T —T

2
£ e —
D o8} 4
& 0:1.0 ——
g ]
t 0.8 G=0.5 »ovse
@ 0:02 —--—
E 0.4} -
2
o.zL y
/
o
ol=2 1 L 1 1 { L
0 LA 2A 3A
NA NA NA

DISTANCE FROM EDGE

F1G. 4. The intensity distribution in the image plane of a sharp edge, for
several values of the coherence parameter ¢. For coherent illumination,
note the + 15% ringing in the illuminated area as well as the lateral shift of
~A /4 NA in the position of the edge (defined as the point of intensity 0.5).
On the other hand, incoherent illumination has a significant “toe,” ie.,
intensity extending ~A /4 NA into the geometrical shadow.

image is sharper with coherent imaging, but it also exhibits
intensity “ringing”’ in the illuminated region as well as a
lateral shift of the image from its geometrical position. This
case is shown in Fig. 4.

The incorporation of excimer lasers in projection printers
adds a new consideration to the control of the degree of spa-
tial coherence. Unlike lamps, excimer lasers possess a certain
degree of intrinsic spatial coherence, which is determined by
the number and distribution of oscillating cavity modes.
Since the number of modes in excimer lasers is very high, the
degree of coherence is low. Nevertheless, it may have a pro-
found impact on image quality, as shown below. If no con-
denser is placed between the laser and the mask, the value of
o is given by’

o=3mb 4, /NA, (7

where 8,;, is the divergence half-angle of the laser and m is
the magnification. For free-running excimer lasers, 8, ~4
mrad. Therefore, for a 10X lens with low numerical aper-
ture of NA = 0.2, we find 0 = 0.6, a value which is within the
range of ¢’s of conventional printers. Similarly, for a high-
magnification lens such as a 36X, 0.5 NA Schwarzschild
objective, 0=0.9, and the illumination approaches the inco-
herent limit. However, common projection lenses for pro-
duction steppers typically have high NA and lower magnifi-
cation, and the resultant value of o is too low (¢~ 0.20 for a
5%, 0.3 NA lens), i.e., the illumination is too coherent. Fur-
thermore, if line narrowing is used, as discussed above, the
number of spatial modes is typically reduced as well. This
manifests itself in a reduced divergence and increased degree
of coherence, far beyond its optimal value. In most instances
it is therefore necessary to reduce the spatial coherence of the
excimer laser before propagating the beam through the rest
of the optical system.

Several methods to accomplish this have been reported.
At the longer wavelengths (308 nm), Kerth ef al.'* placed a
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quartz diffuser in the beam. A similar effect may be achieved
with a randomly oriented fiber bundle. Because of the time-
varying nature of the pulsed intensity, these methods are
equivalent to a moving diffuser in a cw beam.” These are,
however, lossy processes, and their application to shorter
wavelengths (248, 193 nm) may be impractical because of
the low energy throughput of diffusers and fibers. Horiike
et al.*' have used a 248 nm diffuser comprising a set of close-
ly spaced (“fly’s eye™) lenslets. Pol et a/.® employed a differ-
ent approach, applicable to multiple-pulse exposures, in fo-
cusing onto a spot in the object plane of the condenser, i.e.,
the source plane, and moving this spot in its plane from pulse
to pulse.” Individual pulses are still coherent. However, the
cumulative effect of multiple-pulse exposure is the random
superposition of individual speckle patterns, which average
out to uniform illumination. This last technique has intrigu-
ing possibilities, since it lends itself to dynamic control of ¢,
via the amount of scanning that is performed in the source
plane.

Finally, a major drawback of fully coherent imaging is its
high sensitivity to local phase shifts, back reflections, and
scattering, which are caused by material imperfections and
other spatial inhomogeneities. These shifts lead to undesired
coherent noise patterns in the image plane, including
speckle. We note that as well as transverse spatial coherence,
these noise effects require longitudinal coherence length
(temporal coherence) exceeding the path length differences
that produce the noise in the image plane. These deleterious
effects can become important even at relatively high o for
narrowed bandwidth excimer lasers. At the time of this writ-
ing there is not a sufficient understanding of the excimer-
laser mode properties to fully predict the requirements on
the optics, and their variation with linewidth and number of
pulses averaged.

INl. MATERIAL RESPONSES
A. General considerations

In the sections above, we have described the factors gov-
erning the formation of an optimal aerial image at the wafer
plane. In traditional lithographic applications three tasks
follow: first, the capture of the aerial pattern as a latent im-
age in photoresist (exposure); second, the transfer of the
latent image into resist topography (development); and
third, the further transfer of the resist topography onto the
wafer by etching or lift-off. This sequence, although rigidly
adhered to with lamp-based lithography, is not necessarily
followed in excimer projection techniques. The first two of
the three operations are sometimes combined to get a “self-
developing” response, and all three operations combined for
“direct” (resistless) processing. These new capabilities,
which simplify microfabrication by eliminating steps, be-
come possible because of the efficiency of pulsed, deep-UV
excimer radiation in exciting a vastly broader range of mate-
rial responses than is feasible with lamps. Indeed, the consi-
deration usually dominant as a first (i.e., most demanding)
design criterion for lamp resists, namely sensitivity, is well
down on the list for excimer lithography (more on this be-
low). A second prominent criterion, namely profile control
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(e.g., via controlled bleaching), often becomes far less im-
portant because excimer imaging layers are often thinner
than less rugged lamp resists. Below we consider the proper-
ties of material responses generated in excimer projection.
Since the range of useful responses is much broader than
traditionally permitted, and many of the usual constraints
are absent, the desired features for imaging materials will be
considered from a fairly general point of view.

As is attested to by their success in current practice, tradi-
tional resist materials can have excellent performance and
are likely to be used widely with excimers. However, even
these will be modified before they can be applied to excimer
processing. For example, it is widely realized that the most
favored current photoresists (Novolak-based systems) are
too strongly absorbing in the deep UV. Other properties will
also be changed because of the new flexibility. We begin this
discussion with definition of parameters and a discussion of
general considerations for material systems.

