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THESIS ABSTRACT
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One of the fundamental problems in transferring a circuit pattern onto a substrate using
electron beam lithography is the proximity effect, which is due to electron scattering in the
resist and results in the “non-ideal” distribution of exposure (energy deposited in the resist)
leading to the blurring of the written circuit pattern. For high-density circuit patterns with
fine features of nanometer scale, the proximity effect can become so severe that features
may merge if not corrected for the effect. All of the previous proximity effect correction
schemes used a two-dimensional (2-D) exposure model for proximity effect correction by
ignoring or averaging the variation of exposure along the depth dimension in the resist. In
this thesis, the three-dimensional (3-D) proximity effect correction for binary lithography is
addressed with emphasis on sidewall shape. The objective of 3-D correction is to control
electron beam dose distribution within each circuit feature using a 3-D point spread function
(PSF) in order to achieve a certain desired remaining resist profile after development.

As the first step towards developing 3-D proximity effect correction schemes, two pro-

totype versions, 3-D iso-exposure contour correction and 3-D resist profile correction, have



been implemented in this thesis. The main purpose of these prototype implementation is to
demonstrate the efficiency of real 3-D correction and, therefore, the iso-exposure contours
and resist profiles of certain cross-sections in one direction only are considered in these
versions. The 3-D resist profile correction leads to more realistic results in general since it
takes the resist development process into account.

Through computer simulations, the 3-D proximity effect and performance of the 3-D
correction methods have been analyzed for simple patterns such as a single and three-line

patterns.
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CHAPTER 1

INTRODUCTION

Electron beam (e-beam) lithography is one of the key techniques to transfer circuit
patterns onto silicon or other substrates. It uses a focused electron beam to expose a
pattern on a sensitive material (the resist) applied to the surface of the substrate. Prozimity
effect is caused by forward and backward scattering of electrons after they enter the resist
and subsequent reflection from the substrate, which results in undesirable blurring and
degradation in the written circuit pattern. The degree of scattering depends on the energy
of electrons, the effective atomic number of the substrate materials, and the thickness of the
resist, etc. [28—-30]. For circuit patterns with very fine features, proximity effect can cause
blurring of features or the neighboring features even to merge. The main problem due to
proximity effect in fabrication of a grayscale structure is the non-uniform ezposure (energy
deposited per unit area) distribution within each feature, which would lead to an uneven
surface of the corresponding region after the fabrication process and of a binary structure
(circuit pattern) is that features may blur out or shrink into their ideal boundaries.

As the circuit size and density continue to increase and the minimum feature size (MFS)
steadily shrinks, proximity effect is expected to impose an increasingly serious limitation
on fabrication of binary structures. Therefore, an effective method to control dose (energy

given per unit area) in the lithographic process for fabricating structures is to be developed.



1.1 Previous Work

The issues of proximity effect correction has been steadily investigated by many re-
searchers since the 1970’s [29-39]. In general, they use dose modification approach where
dose is varied with location and shape modification approach where the size of each feature
is modified. The majority of the schemes adopted the dose modification approach because
it has a potential to achieve higher correction accuracy but it requires more computation.
A shape modification approach has the advantage of being compatible with a wide vari-
ety of e-beam machines and also requires less storage and computation compared to dose
modification.

PYRAMID [40-57], a hierarchical rule-base approach toward proximity effect correc-
tion, has been developed over years. It has been demonstrated that PYRAMID can correct
circuit patterns with minimum feature size of 100 nm and below, quickly and accurately.
Previous efforts in the PYRAMID project include both shape modification and dose modi-
fication for binary circuit patterns.

One of the consensus in all the previous work on e-beam proximity effect in binary
lithography [16,17], analysis or correction, is that exposure variation along the resist depth
dimension was not considered i.e., uses a 2-D point spread function (PSF) where the 2-D
PSF is obtained by integrating (averaging) the corresponding 3-D PSF along the depth
dimension.

Recently, there were claims of three-dimensional (3-D) proximity effect correction
[21-23] for heterogeneous substrate, however, exposure variation along the resist depth

dimension was not taken into account and thus still using a 2-D exposure model.



Various resist development modeling techniques, their advantages and disadvantages
are described in [8-10]. Different empirical models relating the exposure and developing
rate are described in [5-7]

Clear distinction between threshold solubility and resist development models, and the
limitations in the threshold solubility model were described in [11].

The significance of taking resist development into account and how it affects the final
resist profile were stressed in [12-15], but no correction technique was developed to reduce

the non-linearity introduced by the resist development process.

1.2 Motivation and Objectives

One of the main objectives in the binary e-beam lithography is to have the resist in
the circuit feature areas fully developed down to the substrate interface. The remaining
resist profile depends on the 3-D spatial distribution of exposure. Also, depending on what
follows the e-beam lithographic process, the desired sidewall shape of the remaining resist
profile may be different. For example, undercut sidewall is needed for the lift-off process
and straight vertical sidewall may be desired for anisotropic etching. Hence, there is a
need for controlling the 3-D spatial exposure distribution in order to achieve the desired
remaining resist profile especially for nanoscale features. Note that the depth-dependent
variation of exposure becomes more noticeable as the feature size decreases. However,
the 2-D proximity effect correction schemes do not consider exposure variation along the
depth dimension and thus are not able to control the 3-D exposure distribution explicitly.
Therefore, the main objective of this thesis is to carry out a flexibility study on true 3-D

proximity effect correction via computer simulation.



The main objectives of this thesis are:

e Analysis of the 3-D proximity effect in terms of the spatial distribution of exposure

in the resist through computer simulation.

e Development of the proof-of-concept 3-D proximity effect correction schemes using

iso-exposure contours and remaining resist profiles.
e Performance comparison of the 3-D proximity effect correction schemes over 2-D cor-

rection techniques through computer simulation.

1.3 Organization of the Thesis

This thesis is organized as follows:
e Chapter 2 introduces the 3-D exposure and resist development models.

e Chapter 3 analyzes the 3-D proximity effect (in terms of spatial exposure distribution
in the resist) considering the parameters such as beam energy, resist thickness, feature

size, developing threshold, etc.

e Chapter 4 describes the proof-of-concept implementation of 3-D proximity effect cor-

rection using the iso-exposure and resist profile models.

e Chapter 5 analyzes the performance of 3-D proximity effect correction schemes over

the 2-D correction scheme in terms of CD (Critical Dimension) or sidewall control.
e Chapter 6 presents conclusions and suggestions for future work.

e Appendix 1 includes some implementation issues, such as the unit of exposure and

value of constants used in the resist development simulation.



CHAPTER 2

THREE-DIMENSIONAL MODELS

2.1 Electron Beam Lithography

Derived from early scanning electron microscopes, e-beam lithography uses a focused
electron beam to write circuit patterns in a resist sensitive to energy deposited by electrons.

As illustrated in Figure 2.1, the features in a pattern are exposed by e-beam and a
solvent developer is then used to selectively wash away the resist depending on the energy
deposited in it. For a positive resist, resist is washed away if the energy deposited is higher
than a certain threshold value (“developing threshold”). The exposure level is to be higher
than the threshold within each feature and lower than the threshold in the background (un-
exposed area) when a positive resist is used. After the development process, the developed

resist areas represent the copy of the written circuit pattern.

2.1.1 Proximity Effect Correction

Proximity effect in e-beam lithography is mainly due to the “non-ideal” distribution of
exposure (energy deposited in the resist). Therefore, it is necessary to control the distribu-
tion of exposure in the resist so as to obtain the desired pattern. One of the approaches in
proximity effect correction is dose modulation, wherein an optimal dose (energy incident in

the resist) is searched for each region to achieve the desired exposure distribution.
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Figure 2.1: Hlustration of a binary lithographic process.

2.1.2 Point Spread Function

Electron scattering can be modeled through an energy deposition profile or point spread
function (PSF), which shows how the energy is distributed in the resist when a single point
is exposed.

In general, the PSF is a function of the distance from the exposed point as well as
depth as shown in Figure 2.2-(a). Thus, the PSF is a radially symmetric three-dimensional
function. As illustrated in Figure 2.3-(a) and (b), the shape of a PSF depends on the
parameters resist thickness, substrate composition, beam energy, etc., but not on the dose
given to the point. For homogeneous substrates, the PSF shape does not vary with the
position of the point exposed. It can also be seen from Figures 2.2-(a), 2.3-(a) and (b),

that a PSF can be decomposed into two components, the local (or short ranged) component



and the global (or long ranged) component [45]. The local component, due to electron’s
forward scattering, has large magnitude and is very sharp while the global component, due
to electron’s backward scattering, has relatively low magnitude and is flat.

