Lithography

5.1

Introduction

Lithogr_aphy is the cornerstone of modern 1C manufacturing. The ability to print pat-
terns with submicron features and to place those patterns on a silicon substrate with
better than 0.1-pm precision is what makes today’s chips possible. Virtually all ICs are
_manufactured today with optical lithography, the basic process introduced in Figure 1-9
in Chapter 1. The concept is simple. A light sensitive photoresist is spun onto the wafer
forming a thin layer on the surface. The resist is then selectively exposed by shining light
through a mask which contains the pattern information for the particular layer being
fabricated. The resist is then developed which completes the pattern transfer from the
mask to the wafer. As we saw in the process flow in Chapter 2, the resist may then be
used as a mask to etch underlying films or it may be used as a mask for an ion implan-
tation doping step.

While the concept is simple, the actual implementation is very expensive and very
complex, primarily because of the demands placed on this process for resolution, expo-
sure field, placement accuracy, throughput, and defect density. Resolution requirements
result from the ever-increasing demand for smaller device structures. Exposure field re-
quirements result from ever-increasing chip sizes and the need to expose at least one
full chip (preferably more) with each exposure. Placement accuracy is an issue because
generally each mask layer needs to be carefully aligned with respect to the existing pat-
terns already on the wafer. Throughput and defect density are of course issues because
of the competitive nature of the semiconductor industry. Throughput translates directly
into manufacturing cost. Defects translate directly into yield loss and therefore higher
costs for the finished chips. Defects introduced during the lithographic process are a sig-
nificant contributor to final chip yields.

The SIA NTRS defines the needs for future generations of silicon technologies. A
portion of this roadmap relating to lithography is shown in Table 5-1 [5.1]. There are a
number of interesting observations that can be made from this chart. First, as we saw in
Chapter 1, the principal driving force behind this roadmap is the steady reduction in de-
vice dimensions or minimum feature size. The feature size reduction corresponds to a
factor of 0.7X in linear dimension or a decrease in the area required per transistor by
50% approximately every three years. It is also interesting to note in the tat.ﬂe that the
most commonly cited minimum feature sizes in the NTRS (the bold entries in the table
corresponding to the dense lines and spaces in DRAM chips) are actually not as small
as the isolated lines (MOS gates) required on microprocessor (MPU) chips. These.fea-
tures are generally 20% — 30% smaller than the usually cited “minimum feature size.”
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Table 5-1  Lithography requirements for future generations of silicon technology [5.1]
Year of first DRAM Shipment 1997 1999 2003 2006 2009 2012
DRAM Bits/Chip 256M 1G 4G 16G 64G 256G
?Jé?iﬂﬁ“iﬂii‘?{?psﬁf " 200 140 100 70 50 35
Dense Lines (DRAM) 250 180 130 100 70 50
Contacts 280 200 140 110 80 60
Gate CD Control 3¢ (nm) 20 14 10 7 5 4
Alignment (mean + 3o) (nm) 85 65 45 35 25 20
Depth of Focus (pum) 08 0.7 0.6 0.5 0.5 0.5
Defect Density (per layer/m®) 100 80 60 50 40 30
@ Defect Size (nm) @ 80 @ 60 @40 @ 30 @20 @15
DRAM Chip Size (mm®) 280 400 560 790 1120 1580
MPU Chip Size (mm?) 300 360 430 520 620 750
Field Size (mm) 22x22 25x32 25x36 25x40 25x44  25x52
Exposure Technology 248nm 248nm  248nm  193nm  193nm 7
DUV DUV or DUV DUV
193 nm or ar
DUV ? ?
Minimum Mask Count 22 2224 24 24/26 26/28 28
=

Minimum features must not only decrease in average size with each technology gener-
ation. but the variation of these feature sizes must also decrease with time. Generally the
CD (Critical Dimension) control is required to be about 10% of the smallest feature
size. This requirement is usually expressed in terms of the 3o control (three standard de-
viations of the feature size population need to be within the specified 10% of the mean).

The corresponding placement or alignment accuracy for these features (overlay) re-
mains at about one-third of the minimum feature size for each generation of technol-
ogy. The size of chips is projected in the NTRS to increase significantly over time. The
corresponding lithographic printing area (field size) therefore also needs to increase in
order to be able to print at least one chip with each exposed field. Typically about one-
third of the total wafer manufacturing costs are consumed by lithography. Thus with 2
wafer manufacturing cost of about $1000 for an 8" wafer, only a few hundred dollars can
be spent on lithography. Wafer exposure tools today cost about $10 million and thus
must be capable of printing on the order of 50 wafers per hour in order to meet thesc
cost objectives.

Optical lithography will certainly be used through the 0.18- and 0.13-pm generations
and it is likely that it will be extendible to the 0.1-um generation as well. Beyond thal
point, there is considerable uncertainty, for reasons that we will discuss in detail in this
chzlapler. Pf)ter.\tial candidates to replace optical lithography include X-ray, e-beam direct
write, projection e-beam, and Extreme Ultraviolet (EUV), each of which is being ex-
plored in a variety of approaches. The last two are currently the most likely “winners




\J
ol

Historical Development and Basic Concepts m
- S R S

but there is still considerable debate as to which (if any) of these techniques will prove
to bg suceessful in manufacturing beyond 0.1 wm. This uncertainty is perhaps the great-
est s11'{g|e challenge facing the semiconductor industry today in terms of continuing the
historic trends represented by the NTRS.