The imaging response of photoresists, exposure and devel-
opment processes considered together, is generally charac-
terized by a contrast parameter, defined as y = [log,,
X (Eo/E )]~ " in terms of the quantities specified in Fig. 5.
In Fig. 5, the fractional remaining thickness of a positive
resist, following exposure and standard development, is plot-
ted as a function of the exposure dose £. The minimal dose
for which the remaining thickness is zero is the threshold
dose E = E,,. The slope at E of the semilogarithmic curve in
Fig. 5 determines the dose E| at which the tangent attains the
ordinate value of 1. Usually, ¥ has a fairly constant well-
defined value over the energy range of use. The value of ¥
determines the minimum aerial image modulation required
of the optics. Typical achieved values are*’ y = 2.0-4.5, al-
though it has long been known that greater values would be
desirable. Recently, “contrast enhancement” (bleachable)
overlayers have been incorporated in some lamp processes.**
To first order, these are passive in image recording and do

FRACTION OF REMAINING RESIST

[¢] A | - (

log E, log E,

LOG (Exposure Dose)

Fi1G. 5. Characteristic exposure curve for a positive photoresist. The ordi-
nate is the fractional thickness of resist remaining after development. The
dose E|, is the threshold exposure. The value of ¥ is determined by the slope
of this curve at E,, y = [log,o(E,/E) 17\
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not change resist nonlinearity but increase effective y by
biasing the photoresponse curve, Fig. 5, to higher doses for
E < E,, while keeping the point E = E; unchanged. En-
hancement factors of ~ 3 are achievable with commercially
available contrast enhancement layers.?’

As a generalization of ¥ we specify the general response of
an excimer material system as follows: The laser-induced
process has a rate per pulse R (®) which is a function of the
laser fluence ®. At the operating fluence b, we set
R(®,) = R, and for small deviations of ® from &,

R(®) d(R /R,)
~1 9 In(®/P
R, d(In ®) q):q,,,"( o) +
d(In R) (8)
=14 ——"= In(d/P
An ) la_o, " /DT
We define the quantity
d(InR)
*=(In 10) ~——= . 9
y*=(n )d(lnfb) & —, ®

This is a generalized contrast parameter which in the case
of photoresists operating at ®,=E, (Fig. 5) becomes
y* = y. For photoresists, R(®$) is the amount of resist re-
moved following standard development. In general, ¥ repre-
sents on a semilogarithmic scale, the sensitivity of the laser-
induced rate to incremental variations in fluence. As with
the traditionally defined quantity, ¥* may be a function of
the operating fluence, although in practice it is frequently
constant over a wide range.

Photoresists are generally assumed (correctly) to be reci-
procal, that is, to have linear dependence on intensity (i.e.,
dose rate). As a result resist exposure can usually be ex-
pressed unambiguously in energy density (mJ/cm?), that is,
the product of intensity and exposure time, without specify-
ing intensity level of the exposure. For excimer systems, this

1.00 LA I | r—TT
s I ]
3
\o - h
= 075 n
x r ]
g i 4
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FI1G. 6. The calculated resolvable linewidth as a function of y* for the two
patterning configurations, direct writing and projection. In this model the
smallest separation 2r, between two parallel exposed lines was determined.
The lateral extent of the fluence distribution of each exposed line was taken
to be constant: ®(r) =, exp ( — 2r7/w?), and the smallest resolvable
separation was calculated so that the photoinduced process rate R(®) [Eqg.
(8) in text] vanishes midway between the lines, at 7 = r,. In direct writing
the rates due to each line are added, whereas in projection the fluences are
summed first. This geometry should be contrasted with that of equal lines
and spaces, which is commonly used in calculating the MTF (Fig. 3).
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simplification often breaks down. However, such nonreci-
procal responses are generally of the opposite sign to the
nonreciprocity of photographic film and, in general, are ben-
eficial for image recording. It has been pointed out previous-
1y?® that nonreciprocity of the positive sign, that most fre-
quently encountered in laser reactions, is a powerful benefit
in direct writing (scanned, focused-beam reactions). For
dense patterning, a 4 X reduction in linewidth (resolution
improvement) beyond that attributable to high contrast
(large y) alone is frequently obtained. In projection printing
this explicit benefit from nonreciprocity is not present; how-
ever, the high contrast it can imply is beneficial at least to a

point.

The case of patterning of fixed-width lines and variable |,

spaces as predicted by simple two-dimensional patterning
theory?® is illustrated in Fig. 6. Note that for this case, reso-
lution for projection printing improves with increasing y* up
to a value of ~ 10, well beyond that obtained with wet-devel-
oped conventional resists. Unlike laser direct writing, how-
ever, there is very limited resolution advantage (and only
increased process criticality) for greater values. Since the
case modeled in Fig. 6is typical in practice, we conclude that
excimer patterning processes are optimally tuned for y* =~ 6-
15. This is frequently possible by adjusting resist properties
or gas ambients. Unlike traditional resists, nonlinearities in
laser reactions are frequently actually detuned in order to
lower values of y*.

In the sections below we discuss the three main classes of
excimer laser projection imaging materials. The first of
these, the injected defect system, is the category which in-
cludes almost all existing organic and inorganic optical pho-
toresists exposed by lamps. These systems have prevailed
with lamp exposure because radiation-induced defects can
have strong effects on film dissolution (development), and
therefore provide high sensitivity (high gain) for low-inten-
sity radiation. High-peak-power and short-wavelength ex-
cimer radiation permits comparable sensitivity in two addi-
tional classes of systems. These are the solid transformation
systems, including the ablative resists, and the interfacial
reaction systems. Similar sensitivity to that of current lamp

TaBLE 1. Injected defects (projection).

resists can be obtained for both of these, but only indirectly
in the last class. As mentioned above, ablative (self-develop-
ing) systems can significantly simplify lithography se-
quences. The last class contains systems which pattern wa-
fers directly and therefore may have unique applications in
resistless processing. Tables I-III list the material systems
demonstrated in excimer projection at the time of this writ-
ing. We have attempted to be complete in these listings. In
addition, Table IV shows several excimer contact printing
experiments. We note that these last results may or may not
be directly transferable to projection; we include them large-
ly for the data they provide on the sensitivity of material
responses.