E-beam lithographic process can be assumed to be linear and space invariant for uni-
form substrates. Therefore, exposing a circuit pattern can be simulated by convolving

the circuit pattern with a PSF. The output of convolution represents the spatial exposure

distribution.
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Figure 2.2: A PSF for the substrate system of 500 nm PMMA on Si with the beam energy
of 50 keV: (a) the top, middle and bottom layers, and (b) all layers

2.2 2-D Exposure Model

In a 2-D exposure model, variation of the exposure distribution, e(x,y, z), along the
Z-axis is not considered (refer to Figure 2.4 for the axes convention). A 2-D point spread

function PSF(z,y) is used for the computation of exposure and is obtained by averaging



the 3-D point spread function PSF(x,y, z) over z i.e., PSF(z,y) = %fOT PSF(z,y,z)dz

where T is the thickness of resist. A 2-D PSF is as shown in Figure 2.3.
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Figure 2.3: A 2-D PSF for the substrate system comprising 500 nm PMMA on Si with the
beam energy of 50 keV.
Thus, 2-D exposure distribution e(z,y) is given by

e(r,y) = [ [, PSF(z -2’y —y)f(a',y')dz'dy’, where f(z,y) represents the dose to
be given to each point (x,y) on the resist surface for writing a circuit pattern. But, the
actual profile of remaining resist can vary with z significantly due to the depth-dependent
exposure distribution. Therefore, proximity correction using a 2-D model would not lead
to an accurate result especially when a certain shape of sidewall of the remaining resist is

desired.

2.3 3-D Exposure Model

In 3-D exposure model, a 3-D point spread function PSF(z,y, z) is used as shown in

Figure 2.2-(a) and (b), and thus the depth-dependent proximity effect is considered.
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Figure 2.4: A substrate system model consisting of a substrate and resist of thickness T
Substrate system is assumed to be spatially homogeneous, i.e., the substrate composition
and the resist thickness (T") do not change with location. Z-axis represents the resist depth.

As illustrated in Figure 2.2-(a) and (b), a typical PSF shows a narrow high-amplitude
distribution of exposure in the top layer while a wide low-amplitude distribution in the
bottom layer. This depth-dependent energy spread in the resist leads to the 3-D proximity
effect which leads to variation of performance metrics with the resist depth. Since the PSF

is radially symmetric about Z-axis, PSF(z,y, z) may be expressed as PSF(\/x% + y2,2) =

PSF(r,z) where r = /22 + y2.

Thus, the 3-D exposure e(x,y, z) is computed using the following convolution.

e(r,y,z) = ///PSF r—a y—vy,z—2)f(@,y,0)dx' dy d2’
= ///PS’F r—a'y—y,z—2)f(a,y)o()dx dy' d

= //PSch—x,y—y,Z)f(fv,y)dfv'dy (2.1)
m/ y/



From Equation 2.1, it is seen that the exposure distribution at a certain depth (z)
can be computed by the 2-D convolution between PSF(z,vy, 29) and f(x,y,0) in the corre-
sponding plane, z = z. That is, e(z,y, z) may be estimated layer by layer.

Though the 3-D exposure model provides a complete information on how electron
energy is distributed in the resist, it does not directly depict the remaining resist profile
after development. In order to make correction results more realistic, one has to consider

the resist development process into account for correction.

2.4 Resist Development Model
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Figure 2.5: Nonlinear relationship: (a) rate vs. 3-D exposure and (b) 3-D exposure vs.
depth. Exposure is normalized by 10'9. For a feature of width L: 50 nm, Dose: 200
uC/em?, 1000 nm PMMA on Si, 50 keV.

Most resists are nonlinear in nature when exposed by e-beam, i.e., the resist devel-
opment rate is not linearly proportional to exposure (see Figure 2.5-(a)). Exposure varies
with depth z (see Figure 2.5-(b)). Also, not all points in the resist are exposed to the
developer at the same time, i.e., the developing process is sequential from the top surface

of resist toward the bottom. Therefore, the remaining resist profile after development can

be significantly different from that estimated by the exposure models.
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2.4.1 Model

To simulate the time evolution of the development profile of the resist, the exposure
matrix e(z, z) (eV/um3) is transformed into a development rate matrix r(z, 2) (nm/s). The
relationship between r and e is determined by experimental measurements of changes in
resist thickness as a function of development time for a particular resist-solvent combination.
After curve-fitting such data with an analytical expression, the relationship between r and
e is established.

The empirical model describing the relationship between r and e for the polymethyl

methacrylate (PMMA) resist is given by Equation 2.2 [5].

1 ce; i - 1012
rij =ro+ B(= + grlhy - )A

2.2

where (i, j) is the index of cell, M, is the original number average molecular weight, g is the
chain scission per electron volt absorbed (/eV), e is the exposure (eV/um?), p is the resist
polymer mass density (g/cm?), N4 is the Avogadro’s number (= 6.023 x 1023molecules/g—
mol).

The constants rg, A, and B are empirically determined for PMMA with different sol-
vents (see Section A.2). Typical values for PMMA are g = 1.9 x 1072/eV (proposed by

Greeneich), M,,=50000, and p = 1.19g/cm3.

2.4.2 Simulation (Cell Removal Model)

In this thesis, a simplified version of the “cell removal algorithm” [8,9] is implemented

because it is the most robust and numerically stable of all resist development algorithms.
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In the simplified cell removal algorithm, only a line feature is considered, which is long
enough in the Y-dimension that any variation along Y-axis is ignored. Thus, the solubility
rate and exposure matrices are functions of z and z only. The resist is divided into m x n
cells in the X-Z dimension.

The reaction of developer is assumed to take place only along the normals of the cell
sides. Cells are removed by the developer, one after another, according to their dissolution
time dT" and the number of sides in contact with the developer. When a cell is removed, the
new cells exposed start developing. Any cells having an additional side exposed have their
projected time of removal updated based on Equations 2.3, 2.4, and 2.5. Thus, by keeping
track of the cells in contact with developer and their associated sides, the cell removal
algorithm is able to simulate the development process. The result of the simulation is the
development matrix, which contains the percentage development of each cell.

Thus, 2-D development algorithm as shown in Figure 2.6 involves three main steps:

e Finding the minimum dT" cell and dissolving it;

e Updating the dT of other cells for the elapsed time;

e Based on the status of its neighbors, compute/recompute the time of dissolution (dT")

for all undeveloped cells using Equations 2.3, 2.4, and 2.5.

Thus, the cells are removed in the order that the development proceeds.

The dissolution or development time d1 of a cell is derived as follows for each condition
of the cell based on its neighbors [9].

Case 1: Single side development: When a single side of a cell is exposed to a developer

as shown in Figure 2.7-(a), (b), and (c), then the dissolution time dT of cell (i, 7) is

12



Compute e(x,z) and r(x,z)

Compute dT for all cells

]

Search the cell with min(dT)

v

Remove the cell and any other
cell with dT close to min(dT)

v

T =T+ min(dT)
v

Update the dT, dimensions and
area undeveloped for remaining
cells based on min(dT)

v

Update the dT of each cell
based on any changes in its
neighboring cells

T < Simulation
time ?

Figure 2.6: Cell removal algorithm: 2-D cell removal model.
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Figure 2.7: Status of cell (i, j) where Case 1: (a),(b) and (c) single side development; Case
2: (d),(e), and (f) double side development; Case 3: (g) triple side development. Unshaded
are the developed cells and shaded are the undeveloped cells. Arrow heads point in the
direction of developer flow.
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dij - dzi,;

T = (2.3)

ds; ;-1
where dz is the width, dz is the height and r is the rate of cell (i, j) and ds is the dimension
dx or dz of the exposed side.

Case 2: Double side development: When two neighboring sides (for example, the dz and
dz side) of a cell are exposed to the developer as shown in Figure 2.7-(d), (e), and (f), then

the development time dT is accelerated for cell (i, j) as follows,

dij - dzi,;

[ 12 2 .

where ,/ dz?’j + dzﬁ ; is the modulation factor representing the acceleration introduced by

dT;; = (2.4)

two sides exposed.
Case 3: Triple side development: When three neighboring sides (for example, the two
dz and dz) of a cell (i, j) are exposed as shown in Figure 2.7-(g), then the development time

dT is accelerated for cell (7, j) as follows,

dij - dzi,;
2 2 2 ..
Vdxd; + 2+ dz g

dT;; = (2.5)

where \/ dw%’j + dzz it dzZ ; 1s the modulation factor representing the acceleration intro-
duced by three sides exposed.

In the implemented cell removal model, cells are assumed to be rectangular with default
cell dimensions dr = 5 nm and dz = 10 nm where dx depends on the pixel size and dz is

the distance by which the 3-D PSF is sampled along the Z-axis.
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CHAPTER 3

ANALYSIS OF THREE-DIMENSIONAL PROXIMITY EFFECT IN E-BEAM LITHOGRAPHY

In this chapter, the three-dimensional (3-D) proximity effect is studied through sim-
ulation using the 3-D exposure model described in Chapter 2, when the desired sidewall
is vertically straight. The effects of the parameters such as beam energy, resist thickness,
feature size, developing threshold, etc. on the 3-D spatial distribution of exposure in the
resist, in particular, depth-dependent proximity effect, are considered in the analysis. The
remaining resist profile after development is mainly determined by the spatial distribution
of exposure though the development process can also affect the profile which is studied in

detail in Chapters 4 and 5.