In this chapter we will explore two major areas associated with the lithographic
process. The first of these is the exposure system used to print the patterns on the wafer.
We _mll focus on optical exposure systems because these dominate the industry today.
Ty_plcial systems today use “step and repeat” or “step and scan” reducing projection
prmt{ng with complex lens systems. The second major area we will explore is the pho-
toresist material itself. Here the primary issues are sensitivity, resolution, and rugged-
ness. Typical resists today are carbon-based organic materials that have been
engineered for optimum performance in 1C manufacturing.

Historical Development and Basic Concepts

The overall lithography process is conceptually illustrated in Figure 5-1. The patterns
that comprise the various layers in an integrated circuit are designed using Computer-
Aided Design (CAD) systems. Today these systems contain many advanced capabilities
that greatly improve the efficiency of designing chips with many millions of compo-
nents. Libraries of previous designs that are known to work are usually available, from
which basic functions or circuits can be cut and pasted into new designs. Software tools
are used to help route or wire the connections between functional blocks. Additional
tools check the design to make sure that there are no violations of design rules. And fi-
nally, circuit- and system-level simulation tools are available to predict the performance
of the new design.

Once the design is complete and ready to transfer to the fabrication facility, the in-
formation for each mask level is transferred to a mask making machine that is either an

Light
Source
e Condenser
Lens
Mask
@A Focus >
. Reduction
’ Deflection Lens
=
L1
B/ Wafer
Mask
CAD System Wafer Exposure

= Layout

« Simulation eeel s b
* Design Rule Checking Ha mng

Figl.lrus-l graphv I)fbcess from mask design to wafer printing.



m Chapter 5 Lithography

electron beam or laser pattern generator. The pattern for each mask 18 ll(&l’i.llly written
on a mask blank using a scanning electron or laser beam. The 'mask itself is usually a
fused silica plate covered with a thin layer (= 80 nm) of chromium and a layer of pho-
toresist. A thin antireflection coating (ARC) layer (10 — 15 nm) is also often used be-
tween the chrome and the resist to prevent reflections from the chrome layer which can
degrade pattern resolution. The electron or laser beam exposes thg resist which is then
developed and used as an etch mask to transfer the mask pattern into the chrome. The
chrome layer is usually wet etched because the process is simple although dry etching
may be more widely used in the future as dimensions continue to decrease. Tight di-
mensional control can be maintained because the chrome layer is so thin. Once the
chrome is etched, the photoresist is removed. The fused silica substrate has highly pol-
ished surfaces so that light is not scattered as it passes through the mask and ideally has
a small thermal expansion coefficient so that mask dimensions are stable over small
temperature changes. It is also obviously important that the clear areas of the mask
where the chrome has been etched away have high transparency at the wavelength of
light used in the wafer exposure system. This is becoming more difficult to achieve in
practice as the exposing wavelength moves deeper into the UV region to achieve higher
resolution. Even though the mask material (basically SiOz) has a large bandgap
(= 9 eV), trace impurities in the glass can degrade optical transparency because they
can absorb light at these short wavelengths.
Usually the mask is fabricated with pattern dimensions 4X to 5X larger than the fea-
tures actually desired on the water because the wafer exposure system reduces the im-
age by the same factor. Demagnification in the wafer exposure system makes the mask
easier to fabricate and easier to check for imperfections. This is a crucial step because
any defects on the mask will be directly imaged on every wafer exposed with the mask
and contribute to yield loss. Since step and repeat exposure systems typically expose
only a one- or two-chip area at a time. a mask defect which prints on the wafer can eas-
ily make t.he yield zero. Mask inspection is performed by comparing the mask chrome
pattern with another identical pattern when there are two or more chip patterns on the
{nask. If the nlmsk pattern is so large that only one chip pattern is present, the compar-
ison can be w1th_ the database in the CAD system used to produce the mask. Defects can
usual_ly be r‘epalred at this stage either by removing unwanted chrome areas with laser
ablation or ion beams, or by depositing additional chrome to fill in pinholes. Once the
magk is checked, an'd repa}red if necessary, it is usually protected from later contami-
natto:'lfby dusfi) particles with a thm transparent membrane (pellicle) stretched over d
that fall on the pellicle durin E;C& : '1? gelhdes are offset from the mask, dust particles
R g use will be out of focus on the wafer and the refore will
Si Y print. Typically the pellicle might be mounted a few mm above the mask-
ince the depth of focus of modern exposure systems is only a f st particles as
large as 100 pm will not print on the wafer duri B s par e
The actual mask writing is usuall s e,
erator, as shown in Pigurf% 5-1 'I'?le};:me K‘lth B o beam petcrt B8
trons in an X-Y pattern across ‘the masI!lIclE\l:' Lnes o pet l‘aser e o & .b.mm H LILL
; ith the beam blanked on and off as necessary
to generate the appropriate mask pattern. Generally th il 0.1
— 0.5 wm for e-beam systems and slightly | ki beam size is on the order of
ghtly larger for laser-based systems, which is ade-
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v for writing 4X or 5X masks for today’s steppers. As minimum feature sizes con-
[11:1L1(‘.' to decrease, the beam size will have to shrink as well in order to produce masks
with adequate resolution. It is perhaps obvious that the e-beam system could be used di-
rectly to write images on a wafer simply by putting the electron sensitive resist on the
}"’affff r_ather than on the mask. The reason this is not done in high-volume manufactur-
Ing 1s simply because the wafer throughput would be too slow. Typical e-beam pattern
genera[QrS would require tens of minutes to expose a full wafer. This is much slower
than optical steppers that typically have throughputs on the order of 50 wafers per hour.
However, as device dimensions continue to shrink, e-beam approaches to wafer expo-
sure at least offer the required resolution, if means could be found to improve through-
put. We will return to this issue later in the chapter,