Finally we make a specific comment on single-pulse (typi-
cally 20 ns) exposure, which can be achieved in some sys-
tems. Single-pulse exposure has potentially distinct advan-
tages for applications with step-and-repeat systems. For
example, the presently stringent requirements for mechani-
cal stability of the projection system and the processing-time
overhead needed for table settling could possibly be signifi-
cantly relaxed by using an exposure “on-the-fly” strategy.
The full utilization of the unique capabilities of single-pulse
exposure requires considerable, but achievable improve-
ment in the pulse-to-pulse energy stability of excimer la-
sers.”’

B. Injected-defect responses

To obtain sensitivity (or gain), lamp-based photoresists
are generally based on localized modification of organic or
inorganic films by photoinjection of defects, such as by bond
scission (for positive resists) or crosslinking (negative re-
sists). In these traditional photoresists, defects are generated
via single-photon electronic transitions. Clearly, in their
spectral range of optimization, established resists can be ex-
posed with excimer radiation, and performance comparable
to lamp exposure can be obtained. Work to extend these
traditional systems into the deep UV is only beginning. The
work published to date is listed in Tables I and IV. At least

Laser
wavelength Dose/pulse Total dose Resolution
(nm) (mJ/cm?) (mJ/cm?) (um) Reference
1. Organic resists
(Wet developed)
Diazonaphthoquinone— 308 5 100 1 61
Novolak
MP 2400
248 0.01-10 80-200 0.4-0.5 89,11
PMGI 248 40 10 000 0.30 10
PMMA 248 17 32 000 0.35 10, 11
PMMA 193 1000 1000 0.13 50
2, Doping
Si/BCl, 193 0.5 13

J. Vac. Sci. Technol. B, Vol. §, No. 1, Jan/Feb 1988
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Tagsrr: 1. Ablation and solid transformation (projection).

Laser
wavelength Dose/pulse Rate Resolution
(nm) (mJ/cm?) (nm/pulse) (um) Reference
1. Organics
Diazonaphthoquinone/

Novolak resist 193 18 20 2 41
Polyimide 193 18-3000 20-300 0.9-2 41, 42, 50
AZ 1350 ) resist 193 80 140 0.4 13
PET 248, 308 180-250 190 19 62
PMMA 193 1200 150 0.3 50

2. Inorganics
Aluminum 308 140-700 50-80 5-30 44, 46
Gold 193 1000 100 5 45
Pyrex 193 500 150 0.4 13
Al/O cermet 193 130 30 <1 13
Au resinate 248 5 0.3 1 47
Pt resinate 248 5 50 1 47
InP 193 100 0.3 2.5 50
GaAs 193 20 0.025 4 49
Diamond 193 65 000 140 0.13 48
Diamondlike 193 130 200 0.13 3

carbon resist

for several of these, it has been shown?*?° that traditional
resist responses remain reciprocal up to flux levels on the
order of 5 MW /cm®. For other systems positive nonrecipro-
city is readily obtained, although its generality is unknown.
Table IV lists a result obtained in the GeSe, inorganic re-
sist'® where strong positive nonreciprocity occurs and in-
creases the sensitivity of this material by a factor of 25, to
make it quite comparable in response to the best optical
(lamp) resists. The mechanisms of positive nonreciprocity
are not well established.

In the spectral range of greatest interest (4 <300 nm),
very few properly designed traditional resists have yet been
reported. Extensive testing was performed on Novolak-res-
in-based, visible/near-UV lamp resists, at short wave-

TaBLE I11. Interfacial reactions (projection).

lengths. Most of these were found to be much too strongly
absorbing for good profile control. Furthermore, the absorp-
tion does not exhibit photobleaching, often leading to even
more sloped profiles.*' The photoabsorption at 248 nm ap-
parently leads to crosslinking in the resin, which manifests
itself as a 2-5 times reduced development rate, following
exposure and a postexposure bake.*> Only the AZ 2415 and
MP 2400-17 were transparent enough to be used at 248 nm.
Indeed, excellent results down to 0.35-um lines have been
reported®!! with projection patterning of MP 2400 and the
newly developed resist PMGI (see Figs. 7 and 8). Exposure
doses were ~ 100 mJ/cm” for ~0.5-um-thick films. A num-
ber of new resists have been reported for the deep UV, in-
cluding organosilicon resists,” and copolymers and terpo-

Laser
wavelength Dose/pulse Rate Resolution
(nm) {(m)/cm?) (nm/pulse) (fem) Reference
1. Driven systems
Deposition
Cr{from Cr(CO),} 248 10 52
Au(from Me.Au(acac)] 193, 248, 308 618 0.2 2 53
Au|[from Me,Au(hfacac) ] 248 60 0.013 1.6 50
2. Surface modification
{a) Etching
Mo(with Cl,) 193 1-10 10 50
(b) Deposition
Al(from TMA, TIBA) 193, 248 1-30 2-5 54, 56, 59
(¢) Polymerization
Polyethylene
(catalyst from TMA & TiCl,) 193 1-10 3 57

J. Vac. Sci. Technol. B, Vol. 6, No. 1, Jan/Feb 1988
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TABLE IV. Other material systems (contact printing).