3.1 Intra-Proximity Effect

The intra-proximity effect refers to the proximity effect within a feature. In order
to quantify the 3-D intra-proximity effect, the two metrics, width variation and exposure

contrast, are introduced.

Width Variation

The width of a line feature may vary with the resist depth after development as illus-
trated in Figure 3.1. The line feature is long enough in the Y direction that its width can
be assumed not to vary with y. Let W (z) denote the width of the line feature where z is
the depth in the resist. In this simulation study, it is assumed that W (z) can be approxi-

mated by the iso-exposure contour determined by e(z, z) = Thr where Thr is the developing
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threshold (refer to Figure 3.4-(b)). Note that e(x,y, z) does not vary with y in the middle
of the line. Let W, and W}, represent the widths of the line at the top and bottom layers
of resist, respectively, i.e., Wy = W(0) and W}, = W(T') where T is the thickness of resist.
Also, the average width, w, of the line is defined to be A T fo z)dz. Width variation, Oy,
quantifies deviation from the straight vertical sidewall, and is defined to be % Note
that &, > 0 and J,, < 0 indicate overcut and undercut, respectively. When the sidewalls
are vertically straight, é,, = 0. That is, the measure of d,, can not only quantify the width

variation, but also indicate the type of sidewall.

W'[
T i
«— W(z2) —> . Z
T Resist Resist
-+
Wh Substrate W Substrate

(a) (b)

Figure 3.1: Cross-section of the remaining resist for a line feature: (a) overcut (d,, > 0) and

(b) undercut (d,, < 0).

Exposure Contrast

For a long line feature along the Y axis, exposure contrast (or gradient), C(z), is
defined as |ae(x’y’ le=7hr|. Given a developing threshold Thr, the iso-exposure contour
of e(x,z) = Thr is determined on the X-Z plane. Then, C(z) is computed across the
iso-exposure contour, i.e., it quantifies how fast the exposure changes spatially around the

developing threshold. The exposure contrast needs to be higher for a smaller variation of

17



the feature dimension due to the varying development process. The exposure contrast varies

with the resist depth.

3.2 Inter-Proximity Effect

P i e N ——
Wt W2 W3
- - -
W1 Wi Wi

Figure 3.2: Variation of line width due to inter-proximity effect among multiple lines when
dwi > 0 for all 3.

Figure 3.3: Comparison of the remaining resist profile (r,(z)) with the desired one (rg(x)
of “straight vertical sidewalls”) where the difference between the two profiles is shown as
the shaded areas. The ratio of line to space (L:S) is 1:1.

When multiple features are close to each other, the interaction among them leads to
the inter-proximity effect [25]. The level of inter-proximity effect varies with depth in the
resist since the exposure distribution, e(x,y, z), is a function of the resist depth, z. This

3-D inter-proximity effect makes the line width vary spatially and the amount of variation

depends on the resist depth. As one way to quantify the 3-D inter-proximity effect, the
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spatial variation of line width among lines is considered for a uniform typical line-space
pattern. Let Wy, W,,; and W, denote the widths of the ¢th line at the top, middle,

and bottom layers, respectively, as illustrated in Figure 3.2. Then, for the top layer, the

normalized standard deviation of Wy; is computed as o, = Wit\/ % ZJ\L (W — Wt)Z where
Wy is the mean of W;; among the lines, i.e., W; = % Zi]\il Wy and N is the number of lines.
Similarly, for the middle and bottom layers, oy, and oy, may be computed from {W,,;}
and {W}; }, respectively. For a non-uniform pattern, e.g., the line width varies with line, W,
(Wini, Ws;) may be normalized by the average width of the ith line, w; = %fOT W;(z)dz,
before oy, is computed. Note that this measure (o) of inter-proximity effect only quantifies
how uniform the remaining resist profile is among multiple features. It does not directly
indicate the deviation from a desired profile.

When a desired profile is known, a quantitative measure of difference between the
desired and actual profiles can be defined to supplement the measure of o,. Let rg(x)
and r4(x) depict the desired and actual profiles, respectively, as illustrated in Figure 3.3.
Note that r4(z) is the iso-exposure contour of e(z, z) = Thr. Then, the difference (or error)

measure may be computed as € = g fOX |rq(x) —rg(z)|dx where X is the width of a pattern

(e.g., for 3 lines of width L, and 3 spaces of width S, X = 3(L + 5)).

3.3 Simulation Results and Discussion

The simulation model employed in this study takes only exposure into account. 3-D
exposure distribution in the resist is computed by the layer-by-layer 2-D convolution which
is accelerated by the CDF (Cumulative Distribution Function) table method [45]. Changing

the base dose (“dose” hereafter), i.e., changing the dose distribution uniformly, simply scales

19



the exposure distribution. Hence, analyzing effects of different doses may be carried out
by considering different developing thresholds for the same exposure distribution. This
eliminates the need to repeat the same convolution with different scaling factors in the

simulation. In all cases, exposure was computed at 10 layers of resist, which are equally

spaced.

3.3.1 Iso-Exposure Contours
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Figure 3.4: Cross-sections (X-Z plane) of exposure distribution in the resist when a rect-
angular feature with the width (L) of 50 nm is exposed with the dose of 200 uC/cm?: (a)
grayscale image and (b) iso-exposure contours. The substrate system consists of 500 nm
PMMA on Si and the electron beam energy is 50 keV. The unit of exposure is uC/cm?.

In Figure 3.4, the cross-section e(z,z) of spatial exposure distribution is shown for a
rectangular circuit feature when the dose is 200 uC'/cm? (refer to Figure 2.4). It can be seen
that the exposure distribution varies with the resist depth. The iso-exposure contour plot in
Figure 3.4-(b) indicates that the remaining resist profile can be quite different depending on
the dose or developing threshold. Suppose that the developing threshold is 8 uC'/cm?. Then,

in order to achieve the vertical sidewalls, the dose needs to be doubled (to 400 uC/cm?).

Note that the contour of 4 uC/em? is almost vertical in Figure 3.4-(b). In addition to the
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line width variation, one can also see the dependency of exposure contrast on the resist
depth, i.e., higher at the top layer than at the bottom layer. In Figure 3.5, dependency
of the line width on the resist depth is shown for two different thicknesses of resist. The
line width varies significantly with the resist depth and the variation is larger for a thicker

resist.
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Figure 3.5: Dependency of line width (after development) on resist depth (top, middle
and bottom layers) for the substrate system of PMMA on Si and 50 keV with the dose of
200 uC/em?: (a) 500 nm PMMA and (b) 1000 nm PMMA. The developing threshold is 8
uC/em?.

3.3.2 Intra-Proximity Effect

Resist Thickness

In Figure 3.6, iso-exposure contours are plotted for two different thicknesses of resist.
When the resist is 100 nm thick, the contours show little variation along the depth dimension

(refer to Figure 3.6-(a)), i.e., not much 3-D proximity effect. However, as the resist thickness

21



20t JT ] 200" J Q\g

40}

by
80 [
100 2 1000

0.14 0.16 0.18 0.2 0.14 0.16 0.18 0.2
X (um) X (um)

(a) (b)
Figure 3.6: Dependency of iso-exposure contours on the resist thickness: (a) 100 nm PMMA

on Si and (b) 1000 nm PMMA on Si. The unit of exposure is uC/em?. L: 50 nm, dose:
200 puC'/cm?, 50 keV.

4001

600r

Resist Depth (nm)
(%)
o
5

Resist Depth (nm)

800r

15 x 10
——Thr=4 pC/cm? +
-©- Thr=6 pC/cm? R 2t
1t[+ Thr=8 pCrcm? e ] . ;\\(
e [32) S
. 8 15 * RN —x—Top
o> 0.5f T ] Q N -o- Middle
) ’ = 1r R -+ Bottom |4
\l:l/ .
ol O
0.5 N
o. __________
IR LTI
-0.5 : : : : ‘ o) : : : :
0] 200 400 600 800 1000 0] 200 400 600 800 1000
Resist Thickness (nm) Resist Thickness(nm)

(a) (b)

Figure 3.7: Dependency of §,, and C' on the resist (PMMA) thickness: (a) d,, and (b) C
(Thr = 2uC/cm?). L: 50 nm, dose: 200 uC/cm?, 50 keV.
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increases, the 3-D proximity effect becomes larger, leading to a significant depth-dependent
variation in exposure distribution as shown in Figure 3.6-(b) where the resist thickness
is 1000 nm. In Figure 3.7, the line width variation (d,,) and exposure contrast (C) are
analyzed by varying the resist thickness. As the resist thickness increases, J,, becomes
larger as expected (Figure 3.7-(a)). It is also seen that d,, is larger for a higher (developing)
threshold (equivalently a lower dose for a fixed threshold). In Figure 3.7-(b), it is observed
that C' decreases as the resist thickness increases since the electron energy spreads more for

a thicker resist. The decrease in the exposure contrast is more evident in the lower layers.
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Figure 3.8: Dependency of iso-exposure contours on the beam energy: (a) 5 keV and (b)
20 keV. The unit of exposure is uC/em?. Dose: 200 uC/em?, L: 50 nm, 500 nm PMMA
on Si.
Dependency of the iso-exposure contours on the beam energy is shown in Figure 3.8

(also refer to Figure 3.4-(b)). As the beam energy increases, electrons can penetrate deeper

into the resist leading to a more vertical orientation of the contours, which makes §,, smaller.
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However, the beam energy higher than a certain value may be lead to an undercut due to

excessive backscattering from the substrate depending on the resist thickness.
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Figure 3.9: Dependency of iso-exposure contours on feature size (L: line width): (a) L =

50 nm and (b) L = 400 nm. The unit of exposure is uC/em?. Dose: 200 uC/cm?, 500 nm
PMMA on Si, 50 keV.

