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The relative advantages and disadvantages ofthree different
algorithms are compared for simulating the time evolution of
two-dimensional line-edge profiles produced by a locally rate
dependent surface etching phenomenon. Simulated profiles
typical of optical projection printing and electron-beam and
X-ray lithography of micron-sized lines in resist and etching of
ion-implanted SiO, are used as a basis of comparison. One of
the algorithms is a cell-by-cell removal model used earlier by
Neureuther and Dill. One of the newly developed algorithms
employs ray tracing; it can be shown that the path followed by a
point on a front between the developed and undeveloped regions can be calculated using ray-optic equations. The other
new algorithm uses a string of points initially on the surface of
the exposed resist. The points on the string advance perpendicular to the local direction of the string; with time the string
of points moves down into the resist, replicating the action of a
developer. We compare the computing cost, convenience, and
accuracy of the algorithms.

INTRODUCTION
t is desirable for the lithographic fabrication of devices
and circuits of microscopic dimensions that techniques for modeling cross-sectional profiles of lines be
established. Such modeling requires that t h e distribution of energy absorption be calculated, the effect
of absorbed energy on rate of etching by a developer be
known, and the dynamics of the etching be simulated.
There are various ways to calculate the absorbed energy,
depending on the type of radiation used for the exposure. The relation between absorbed energy and etch
rate has been determined for certain kinds of resists.
The simulation of the development etching itself has
been considered by Dill, et al. (I) using a rectangular
array of cells, each having a specified etch rate. This
paper presents two other algorithms for calculating the
effect of the developer and compares the three regarding cost, convenience, and accuracy. All the numerical
calculations presented here assume that a distribution of
etch rates in a resist layer has been obtained in some
previous calculation. It is of importance to point out that
the work presented here employs the assumption that all
the etching action takes place only on the surface of a
time-varying front.
In developing and comparing these algorithms, we
have studied several types of problems which serve as
examples of situations that are encountered in practice
but which are somewhat stylized. That is, we have used
parameters which could come up in practice but which
have not been taken from actual experiments. One of the
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test cases for comparison of the algorithms is calculable
analytically and thus provides an absolute test as well as
a comparison. The most complicated case is the development of an optically projection-printed line which
contains a periodic variation of developer rate perpendicular to the resist-substrate interface because of the
standing light wave during exposure. This particular
example makes a sensitive test because it has strong
variations ofetch rate over short distances and acomplex
pattern of etch rates. Somewhat simpler is an etch-rate
distribution which simulates an electron-beam-exposed
resist layer. The developer action in a pattern of etch
rates produced by X-ray absorption is also studied. Calculations were also made of the etching of SiO, which is
nonuniformly ion-implanted to enhance etching. This is
not a resist problem but is presented to show another
possible application of the algorithms.

DESCRIPTION OF ALGORITHMS
The three algorithms are based on the cell-removal,
ray-tracing, and string models. The cell-removal model
evolved from a collaborative effort by Tuttle and Walker
(2) on simulating projection printing of lines in a
positive-type photoresist. The ray-tracing model and
string model were developed as a part of the present
project.
The initial work on t h e cell-removal model divided
the resist layer into cells similar to those shown in Fig. 1
and used a logic matrix to characterize the state of each
cell as developed or undeveloped. The reason for this
approach was that a simple APL matrix-shift operation
could be used to locate the boundary between the developed and undeveloped regions. The algorithm was
381
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F i g . 1. Cell-removal model. The contours shown are ones calculated f o r a simulated electron-beam exposure. The numbers
shown at the centers of the cells are the times ( T )of dissolution
of the cells. The contours are interpolated f r o m these numbers.
The time and distances shown have been normalized b y use of a
rate function R(x,y) = larger of [lo - x2(1 + y18)-' or 0.51units1
time step.

subsequently modified extensively as described below
for both improved accuracy and running time (I).
The basic features of the cell-removal model are
shown in Fig. 1 , which shows the detailed results for a
simulated electron-beam exposure. The etching process
is started along the top surface. The rate of dissolution of
the resist in each cell that is in contact with the developer is determined by the etch rate previously assigned to that cell. Correction factors are used to adjust
the cell-removal rate to account for the number of sides
exposed to the developer and whether or not these sides
are adjacent. Nonsquare cells can be used to account for
situations where there are significantly slower etch-rate
variations in one direction. A continuous developed contour can be calculated for any specified developing time
by interpolating between recorded times of dissolution
of the various cells. Some consideration was given to
further improving the algorithm by using more than the
four nearest neighbors to correct the etch rate but it was
apparent that it would be easier to go to a string model.
The ray-tracing algorithm is based on the fact that a
vector perpendicular to the boundary between developed and undeveloped regions, defined as an etch
ray, is refracted at boundaries between regions having
different etch rates (R and R d R in Fig.2 ( a ) )according
to Snell's law of refraction. In analogy to geometrical
optics, we can define a resist index of refraction as

+

where R,,,,. is the maximum value ofthe etch rate R ( x , y )
that appears in the problem under consideration. This
index of refraction can then be used for ray tracing
according to the laws of geometrical optics. In that dis382
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(b)
Fig. 2 Ray-tracing algorithms. ( a ) Etch ray is refracted at a
boundary between regions having etch rates R and R + dR
according to Snell's law. The effective refractizje index f o r the
resist is nR = R,,,/R = (maximum etch rate)/(localetch rate).( b )
Rays are started at the surface and the contourjoining their end
points after a given time is an etch front.

cipline, the end points of a set of rays at a particular time
define a phase front. In the resist problem, they define
the advanced boundary between the developed and
undeveloped regions. At t = 0, rays are started perpendicularly from the surface of the resist; then their trajectories are calculated using the ray equation. The end
points of the rays are joined after some particular time to
forin a developed contour, as shown in Fig. Z(b).
In the string model, the etching boundary between
developed and undeveloped regions is approximated by
a series of points joined by straight line segments. Each
point advances along the angle bisector of the two adjoining segments according to the local value of etch
rate, as shown inFig. 3(a). A typical string, composed of
40-100 line segments, is started on the resist surface
and, as time proceeds, its position always defines the
etch front. During the simulation, the segments are kept
roughly equal in length by adding points in regions of
expansion of the etch front and deletingpoints in regions
of contraction. The process used for deleting points is
illustrated in Figs. 3(b) and 3(c). The adjustment of
segment length maintains good resolution and prevents
certain computational difficulties.

DISCUSSION OF RESULTS
We have studied the application of the three algorithms to several different kinds of problems. Figure 4
shows a comparison of the results achieved in the case of
a simulated electron-beam exposure. The contours of
equal etch rate are described by R = 10 - x2 (1 y/8)-'
for etch rates of0.5 or greater. Aconstant etch rate of0.5

+
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Fig. 3. Algorithm f o r the string model. (a)The advancement of a
point by a distance Ax in a time At is along the bisector of the
angle between the segments of the line at point P,(t). The distance Ax = At R(P,(t)) where R is the rate. All points along the
string are advunced in this manner. (b)The string where a point
is about to he eliminated. (The segment length is S and the
minimum allowed value is S m a n . () c )The string after change that
eliminated .one point.

is assumed for the shaded region. The boundary shows
the shape of the profile that would lie expected if equal
energy absorption lines were thought to bound the developed line. The solid lines show the developed fronts
at three different (normalized) times for both the ray and
string algorithms; for the given discreteness of the Cal
Comp plotter, there is no difference of the results. The
broken lines show the fronts calculated using the cellremoval algorithm. The accuracy is clearly less with the
cell-removal scheme. Similar effects of the discreteness
of the cells are observed in other problems. The discreteness problem can be alleviated by choosing a finer
grid of cells, but the cost of computation is also increased. Even with smaller cells, there is a fundamental
accuracy problem that has to do with the direction of
movement of the developer front relative to the cell
orientation; this can lead to errors of several percent in
the effective etch rate.
Cost is an important factor in comparing algorithms as
it is often necessary to calculate a large number of profiles. Good accuracy can be achieved with any of the
three with sufficient expenditure. The cell-removal
model has been written in APL (for the IBM 360191)
while the others were done in Fortran (for the C D C
6400) so the comparison is dimcult. We found that the
cell-removal model required about twenty times as
many cpu operations as the string model. Much of this,
and possibly all, could be eliminated by using a compiled language. However, judging from the number of
POLYMER ENGINEERING AND SCIENCE, JUNE, 1977, Vol. 17, No. 6
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Fig. 4.Comparison of the results obtained using the three algorithms f o r a simulated electron-beam exposure. The solid
lines were obtained with the string and ray methods and the
broken lines were found with the cell-removal algorithm. The
normalized etch rate and distances are the same as f o r Fig. 1 . I n
the shaded region the etch rate is constant (0.5).