Film
Wavelength Total dose Development thickness Resolution
Material (nm) (mJ)/cm?) conditions (um) (um) Reference
1. Inject defects
(Wet developed)
PMMA 200-260 MIBK, 2 min 1.2 <0.5 63
193 45 000 40:60 MIBK:IPA 0.05 0.05 64
2 min
PMIPK 215-300 ODUR developer, 0.5 0.5 65
1 min
Meldrum’s diazo
sensitizer/cresol 254 50 1:3 AZ developer: 1 31
novolac resin H,O
4 min
Sensitized 254 15 1:3 AZ developer: I 2.7 66
para-cresol resin H,O
P(MAN-co-MAC) 254 50 1:5 H,O:EtOH 1.5 67
S min
Ag,Se/GeSe, 248 5.2-130 0.18 0.5 30
AZ 2400 248 180 1:4 AZ 2401:H,0 I 1 29
1 min
Sensitized
maleimide
styrene copolymers 280 50 0.9 ~1 62
AZ 2415 248 100 1:4 AZ 400K:H,0O 0.5 0.5 34
2 min
P(MMA-co-MMA) 248 120--180 2.5% diethanolamine 1 >1 34
+ 20% o-nitrobenzyl in H,O
cholate 10s
P(MMA-co-IN) 248 450 MIBK, 1-2 min 0.47 1 34
P(MMA-co-OBM) 248 1000 60:40 MIBK:TPA 0.54 0.75 34
1 min
P(MMA-co-OBM-co-MAN) 248 350 60:40 MIBK:1PA 0.48 34
1 min
2. Ablation/solid
transformation
Nitrocellulose 193 500 1 1.9 40
PMIPK 193 1000 t 0.5 36
AZ 2400 193 1000 1 0.3 36
PMMA 193 1000, 1 0.5 36

FIG. 7. Scanning electron micrograph of 0.5-um lines and spaces, obtained
by excimer projection patterning of a trilevel, with MP 2400-17 as the pho-
toresist (imaging layer). Exposure was at 248 nm, with 0.6 mJem
pulse ' fluence, and total dose of 0.12J cm ? (from Ref. 8(b). courtesy of
V. Pol and G. C. Escher, reprinted by permission of SPIE).
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Fi1G. 8. Scanning electron micrograph of structures with 0.35-um resolu-
tion, obtained by excimer projection patterning of a trilevel, with PMMA as
the photoresist. Exposure was at 248 nm, with 17 mJ cm ~?pulse ' fluence,
and total dose of 32 Jcm *. Shown are the structures after reactive ion
etching of the planarizing layer (from Ref. 10, courtesy of Y. Horiike, re-

printed by permission of SPIE).
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F1G. 9. Scanning electron micrograph of nominal 0.13-¢m lines and spaces
etched in 150-nm-thick PMMA on Si. Exposure was with one pulse from an
excimer laser at 193 nm ( ~ 1 J/cm®), and development was for 5 min in a
60:40 solution of methyl isobutylketone:isopropy! alchohol.

lymers of polymethy! methacrylate (PMMA).** Figure 9
shows a high-resolution result from our own laboratory uti-
lizing wet-developed PMMA. We obtained 0.13-um lines
and spaces using one 193-nm pulse.

A further type of nonconventional injected-defect re-
sponse can be obtained by excimer-laser doping of inorganic
materials. The exploration of these processes is at early
stages. The principle of operation is to drive minute amounts
of impurities into inorganic thin films, thereby changing
their solubility or dry-etch resistance. A substantial gain can
be achieved; for example, 1 part impurity in 10* injected into
a semiconductor can change its dissolution (development)
rate in etchants by many orders of magnitude. Typically
doping is by diffusion or phase transition and can have a
strongly nonreciprocal response, allowing also large »*
(y*=40). Early results in boron doping of silicon were re-
ported in Ref. 13. The AgSe, resists*® may also be considered
as belonging to this category. In cases where the transport
properties of the bulk resist matrix are affected in a transient
fashion by pulsed excimer radiation, injected-defect re-
sponses are sometimes enhanced by solid transformation re-
sponses as discussed below.

It is expected that the optimization of injected-defect or-
ganic resists will be relatively rapid; however, these systems
may well be supplanted nearly simultaneously by the power-
ful solid transformation resists discussed below.

C. Ablation and solid transformation responses
1. General

A second category of systems respond by laser-induced
nonlinear homogeneous transformations. These are ex-
tremely promising although unconventional resist systems,
which may well become the dominant excimer stepper litho-
graphic materials. All make explicit use of the higher dose
rate possible with lasers relative to lamps. It is notable that
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FIG. 10. Scanning electron micrograph of projection-etched 1-um-thick po-
lyimide on oxidized silicon. The 0.9-um lines and spaces were obtained with
10 pulses of 1 J em ™ */pulse at 193 nm. Exposure was in air.

the dose requirements for favorable systems in this category
can be comparable even at this early state of development to
injected-defect photoresists for the visible. All the systems
discussed below make more efficient use of deep-UV pho-
tons than does wet-developed PMMA. Many have highly
superior processing properties and are self-developing.

2. Organic systems

Perhaps because of their existing well-established uses as
resists, organic films are also among the most widely ex-
plored of the solid-transformation systems. Studies have
concentrated on ablation which results in a self-developing
response. The first experiments, carried out in a contact
printing geometry, were those of Srinivasan and Mayne—
Banton who studied principally polyethylene terephthalate
(PET) films.*® This work stimulated a great deal of interest,
particularly as the mechanism of ablation was shown to be
complex and, among other things, strongly wavelength de-
pendent. Several groups have studied these systems in some
detail.***° Nitrocellulose films have also been examined.*
The extension from contact printing to high-resolution pro-
jection printing in such organic single layers is not necessar-
ily trivial.*' However, our own experiments have demon-
strated that clean 0.9-um lines and spaces can be obtained in
1-um-thick polyimide films (see Fig. 10). Exposure is by
direct ablation with 1-10 pulses of 193-nm radiation at
fluences ~ 10°~10° mJ/cm? Polyimide is also a useful di-
electric for separation of multilevel metallizations. The same
self-developing process has been applied to excimer projec-
tion etching of interlevel vias*? with no further processing or
cleanup for good contact formation (see Fig. 11).

Significantly higher resolution was obtained in the origi-
nal projection etching experiments’® by use of organic bi-
layers. Two-layer spin-on systems very similar to those de-
veloped for lamp exposure® were employed. A modified
method of use, in which the top layer is reactively removed
by 157- or 193-nm irradiation, has permitted single-pulse
printing of 0.2-um lines and spaces. The bilayer is formed by
overcoating a 1.5-um-thick soft-baked PMMA layer with
several UV absorption lengths of AZ 1350] resist. The top
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FiG. 11. Scanning electron micrograph of via holes in 1-um-thick polyimide
on oxidized silicon. The pattern of 6-uzm holes was etched in projection with
five pulses, 3J cm ~*/pulse, at 193 nm. Exposure was in air.

layer is removed by ablation with a single pulse without dis-
rupting the underlying PMMA. The image is then developed
using UV flood exposure and wet etching in isopropanol/
methyl isobutylketone.