In Figure 3.9, iso-exposure contours are compared for two different feature sizes (line
widths). When the feature size is small as in Figures 3.9-(a), the exposure variation along
the depth dimension is significant. However, for large features, the variation is relatively
small as can be seen in Figure 3.9-(b). Note that the exposure difference between the top

and bottom layers is about 10 and 6 pC/em? for the small and large features, respectively.

Threshold

As mentioned earlier, increasing (or decreasing) the dose with a fixed developing thresh-
old is equivalent to decreasing (or increasing) the threshold with a fixed dose. In Figure
3.10, effects of the threshold (dose) on &, and C' are analyzed. For a higher threshold (a

lower dose), d,, is larger, i.e., the line width varies more with the resist depth as shown
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in Figure 3.10-(a). Also, the remaining resist profile tends to be overcut (d,, > 0). As
the threshold decreases (the dose increases), d,, decreases. Particularly for a high beam
energy, d,, can become negative, i.e., the remaining resist profile of undercut. The exposure
contrast, C, is shown in Figure 3.10-(b). It is seen that the exposure contrast is highest
at the top layer, and decreases as the resist depth increases. In a layer, as the threshold
increases, C' shows a bitonic behavior, i.e., an increasing interval followed by a decreasing
interval. This is due to the typical characteristics of spatial exposure distribution over the

feature edges (refer to Figure 3.5 noting that C' is an exposure gradient).
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Figure 3.10: Dependency of d,, and C' on threshold or equivalently dose: (a) &, and (b) C
(exposure contrast). Dose: 200 uC/cm?, L: 50 nm, 500 nm PMMA on Si, 50 keV.

3.3.3 Inter-Proximity Effect
Variation of Line Width and Exposure Contrast

As shown in Figure 3.11, the width variation (o,,) among the (three) lines due to inter-
proximity effect is largest at the bottom layer and least at the top layer. This is due to the
fact that energy spread due to electron scattering is greater at a lower layer of resist. Also,

as the resist thickness increases or the beam energy decreases, o, increases significantly
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4pC/em?, T = 500 nm), and (c) S (Thr = 9uC/em?, T = 500 nm). Dose: 200 uC/cm?,
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except for the top layer where the exposure contrast is highest. In particular, as the space
(S) between lines decreases, the inter-proximity effect increases, which makes o, larger.
The increase is greater at the bottom layer (than at the top layer). Also, it is observed that
the exposure contrast (C') has a larger deviation among the lines for a lower layer, a thicker

resist, and a smaller line spacing.

Error in Resist Profile
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Figure 3.12: Dependency of € on (a) resist thickness (50 keV'), (b) S (50 keV'), and (c)
beam energy. Dose: 200 uC/cm?, L: 50 nm, 500 nm PMMA on Si, Thr : 4uC/cm?.

In Figure 3.12, the error, €, between the desired and actual remaining resist profiles is
analyzed when the desired profile has straight vertical walls. It is observed that there exists
a threshold (equivalently a dose) which minimizes the error. As expected, the error is larger
for a thicker resist as shown in Figure 3.12-(a). As the (three) lines get closer, i.e., the
space, S, between lines decreases, a higher level of inter-proximity effect is incurred leading
to a larger error. Low-energy electrons cannot penetrate deep into the resist. Hence, the
minimum € one can achieve by controlling the dose is significantly larger for a lower beam

energy than a higher beam energy as seen in Figure 3.12-(c).
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Figure 3.13: Dependency of the remaining resist profile on developing threshold: (a) expo-
sure contours, (b) Thr = 18 uC/em?, (¢) Thr = 12 uC/em?, (d) Thr = 9 pC/em?, and
(e) Thr =2 uC/em?. Dose: 200 uC/em?, L: 50 nm, S: 25 nm, 500 nm PMMA on Si, 50
keV. The dashed lines show the ideal line widths.

In Figures 3.13 and 3.14, the profile of remaining resist is examined by changing the
threshold (dose) or line spacing. It is illustrated that the inter-proximity effect becomes
visible when the dose is increased or the space between lines is decreased. Also, it is to be
noted that the inter-proximity effect is layer-dependent and is most severe at the bottom
layer. As the dose is increased (i.e., the threshold is decreased), the level of inter-proximity

effect increases especially at the lower layers and eventually the three lines are merged due

to the undercut at the lower layers while still separated at the upper layers as shown in
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Figure 3.13. Similar observations can be made when the lines get closer to each other as

shown in Figure 3.14.

2-D vs. 3-D

In the simulation where a 2-D model is employed, any variation (of exposure) along
the depth dimension (Z) is not taken into consideration or assumed to be zero. Therefore,
equivalently, the remaining resist profile is completely vertical i.e. the equivalent 3-D expo-
sure e(z, z) is obtained from 2-D exposure e(x) by replicating the 2-D exposure values e(x)

along the depth of the resist.

3.3.4 Exposure

In Figure 3.15, the 2-D (dashed lines) and 3-D (solid lines) models are compared in

terms of the remaining resist profile. In Figure 3.15-(a) where S = 100 nm and the threshold
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is 7 uC/em?, the 2-D model estimates the line width to be about 35 nm. However, the
profile estimated by the 3-D model shows that the line width is wider (than that estimated
by the 2-D model) in the top half of the resist layers and then becomes narrower, i.e.,
an overcut. Also, the bottom one third of resist layers is not even developed. When the
threshold is lowered (or the dose is increased), overcuts may become undercuts and wider
line widths may result at lower layers in the 3-D model as shown in Figure 3.15-(b). Also,
it should be noticed that the center line is wider than the other two “end lines” at the
bottom of resist. In addition, the centers of the end lines are shifted toward the center line
more at the bottom of resist than at the top. For an even lower threshold as in Figure
3.15-(c), the lines are merged at the lower layers according to the 3-D model while they are
well separated in the 2-D profile. When S = 25 nm, the inter-proximity effect is greater,
however, similar observations can be made as shown in Figures 3.15-(d), (e) and (f). In
Figure 3.15-(f), the 2-D model indicates that all three lines are completely merged while
the 3-D model shows some undeveloped resist between the lines except at few lower layers.
It is clear that the 2-D and 3-D models lead to significantly different estimation results.
In particular, the 2-D model is not able to distinguish the overcut and undercut from the

vertical straight wall.

3.3.5 Resist Development Profile

Shown in Figure 3.16-(a) and (b) are the 2-D exposure distribution and its correspond-
ing development contours. It is seen that 2-D model fails to depict the intra-proximity effect
in the feature and thus inaccurately predicts the remaining resist profiles. Also, shown in

Figure 3.16-(c) and (d) are the 3-D exposure distribution and its development contours.
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Figure 3.15: Comparison of remaining resist profiles between 2-D (dashed) and 3-D (solid)
models using iso-exposure contours. For S: 100 nm (1000 nm PMMA on Si), (a) Thr =
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It is seen that no remaining resist profile (development contour) matches any iso-exposure
contour. Also, it is observed that the shape of remaining resist profile depends on the
development time. Therefore, in order to develop an accurate 3-D correction scheme, one

needs to consider the remaining resist profile instead of exposure contours.
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CHAPTER 4

THREE-DIMENSIONAL CORRECTION APPROACHES

In this chapter, 3-D correction methods which use a 3-D exposure model in controlling
the e-beam dose distribution within each circuit feature to achieve the desired sidewall
profile are described.

The following two proof-of-concept implementations of 3-D proximity effect correction

for binary circuits, developed based on PYRAMID [45,52-55,57], are presented:

e 3-D iso-exposure contour correction (pre-development exposure contour)

e 3-D resist profile correction (post-development resist contour)

The prototype versions consider the exposure only along the cross-section of line pat-
terns for correction, under the assumption that the feature is sufficiently long along the

Y -dimension.