operations in the algorithms, the cell-removal model
would probably require several times the number ofcpu
operations for the same accuracy. Ray calculations cost
about the same as those using the string model.
We have also found certain other advantages in using
the ray method. It could be adapted to 3-d problems
inore conveniently than the others. Also, the accuracy of
the position of the end point of a ray at a given time can
he increased arbitrarily liy taking smaller time steps.
The ray method will also allow finding the position ofone
part of‘a front without doing the whole problem. Little
memory is needed for the ray calculation so it can be
done interactively on a desk calculator, a s we did for a
number of cases. There is a weakness of the ray method
in that certain regions may not he reached b y the first
choice of initial ray locations on the surface; some kind of
interactive computation is needed.
In summary, we believe the string model to be the
most versatile for line profiles and of about equal cost
with the ray method. For the same accuracy, the cellremoval algorithm would probably lie at least a factor of
two slower than the others if implemented in the same
language. The ray method will have its main advantage
when only a part of a development profile is desired or
when one wishes to use a desk calculator.
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Abstract
Diﬀraction gratings are used in optical communications devices, spectrographs, optical scanners, monochromators,
and in other instances. Diﬀraction gratings are either transmission or reﬂection. Reﬂective gratings are, usually, either
ruled or holographic. Blazed gratings (step-echelette or phase gratings) are non-planar gratings. We present the fabrication of blazed diﬀraction gratings using X-ray lithography. We model, theoretically, the development process of
X-ray exposed X-ray sensitive resist material (polymethyl methacrylate), and we establish a simulation algorithm, the
ray-tracing algorithm based on the Hamilton–Jacobi equation. Theoretical predictions based on simulation results
validate fully the fabricational results.
Ó 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction
Diﬀraction gratings are used in optical communication devices (e.g. optical couplers), in spectrographs and
spectroscopy in general, in monochromators etc. The
theory of diﬀraction gratings, as the name implies, is,
basically, the theory of diﬀraction. For the case of light
diﬀraction, the theory of gratings is given in [1–4]. The
deﬁnition of a diﬀraction grating is any arrangement of
parallel and equidistant diﬀracting elements of the same
width where the period is comparable to the wavelength
of the incident radiation.
Blazed gratings are capable of diverting the major
part of the incident energy into a single spectrum of a
given order of diﬀraction on one side and to suppress
almost completely all other spectra, in particular that of
the zero order [1,3]. Fig. 1 shows the general blazed
grating proﬁle.
In a blazed grating the grooves of the diﬀraction
grating are controlled to form orthogonal triangles with
a ‘‘blaze angle’’ u. The peak angle may vary from the
ideal 90°. The equation that holds for the Littrow con-
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dition where the incident and diﬀracted (or scattered)
rays are in autocollimation (as in Fig. 1) is:
2 sin u ¼ kð1=aÞkB ;

k ¼ 1; 2; 3; . . .

ð1Þ

where kB is the blaze wavelength. Given the blaze
wavelength, the blaze angle can be computed from the
above equation [3,5].
Ruled gratings are time consuming in fabrication and
thus costly. An alternative technique is the recording on
radiation sensitive material the holographic interference
pattern of two intersecting laser beams. Unfortunately,
this very accurate grating generation technique suﬀers
from lack of capability of groove proﬁle (shape) control.
Another technique involves the patterning of an interferometrically produced grating onto and into special
h1 1 1i silicon wafers, cut around 1° oﬀ the h1 1 1i plane.
Then, using a silicon anisotropic etching solution (e.g.
potassium hydroxide––KOH) which etches h1 1 1i planes
much more slowly than other crystallographic planes,
the result is a smooth silicon blaze surface [6,7]. This
method is constrained by the inherent crystallography
and molecular silicon dimensions.
The fabrication of blazed diﬀraction gratings via Xray lithography oﬀers more versatility in groove shape
proﬁles. The ﬁrst step of the fabricational process is the
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Fig. 1. Blazed grating proﬁle.

transferring of the pattern of a holographically recorded
grating onto and into the gold plated surface of a silicon
wafer. Then, the substrate layer of silicon is thinned,
from its backside, to a few microns that oﬀer just the
needed structural support for the gold grating structure.
This thin silicon window attenuates negligibly the Xrays used subsequently. Lastly, the gold grating structure, in intimate contact with an X-ray sensitive resist
coated planar substrate, is exposed with an X-ray beam,
where the gold grating serves as an attenuator mask for
the X-rays and thus we fabricate the blazed grating.

2. X-ray mask fabrication
One key step for the fabricational process is the gold
grating mask structure fabrication on top of a thin silicon window that serves as an X-ray mask during exposure with an X-ray beam.
The ﬁrst step in mask fabrication is the diﬀusion of
boron into the front surface of a h1 0 0i n-type silicon
wafer. This is done at an elevated temperature (1100 °C)
for 6 h, and a subsequent drive-in diﬀusion at 950 °C for
3 h. This will provide a heavily, p-type (donor), doped
(>¼ 5  10þ19 atoms/cm3 ) layer. This is needed since the

use of the anisotropic silicon etching solution consisting
of ethylenediamine, pyrocatechol and water shows preferential etching of a pþ n junction (the etching via the n
doped side stops abruptly at the pþ n junction interface),
and anisotropic etching of bulk silicon (the etch ratios
for h1 1 1i, h1 1 0i, and h1 0 0i oriented silicon are approximately 3:30:50). The above procedure yields thin
silicon windows of a thickness between 2.5 and 3 lm.
/h) so
The solution etches SiO2 ﬁlms very slowly (200 A
they are used as etching masks.
 ﬁlm of SiO2 is sputter deposited on the
A 12 000 A
 of SiO2 is deposited on
back side of the wafer and 1500 A
) is then
the front. A thin layer of nichrome (300 A
evaporated on the front surface followed by the evapo gold ﬁlm. Then, we spin coat the wafer
ration of a 2000 A

with 3000 A of Shipley positive photoresist and expose
interferometrically using a helium–cadmium laser (3250
 wavelength). The resulting resist grating structure,
A
after development and post baking, serves as an etching
mask for the transferring of the grating structure onto
and into the gold layer via rf sputter etching.
The last step involves the actual fabrication of the
thin silicon window. The aforementioned solution is
very potent and attacks the gold relief grating structure.
The following technique is used for masking:
) ﬁlm on top
We evaporate a thin nichrome (300 A
of the gold grating. This ﬁlm provides a convenient
adhesive interface between Au and SiO2 .
We then sputter deposit a 1.2 lm ﬁlm of SiO2 on top
of the Nichrome. This ﬁlm will protect the gold pattern
during the preferential etching of Si.
We coat both sides of the wafer with photoresist and
then open a window (photolithographically) on the back
side of the wafer directly beneath the gold pattern. The
photoresist envelope coating acts as a mask when we
etch through the SiO2 layer, opening up a window beneath the gold pattern.
We then immerse the wafer in the preferential etchant
(the etchant solution is heated up to 110–115 °C) and

Fig. 2. Wafer topology for nichrome–SiO2 protection of Au mask during thin silicon window etching.
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Fig. 5. 1 lm period Au grating (90° edge view).

Fig. 3. 1 lm period Au grating.

Fig. 6. 600 nm period Au grating.

Fig. 4. Larger magniﬁcation of 1 lm period Au grating.

upon completion of the silicon etch up to the boron
doped layer (this step takes from 3 to 5 h depending on
the thickness of the wafer the exact composition of the
etchant solution), we remove the wafer and strip the
SiO2 ﬁlms on both sides by immersion in buﬀered HF.
A sketch of the topology of this process is shown in
Fig. 2. Figs. 3 and 4 show SEM pictures of a 1 lm gold
grating mask structure in two magniﬁcations.

Fig. 5 shows a SEM picture of the 1 lm period Au
grating viewed at a 90° angle (edge view). The depression at the center of the gold bars is, most probably, due
to the photoresist proﬁle after development. Fig. 6
shows a SEM picture of a 600 nm period gold grating.

3. X-ray lithography, angle exposure, blazed diﬀraction
gratings
The X-ray exposure system consists of a horizontal
evaporation gun and a water cooled target at an angle of

252
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45° with interchangeable target material. The electron
beam diameter size is 4 mm and the target is capable of
dissipating the heat produced by a 200 mA current
beam. The source to substrate distance is 8 cm and
typical exposure time for a 100 mA beam current is an
hour. The main X-ray line for the aluminum target we
). For a thin silicon memused is the AlKa line (8.34 A
brane (which supports the gold mask structure), a thin
aluminum foil-ﬁlter, and polymethyl methacrylate
(PMMA) resist, the optimum wavelength for the shortest exposure is the ALKa line. The thin silicon window
absorbs (attenuates) the continuum X-rays below and
above this line, thus the radiation incident on the X-ray
resist is almost entirely the above line.
We use PMMA, a polymer, as the X-ray resist. It is
positive acting and irradiation with X-rays (or energetic
electrons) initiates a polymer chain scission. Subsequent
immersion into a discriminative solvent developer (in
our case a 60:40 mixture of IPA (isopropyl alcohol) and
methyl isobutyl ketone (MIBK)) will etch more rapidly
the areas where the exposure has produced macromolecule chain scission and thus has lowered the average
molecular weight, as compared to areas that absorbed
very little energy and thus retain a high average molecular weight and resist etching.
A lab made PMMA solution is spin coated on a plane
glass substrate. After a prebake step, the PMMA ﬁlm on
glass is ready for exposure. In order to avoid penumbra
and geometric distortion eﬀects the X-ray mask (the
gold grating pattern on the thin silicon window) should
be in close contact with the PMMA ﬁlm. We lay the
PMMA coated glass substrate on top of the gold grating
structure (the PMMA ﬁlm faces the gold grating), and
this ‘‘sandwich’’ arrangement is clamped on a water
cooled mask substrate––PMMA substrate holder.
We perform an angle X-ray exposure (either single or
double one) in order to achieve the desired groove
proﬁle (slanted ridge groove wall and blaze angle). The
multiple angle exposure technique for groove shape
control is shown in Fig. 7. A more general exposure and
masking geometry for producing blazed diﬀraction
gratings is shown in Fig. 8 (as is the case if wet chemical
etch of the gold is used since it produces lines with angled side walls). The geometry is crucial since it provides
both, the desired mask proﬁle for exposure of the X-ray
resist and, the basis for the theoretical calculation of the
absorbed energy density proﬁle inside the ‘‘bulk’’ of the
PMMA resist. The absorbed energy proﬁle inside the Xray resist depends on the number of exposure doses
(cumulative eﬀect), the angle(s) of exposure (proﬁle
shape eﬀect), and gold mask geometry (resist regions of
diﬀerent and/or variable energy dose density absorbed).
We performed a single angle exposure of the 1 lm
gold grating mask pattern where we positioned the mask
substrate––resist substrate system at an angle of 30° with
respect to the horizontal during exposure. Typical ex-

Fig. 7. Multiple angle exposure technique for groove shape
control of blazed gratings.