A primary advantage of the bilayer is that thin AZ-resist
imaging layers can be used. Importantly, a thin contamina-
tion or remnant of this layer often left in unoptimized lamp

(a)

(b) =
F1G. 12. Projection patterning of an organic bilayer. A 140-nm-thick film of
AZ 13507J, which served as the imaging layer, was ablated in one pulse (80
mJ/cm?) of 193-nm radiation. The underlying planarizing layer was 1.5-
pm-thick PMMA. Following patterning of the imaging layer, the PMMA
was exposed to UV-lamp flood illumination and the exposed areas were wet
developed. The figures are scanning electron micrographs of (a) 0.4-um
lines and spaces, and (b) 0.2-um lines on 0.8-um centers. Note that the
aspect ratio of the smaller 0.2-um lines exceeds eight. Some damage is done
to the fragile structure by the heavy electron dose used in scanning electron
microscopy.
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exposure does not interfere with clean development to the
substrate surface. Nominal 0.4-m lines and spacesin 1.5-um-
thick PMMA (aspect ratio ~4) and 0.2-um lines on 0.8-um
centers are shown in Fig. 12 (note that this last structure has
an aspect ratio > 8 to 1). Both were produced using single
pulses of 193-nm radiation; comparable results, but without
significant improvement within our limited optimization,
were observed with 157-nm (F,-laser) radiation. The highly
nonlinear intensity response of the overlayer to ablation pro-
duces high resolution and sharply defined edges. The re-
quired single-pulse fluence is ~80 mJ/cm” at 193 nm.

3. “Diamondlike” carbon resist

The highest resolution yet obtained by excimer projection
is with the hard diamondlike carbon resists exposed by single
20-ns-ArF laser pulses in a self-developing response.” These
materials are low-hydrogen-content carbon films that have
better dry-etch resistances, and therefore utility at smaller
thicknesses, than typical organic materials. Thin resist films
of 100- to 200-nm thickness are applied by rf plasma depo-
sition from butane (rather than spin-on) and exposed with
excimer pulses of 0.1 to 1 J/em”.

Figure 13 shows a scanning electron micrograph of 0.13-
pm lines and spaces patterned by 193-nm laser projection
onto hard carbon resist on GaAs. The fluence, ~0.13 J/cm?,
was near threshold for ablation, and its effect was “blister-
ing” of the carbon, which is nevertheless sufficient for subse-
quent preferential dry etching of the GaAs substrate with
excellent edge definition. Resist removal is by O, plasma.

We note the high optimization of this last system. The
0.13-um-wide lines are significantly smaller than the wave-
length of the laser and, in fact, approach the absolute diffrac-
tion-limited cutoff width, A /4 NA = 0.097 um for the 0.5-
NA optics. Key to the excellent performance are
single-pulse exposure, a high contrast response (y*=~22),
and built-in “‘bleaching” via saturation of the resist response
at high exposure.

FIG. 13. Scanning electron micrograph of 0.13-um lines and spaces, pat-
terned in hard carbon film on GaAs. The film thickness is 100 nm, and the
projection patterning was performed with one 193-nm pulse (130 mJ/cm?)
in air.
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F1G. 14. Scanning electron micrograph of nominal 0.4-um lines and spaces,
ctched in Pyrex in projection. Exposure conditions were three pulses at 193
nm at 0.8 Jem  “/pulse, in a 200-Torr H, ambient.

4. Metal and dieleciric films

Existing trilevel lamp resists frequently employ thin metal
or dielectric layers for their dry etch resistance which is un-
paralleled in organics. Direct patterning is possible with an
excimer laser. Andrew ez al.** have studied single-pulse abla-
tion in air of several metals including Ni and Cr with a 308-
nm XeCl laser. Threshold exposures for 100-nm-thick films
on glass are 0.2 J/cm®. Other systems studied,*’ sometimes
with chemical enhancement include W, Mo, and Au. A com-
bined chemical/ablative process for etching of Al was ap-
plied to projection etching of 5-um-diameter via holes by
Koren er al.*¢ Submicrometer spatial resolution has yet to be
demonstrated in these systems.

Less work has been reported in inorganic dielectric sys-
tems. Ehrlich et al.'* demonstrated projection etching of 0.4-
4#m lines and spaces in Pyrex using a H, ambient. The reac-
tion has high contrast and natural bleaching as indicated in
Fig. 14. The process is extendable to other absorbing glasses.

5. Thin fiim solid-state chemistry

In principle, a large variety of transformations can be in-
duced by laser irradiation of metastable solid films. The ma-
terials studied to date include spin-on organometaliic reso-
nate complexes and evaporated Al/O cermets. These
systems and other metal/dielectric composites are particu-
larly interesting since both chemical (e.g., etch resistance)
and electrical properties can be altered with excimer pulses.
This suggesis potential direct applications as electronic de-
vice materials.

The best lithographic performance has been achieved in
the cermets.'” In these studies, a 30-nm-thick Al/O cermet
was deposited by Al evaporation under an Q, ambient at 2~
5x10 °Torr O, pressures. As evaporated, these films have
a sheet resistance of 1000 Q2/0J, and are smooth and shiny in
appearance. The conversion process proceeds through sev-
eral stages which correlate with visible color changes. The
mechanisms of transformation are discussed in Ref. 13. A
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F16. 15. Scanning electron micrographs demonstrating the excellent submi-
crometer resolution obtainable in projection patterning of an Al/O cermet
film at 193 nm. One 120-mJ/cm’ pulse was used to induce solid-state trans-
formations in the 30-nm-thick film. Development was performed by wet
etching in nitric-acid/phosphoric-acid followed by reactive ion etching in
CHF,.

large (more than a 1000-fold) conductivity change induced
by excimer pulses in these cermets is of potential use for
defining conductor patterns without any further treatment.