4.1 PYRAMID Correction Procedure

Figure 4.1 shows the basic correction procedure of the binary PYRAMID. First, a
circuit pattern is loaded from an input file. The input file includes a set of rectangles that
represent the boundaries of features. In the rectangle partitioning step, an input rectangle
may be partitioned into smaller rectangles if necessary. A rectangle is further partitioned
into multiple regions in the region partitioning step. A region is the smallest spatial unit
in controlling dose. Within each region, dose is constant and equal to the product of dose

factor and the base dose. In binary circuits, a rectangle is partitioned into center and
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Figure 4.1: The basic correction procedure of dose modification PYRAMID for binary
circuit patterns.
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boundary regions. The center region’s exposure is targeted for a minimum exposure of
ThrC, while for boundary regions, it is targeted for ThrB, where ThrB < ThrC. Each
region contains a critical point. Critical points serve as the control points in the PYRAMID
approach, where accuracy of the correction result is evaluated.

After setting the initial dose factor for every region, an iterative nonrecursive correction
is performed for the entire circuit as shown in Equation 4.1.

Fodj - (Dimp — Dora) + Doja  if Dygj > 0
Dadj _ aaj mp (o] O aa) (4'1)

0 it Dyg; <0
where D4 is the dose factor in the previous iteration, Dy, is the dose factor computed
in the current iteration, Fyq is the adjustment factor, and D,q; is the new adjusted dose
factor for the region.

In each iteration, all regions are corrected by the dose modification algorithm shown
in Figure 4.2. The adjusted dose factor for each region is computed such that the CD error
at the critical point(s) is minimized. The iteration continues until a certain termination
condition is met. The termination condition could be a certain number of iterations com-
pleted, having found an acceptable solution or that the correction procedure cannot further

improve the solution.

4.2 3-D Iso-Exposure Contour Correction

Developed from the previous dose modification PYRAMID for binary correction, the
3-D iso-exposure contour correction adopts an iso-exposure contour to fit to the desired

remaining resist profile. The exposure estimation is modified along with the location of
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For each iteration:
For each rectangle:
Find the Exposure E; at the center region R;

Set dose D, of R, such that E; is at least ThrC

where ThrCis the desired exposure for the center region;
For each other region R; where i=1to n:

Find exposure E; at the boundary location;
Set dose D, of R; such that E;=ThrB
where ThrB (< ThrC)is the development threshold;

Figure 4.2: Dose modification algorithm for binary lithography. All the resist above the
developing threshold ThrB gets dissolved off by proper selection of solvent.

critical points and dose calculation. Each region is corrected using the 3-D exposure model
described in Section 2.3. The goal of the 3-D correction scheme is to match an iso-exposure
contour to the shape of the sidewall that needs to be achieved.

In binary circuits, three kinds of sidewalls are possible, namely, undercut, vertical,
and overcut. Critical points are located in the 3-D space and their locations depend on
the shape of the sidewall as shown in Figure 4.3. Two critical points are chosen, as in
the earlier version of PYRAMID, one inside (InLcn) and the other outside (OutLcn) the
desired sidewall of the feature. For vertical sidewall, the horizontal location of critical point
in a resist layer does not change with layer as shown in Figure 4.3-(b). For undercut, the
critical points are shifted out with reference to the feature boundary by a larger amount for
a lower layer as shown in Figure 4.3-(a) while for overcut, the critical points are shifted in
with reference to the feature boundary by a smaller amount for a lower layer as shown in

Figure 4.3-(c).
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e Critical Point (InLcn)
o Critical Point (OutLcn)

()

Figure 4.3: Cut-view (X — Z) of a feature to show sidewall shape and its corresponding
critical points setup: (a) Undercut, (b) Vertical, and (c) Overcut. Two critical points are
used, one inside (InLcn) and the other outside (OutLen) the desired sidewall. Dotted lines
are the PSF layers, dashed lines are the feature boundaries, and bold continuous lines are
the desired sidewall boundaries.
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In the current implementation, an iterative optimization approach is adopted where

the cost function to be minimized is given by Equation 4.2,

9
Cost function(df) = Z (ERr(zi) — Eiso(2)) (4.2)
=0

(2

where depth index i varying from 0 to 9, Fr(z;) is the exposure computed at the critical
point for a region at depth z;, and Ejs,(2) is the iso-exposure.

Figure 4.4 shows the optimization approach to determine the optimal dose factor that
minimizes the exposure error. Only the top, middle and bottom PSF layers are used in
order to save computation time and memory. Accuracy will improve if all the PSF layers
are used for correction.

After setting the initial dose factor for each region, the iterative correction is performed
until any increase in average (or maximum) exposure error between iterations or the maxi-
mum number of iterations is reached. In each iteration, all regions are corrected. Exposure
(local and global) is computed using the PSF layer corresponding to the location of critical
point in the 3-D sidewall. Then optimal dose factor for each region is then searched for,
which minimizes the cost function given in Equation 4.2.

Thus, the problem of finding a dose distribution to reduce the exposure error belongs
to the class of NP hard problems (in fact all 3-D correction schemes) and hence a solution is
searched by heuristics. The iso-exposure correction problem is approached as a constrained
optimization problem wherein an optimal dose factor for each region is searched for, which
minimizes the cost function (see Equation 4.2).

The fundamental problem with the 3-D iso-exposure correction (in fact all 3-D cor-

rection schemes) is when the thickness of the resist increases, the critical points located at
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Figure 4.4: Flow chart for 3-D iso-exposure binary correction.
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different depths require different dose factors in order to make Fr(z;) equal to Ejs(2). In
this study, a simple approach of determining the dose factor for each region, which minimizes
the sum of exposure errors in all layers, is taken (refer to Equation 4.2).

As discussed in Section 3.3.3, the actual remaining resist profile does not correspond to
any single iso-exposure contour. Therefore, even if a dose distribution which results in an iso-
exposure contour matching a target remaining resist profile is found, the actual remaining
resist profile is likely to be different from the target profile. In order to make correction
results more realistic, the development model described in Section 2.4 is to be employed in
correction instead of the exposure model. That is, the estimated remaining resist profile
rather than an iso-exposure contour needs to be used as a reference for optimization during

correction.

4.3 Resist Profile Correction

4.3.1 Model

3-D resist profile correction is able to correct for CD (binary) specifications by using
the resist development simulation described in Section 2.4 and thus the correction results
are more realistic.

Considering a long line feature, exposure ¢;(x, z) is estimated along the cross-section
of the line, from which the resist development rate, r;(x, z) is computed. Using the resist
development model, the remaining resist profile is predicted through simulation. The CD
error on each layer is computed and a cost function is then evaluated as a certain combi-
nation of the CD errors in the selected layers. Then, the dose of each region is determined

such that the cost function is minimized.
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4.3.2 Correction

Start

Partition each feature into regions

!

Set initial dose factors

g

Calculate exposure along the critical line of a feature on all the PSF layers

P

Determine optimal dose factor of a region using nonlinear optimization
and 20 resist development simulation,
that minimizes the CD errors (sidewall shape)
Cost function(df) = 5 (px(@)X(Z))=1_10

Another feature Another region

All regions and
features are corrected?

No Meet termination

condition?

Figure 4.5: Flow chart for 3-D resist profile binary correction

The flowchart in Figure 4.5 shows the steps in 3-D resist profile correction.

In this proof-of-concept implementation correction is performed only along the cross-

section of the feature. Thus, the exposure matrix e;(x, z) is computed only along the critical

line (cross-section of the feature) using all the PSF layers as illustrated in Figure 4.6. The
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Critical Line

Layer 10

e e s

Figure 4.6: 3-D space showing the 10 layers with critical lines along which exposure matrix
ei(z, z) is computed

exposure matrix is then transformed into the rate matrix r;(z, z) and then the development
simulation is used to measure the CD error.

The cost function (see Figure 4.7) is formulated as in Equation 4.3

Cost function(df) = S(|(px(z;) — rx(zi))|)i=0..9 (4.3)

where px; is the actual width (shift) and rz; is the target width measured from a reference
point on the i*" layer, and & is some function to combine the CD errors in the selected
layers. In the current implementation, & used is the sum of CD errors in the top, middle

and bottom layers only in order to reduce the computational requirement.
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Error/_

Figure 4.7: Cost function is formulated as a combination of CD errors on all layers, i.e., is

given by ({rxz; — px;}) where ra; and px; are the target and actual widths measured from
a reference point on the it layer.

The dose factor which minimizes the cost function for each region is then determined
in a finite number of steps using a search algorithm under the following constraints:

e Dose factor > 0

e Dose factor distribution should meet certain resist development condition or develop-
ment time

The above correction process is iterated for all regions in a feature using the Equa-
tion 4.1. The average CD error for left and right edges of each feature is kept track of
and any increase in the average CD error (considering all features in a pattern) between
iterations or the maximum number of iterations is then used as the termination condition.

Thus, the problem of finding a dose distribution to reduce the CD error belongs to

the class of NP hard problems (in fact all 3-D correction schemes) and hence a solution is

searched by heuristics. The resist profile correction problem is approached as a constrained
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optimization problem wherein an optimal dose factor for each region is searched for, which

minimizes the cost function (see Equation 4.3).