Fig. 8. General exposure and masking geometry for producing
blazed gratings. Diﬀerent regions of exposure in the resist are
shown.

posure and development parameters are as follows: total
exposure time 120 min, source to substrate distance 10
cm, and total development time 16 min. The total energy
density absorbed by the resist during exposure was approximately 900 J/cm3 . The development rate of the
/min.
fully exposed PMMA is around 130 A
Fig. 9 shows a SEM picture of the PMMA blazed
grating after exposure and development. Fig. 10 shows
an edge view (90° tilt) of the same grating. Note that one
of the groove facets is longer than the other one. It is the
one that corresponds to the angle exposure. We note

P.I. Hagouel / Microelectronics Reliability 43 (2003) 249–258
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4. Modeling and simulation (TCAD)––comparison with
experimental results
4.1. Physical and mathematical principles––modeling

Fig. 9. PMMA 1 lm blazed grating.

Fig. 10. 90° edge view of the blazed 1 lm PMMA grating.

that the depression in the middle of the gold mask rib
(Figs. 3 and 4) had negligible eﬀect on the developed
proﬁle.
Measurement of the 1 and )1 orders of diﬀraction
when the grating was positioned perpendicularly to the
) showed the
path of an argon laser beam (k ¼ 4880 A
intensities to be diﬀerent by 25%. The mechanism of
PMMA development process produced a rounded apex
angle instead of the desired pointed one. This we explain
theoretically in the next section.

Predicting theoretically, by modeling and simulation,
the experimental outcome of various process steps involved in nano- and micro-lithography and fabrication,
as well as nanoelectronics and microelectronics, is both
desirable and extremely useful. Etching (including resist development, ion-implanted oxide etching among
others) and deposition of various substances are processes that we encounter extensively in IC and other
nano- and micro-devices fabrication.
Resist development or etching is just a special case of
the general ﬁeld of the etching and deposition processes
of various substances. Therefore, we use the modeling
simulation of resist development as vehicle for the development of the physical and mathematical principles
involved, as well as for the development of the algorithms that are an oﬀspring and realize the mathematical
equations that will describe the processes. These algorithms form a potent and versatile set of tools for
TCAD.
Resist etching involves mass transfer operations. In
the case of a liquid developer, the etchant attacks the
exposed resist surface (positive resist) and starts dissolving the resist material in contact with the liquid. If
we assume an abundant supply of developer (e.g. immersion of the resist coated substrate), then the dissolved substances are immediately separated from the
remaining resist. This process continues till either we
stop the development or the developer reaches resist
areas that have not been exposed and, thus, are unsolvable. Another case involves reaching the substrate
surface.
In most cases the etching process is a surface etching
phenomenon. This implies, by deﬁnition, that there exists, at any period of time, a well deﬁned boundary (or
interface) between the developer and the undeveloped
resist. The shape and position of the boundary at a
particular moment is determined by the geometrical
(and physical) interface between the liquid etchant and
the undeveloped resist bulk. This boundary progresses in
time into the resist as development continues.
Thus we establish that we may visualize the bulk of
the resist as a medium where the interface between the
developer and undeveloped resist is a surface front that,
at every point, moves with a velocity dependent on
position. The velocity (speed) at any point in the resist is
determined by the correlation of the locally absorbed
energy density as it applies to etching speed by the developer used. Thus we model the resist, in general, as an
inhomogeneous and isotropic medium where fronts can
propagate and assume shapes dependent on the speed,
which is a function of position. Since the medium is
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ﬁnite in volume, we can measure or calculate maximum
and minimum development (etching) speeds.
Therefore, the problem posed is how to model the
advancement of the etchant-bulk resist interface in time
and predict its shape (proﬁle) and position at any moment in time.
The notions that we expounded lead to geometrical
optics. Its principles and notions may be applied in the
case of a material medium (e.g. polymeric resist) being
etched since it shows the same principal characteristics
with an optics medium. The solution of the problem is
based on the fact that locally, at every inﬁnitesimal region of the resist, the developer front satisﬁes SnellÕs law
of refraction. All laws of geometrical optics are derived
from SnellÕs law [8].
We now deﬁne an etch ray as a ray which is always
perpendicular to the developer front (the interface). The
etch ray obeys SnellÕs law of refraction at the interface
between two regions of diﬀerent etch speed. This deﬁnition is in analogy to the deﬁnition of an optical ray in
geometrical optics and it establishes the correlation between the development process and geometrical optics,
especially in what concerns wave front advancement.
Important deﬁnitions and results of geometrical optics
are specialized to the development case.
We deﬁne the resist index of refraction, nph as
RF
ð2Þ
nph ¼
Rs ðrÞ
where Rs ðrÞ is the etch speed at any point r in the resist
and RF ¼ Rmax ¼ max Rs ðrÞ for all points r in the resist.
We deﬁne the etch length from point P1 to a point P2
along a given path in the resist, which we shall denote by
‘e , as the distance that the etch front will advance in a
resist medium of constant etch speed RF , during the time
it needs to cover the distance P1 to P2 along the given
path. The etch length is given by
Z P2
Z P2
RF
nph ds ¼
ds
ð3Þ
‘e ¼
P1
P1 Rs ðrÞ
All rays connecting two developer (etch) fronts have
equal etch lengths. We apply all geometrical optics
principles to the resist development model by replacing
the optical index of refraction n by the resist index of
refraction nph .
We assume that the etch front at time t0 ¼ 0 is represented by a given surface So as shown in Fig. 11 (3dimensions). We deﬁne a function DðrÞ such that the
value of D at any given point p in the resist equals the
etch length from So to p of the etch ray passing through
p. The equation of an arbitrary etch front is then
DðrÞ ¼ ‘e ¼ Constant

ð4Þ

At a given point, let ds by the distance between the
two etch fronts and corresponding to ‘e and ‘e þ d‘e as
shown in Fig. 11. From (4) we obtain

Fig. 11. Propagation of a developer front in an inhomogeneous
and isotropic medium––advancement of the developer front
(developer-bulk resist interface) in an exposed resist medium.

jgrad DðrÞj ds ¼ d‘e

ð5Þ

and from (3) we obtain
d‘e
¼ nph
ds

ð6Þ

and (5) becomes
jgrad DðrÞj2 ¼ n2ph
or in Cartesian coordinates,

2 
2 
2
oD
oD
oD
þ
þ
¼ n2ph
ox
oy
oz

ð7Þ

ð8Þ

Eq. (8) is the Hamilton–Jacobi equation better
 m)
known in optics as the eiconal (from the greek eijx
equation [1,2,4,8–10]. It is also the mathematical formulation of HuygenÕs principle. Its solution, subject to
the boundary condition that the equation Dðx; y; zÞ ¼ 0
represents the initial etch front So at time t0 ¼ 0, determines the etch front at all subsequent times. Indeed, the
equation of the etch front at time t is
Dðx; y; zÞ ¼ RF t

ð9Þ

The etch rays are the normal trajectories of the surfaces
D ¼ constant.
HuygenÕs principle leads to two equivalent descriptions of propagation (in our case front advancement),
namely we either observe and follow the (wave) front or
we may observe and follow the path or rays, i.e. (in
geometrical optics) the paths of shortest time of light
propagation.
Other etching and deposition algorithms, as well as
spin-oﬀ and specialized cases for diﬀerent kinds of resists
and/or exposure and development (etching) parameters
have been described. The basics of the ray-tracing algorithm along with its physical–mathematical foundation
was brieﬂy described in [11]. The various simulation
techniques including the string and cell removal models
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are included in [12]. Ref. [13] modeled and adapted the
string algorithm to the case of anisotropic etching. Simulation of multiple etch fronts is described in [14]. The
basics of a cellular automata based etching and deposition algorithm is given in [15]. Negative resist corner
rounding is described in [16]. The eﬀect that the developer
temperature has on the proﬁles is described in [17], and
the eﬀect of exposure energy dose in [18]. The intricacies
of packed (close-spaced) parallel and isolated lines are
expounded in [19]. The CA photoresist developer simulator is described in [20]. The importance of using simulation tools and techniques for the advancement of
nanotechnology cannot be overemphasized [21].
We will now ﬁnd the equation that governs the trajectory of an etch ray.
Let s be a unit vector tangent to the etch ray as shown
in Fig. 12 and consider the vector nph s. From SnellÕs law
it follows that when an etch ray passes across the surface
of separation between two resist regions of diﬀerent etch
speed, it changes direction, in such a way, that the
component of nph s parallel to the surface remains unchanged. We have
ðnph sÞ ðnph sÞ ¼

n2ph

ð10Þ

and by diﬀerentiation (Ds ? s for small time steps)
ðnph sÞ Dðnph sÞ ¼ nph Dnph ¼ nph grad nph Ds
¼ nph Ds grad nph s