Alternatively, the transformed material can be used as an
etch mask to pattern underlying materials. To demonstrate
the second application, images were transferred into SiO, by
wet etching in nitric-acid/phosphoric-acid followed by reac-
tive ion etching in CHF,. Typical results obtained with sin-
gle-pulse excimer laser exposure are shown in Fig. 15.

The other solid-state chemical systems, namely, the or-
ganometallic resonates, are commercially available spin-on
materials with typical metal content of 20%-30%. Hould-
ing et al.*” have demonstrated that these materials (Au and
Pt complexes) have a photochemical negative-acting re-
sponse at 248 nm or, alternatively, can be ablated at high
( ~1J/cm?) fluence. Development of the photochemical re-
sponse is in a hexane wash. Projection patterningona ~ 1-
pm scale was obtained with these systems.

6. Direct substrate etching by heat/chemical pulse

Direct etching of various semiconductor substrates has
been demonstrated for a number of materials. Although all
of these systems utilize a controlled (typically oxygen- or
halogen-containing ) ambient and therefore have mechanis-
tic analogs in the interfacial chemical systems in Sec. I1I D
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FIG. 16. Scanning electron micrograph of a 0.25-um-period grating etched
in crystalline diamond with a 193-nm laser. The ~ 100-nm-deep grating
was generated in projection with one pulse (65 J/cm?) in air.

below, all have been reported to operate best in the regime of
significant pulsed heating/ablation. Resolution is largely de-
fined by the lateral extent of the heat pulse. We therefore
consider them, somewhat arbitrarily, as transformation sys-
tems.

The highest resolution among these systems is achieved in
etching diamond.*® The ArF laser, at 193-nm wavelength, is
particularly suitable for this interaction, since the photon
energy at this wavelength (6.4 eV) is higher than the band
gap of diamond (5.4 eV). Etching is under Cl,, O,, or NO,
ambients. Well-defined gratings ~ 100-nm deep with periods
as small as 0.25 ym were obtained in single, 15-ns-long
pulses. An example is shown in Fig. 16. For such single-shot
exposures, nearly sinusoidal features with an amplitude
close to the half-period (i.e., linewidth) dimension are
achieved.

As described in Ref. 48, two processes take place during
laser irradiation: conversion of diamond to graphite and sub-
limation or reaction of carbon. To reduce the required tem-
perature and eliminate accumulation of graphite, ambient
vapors are used to react with the heated graphitic layer.
Volatile products (CCl,, CO, CO, ) are formed at tempera-
tures below sublimation, and the amount of graphitic residue
is reduced dramatically. The best results were obtained with
gases simultaneously photolyzed during the pulse. Under
typical conditions, free radical densities of 10'’-10'® ¢cm —*
are generated by the laser near the surface. Based on our
observations, these radicals react with near unit efficiency
with the hot graphitic layer. More on the mechanism can be
found in Ref. 48.

Other semiconductor substrates etched in projection in-
clude III-V materials under conditions approaching abla-
tion. Brewer et al.*’ have demonstrated etching of GaAs at
193 nm. The process is initiated by the vapor-phase photoly-
sis of HBr. Linewidths of 4 um were achieved with 0.5-Torr
HBr in 10-Torr buffer gas (Ar or H,). The etch rate was
~0.25 A/pulse at a fluence of 20 mJ cm ™~ ?/pulse. In our
own experiments,*® another ITI-V compound, InP, has been
etched in projection with 1-Torr Cl, and no buffer gas. The
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laser, operated at 193 nm and 20-Hz pulse repetition rate,
induced etch rates of ~3 A/pulse at fluences of 100 mJ
cm ~*/pulse. The resolution was ~ 2.5 um. In both instances
the etching process is initiated by photolysis of the halogen-
containing molecule (HBr or Cl, ) and generation of a high
density of reactive halogen atoms (Br or Cl, respectively).
These in turn react with the surface, leading to volatile halide
molecules. Thus the overall chemical process can be repre-
sented in the form:

X(s) + 3Y(vapor) — XY ;(vapor),

where X (s) is a surface atom {( Ga or As for GaAs, Inor P for
InP), and Y(vapor) is the photogenerated halogen atom
(Br or Cl). Further experiments on InP etching have been
carried out by Aylett and Haigh.'

D. Interfacial chemical and surface modification
responses

1. General

This category includes the majority of resistless laser-driv-
en photochemical etching and deposition reactions. The
practical realization of these reactions is seen as more distant
than excimer processing with resists, but the leverage in pro-
cessing simplification is great. The essential feature of these
responses is the interaction between the laser light and some
external-phase (vapor-phase or adsorbed) species, and the
subsequent reaction between the products of this interaction
and the surface. Naturally, the laser may at the same time
interact with the solid phase as well. These processes are
limited fundamentally by the material coverage of an adsor-
bate, or by surface-collision frequencies from the external
phase. For the case of substrate/adsorbate reactions at mod-
est ( > 100 mTorr) pressures, the adsorbate coverage can be
assumed to have reached equilibrium between laser pulses.
The maximum reacted thickness per pulse is then approxi-
mately equal to the adlayer thickness itself. The actual react-
ed thickness per pulse is typically less. Similarly, for the case
of substrate/gas-phase reactions at subatmospheric pres-
sures, the reacted thickness per pulse is limited to the gas
exposure per pulse. For 8-30-ns pulsewidths and subatmo-
spheric pressures, this is ~ 1 langmuir. As a result of these
limitations on reacted thickness per pulse, the low duty fac-
tor (~10"?) of current excimer lasers implies long expo-
sure times even for efficient chemical systems.