4.3.3 Multi-layer Multi-region Correction

As mentioned before, the basic correction procedure is a single-region correction. Dose
for a region is determined based on the error at the corresponding critical point only (errors
in no other regions are taken into account). That is, optimization is localized in space. In
order to further improve correction accuracy of the basic correction procedure, a multi-layer
multi-region correction [19] step is added after the regular dose calculation step.

The multi-layer multi-region correction considers multiple neighboring regions within a
selection window for different PSF layers as shown in Figure 4.9 when performing correction
on a given region. The adjusted dose of the region is chosen to minimize the maximum CD
error in its neighbors including the region and, therefore, it tends to balance the correction
over the regions as well as the PSF layers. The correction procedure for a given region is
described in Figure 4.8.

Several implementation issues are worth mentioning [19]. First, S,4; is selected to be
smaller than the ring width, because only the regions close to the rectangle boundary are
critical to balancing the correction. Second, in deciding whether a region is within the
selection window, every region that has any overlap with the window is considered. At
last, the multi-layer multi-region correction is not started until the regular correction for
the entire circuit is completed (see Figure 4.10) and is iterated with the same termination
conditions as for the regular correction. Simulation results shows that this approach can

lead a better solution than the regular correction.
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Set dose factor of current region to beDyy,;
Calculate the CD error Ercp using resist development simulation
for all the PSF layers and for all the neighboring regions considered;
Find the maximum CD error Ercppax from all these Ergp;
if Ercpmac0
decrease Dtmpwith a stepthmplz, until Ercpmax<O or Dimp<0;
if Dymp<O and Ercpma>0 return Dyyp;
else if Ercpmax<O0
increase Dy, With a step=Dyn,,/2 , until Ercpma0;
else if sign of Ercpay differed between successive iterations
do:
step=step/2;
If Ercpmax<0 Dtrnp = Dtmp + step;
else Dtmp = Dimp - Step;
Set dose factor of current region to be Dtm'O and find Ercpmax

while step > A (the dose factor resolution);
return Dy,

Figure 4.8: Multi-layer Multi-region correction procedure.
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Figure 4.9: Illustration of multi-layer multi-region correction. A rectangle with its partitions
are shown for the 10 layers of PSF. Shaded region represents the region where the multi-layer
multi-region correction is performed. Selection window is used for selecting the neighbors,
while correcting the given region.
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Figure 4.10: Flowchart for regular correction program.
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CHAPTER 5

COMPARISON OF CORRECTION SCHEMES

The 3-D iso-exposure and resist profile correction schemes have been tested with a
variety of line circuit patterns considering the feature size, substrate (PSF) dependency,
sidewall shape, and compared to the existing 2-D correction scheme. This chapter contains
the computer simulation results and discussion.

All three correction schemes are compared in terms of the remaining resist profiles
obtained through the resist development simulation, though the 2-D and 3-D iso-exposure

correction schemes use the exposure as the measure to be optimized in correction.

5.1 Error Definition

The CD error is used to analyze the accuracy of correction results, which quantifies

the difference between the actual and desired remaining resist profiles.

CD Error

The CD error is used to measure how much a feature blurs out or shrinks into its
required boundary. For each feature, several critical points are set. The distance between
the actual boundary and the critical point is measured as the CD error in each layer.

As illustrated in Figure 5.1, there are several critical points located in the 3-D space
for each feature. The example in Figure 5.1 is for an overcut resist profile with a line width

of W. An average CD error is given by Equation 5.1. Average and maximum CD errors
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Figure 5.1: Illustration of the critical points for the measurement of CD errors. Desired
boundary is given by continuous line, while actual boundary is given by dashed line. CD

error is given by (rx; — px;) where rz; and pr; are the target and actual widths measured
from a critical point on the i** layer.

are normalized by the feature width W and expressed in percentage to compare the errors

with different feature size and are given by Equation 5.2 and Equation 5.3, respectively.

Yo (re; — pa;)

Ercp = o (5.1)

where Ercp is the average CD error in nm, and n; is the number of PSF layers analyzed.

— E

Erop = ;[fD (5.2)
— Er
Ercpmaz = % (53)

where Ercp is the normalized average CD error, E7¢pmas is the normalized maximum CD

error, Ercpmas is the maximum CD error in nm, and W is the width of feature in nm.
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5.2 Correction Schemes

Three different correction schemes to be compared in terms of their performance are:

e 2-D Binary Correction: uses the 2-D exposure model ensuring the center region to
receive an exposure equal to or greater than the “center exposure” and the boundary

pixels to receive 75% of the center exposure.

e 3-D Iso-Exposure Correction: attempts to match an iso-exposure contour (correspond-

ing to the threshold) with the desired shape of sidewall.

e 3-D Resist Profile Correction: attempts to achieve the remaining resist profile match-
ing the target sidewall profile under the given development constraint using the resist

development model.

5.3 Simulation Results and Discussion

The three different correction schemes are compared on the basis of their resist profiles
using the resist development simulation. In the 2-D and 3-D iso-exposure corrections, since
there is no reference on development time, overcut and undercut are achieved by setting
appropriate resist development conditions in the development simulation as described in

the following subsections.

5.3.1 Vertical Sidewall

Vertical sidewall is achieved in the 2-D and 3-D iso-exposure corrections by continuing
the resist development simulation until all pixels in a given feature reaches the bottom of

resist.

o1



Hlustrated in Figure 5.2-(a) and (b) are the vertical iso-exposure contours achieved
using the 3-D iso-exposure correction. It is often the case that for certain PSF's characterized
by higher proximity effect it is difficult to control an iso-exposure contour to resemble the

target sidewall profile as shown in Figure 5.2-(a).

b 4 &
20} T 100} (L Cf
€ €
£ 40t £ 200t
e S
E‘ ('L} E'J—’ S‘ J cg
(0] q F (0] & P
0 60 0 300t 3
k%) %
[%)] (2]
[0] (0]
@ got J @ 400t
! !
100 T : : : T 500 $ T
008 009 01 011 012 013 0.05 0.1 0.15
X (um) X (Hm)

(a) (b)
Figure 5.2: Vertical iso-exposure contour with F;= 300 p C/cm? corrected by 3-D iso-
exposure correction: (a) for a line pattern of width 40 nm (100 nm PMMA on Si, 5keV),
and (b) for a line pattern of width 100 nm (500 nm PMMA on Si, 20 keV).

In Figures 5.3 and 5.4, some of the simulation results for vertical sidewall are provided,
where the remaining resist profiles of a single line are compared. It is clearly seen that
those achieved by the 3-D resist profile correction are significantly better than those by
the 2-D or 3-D iso-exposure correction. Though the 3-D iso-exposure correction achieves
an iso-exposure contour resembling the vertical sidewall in Figure 5.2-(a) and (b), the final
resist profiles in Figure 5.3-(b) and Figure 5.4-(b) are still subject to larger CD errors than
those for the resist profile correction.

Shown in Tables 5.1 and 5.2 are the CD errors in each layer of the resist. The CD

errors for the 3-D resist profile correction are in general much smaller than those for the
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Figure 5.3: Remaining resist profiles (vertical sidewalls) for line width of 40 nm for 100 nm
PMMA on Si, 5 keV:(a) 2-D correction, (b) 3-D iso-exposure correction, (c) 3-D resist profile
correction, and for 500 nm PMMA on S%, 50 keV:(d) 2-D correction, (e) 3-D iso-exposure
correction, (f) 3-D resist profile correction.
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Figure 5.4: Remaining resist profiles (vertical sidewalls) for line width of 100 nm for 100
nm PMMA on Si, 5 keV: (a) 2-D correction, (b) 3-D iso-exposure correction, (c¢) 3-D
resist profile correction, and 500 nm PMMA on Si, 20 keV: (d) 2-D correction, (e) 3-D
iso-exposure correction, (f) 3-D resist profile correction.
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2-D correction. It is also observed that thicker resist and lower beam energy lead to larger
CD errors as expected due to higher intra-proximity effect, so as the case for decreasing
feature size. But, again the 3-D resist profile correction is able to reduce the average CD
error compared to the other correction schemes, as seen in Figures 5.3-(c) and 5.4-(f), for

lower beam energy and thicker resist, respectively.
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Illustrated in Figure 5.5 are the correction results of feature of width 10 nm. The
pixel is reduced from 5 nm to 1 nm to increase the accuracy of development simulation.
Again, it is seen that the 3-D resist profile correction is able to reduce both the maximum
and average CD errors compared to the other schemes though the achieved sidewalls are

substantially different from being vertically straight.
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Figure 5.5: Remaining resist profiles (vertical sidewalls) for line width of 10 nm for 100 nm
PMMA on Si, 5 keV:(a) 2-D correction, (b) 3-D iso-exposure correction, (c) 3-D resist profile
correction, and for 500 nm PMMA on S%, 20 keV:(d) 2-D correction, (e) 3-D iso-exposure
correction, (f) 3-D resist profile correction.
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5.3.2 Overcut Sidewall

Overcut is achieved in the 2-D binary PYRAMID by decreasing the base dose. Since,
there is no quantitative control on sidewall shape in 2-D correction, the resist development

proceeds until an overcut profile is achieved.
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(a) (b)
Figure 5.6: Overcut iso-exposure contour with E;= 300 y C/cm? corrected by 3-D iso-
exposure correction:(a) for a line pattern of width 40 nm (500 nm PMMA on Si, 50 keV,
with rz1=0 nm, rz5=5 nm, and rz1p=15 nm), and (b) for a line pattern of width 100 nm
(100 nm PMMA on Si, 50 keV, with rz1=0 nm, rz5=0 nm, and rx10=20 nm).