ð11Þ

where Ds is the vector PP 0 , Ds is its magnitude, and
Dðnph sÞ represents the vector diﬀerence between the
vectors nph s at P 0 and P . From the above equation we
obtain

dðnph sÞ
s ¼ grad nph s
ds
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ð12Þ

Eq. (12) indicates that the vectors dðnph sÞ=ds and
grad nph have equal projections along the tangent to the
ray. Moreover, grad nph is perpendicular to the surface
nph ¼ constant, and so it the vector dðnph sÞ=ds, because
as we mentioned above, the component of nph parallel to
a refracting surface is the same on both sides. Therefore
we obtain
dðnph sÞ
¼ grad nph
ds

ð13Þ

This is the diﬀerential equation of the etch ray in vector
form. It is equivalent to
Z
ð14Þ
d nph ds ¼ 0
This is the mathematical formulation of FermatÕs principle.
4.2. Ray-tracing algorithm
The ray-tracing algorithm is based on the fact that the
locus of the end points of the etch rays at the same instant of time form the developer front. In order to derive
the equations for the numerical calculation of etch ray
trajectories we use the geometry shown in Fig. 13. The
end point of a ray at time t1 is at point P1 with the
direction of the ray given by s1 . For a small time interval
Dt, we assume the etch speed to be constant and equal to
RsP1 ðx1 ; y1 Þ. In Dt point P1 will advance to point P2 and
Ds ¼ RsP1 ðx1 ; y1 ÞDt where Ds is the distance between
points P1 and P2 . The direction of the ray at point P2 is
given by s2 . We need to calculate the vector Ds since
nph ðx2 ; y2 Þ s2 ¼ nph ðx1 ; y1 Þ s1 þ Dðnph sÞ

ð15Þ

as we show in Fig. 13. Therefore, a discretization of Eq.
(13) is required.

Fig. 12. Trajectory of an etch ray in a resist of variable nph .

Fig. 13. Geometry for numerical calculation of etch ray trajectories.
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We have the obvious relationship
dðnph sÞ ¼ nph ds þ s dnph

ð16Þ

or
ds ¼

1
ð s dnph þ grad nph dsÞ ðusing Eq: ð13ÞÞ
nph
ð17Þ

Let Rs dt ¼ ds. Then Eq. (17) becomes
ds ¼

1
ð s dnph þ Rs grad nph dtÞ
nph

4.3. Simulation
ð18aÞ

or

ds ¼ Rs

 
  
1
1
sd
þ Rs grad
dt
Rs
Rs

ðby definition of nph Eq: ð2ÞÞ

ð18bÞ

Retaining only the ﬁrst term of a Taylor series expansion
of Eq. (18b) we have for a small time step Dt such that
Ds ¼ ððRsP2 þ RsP1 Þ=2ÞDt

 
  
1
1
Ds ¼ Rs
sd
þ Rs grad
Dt
ð19Þ
Rs
Rs
where the expression on the right hand side of the above
equation is evaluated at the starting point P1 .
Without loss of generality, we continue the analysis in
two dimensions.
Let nph ðx1 ; y1 Þ ¼ nph1 and nph ðx2 ; y2 Þ ¼ nph2 . Then
from Eq. (15) we obtain
nph2 s2 ¼ nph1 s1 þ s1 Dnph þ nDs

ð20Þ

where
n¼

nph2 þ nph1
;
2

Dnph ¼ nph2

analytical expressions of both the x and y components of
gradð1=Rs Þ are found and evaluated at discrete points
along the trajectory of the etch ray (e.g. points P1 , P2 ,
etc.). For discrete etch-rate data, the resist can be divided into a grid of points with assigned etch speeds. We
compute the speed at any arbitrary point in the resist by
weighted inference from the etch speeds of the nearest
surrounding grid points.

nph1 ;

and Ds is given by Eq. (19).
Again, by deﬁnition, we may write Eq. (20) as follows


1
RsP2
Ds
ð21Þ
1þ
s2 ¼ s1 þ
RsP1
2
Eq. (19) together with Eq. (21) allow us to calculate
trajectories of etch rays. For numerical computations we
discretize dð1=Rs Þ to Dð1=Rs Þ ¼ ð1=RsP2 Þ ð1=RsP1 Þ and
the x and y components of the gradient of ð1=Rs Þ,
fgradð1=Rs Þg, are given by (to a linear approximation)
as, for the x component,
 


D 1
1
1
1
¼
Dx Rs
Dx RsP2 jx RsP1 jx
where RsP2 jx denotes the x-axis component of Rs at Point
P1 etc.
The etch speed Rs ðx; yÞ may be given either as a
continuous function of position in the resist or as discrete date at various points in the resist. In the ﬁrst case

We use the ray-tracing algorithm to explore the effects of mask geometries (such as mask opening d, mask
period p, mask thickness tmask as shown in Fig. 8), different angles of incidence hi and hR (again as shown in
Fig. 8) of the exposing X-ray beam, diﬀerent compositions of developers (e.g. 1:3 MIBK:IPA or 1:2 MIBK:
IPA etc.), diﬀerent X-ray characteristic lines used for
) or the CuL line
exposure {such as the AlKa line (8.34 A
a
)} for which characteristic lines gold exhibits
(13.5 A
diﬀerent attenuation coeﬃcients when they traverse the
mask thickness, and diﬀerent exposure times.
The etch rate of the resist during development depends on the exposing X-ray energy dose and all the
above parameters. By varying any combination of the
above parameters at will, we can predict the proﬁles
after development and, by careful selection of the parameters, we can synthesize desired proﬁles.
The etch rate at any point in the resist depends on the
local energy dose absorbed and is given by
a

b
geMn r
Rs ¼ Ro þ
ð22Þ
a 1þ
qA0
ðMn Þ
where r is the transmission factor of the absorbing mask
(it depends on mask material, thickness, and X-ray
characteristic line). r varies from 0 (perfect mask) to 1
(no mask) that is 0 6 r < 1 and RF , the fast etch rate is
the rate for r ¼ 1. g is the eﬃciency factor of energy
absorption in the resist, e is the total absorbed energy
density dose (no mask), Mn is the average molecular
weight before irradiation, q is the resist density, A0 is
AvogadroÕs number, and a and b are characteristic
constants of the developer used. Ro is the background
etch rate (i.e. no exposure, usually extremely small). For
computational purposes, we may replace the transmission factor with r the attenuation coeﬃcient a~ (units
l 1 ), particular to the characteristic X-ray line used and
the mask material. We may also neglect the term
b=ðMn Þa compared to ðgeMn r=qA0 Þa . For Au, a~ ¼ 2:3025
), and a~ ¼ 6:4473 l 1 for the
l 1 for the AlKa line (8.34 A
).
CuLa line (13.5 A
The simulated proﬁles of some typical geometries and
parameter sets are shown in Figs. 14–16. In Fig. 14,
successive etch fronts are shown for increasing development time. The period of the mask p is equal to 1 l,
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Fig. 16. Developed resist proﬁle of a 280 nm period grating
(3600 lines/mm). Other parameters are hi ¼ 20°, hR ¼ 15°,
a~ ¼ 6:4473, a ¼ 3:86, and d ¼ 140 nm.

Fig. 14. Etch fronts for 40%, 53%, 66%, 80% and 100% of total
development time T , for a 1 lm period grating. Development
proﬁle (- - -) for CuLa exposure. The algebraically predicted
proﬁle is shown. In all cases d ¼ 500 nm, tmask ¼ 200 nm,
hi ¼ 15°, hR ¼ 20°, a ¼ 3:0.