Furthermore, for the case of substrate/gas-phase reac-
tions, the resolution may be limited by lateral diffusion of the
photogenerated species. This effect can be reduced by the
addition of buffer gases, usually at the cost, however, of a
reduction in the overall reaction rate. As a result of these
considerations the rates and resolution thus far achieved in
photochemical projection etching and deposition have been
significantly lower than those of the transformation systems
detailed in the previous section. An important way to cir-
cumvent these limitations is via laser-induced surface modi-
fications (e.g., of single monolayers) which are subsequently
“chemically amplified” by nonlaser reactions. We first dis-
cuss continuously driven reactions, then the surface modifi-
cation systems.
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2. Photochemical continuously driven reactions

The high-resolution, high-rate laser deposition of materi-
als by projection is a difficult problem. Experiments to date
have concentrated on metal deposition in the regime of ther-
mally accelerated photodeposition, i.e., conditions where
the excimer pulse heats the deposited film to achieve a ther-
mal (pyrolytic) rate component which supplements molec-
ular photolysis. The thermal component is difficult to con-
trol. Early experiments were carried out by Yokoyama
et al.’* on deposition from Cr(CO),. Thick Cr-containing
films with several-micrometer features were obtained using
248-nm fluences of several hundred mJ cm ~ 2. Aylett and
Haigh,*' and Baum et al.** achieved similar results for gold
from trimethylgold-trimethylphosphine and dimethylgold-
acetylacetonate derivatives, respectively. Tsao and Ehrlich™
deposited Al films from triisobutylaluminum. By use of the
thermally accelerated photodeposition mechanism, rates on
the order 1 A/pulse have been possible in good systems.
With an excimer laser operating at 10°~10° Hz, acceptable
processing throughput appears possible. Submicrometer re-
solution and electronic-quality material properties have yet
to be demonstrated.

As discussed above in Sec. III C 6, a number of etching
reactions are a combination of interfacial-chemical and sol-
id-transformation processes, with the solid-transformation
(typically product vaporization) dominating as resolution
determining. Further etching reactions for refractory met-
als, Si, and Si;N, have been developed by Loper and Tabat™
using photolysis of COF, and NF;. These last examples
were pursued to low ( < 100 mJ/cm?) fluence where the pat-
terning resolution is presumably determined by gas-phase or
surface recombination kinetics of the active radicals.

3. Surface modification reactions

Finally, we briefly discuss a special subclass of interfacial
chemical responses which have important, longer range po-
tential. These are applied to patterning of more or less con-
ventional vapor deposition or etching processes but achieve
higher photon efficiencies, therefore lower dose require-
ments, than the continuously driven reactions of the pre-
vious section. This efficiency is via process gain, i.e., greater
than unity absorbed-photon efficiency. Somewhat like usual
photoresist processes where gain is obtained during solvent
development, laser surface modification processes achieve
gain also by chemical amplification. However, unlike photo-
resists the radiation effect is by the alteration of the first
monolayers of the substrate surface rather than the injection
of defects into a bulk film. These first monolayers often con-
trol surface reactivity or nucleation of new phases at the
substrate/vapor interface. At the time of this writing power-
ful chemical effects have been discovered, many in laser writ-
ing experiments; none has yet been demonstrated at highly
submicrometer linewidths. However, there appears to be no
fundamental reason that high resolution will not be
achieved.

Although perhaps feasible earlier (with lamps), surface
modification patterning has only now come under develop-
ment with the use of highly “actinic” photons from ex-
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cimers. Since surface modification processes are new to mi-
crofabrication, and their essential motivation relies on their
efficiency, some words are merited on the estimation of theo-
retically obtainable gain. For these material systems, gain is
a statistically defined parameter depending directly on the
patterned area ( wafer size). Obviously it also depends on the
heterogeneous surface kinetics of the reactions, therefore on
surface composition, growth rate, temperature, etc. We first
make a few general remarks about the efficacy of surface
modifications, then summarize the work to date.

a. Theoretical gain for surface modifications. A qualitative
treatment for growth by laser surface modifications has been
presented previously.’® A similar model will apply for etch-
ing. In this treatment the laser-induced lowering of two
types of growth barrier is considered in terms of a figure of
merit, defined as the ratio of growth to nucleation rates. This
figure of merit has the units of volume. Theoretical gain is
obtained by dividing it by the volume of a monolayer surface
coverage (or, more generally, the volume of the active modi-
fier) on the wafer surface. The first type of barrier is derived
from surface tension, which impedes the nucleation of phys-
ical phase changes such as condensation. Such barriers are
due to the critical balance between surface and volume con-
tributions to the free energy of transformation. In these
cases, laser irradiation can be used to deposit films which act
as surfactants, lowering or eliminating the initial condensa-
tion barrier. In the later stages, the deposit acts as its own
surfactant, sustaining further growth.

The second type of barrier derives from surface-catalysis
effects which impede the nucleation of chemical changes by
surface reactions. This class of processes has been used wide-
ly (e.g., tungsten deposition without lasers) for selective
chemical vapor deposition {(CVD) on photolithographically
patterned surfaces. To intervene in these cases the laser de-
posits a pattern of heterogeneous catalyst to initiate a trans-
formation that is chemically self-sustaining, or autocataly-
tic. Reference 56 treats these two classes of systems
according to simple Kinetic considerations. The theoretical
area X height figure of merit A4 for extended area defect-
free patterning is plotted versus the required laser-induced
free energy change for the two cases in Figs. 17 (a) and
17(b). In each the parameter regime for a gain of 10° is
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F1G. 17. The figure of merit Ah for laser surface barriers. (a) As a function
of the critical free-energy barrier for physical surface nucleation AG . The
two solid lines represent metal deposition on a dielectric in the limit of low
vapor pressure (upper curve) and high vapor pressure (lower curve). The
shaded region corresponds to intermediate pressures. (b) As a function of
the total free-energy barrier AG for chemical nucleation, for three tempera-
tures. The figure of merit has a very steep dependence on AG at room
temperature and a weaker dependence at elevated temperatures.
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indicated . This value is typical of good photoresists, over a
82 cm?® wafer. This is the parameter regime for practically
useful full-wafer patterning by processes of these generic
classes. More details of the analysis are found in Ref. 56. We
next discuss a few specific examples. The three processes
discussed all operate dominantly through barriers of the sec-
ond type.

b. Monolayer catalysts for addition polymerization. One
particularly efficient laser-nucleated chemical process that
has been demonstrated is monolayer catalysis of polymeriza-
tion of unsaturated hydrocarbons.*” This procedure can be
varied to pattern vapor-phase growth of a wide variety of
organic films—in somewhat the reverse of usual resist pro-
cessing. Exceptional step coverage can be achieved. The ini-
tiation of polymerization in the pure hydrocarbon is normal-
ly difficult, because of the necessity of free-radical
formation. The laser intervenes in the initiation by deposit-
ing patterned thin films of polymerization catalyst.