In Figures 5.7 and 5.8 the dashed lines indicate the desired sidewall to be achieved. In
the 2-D correction results, it can be seen that the CD specification is well matched only at
the top layer, but larger CD errors are observed in almost all of the other layers including
the bottom layer. No significant improvement has been achieved by the 3-D iso-exposure
correction in spite of iso-exposure contours meeting the target resist profiles as seen in
Figure 5.6-(a) and (b) corresponding to the final development profiles in Figure 5.7-(e) and

Figure 5.8-(b), respectively. However, the remaining resist profiles obtained by the 3-D

resist profile correction are much closer to the target profiles.
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Figure 5.7: Remaining resist profiles (overcut) for line width of 40 nm: (100 nm PMMA
on Si, 20 keV, with rz1=0 nm, rz5=>5 nm, and rxz;0=15 nm) (a) 2-D correction, (b) 3-D
iso-exposure correction, (c¢) 3-D resist profile correction; (500 nm PMMA on Si, 50 keV,
with rx1=0 nm, rz5=5 nm, and rz;p=15 nm) (d) 2-D correction, (e) 3-D iso-exposure
correction, (f) 3-D resist profile correction; (1000 nm PMMA on Si, 50 keV, with rz;=0
nm, res=0 nm, and rz;p=15 nm) (g) 2-D correction, (h) 3-D iso-exposure correction, (i)

3-D resist profile correction.
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Figure 5.8: Remaining resist profiles (overcut) for line width of 100 nm: (100 nm PMMA
on Si, 50 keV, with rz1=0 nm, rz5=0 nm, and rx;0=20 nm) (a) 2-D correction, (b) 3-D
iso-exposure correction, (c¢) 3-D resist profile correction; (500 nm PMMA on Si, 50 keV,
with r21=0 nm, rz5=10 nm, and rz19=20 nm) (d) 2-D correction, (e) 3-D iso-exposure
correction, (f) 3-D resist profile correction; and (500 nm PMMA on Si, 20 keV, with rz;=0
nm, res=5 nm, and rr;p=20 nm) (g) 2-D correction, (h) 3-D iso-exposure correction, (i)
3-D resist profile correction.
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Figure 5.9: Remaining resist profiles (overcut) for line width of 100 nm (500 nm PMMA
on Si, 50 keV) (a) 3-D iso-exposure correction, and (b) 3-D resist profile correction with
re1=0 nm, rxs=>5 nm, and rx1p=20 nm.

Shown in Figure 5.9 is the improved CD controllability in a specific layer. Here, it
is tried to adjust the CD requirement of middle layer by fixing the top and bottom CD
requirements to be the same as those in Figure 5.8-(f). It is seen that the 3D iso-exposure
correction results in (refer to Figure 5.9-(a)) CD errors in the middle and bottom layers
which are 4 nm and 3.3 nm, respectively, while the 3-D resist profile correction (refer
Figure 5.9-(b)) is able to meet the requirements very closely. The 2-D correction would
give the same result as that of Figure 5.8-(d), thus highlighting the limitations of the 2-D
correction scheme.

Tables 5.3 and 5.4 summarize the performance improvement by the 3-D correction

schemes over the 2-D correction for overcut sidewall.
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Illustrated in Figure 5.10 are the correction results of feature width of 10 nm. Again,
it is seen that the 3-D resist profile correction is able to reduce both the maximum and

average CD errors compared to the other schemes.
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Figure 5.10: Remaining resist profiles (overcut) for line width of 10 nm: (100 nm PMMA
on Si, 50 keV, with rz1=0 nm, rzs=1 nm, and rzj0=4 nm) (a) 2-D correction, (b) 3-D
iso-exposure correction, (c) 3-D resist profile correction, and (500 nm PMMA on Si, 50
keV, with rz;=0 nm, rz5=0 nm, and rz19=4 nm) (d) 2-D correction, (e) 3-D iso-exposure
correction, (f) 3-D resist profile correction.

5.3.3 Undercut Sidewall

Undercut is achieved in the 2-D binary PYRAMID by increasing the base dose. Since,
there is no quantitative control on sidewall shape in 2-D correction, the resist development

proceeds until an undercut profile is met.
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Figure 5.11: Undercut iso-exposure contour with E;= 300 p C/cm? corrected by 3-D iso-
exposure correction:(a) for a line pattern of width 40 nm (500 nm PMMA on Si, 50 keV,
with rz1=5 nm, rx5=10 nm, and rz1p=20 nm), and (b) for a line pattern of width 100 nm
(100 nm PMMA on Si, 5 keV, with rz1=5 nm, rx5=7.5 nm, and rx;0=10 nm).

In Figures 5.12 and 5.13, simulation results for undercuts are presented with the
targeted undercut profiles indicated by the dashed lines. Figures 5.11-(a) and (b) show the
iso-exposures corresponding to Figure 5.12-(e) and Figure 5.13-(b), respectively. One can
notice a substantial difference between the target and actual profiles in the top and middle
layers in the cases of the 2-D and 3-D iso-exposure correction results while there is no such
difference in the 3-D resist profile correction results.

In Figure 5.14, the improved CD controllability in the bottom layer by the 3-D resist
profile correction is shown, by fixing the top and middle CD requirements to be the same
as those in Figure 5.12-(f).

Tables 5.5 and 5.6 summarize the performance improvement by the 3-D correction

schemes over the 2-D correction for undercut sidewall.
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Figure 5.12: Remaining resist profiles (undercut) for line width of 40 nm: (100 nm PMMA
on Si, 5 keV, with rz1=0 nm, rz5=10 nm, and rz;0=20 nm) (a) 2-D correction, (b) 3-D
iso-exposure correction, (c) 3-D resist profile correction;(500 nm PMMA on Si, 50 keV,
with rz1=5 nm, res=10 nm, and rz19=15 nm) (d) 2-D correction, (e) 3-D iso-exposure
correction, (f) 3-D resist profile correction; (500 nm PMMA on Si, 20 keV, with rz1=5 nm,

res=15 nm, and rz1p=15 nm) (g) 2-D correction, (h) 3-D iso-exposure correction (i) 3-D
resist profile correction.
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Figure 5.13: Remaining resist profiles (undercut) for line width of 100 nm: (100 nm PMMA
on Si, 5 keV, with rz1=5 nm, ras=7.5 nm, and rx10=10 nm) (a) 2-D correction, (b) 3-D
iso-exposure correction, (c¢) 3-D resist profile correction; (500 nm PMMA on Si, 50 keV,
with rz1=5 nm, res=10 nm, and rz19=20 nm) (d) 2-D correction, (e) 3-D iso-exposure
correction, (f) 3-D resist profile correction; (500 nm PMMA on Si, 20 keV, with rz1=0 nm,
res=12.5 nm, and rz1p=12.5 nm) (g) 2-D correction, (h) 3-D iso-exposure correction, (i)
3-D resist profile correction.
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Figure 5.14: Remaining resist profiles (undercut) for line width of 40 nm (500 nm PMMA

on Si, 50 keV) using 3-D resist profile correction with rz1=5 nm, rz5=10 nm, and rx190=20
nm.