Fig. 15. Developed resist proﬁles for diﬀerent mask thicknesses,
tmask ¼ 200 nm (––) and tmask ¼ 300 nm (- - -). Other parameters
are p ¼ 1 lm, hi ¼ hR ¼ 10°, a~ ¼ 6:4473, a ¼ 3:86, and d ¼ 500
nm.

d ¼ 500 nm, tmask ¼ 200 nm, hi ¼ 15° and hR ¼ 20°,
a ¼ 3:0 (1:2 MIBK:IPA), and a~ ¼ 2:3025 l 1 . The dashed curve is the ﬁnal development proﬁle when the
CuLa line is used for exposure. As expected, the groove
angle for the latter case is smaller than the one for the
preceeding case where the resist was exposed with Al
characteristic line radiation. For the same geometry, the
proﬁle which is based on the algebraic (planar mask)
model is also shown. It is based on the simpliﬁed assumption of a mask of zero thickness but of ﬁnite absorption. The algebraic model does not predict any

curvature around the apex of the groove angle. However, hG and the blaze angle hB are the same for both the
algebraic proﬁle and the simulated one. This observation
demonstrates that the algebraic model can give fairly
accurate initial results.
The ﬁnal groove angle hG depends on, tmask , hi , hR , a,
and a~. In order to use only MIBK (a ¼ 1:5) to obtain
hG ﬃ 110°, hi and hR should be decreased while tmask and
a~ should be increased. The development proﬁle of a 1
lm period grating, where hi ¼ hR ¼ 10°, a~ ¼ 6:4473,
tmask ¼ 200 nm, and d ¼ 400 nm is shown in Fig. 15
(solid line). If tmask is changed to 300 nm then the proﬁle
is as shown (dashed line). We note that because hi and
hR are small, h (Fig. 8) is large and the grating is created
rather deep in the resist.
For a 3600 lines/mm grating a simulated proﬁle is
shown in Fig. 16. The parameters are hi ¼ 20°, hR ¼ 15°,
a ¼ 3:86 (1:3 MIBK:IPA), a~ ¼ 6:4473, tmask ¼ 83 nm,
and d ¼ 140 nm. Other developers with reasonable exposure and development times can be used to obtain
approximately the same proﬁle.

5. Conclusions
The goal of fabricating non-planar blazed diﬀraction
gratings using X-ray lithography was realized. Blazed
diﬀraction gratings were fabricated using X-ray lithography. A theoretical model for the development process of X-ray exposed X-ray sensitive resist material
(PMMA) was developed. Based on this model, a general,
three dimensional etching and deposition simulation
algorithm, the ray-tracing algorithm, has been developed. Simulation results validate fully the fabricational
results. More intense X-ray beam sources and/or more
absorbing masks will improve the procedure. With the
availability of other X-ray sources, 100 nm period
gratings fabricated with X-ray lithography are feasible.
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Nanofabrication Simulation as a
Processes Research Tool
P. I. Hagouel
Abstract – Nanofabrication Simulation is evolving
continuously. Ever higher and faster digital computer calculating
and processing power automates further the algorithms. General
simulators can tackle mainstream processes. Special cases call for
individualized simulation approach. Information of the physical
process and initial conditions of the optical line of positive
photoresist on reflective substrate is derived by using the X-Ray
tracing algorithm that demonstrates initial value starting surface
segment widths for etch ray “launching” in the sub Ångstrom
region; Furthermore, ray-crossing and ray-scarce regions
delineate the feed through pathways for the etchant to reach the
final profile. In another case, that of exposed cluster of lines in
negative resist where the developer [etchant] is heated up, by
validating the experimental results via the calibrated simulator,
we validate also the initial hypothesis of the physical and
chemical processes that come into play such as he
thermodynamics of the resist – etchant medium front that produce
negative slant angle line walls.

I. INTRODUCTION

incident and the reflected beams result in areas of heavy
exposure (and, hence, polymeric chemical reactions), and
areas where the cancellation of the beams results in
minimal exposure energy dose and minute polymeric
chemical alterations.
The Ray – Tracing algorithm in its pristine form
shows that the etchant – developer liquid needs to attack
the resist surface at very particular points congregated in
sub–Ångstrom width regions! (in order to reach the final
etch front and shape the final resist profile). Furthermore,
the physics of ray advance coupled with the resist index of
refraction [2] for this medium lead to areas where there is
entrapment of rays, hence ray–dense (or ray–crossing)
areas as shown in Fig 5. Only ray–scarce areas facilitate
the etching – development process and contribute to the
final profile shape {delineate the feed through pathways for
the etchant progression}.
B. Physical and Chemical Phenomena

Nanofabrication Simulation is evolving continuously.
Ever higher and faster digital computer calculating and
processing power automates them further; However, all
encompassing nanofabrication programs are inherently
restricted in generating simulation results for only the most
common fabrication process steps incorporated into them;
Furthermore, the end result (e.g. simulation profile)
sometimes deprives us of information on the process
mechanism and / or on the initial conditions that come into
“play” in the physical–chemical process.
In other instances, simulations of a nanofabrication
process validate physical and / or chemical phenomena that
play a role in the fabrication result. Physical and / or
chemical equations describe the phenomenon, but it is only
through simulation that we establish the effect on the
process in time progression.
A. Initial Conditions and Progression
In the first instance we will present the development
of a projection printed optical line in positive resist on a
reflecting substrate [1]. The Ray – Tracing algorithm will
be used [2] and initial conditions and time incremental
progression mechanism will be shown and described [3].
Standing wave effects due to the interference of the
Paul Isaac Hagouel, 11 Chrysostomou Smyrnis Street,
GR-546 22 Thessaloniki, Greece, e-mail: hagouel@ieee.org

In the second instance, we validate the hypothesis of
the role that thermodynamics play in the final shape of
developed negative photoresist lines where we vary the
developer temperature [4] – [7].
The physics and
chemistry of polymers play also an important role [8], [9].
The simulator in based on Cellular Automata [10].
We are faced with the fact that an inescapable
characteristic of most commercially available positive and
negative resists is their polymeric constitution.
Nanolithography demands that we take into account
formative details of the composition of the resist films
together with other parameters that are crucial in explaining
subsequent developed profile details. We consider the
effect of both elevated and depressed (as compared to room
temperature) developer (etchant) temperatures in the
dissolution of both the exposed and unexposed parts of the
resist. We guess that the spin formatted resist film tends to
have macromolecules oriented parallel to the substrate
surface (Fig. 1). The probability of finding more readily
dissolvable low molecular weight (MW) chains and
oligomers is higher at the “exposure” interface
(i.e. interface between exposed and unexposed resist) and
this also contributes to the inhomogeneity of the region.
Increased developer temperature causes an increase in
vibrations of bound molecules of resist at the exposedunexposed region interface, which most of the time,
coincides also with the developer front in that region. The
solvent molecule experiences, therefore, more collisions
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moving perpendicularly down, something that retards its
advance. On the other hand, increased mobility of the
solvent molecule coupled with an apparent bigger solid
angle presented in the horizontal and slanted directions
(Fig. 2) facilitates the penetration of the solvent molecules
(horizontal-diagonal percolation) in between two or more
molecules.

Exposed resist

Unexposed resist

Resist macromolecule
Fig. 1. Resist macromolecules at the exposed-unexposed resist
interface.

component to the etch rate: higher in the direction parallel
to the substrate surface and lower in the perpendicular one.
The effect has also a spatial parameter, more pronounced at
the exposure interface.
We performed a series of experiments on resist coated
Si wafers using a stepper and a Deep UV source at
0.248 μm. The mask had a set of periodic and isolated
lines. We used SNR-248 negative resist. We obtained
SEMs for various developer temperatures.
The
enhancement of the lateral etch rate manifested itself in
sidewall slope. The sidewall slope is positive in the case
where the developer temperature is equal to 0 oC, becomes
almost zero when the developer temperature is equal to
room temperature and becomes negative when the
developer temperature is 80 oC.
We simulated the experimental results by
characterizing the dissolution process as a chemicalthermodynamic process where the Gibbs free energy gives
a relative (normalized) measure of the developer speed.
We modeled the inherent anisotropy in etch rates due to the
entropy directional flow by incorporating it into the local
rule of the Cellular Automata model. In this simulation we
introduced the temperature effect as anisotropy to the
Cellular Automaton local rule. The simulation results are
in very good agreement with experimental results for all
developer temperatures.

II. OPTICAL LINE – INITIAL RAY “LAUNCH”
A. Etch Rate

X

The development of a projection printed 1 μm line
in positive photoresist on a reflecting substrate was
examined by Dill, et al. [1]. In this case we assume a
5000 Å thick photoresist layer on top of a reflecting
substrate. Due to transverse standing waves in the resist,
the normalized variation of the etch rate Y in the
y-direction is approximated as in Fig. 3. The normalized
variation of the etch rate X in the x-direction is a Gaussian
as shown in Fig. 4. This is an approximation of an (optical)
lens function. X is given by

⎛ −x 2 ⎞⎟
X = exp ⎜⎜
⎟
⎜⎝ 50002 ⎠⎟

(1)

y ⎛
y ⎞
⎜⎜1.05 − cos (2π
1 − 0.1
(
)
)⎟⎟
2.05
5000 ⎝
1667 ⎠

(2)

and Y is given by

Z

Y =

Fig. 2. The solid angle presented in the horizontal and

slanted directions.

1

The etch rate R(x,y) is given by

Elevated temperatures enhance mechanical vibrations
of the resist molecules and hammer like activity of the
solvent molecules attacking the resist. The orientation of
the resist macromolecules introduces an anisotropic

⎛Å⎞
R (x , y ) = 400XY ⎜⎜ ⎟⎟⎟
⎜⎝ sec ⎠⎟
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(3)

“wave” guide for developer propagation. Notice that the
ray-crossing regions correspond to the valleys of the Y
function.

Fig. 3. The normalized variation of the etch rate Y in the
y-direction.
Fig. 5. Ray–tracing of the optical line with both ray–scarce and
ray–crossing regions.