The laser-deposited film, in the best characterized case
discovered so far, is a compound photodeposited from mix-
tures of TiCl, and trimethylaluminum (TMA). As dis-
cussed elsewhere,*® the overall reaction for photodeposition
from these molecules has the characteristics of a chain reac-
tion in the mixed-component adsorbed layer. The most im-
portant features can be understood by a simple model in
which the reaction is initiated by the sequence of parent-
molecule adsorption and photoreaction to form a surface
complex.

Separate experiments have demonstrated that this com-
plex is apparently chemically very similar to Ziegler—Natta
catalysts, in that it acts as an efficient catalyst for room-
temperature chain polymerization of unsaturated hydrocar-
bon vapors.”” The low temperature of the reaction sup-

e 1 pm—

Fi1G. 18. Photonucleated CVD of aluminum stripe. A 257.2-nm UV laser
beam, generated by frequency doubling the output of an Ar™ laser beam,
first photodeposited a ~ 5-nm-thick stripe onto a quartz substrate in a satu-
rated vapor of triisobutylaluminum (TIBA). The UV laser beam is then
switched off and a CO, laser beam is shuttered on. The CO, laser radiation
is absorbed strongly by the quartz and acts only as a convenient, modestly
localized heat source for thermal CVD. After a 2-min exposure to the CO,
laser beam, no CVD occurs on the bare quartz outside the UV-photodepo-
sited stripe. Where the CO, laser beam spot intersected the stripe, however,
the stripe has been thickened to ~ 100 nm.

J. Vac. Sci. Technol. B, Vol. 6, No. 1, Jan/Feb 1988

presses any appreciable background polymerization. The
energetics put many common organic systems well into the
useful region in Fig. 17(b).

¢. Photonucleated chemical vapor deposition. A similar
process has been demonstrated®® for A1 CVD. The basic ex-
perimental result is shown in Fig. 18 and described in the
caption. The maximum growth thickness possible before
background nucleation becomes significant was not studied
in detail. However, under conditions similar to those used
for Fig. 18 nonphotonucleated growth did not occur for a
period, implying that over 1-um-thick films can be grown
without background nucleation. Separate measurements
have shown that photodeposition of several monolayers is
sufficient to achieve selective CVD with triisobutylalu-
minum (TIBA). This same reaction in TIBA has recently
been applied®® in the metallization of field-effect transistors
in a KrF-laser-based projection geometry. A resistance of
1 O was achieved for gates 6 gum wide and | um thick. Pho-
toinhibited CVD of aluminum by photodeposition from tri-
methyaluminum, by a possibly similar process, has also been
demonstrated.*®

d. Halogenation for etching of refractory metals. As a final
example, thin films of Mo and W have been etched in a two-
step process, where the projection patterning takes place in
the first surface modification stage.* The surface modifica-
tion consists of a laser-induced chemical change in the first
monolayers of the film in the presence of a Cl, ambient. The
4- to 5-nm-thick native metal oxide is removed with 193-nm
pulses and is replaced with a metal chloride layer. This sur-
face pattern is then amplified by etching through the metal
film with NF; under conditions of broad-area heating. The
native oxide is resistant towards etching with NF,, and
therefore selective etching of the prehalogenated areas is
achieved.”

IV. CONCLUSIONS

Photolithographic techniques, based on image projection
with visible/near-UV radiation, have attained a major role
in integrated circuit manufacturing because they provide a
unique combination of high precision, high volume, and low
cost. The perfection of these techniques and their scaling to
shorter wavelengths have been key to an improving manu-
facturing technology for smaller devices and greater VLSI
complexity. The eventual incorporation of excimer lasers,
the most important deep-UV sources to be developed in re-
cent times, is viewed by the authors and many others as the
inevitable progression of this technology. We believe, more-
over, that this incorporation of excimers into circuit manu-
facturing will take a surprisingly broad range of directions,
in the course of which projection optical technology will be
applied beyond what is traditionally construed as lithog-
raphy.

In this paper we have reviewed the current status and re-
maining technical issues for the optical and material systems
which will make up this future technology. In the laboratory
environment 0.13-um lines and spaces, a factor of ~5
smaller than those obtained with current production step-
pers, have been demonstrated. A number of factors will de-
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termine the extent to which this dimension will be ap-
proached in practical manufacturing over the next years.

There are four key, not-yet-resolved issues for excimer
stepper optics. The first is the trade-off of shorter wave-
length and larger numerical aperture scaling, as mediated by
depth of field and material optical transmission limitations.
Both A and NA will probably be scaled to their respective
practical limits. However, since the performance implica-
tions of the two quantities interact, the relative rate at which
the two are scaled is not yet clear. The second key issue is the
strategy for control of defocus due to chromatic aberration
across the bandwidth of current lasers. Solutions to this
problem variously emphasize laser or objective-lens engi-
neering. A third issue is the control of coherence in a regime
not previously encountered with lamps. A fourth, outside
the main scope of this review, is the development of support-
ing alignment and overlay technologies for this (and all oth-
er) printing lithographies.

The materials side of the technology i1s much more blessed
with new potential than hindered by anticipated problems.
The new power of high-energy (4-7-eV) photons in resist
and materials processing remains drastically underrated.
This is a benefit quite outside the more widely recognized
virtue of shorter wavelength scaling to achieve smaller dif-
fraction-limited linewidth. Excimer resists will be more
highly optimized for contrast, dry-etch resistance, and high-
temperature processibility than current visible/near-UV
materials. New material systems, including those that re-
spond by ablation/solid-transformation and interfacial
chemical reactions, will become practical and will supply
new leverage in simplified and contamination-free process-
ing.

Although the forms of the ultimate excimer projection
technologies remain at best shadowy in their definition, their
practical importance to mainstream electronics has now be-
come definite. It is ironic that these techniques, after only
five years of relatively relaxed development, are expected to
defer alternative advanced lithographies with much longer
histories (e.g., e-beam and x-ray), perhaps for a full decade.
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