69



I10] (SSeuDIY) SIsel pue ABI9UL Urea() SIS SNOLIRA [[}IM SIWLTPDS UOI}I21I0D JO soueuLIOfad Jo UosLreduo))

‘[[eMOPIS JNOISPUN UR I0J WL () [IPIM OUI[ JO 9IN)Ra] ©

-G°G 9IqRL

(09s) auurg,
00°0¢ 90 ¢0°0 9¥°¢¢ 90 ¢0'0 | 6cal 060 10°0 | uorje[nuiig
(%)
(43 8811 0¢¢cl 00°¢ 0s°L GL'6 0S°0 0S8y qcv PUAD.a5y
(%)
AN 97°g GL'G LL°0 7y gLg €0 08T 29°C adus
00°0 9Ly 00°g 000 000 00°0 00°0 00°0 00°0 wojjogq
8€'T 08T 06T 080 0€°¢ 00°€ 0¢0 06T 04T SIPPIIAL
00°0 00°0 000 €10 00°€ 06°€ 0¢0 00°0 08T daog,
a[goadq | aansodxy a[gyoad | sansodxy a[gyoid | aansodxy
SISOy -0sT 1SISOYy -0sT 1S1S9Yy -0sT
a-¢ a-¢ a-c a-¢ a-¢ a-¢ a-¢ a-¢ a-c
A1 0¢ ‘VININD W 000T | A®Y 02 ‘VININD WU 00§ | A9 0§ ‘VININD W 00T
(wu) 011 D saofe]

70



I10] (SSeuDIY) SIsel pue ABI9UL Urea() SIS SNOLIRA [[}IM SIWLTPDS UOI}I21I0D JO soueuLIOfad Jo UosLreduo))

‘remopIs jnoJopun ue JI0] Wy ()T YIplm auUl] JO adnjesl ©

197G 9IqRL

(09s) auurg,
0¢'7¢G 040 ¢0°0 ¢9'8 ¢9°0 ¢0°0 S8T°0T 0G0 10°0 | uorjenuig
(%)
0€°0 08'T 0L°T 0G°0 00°T 08'T 060 09°¢C 0L°¢C H@EQDE
(%)
91°0 090 20T G¢c'o €e0 G880 860 €aq'1 09T adumg
00°0 00°0 00°0 00°0 00°T 08'T 060 00°0 010 woljog
0€°0 00°0 0L°T 0G°0 00°0 00°0 0€°0 09°¢C 0L°C IIPPIIN
0¢'0 08'T 04T Gc'0 00°0 GL0 Ga'0 00°C 00°¢ daof,
a[goaq | eansodxy a[gyoad | sansodxy a[gyoid | aansodxy
SISOy -0ST 1SISOYy -0ST 1S1S9Yy -0s]
a-¢ a-¢ a-¢ a-¢ a-¢ d-c a-¢ a-¢ a-¢
A 08 ‘VININA Wu 000T | A9 0% ‘VININA Wu 00S | A9 0§ ‘VININd WU 00T
(wu) 011 D saofe]

71



In general, it is observed that the 3-D resist profile correction is better than the other
two correction schemes. The 3-D iso-exposure correction still results in higher average CD
errors than the 3-D resist profile correction. Thus, the iso-exposure correction results sup-
port the fact that as the resist thickness increases or line patterns are subject to more
intra/inter-proximity effect, the development process must be taken into account for accu-
rate proximity effect correction.

The 3-D resist profile correction is consistently able to perform better than the other
schemes with an average CD error less than 2.00 % in most of the cases, but with the
increased computational requirement. The computation time is longer for the hard-to-
correct PSF's since the feature is partitioned into more regions for better controllability.
Also, shown in Table 5.7 are the results showing the performance improvement in terms of

CD error by the multi-layer multi-region correction over the single region correction.
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5.3.4 Three-line pattern

In Figure 5.15, the remaining resist profiles of a 3-line pattern corrected for 1000 nm
PMMA on Si (50 keV) are shown, where vertical sidewalls are to be achieved. The line
width is 50 nm and the space between lines is 40 nm. The 2-D correction result shows a
significant inter-proximity effect in the middle layers where the lines are almost merged.
However, the result by the 3-D resist profile correction exhibits substantially less inter-
proximity effect, and the sidewalls are more vertical than those obtained by the 2-D and
3-D iso-exposure corrections. Controlling sidewall shape can also help improving resolution
or feature density especially in the case of vertical sidewall. Note that features can be placed
closer to each other when sidewalls are more vertical.

Similarly, results are shown for the overcut and undercut resist profiles in Figure 5.16
and Figure 5.17, respectively. Again, it is seen that the 3-D correction schemes are better

than the 2-D correction in controlling the sidewall shape.

[
o
S
[}
o
S
N
o
S

S
o
S
'
o
S
&
o
S

o

S

S
o)
t=]
S

Resist Depth (nm)
D
8

Resist Depth (nm)
Resist Depth (nm)

1<4)
S
S
=5}
oS
S
o
oS
S

1000

005 01 015 02 025 03 1000 005 01 015 02 025 03 1000 0.65 011 0.15 O.‘Z 0.25 0.‘3
X (um) X (m) X (m)

(a) (b) ()

Figure 5.15: Remaining resist profiles (vertical sidewalls) for a 3-line pattern (L/S=50/40
nm, 1000 nm PMMA on Si, 50 keV) (a) 2-D correction, (b) 3-D iso-exposure correction
and (c) 3-D resist profile correction.
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Figure 5.16: Remaining resist profiles (overcut) for a 3-line pattern (L/S=50/40 nm, 500
nm PMMA on Si, 50 keV, with rz1=0 nm, rx5=0 nm, and rz19=15 nm) (a) 2-D correction,
(b) 3-D iso-exposure correction and (c) 3-D resist profile correction.
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Figure 5.17: Remaining resist profiles (undercut) for a 3-line pattern (L/S=50/40 nm, 500
nm PMMA on Si, 50 keV, with rz1=2.5 nm, rx5=7.5 nm, and rz;0=15 nm) (a) 2-D
correction, (b) 3-D iso-exposure correction and (c) 3-D resist profile correction.
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CHAPTER 6

CONCLUDING REMARKS AND FUTURE STUDY

In this thesis, 3-D proximity effect is analyzed considering the various parameters such
as beam energy, resist thickness, feature size, developing threshold., etc., affecting the 3-D
spatial distribution of exposure for simple line patterns. The approximation of using the
2-D exposure model leads to significant CD errors in sidewall control and hence an explicit
control of 3-D exposure distribution in the resist is required to achieve high dimensional
accuracy of the developed patterns.

Two proof-of-concept implementations of 3-D proximity effect correction (iso-exposure
contour and resist profile) are described and a detailed analysis of their performance in
comparison with the 2-D correction scheme has been carried out via computer simulation
for simple line patterns. The iso-exposure contour correction, in spite of achieving the
iso-exposure contour resembling the sidewall shape, mostly results in larger CD errors than
those by the resist profile correction. In general, the proposed 3-D proximity effect correction
has better performance than the 2-D correction in minimizing the CD error and controlling
the sidewall shape. Simulation results indicate that the 3-D proximity effect correction
schemes described in this thesis, particulary the resist profile correction, has a good potential
to control sidewall shape for binary circuit patterns.

The optimization technique (golden section search) used in the 3-D correction schemes
is for convex problems though finding the optimum dose distribution is not a convex prob-
lem. It was employed mainly to minimize the complexity of the optimization. Hence, there

can be a substantial improvement in performance if an appropriate method is adopted. One
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of the drawbacks of the 3-D resist profile correction is its intensive computation required
for the resist development simulation. In order to make it practical an efficient simulation
method will need to be developed.

The concept of 3-D resist profile correction may be applicable for correcting grayscale

circuit patterns (structures with multiple levels).
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APPENDIX A

IMPLEMENTATION

In this Appendix, the unit of exposure and constants associated with the resist devel-

opment modeling are described.

A.1 TUnit of exposure

In other versions of the PYRAMID software, the exposure was scaled to express it in
the unit of dose (uC/cm?). In this study, the exposure is expressed in eV/um? to employ
the resist development simulation. Given a pixel size and a base dose, a PSF ( eV /cm?/e™)
is scaled to derive PSF.y as shown in Equation A.1. PSF.y is then employed in the discrete

convolution for exposure estimation.

PSF.y(r,z) = (PSF(r,z)-d-p-p)/(1.6 x 1071) (A.1)
where PSF,y(r,z) is in eV /um3; PSF(r,z) is in eV /em?/e™; d is the basedose in uC/cm?;
p is pixel size in em; 1.6 x 10719 is the electric charge in an electron in Cloulomb.

A.2 Resist Development Modeling Constants

The following Table A.1 and Table A.2 show the constants for modeling the resist
development process based on time-independent threshold solubility and time-dependent

cell removal model, respectively.
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Reference Solvent Er(eV/em?)
Greeneich and Van Duzer et al. | MIBK : IPA(1 : 3) 6.8X 107
Hawryluk et al. MIBK : IPA(2:3) | 1.1X10*
Kyser and Murata MIBK : IPA(1:3) | 1.1X10%*
Possin and Norton MIBK : IPA(1:3) | 1.5X10%
Shimzu et al. 95% Ethanol 2.4X10%

Table A.1: Threshold energy density (Er) for dissolution of PMMA resist.

Reference

Solvent Temperature(°C) | Ry (nm/min) | B (nm/min) | A

Hatzakis et al. MIBK“ 20.5 0 1.25X10° | 14
Greeneich MIBK 22.8 8.4 3.14X107 1.5
Greeneich MIBK : IPA(1:1) 22.8 0 6.65X10° | 1.19
Greeneich | MIBK : IPA(1 : 3) 22.8 0 9.33X10% | 3.86

@ Saturated with water; MIBK-methyl isobutyl ketone; IPA-isopropyl alcohol.

Table A.2: Solubility rate constants for PMMA resist.
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