Interacting with the simulator we determined the
initial x-coordinates of rays so that information for the
ray-scarce regions was obtained. In particular we noticed
that information for the fingers corresponding to fast
regions of development (and also ray-scarce) was obtained
from rays that originated in a 0.01 Å interval for the
deepest finger, in a 0.1 Å interval for the middle finger and
a 0.2 Å interval for the shallowest finger. Fig. 6 shows the
results. Tick marks indicate both the end points of rays
corresponding to 120 seconds development time and the
intermediate results for 30 s, 60 s, and 90 s. Fig. 7 shows
the final profile where the ray end points are joined with a
smooth curve.
Fig. 4. The normalized variation of the etch rate X in the
x-direction.

B. Simulation
The Ray calculations were done interactively. Fig. 5
shows ray trajectories for a total development time of 120
seconds. We notice ray–scarce regions (between 403 and
404 and between 860 and 870 where the numbers indicate
the initial x–coordinate of the ray (time t=0)) and ray–
crossing regions. The later is an example of ray “trapping”
[11]. In this particular case both ray–scarce regions and the
ray–crossing regions are due to the fact that the curvature
of the ray is directly proportional to the gradient of the
inverse etch rate [12]. The gradient variations in this case
are large. The ray always curves toward a region of
minimum etch rate; such a region will tend to form a

Fig. 6. Ray–tracing of the optical line. The tick marks define the
profile for four different development times (30, 60, 90,
and 120 seconds).
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temperature is less than room temperature then r and b are
negative. The case of room temperature is represented by
letting r and b to be equal to zero. Etch rates at room
temperature are calculated using the ABC parameter model
[13]. We assume that r and b are not equal, i.e. the etch
rates at the exposed and unexposed parts do not vary
proportionally. Furthermore, the temperature increment
increases the difference of etch rates between the exposed
and unexposed parts of the resist. This is made clear by the
following inequality:
If T1 < T2 < T3, then
Fig. 7. Profiles for 30, 60, 90, and 120 seconds for the optical
projection printed 1 μm line.

RT 1 (x , y ) − RT 1bg

<

RT 2 (x , y ) − RT 2bg
⎛⎜
⎜⎜
⎜⎝

<

RT 3 (x , y ) − RT 3bg

⎞

∀ x , y ∈ R ⎟⎟⎟⎟⎟⎠

(5)

II. NEGATIVE RESIST – NEGATIVE WALL SLOPE
A. Temperature Effect

RT 1 , RT 2 , and RT 3 correspond to the etch rates (both in

Temperature increment causes more intense
molecular vibrations which results in faster dissolution
rates of polymers. It is therefore expected that an
increment in developer temperature will result in faster
dissolution of both exposed and unexposed parts of the
resist. Increased developer temperature causes an increase
in vibrations of bound molecules of resist at the exposedunexposed region interface.
The solvent molecule
experiences,
therefore,
more
collisions
moving
perpendicularly down, something that retards its advance.
On the other hand, increased mobility of the solvent
molecule coupled with an apparent bigger solid angle
presented in the horizontal and slanted directions facilitates
the penetration of the solvent molecules (horizontaldiagonal percolation) in between two or more molecules.
This effect can be modeled by an increment of the etch rate
in both exposed and unexposed parts of the resist. This
effect of the temperature is homogeneous and isotropic
because the etch rate will vary proportionally at all points
of the resist. Suppose that in the case where the developer
temperature is equal to room temperature (20 oC) R(x,y) is
the etch rate at the various points of the unexposed part of a
negative resist and that Rbg is the etch rate at the exposed
part (background etch rate). We model the homogeneous
temperature effect using the following equations:

R ′(x , y ) = (1 + r ) R(x , y )
R ′bg = (1 + b)Rbg

−1 < r < 1

−1 <b < 1

(4)

R´(x,y) and R´bg are the etch rates at the unexposed
and exposed parts, respectively, in the case that the
developer temperature is different from 20 oC. In the case
that the developer temperature is greater than room
temperature r and b are positive. If the developer

exposed and unexposed parts) at temperatures T1 , T2 , and
T3. In other words, according to the proposed model, the
difference in etch rates at the two sides of the boundary
between the exposed and unexposed parts increases with
temperature.
The orientation of the resist macromolecules
introduces an anisotropic component to the etch rate:
higher in the direction parallel to the substrate surface and
lower in the perpendicular one.
By the second law of thermodynamics, dissolution
proceeds only when the change in Gibbs free energy or the
energy of dilution is negative [8] [9].

ΔGsol = ΔH sol − T ΔSsol < 0

where G is the Gibbs free energy, H is the enthalpy and S is
the entropy. The value of |ΔGsol| is, therefore, a measure
and indication of the speed of dissolution as long as
ΔGsol < 0. If the reaction is endothermic (ΔHsol > 0 and if
ΔHsol < TΔSsol) then an increase in temperature increases
the speed of dissolution provided ΔHsol and ΔSsol remain
virtually unperturbed for the range of temperatures.
The spatial and temporal dependence of this equation
introduces a dynamic inhomogeneity and anisotropy in the
dissolution process at interfaces between exposed and
unexposed regions of the resist as well as at the (1)
etch front
and adjacent region. The mobility of the solvent affects the
speed with which the molecules of the solvent associate
with the molecules of the solute.
Entropy is a measure of ordering. Therefore, a
region of extended structural variations, such as the
neighborhood of the exposed-unexposed interface
introduces a propensity for large change in entropy that
depends also on the direction chosen, hence the anisotropy.
Entropy has a tendency to increase in the case of
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dissolution of resists and for the structure presented in
Figure 1 the increase is more pronounced towards the x
axis and around it in a solid shown in Fig. 2.
Even though entropy is usually a scalar quantity, its
change occurs with a flow of entropy. In regions of rapidly
varying structural changes, such as interfaces of exposedunexposed regions and in regions of time varying structural
changes such as the etch front (dissolution front)
neighborhoods, the propensity or potential for change in S
(ΔS) endows ΔS with inhomogeneous and anisotropic
characteristics.
Cellular Automata lend themselves
naturally for the solution of such problems.
B. Etching Anisotropy
In order to model this anisotropic temperature effect
we incorporate the anisotropy into the Cellular Automaton
local rule [13]. This is accomplished by introducing the
normalized “weight” parameters that incorporate the
thermal effect on the etch speed for the vertical
(perpendicular), horizontal (parallel), and diagonal
directions. These are denoted with v, h, d where

We performed a series of experiments on resist
coated Si wafers using a stepper and a Deep UV source at
0.248 μm. The mask had a set of periodic and isolated
lines. We used SNR-248 negative resist. We obtained
SEMs
for
various
developer
temperatures.
The enhancement of the lateral etch rate manifested itself
in sidewall slope. The sidewall slope is positive in the case
where the developer temperature is equal to 0 oC, becomes
almost zero when the developer temperature is equal to
room temperature and becomes negative when the
developer temperature is 80 oC. Figures 8, 10 & 12 show
the SEMs we obtained for developer temperatures equal to
0 oC, 20 oC, and 80 oC, respectively. The line pitch in
Figures 8, 10, & 12 is 0.5 μm, 0.4 μm, and 1 μm,
respectively.
Figures 9, 11 & 13 show the simulation results which
we obtained using the model described in [13]. The values
of the parameters used to obtain the simulation results are
shown in Table I.
TABLE I
VALUES OF v, h, d

−1 < v < 1
−1 < h < 1

T {oC}
T1 = 0
T2 = 20
T3 = 80

(7)

−1 < d < 1
Note that for T≥20 oC Ö v<d<h. For T≤20 oC Ö
h<d<v . We assume that the temperature increment
increases the effect of the vertical, horizontal and diagonal
cells, but not by the same amount and not the same way,
i.e.:

v
0.90
0.80
0.60

h
0.70
0.90
1.00

d
0.75
0.85
0.90

The variation of the sidewall slope with temperature
has been successfully reproduced strengthening, thus, the
proposed model for the temperature effects.

If T1 < T2 < T3, then

vT 1 > vT 2 > vT 3
But

(8)

hT 1 < hT 2 < hT 3
dT 1 < dT 2 < dT 3
Where

hT 1 − vT 1 < hT 2 − vT 2 < hT 3 − vT 3
dT 1 − vT 1 < dT 2 − vT 2 < dT 3 − vT 3

(9)

(10)

The indices (superscripts) in (8) and (9) correspond to
temperatures T1, T2, and T3 respectively.
C. Simulation and comparison to experimental results

Fig. 8 SEM of periodic isolated lines with pitch 0.5 μm obtained
using SNR 248 resist at 0 oC.
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Fig. 9. Simulation results for T= 0 oC.

Fig. 1. SEM of periodic isolated lines with pitch 1 μm obtained
using SNR 248 resist at 80 oC.
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Fig. 10. SEM of periodic isolated lines with pitch 0.4 μm obtained
using SNR 248 resist at 20 oC.
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Fig. 13. Simulation results for T= 80 oC.
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Fig. 11. Simulation results for T= 20 oC.
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Initial Conditions (Launch surface coordinates and
direction) of etch rays and their progression in the medium
demonstrate the innate atomic structure of matter. The
inverse problem (i.e. to “trace–back” the ray) may be used
to plan fabrication procedures via simulation and study the
processes involved. Another area that might benefit is
medical drug delivery. Such a case might be to find the
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best penetration point for an intra–ocular injection in order
to optimize in maximum and fastest delivery of the medical
fluid to its intended target point – areas [14] – [16].
The effect of the developer temperature on the
dissolution of negative resists has been investigated using
experiment and simulation.
The temperature has a
homogeneous and an anisotropic effect on the dissolution
of both exposed and unexposed parts of negative resists.
The variation of the lateral etch rate manifested itself in
sidewall profile slopes and is compatible with the entropy
directional flow. We performed a series of experiments on
resist coated Si wafers at three different developer
temperatures. These experiments unveiled the effect of the
developer temperature on sidewall slopes given the
physical – chemical characteristics of the resist. We
introduced temperature effect parameters into the Cellular
Automata model and the simulation results that we
obtained reproduced successfully the temperature effect on
sidewall slopes and thus validated the model.
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ΔΙΔΑΚΤΟΡΙΚΗ ΔΙΑΤΡΙΒΗ

Paul Isaac Hagouel
Πωλ Ισαάκ Χάγουελ
“X‐Ray Lithographic Fabrication of Blazed Diffraction Gratings”
Μικροκατασκευή Γωνιακών Φραγμάτων Παράθλασης
με Λιθογραφία Ακτίνων–Χ
University of California, Berkeley, 1976
Φράγματα παράθλασης χρησιμοποιούνται σε φασματοφωτόμετρα
υψηλότατης ακρίβειας, σε διατάξεις για οπτικές τηλεπικοινωνίες, σε οπτικούς
σαρωτές (optical scanners), ως φράγματα αστρικής αστρονομίας, σε
μονοχρωμάτορες φασματοσκοπίας Raman, κ.α. Mέχρι τούδε τα φράγματα
παράθλασης κατασκευάζονταν με την μέθοδο της χάραξης η οποία ήταν
χρονοβόρα, ακριβή και επιρρεπής σε σφάλματα. Aπό τα μέσα της δεκαετίας
του 60, κατασκευάζονται με την ολογραφική μέθοδο, λόγω ανάπτυξης των
λέϊζερ (laser). Tα πλεονεκτήματα είναι η ταχύτητα κατασκευής, το μικρό
κόστος και η δυνατότητα κατασκευής φραγμάτων με πολύ μικρή περίοδο (0.1
μm). To κύριο μειονέκτημα είναι η αδυναμία ελέγχου του σχήματος της
διατομής (groove profile).
Σκοπός της διατριβής ήταν η κατάδειξη ότι είναι δυνατή η κατασκευή
γωνιακών φραγμάτων παράθλασης με Λιθογραφία Aκτίνων X. Mε την
προτεινόμενη μέθοδο επιζητείται η επίτευξη αυτού του ελέγχου σε συνδυασμό
με τα υπόλοιπα πλεονεκτήματα των ολογραφικών φραγμάτων παράθλασης.
H ανάπτυξη της Λιθογραφίας Aκτίνων X μαζί με άλλες μεθόδους κατασκευής
Oλοκληρωμένων Kυκλωμάτων, οι οποίες δεν χρησιμοποιούν ως εκθέτουσα
ακτινοβολία το φάσμα του ορατού φωτός και της υπεριώδους ακτινοβολίας,
είναι αναγκαία λόγω των απαιτήσεων για Oλοκληρωμένα Kυκλώματα στη
Mικροηλεκτρονική με όλο και μικρότερες γεωμετρικές διαστάσεις.
H
Oλοκλήρωση Πολύ Mεγάλης Kλίμακας (VLSI) υπαγορεύει την ανάπτυξη
νέων τεχνικών για την κατασκευαστική διαδικασία της αποτύπωσης των
κυκλωματικών λεπτομερειών πάνω στις πλακέτες (wafers) Πυριτίου (Si),
Γαλλίου‐Αρσενικού (GaAs) κα. Όμως, οι κυματικές ιδιότητες του ορατού
φωτός και της μαλακής υπεριώδους ακτινοβολίας, με κατώτερο μήκος
κύματος γύρω στο 0.1 μm, έχουν ως αποτέλεσμα έντονα φαινόμενα
παράθλασης. Τα φαινόμενα παράθλασης εμφανίζονται κατά τη διάρκεια
αναπαραγωγής μιας μάσκας, με σχεδιασμένο κύκλωμα ελαχίστων
γεωμετρικών
διαστάσεων
γύρω
στο
1
μm,
με
έκθεση
της
“φωτοευαισθητοποιημένης” επιφάνειας δια μέσου της μάσκας η οποία
βρίσκεται σε στενή επαφή μαζί της (contact printing).
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Φαινόμενα παράθλασης δεν επηρεάζουν τη Λιθογραφία Aκτίνων X (ΛAX).
Θεωρητικά, η Λιθογραφία Aκτίνων X μπορεί να αναπαράγει με μεγαλύτερη
ευκολία υπομικρές (submicrometer) διαστάσεις λόγω του μικρού μήκους
κύματος της ακτινοβολίας ( η χαρακτηριστική γραμμή AlK έχει μήκος
α
κύματος λ=8.34 Å ) έτσι ώστε, για τα γεωμετρικά μεγέθη τα οποία
ενδιαφέρουν, τα φαινόμενα παράθλασης είναι ανύπαρκτα και ισχύουν οι
κανόνες της γεωμετρικής οπτικής. Η αρχή της Λιθογραφίας Ακτίνων Χ
στηρίζεται: α) στη κατασκευή κατάλληλων μασκών, τέτοιων ώστε τα σημεία
της ευπαθούς στην ακτινοβολία ακτίνων X επιφάνειας τα οποία δεν θέλουμε
να εκτεθούν, να αντιστοιχούν σε εκείνα τα σημεία της μάσκας τα οποία είναι
μη διαπερατά (“αδιαφανή”) ως προς τη χρησιμοποιούμενη ακτινοβολία
ακτίνων X, και β) στην ύπαρξη ευπαθών στις ακτίνες Χ resists (Χ‐ray resist).
Ως τέτοιο χρησιμοποιήθηκε το PMMA (Polymethyl Methacrylate).
H διατριβή χωρίζεται σε επτά κεφάλαια. Tο πρώτο κεφάλαιο είναι
εισαγωγικό. Tο δεύτερο κεφάλαιο αναφέρεται στα βασικά των ακτίνων X και
στις αρχές της Λιθογραφίας με Aκτίνες X με έμφαση την κατασκευή
γωνιακών φραγμάτων παράθλασης. Tο τρίτο κεφάλαιο περιγράφει την
κατασκευή του συστήματος παραγωγής ακτίνων X για τους σκοπούς της
εργασίας. Tο περιεχομένο του τέταρτου κεφαλαίου, δηλαδή αυτού που
περιγράφει την κατασκευή της μάσκας για την κατασκευή γωνιακών
φραγμάτων παράθλασης με Λιθογραφία Aκτίνων X, αναπτύσσεται
περιληπτικά στην επόμενη παράγραφο.
H μέθοδος στηρίχθηκε στην υπό γωνία έκθεση της πλακέτας, που είναι
επιστρωμένη με ευπαθές σε ακτίνες X πολυμερές (X‐ray resist), μέσω μιας
μάσκας με αποτυπωμένο ένα χρυσό φράγμα παράθλασης. O χρυσός είναι το
υλικό που αποσβαίνει τις διερχόμενες ακτίνες X και παίζει το ρόλο του
“αδιαφανούς” μέρους της μάσκας. H κατασκευή της μάσκας ξεκινάει από την
ολογραφική αποτύπωση των κροσσών συμβολής δυο δεσμών ακτίνων laser
υπεριώδους ακτινοβολίας, που ξεκινούν από την ίδια πηγή, με αποτέλεσμα να
παράγεται ένα φράγμα παράθλασης στο φωτοευπαθές υλικό (photoresist) με
το οποίο είχε επιστρωθεί, με φυγοκεντρική μέθοδο, μια πλακέτα πυριτίου. H
επιφάνεια της πλακέτας είχε επιστρωθεί προηγουμένως με ένα στρώμα
χρυσού με τη μέθοδο της εξάχνωσης χρυσού μέσα σε κενό (Au Evaporation in
Vacuum). Kατόπιν η όλη διάταξη βυθίζεται σε εμφανιτικό υγρό (διαλύτη) και
τα μέρη του πολυμερούς που αντιστοιχούν στους μέγιστους κροσσούς
συμβολής διαλύονται (“σκάβονται”) με ταχύτητα ανάλογη με την ενέργεια
που έχουν απορροφήσει [θετικό photoresist]. Tο αποτέλεσμα είναι το
τρισδιάστατο φράγμα παράθλασης από πολυμερές (resist). Mε ακόλουθο
σκάψιμο με sputtering (“sputter etching”) το αποτέλεσμα είναι ένα
τρισδιάστατο φράγμα παράθλασης από χρυσό. Kατά την διάρκεια του
σκαψίματος με sputtering, το φράγμα από photoresist λειτουργεί ως
προστατευτική μάσκα έτσι ώστε να σκάβεται μόνο το μέρος του χρυσού που
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δεν καλύπτεται από photoresist. Tοιουτοτρόπως έχουμε σαν αποτέλεσμα ένα
χρυσό φράγμα παράθλασης πάνω σε μια πλακέτα πυριτίου. Tο τελικό στάδιο
της κατασκευής της μάσκας επιτυγχάνεται με το ανισοτροπικό σκάψιμο της
πλακέτας του πυριτίου, από την πίσω πλευρά, έτσι ώστε το χρυσό φράγμα να
«υποστηρίζεται» δομικά μόνο από ένα λεπτό υμένιο πυριτίου πάχους 3μm
περίπου, τέτοιο ώστε να είναι διαπερατό από την ακτινοβολία ακτίνων X. Tο
σχήμα 1 περιγράφει την τοπολογία της μάσκας, το σχήμα 2 δείχνει το χρυσό
φράγμα παράθλασης περιόδου 1 μm σε μικρή κλίση (α) και σε κλίση (τομή) 90°
(β), και το σχήμα 3 το χρυσό φράγμα παράθλασης περιόδου 0.6 μm σε μικρή
κλίση.
Διάλυμα για ανισοτροπικό σκάψιμο του πυριτίου (Si)

Διάλυμα για ανισοτροπικό σκάψιμο του πυριτίου (Si)

Σχήμα 1. Tοπολογία πλακέτας [το NiCr και το SiO2 χρησιμοποιούνται για
προστασία της χρυσής μάσκας από σκάψιμο κατά τη διάρκεια του
ανισοτροπικού σκαψίματος του πυριτίου με υγρό]

Στο πέμπτο κεφάλαιο περιγράφονται τα αποτελέσματα της καθεαυτής
έκθεσης με ακτίνες X, μέσω χρυσών μασκών, που έδωσαν πολύ καλά
αποτελέσματα. H υπό γωνία έκθεση αποδείχθηκε, όπως προβλέφθηκε
θεωρητικά, ότι μας δίνει τη δυνατότητα ελέγχου της μορφής του καναλιού.
Kατασκευάστηκε γωνιακό φράγμα παράθλασης περιόδου 1 μm και
αναπαράχθηκε φράγμα περιόδου 0.6 μm. Σημαντικά προβλήματα υπάρχουν,
κυρίως αυτό της σκίασης λόγω της παρασκιάς των ακτίνων X (X‐Ray
Penumbra Shadowing) η οποία οριοθετεί και την διαχωριστική ικανότητα
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(resolution) αλλά και την αντίθεση (contrast) ενός συστήματος έκθεσης με
ακτίνες X. Για τις φωτογραφίες χρησιμοποιήθηκε Ηλεκτρονική Μικροσκοπία
Σάρωσης (SEM). Tο σχήμα 4 δείχνει ένα γωνιακό φράγμα παράθλασης
περιόδου 1 μm όπου η απουσία “μυτερής” γωνίας στο βάθος [κορυφή] της
περιόδου είχε προβλεφθεί με την προσομοίωση που περιγράφεται παρακάτω.
Tο αποτέλεσμα αυτό επιβεβαιώνει και το μοντέλο απορρόφησης ενέργειας
από το resist.

(α) μικρή κλίση

(β) κλίση 90°

Σχήμα 2. Xρυσό φράγμα παράθλασης περιόδου 1 μm.

μικρή κλίση
Σχήμα 3. Xρυσό φράγμα παράθλασης περιόδου 0.6 μm.
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(α) μικρή κλίση

(β) κλίση 90°

Σχήμα 4. Γωνιακό φράγμα παράθλασης περιόδου 1μm κατασκευασμένο με
λιθογραφία ακτίνων X.

Στο έκτο κεφάλαιο αναπτύσσεται ένα μοντέλο και ένας αλγόριθμος
προσομοίωσης της διαδικασίας εμφάνισης ή σκαψίματος. Mε μια αλγεβρική
μέθοδο έγινε αρχικά μια πρώτη προσέγγιση του προβλήματος, δηλαδή ότι
είναι εφικτή η κατασκευή των γωνιακών φραγμάτων παράθλασης με τη
μέθοδο της ΛAX. Aναπτύχθηκε επίσης, και αποδείχθηκε θεωρητικά, μια
μέθοδος προσομοίωσης του σχήματος (προφίλ) του διαχωριστικού μετώπου
καθώς αυτό κινείται στο χρόνο και στο χώρο μεταξύ του υλικού που
σκάπτεται και του υγρού ή άλλου σκαπτικού μέσου (π.χ. ιόντων κ.λπ.) που
«σκάβει». Στη περίπτωση του resist (μια γενική περίπτωση) θεωρήθηκε το
υλικό ώς ανομοιογενές και ισότροπο. Aφού η ταχύτητα σκαψίματος (δηλαδή η
ταχύτητα με την οποία κινείται το μέτωπο ή η ταχύτητα με την οποία
“σκάβει” ή “τρώει” το σκαπτικό υγρό το resist σε κάθε σημείο) ικανοποιεί το
Nόμο της Παράθλασης του Snell, τότε ισχύουν όλα όσα ισχύουν για τη
Γεωμετρική Oπτική, όπου η ταχύτητα σκαψίματος σε κάθε σημείο του resist,
αντιστοιχεί με την ταχύτητα μετάδοσης του φωτός στους χώρους της
Γεωμετρικής Oπτικής. Eτσι ορίζεται και ένας δείκτης παράθλασης του resist,
κατά πλήρη αντιστοιχία με τον τρόπο που ορίζεται στην Oπτική. Για την
έρευνα αναπτύχθηκε κυρίως η μέθοδος της προσομοίωσης της ιχνηλάτησης
χρονικά και χωρικά της «ακτίνας» σκαψίματος (Ray Tracing) έτσι ώστε η
περιβάλλουσα των άκρων όλων των ακτίνων σε μια ορισμένη χρονική στιγμή
να δίνει το μέτωπο, και κατ’ επέκταση το τελικό προφίλ (απεικόνιση του
μετώπου–διατομής) μετά το πέρας της εμφάνισης. H ακριβής λύση του
προβλήματος δίνεται από τη λύση της εξίσωσης Hamilton–Jacobi, η οποία
στην Οπτική αποκαλείται και «απεικονιστική» (eikonal). Στην εξίσωση αυτή
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αντικαθίσταται ο οπτικός δείκτης παράθλασης με το δείκτη παράθλασης
του resist ή οποιουδήποτε άλλου μέσου που σκάπτεται. Ορίζεται ως δείκτης
παράθλασης του μέσου (λχ. photoresist, X‐Ray resist κ.λπ.), σε τυχόν σημείο
του, το κλάσμα με αριθμητή τη μέγιστη ταχύτητα σκαψίματος στο μέσο και
παρονομαστή την ταχύτητα σκαψίματος στο σημείο.
H μέθοδος
προσομοίωσης προσφέρεται και για τη λύση τρισδιαστάτων απεικονιστικών
προβλημάτων. Tα αποτελέσματα του αλγορίθμου βρέθηκαν σε άριστη
συμφωνία με τα αντίστοιχα πειραματικά αποτελέσματα.
H προσομοίωση της διαδικασίας σκαψίματος με το μοντέλο της
ιχνηλάτησης ακτίνας (ray tracing) δίνει μια πολύ καλύτερη αντίληψη και
γνώση της φυσικής διεργασίας του σκαψίματος. Παρατηρείται ότι η τελική
διατομή (προφίλ) επηρεάζεται αρκετές φορές από ακτίνες (δηλαδή σκαπτικό
υγρό) που ξεκινούν από την επιφάνεια του υλικού που σκάβεται, από μια
ορισμένη περιοχή σημείων τα οποία απέχουν μεταξύ τους λίγα Å! Αυτό
δείχνει ότι η διεργασία σκαψίματος λειτουργεί μικροσκοπικά σε ατομικές
διαστάσεις. H πλήρης ιχνηλάτηση δείχνει ποιες ακτίνες θα ακολουθήσουν
ποιο δρόμο έτσι ώστε μετά από ορισμένο χρονικό διάστημα να μορφοποιείται
η τελική διατομή.
Mε γνώμονα τη μελλοντική ύπαρξη πιο ισχυρών πηγών ακτινοβολίας
παράλληλης δέσμης ακτίνων X, και υποθέτοντας «τέλεια» επαφή μάσκας–
υποστρώματος με resist ακτίνων X, παρουσιάζονται αποτελέσματα
προσομοίωσης για διάφορα πάχη μασκών και διάφορες περίοδους
φραγμάτων. Eνα συμπέρασμα είναι ότι φράγματα με περίοδο 0.1 μm είναι
εφικτά. Eπίσης προσομοιώθηκαν διατομές (προφίλ), τυπικές για Oπτική
Προβολική Eκτύπωση (Optical Projection Printing), και γραμμών 1 μm σε resist
κατασκευασμένες με Λιθογραφία Hλεκτρονικής Δέσμης (Electron Beam [E‐
Beam] Lithography), καθώς και για σκάψιμο ιοντικά εμφυτευμένου SiO2
(ion‐implanted SiO2). Σύγκριση με πειραματικά αποτελέσματα, καθώς και με
αποτελέσματα άλλων αλγορίθμων προσομοίωσης επιβεβαιώνουν την
ακρίβεια του αλγόριθμου.
Tέλος στο έβδομο κεφάλαιο αναφέρονται περιληπτικά τα αποτελέσματα
και οι τελικές παρατηρήσεις.
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