The pattern information is transferred to the wafer by printing the mask pattern in
a layer of photoresist on the wafer surface. Generally today this is done with a projec-
tion exposure system as also illustrated in Figure 5-1. Light from a high-intensity source
is collimated and passed through the mask. Each clear area on the mask transmits the
light which is then collected and focused by a second lens system. This second lens sys-
tem also serves to reduce the image size by 4X — 5X. The field of view of such systems
1s typically only a few cm on a side, so that only a few chips are printed during each ex-
posure. The watfer is physically moved (“stepped™) to the next exposure field and the
process repeated so these systems are commonly called step and repeat tools or simply
steppers. In some systems (“scanners™) a narrow slit of light is produced by the light
source system and the mask and wafer are simultaneously scanned mechanically so that
the mask image is scanned across the wafer. Note that in systems of this type, the me-
chanical system must scan the mask 4X or 5X times faster than the wafer, correspond-
ing to the optical reduction factor. Scanners greatly increase the field size up to the limit
of the mask dimension, at least in the scanning direction.

It is convenient to separate the lithography process into three parts. The first, which
is the most straightforward, is the light source used to generate the photons which ulti-
mately expose the resist. While this might seem to be a simple task, higher-_resoluhon
lithography demands shorter wavelength photons and this makes the source issue more
complex. The second part of the lithography process is the exposure system thql images
the mask on the wafer surface. This system produces what is known as the aerial image
(Figure 5-2) at the top surface of the resist. This image 1is basica!ly the pattern of op_ti.cal
radiation striking the top surface of the resist. In the example in Figure 5-2, a positive
resist is illustrated since this polarity of resist represents the vast majority of manufac-
turing applications today. The incoming photons s_trike _the resis_t in_ the h_ght areas,
changing its properties in those regions. The three-d{menswnai optical intensity pattern
through the photoresist layer produces a 3D latent image of the mask Pattern_ that can
then be developed. The exposed positive resist_in this example would dissolve in the re-
sist developer. After developing, the resist in this example is t:lsz_ad as an e?ch mask so that
the TiN local interconnect level can be etched away where _1t is not desired (see Figl.}re
237 in the process flow in Chapter 2). The third part of the luho_graphy process contains
all the issues associated with the resist itself: exposure, developing, I?aklng. and so op.h

The aerial image thus serves as the dividing line bet_ween the major partts c;f tl:z 11:0-
ography system (the exposure loc_)l and the {esxst)_.The Job of the EXPOSTe. ool 1s OI:ure
duce the best aerial image possible. Best is defined in terms of resolution, exp
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(Surface)
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in Photoresist .

TiN Local
Interconnect Level
(See Chapter 2)

Flgures—ﬁ Sepf.!.rauon of thchlhograp hy procez,b into exposure and wafer features. The dividing line is the aerial image of the
mask, which is the pattern of radiation that sirikes the surface of the photoresist. This example corresponds to Figures 2-36 and
2-37 in Chapter 2.

field, depth of focus, uniformity, and lack of aberrations across the field, photon inten-
sity, and so forth. The job of the photoresist is to translate this aerial image into the best
thin film 3D replica of the aerial image possible. Here best is defined in terms of geo-
metric accuracy, exposure speed, and resist Tesistance to subsequent processing
(ruggedness). In the following sections we will consider many of the basic concepts as-

sociated with exposure tools and resists and also briefly consider the issues associated
with the light source itself.

| 5.2.1 Light Sources

| It is probably obvious to most readers that higher-resolution lithography requires
‘ r;hzzt:;svsyfilelfgth pl;?lons‘ Modern exposure systems produce diffraction limited im._
! g iffraction e ects are strongly related to the wavelength of the exposing radi-
| at1or.1.We will dl'.scuss this issue in more detail shortly, but in this section we consi fer first
‘} t}le issues as:somatcd with generating the light in modern lithography systems. | Jistori-
i: Tally, .anSl lllhOgl’ap.hy systems hgve‘ used arc lamps as the primary iighi source. These
|| amdp» l.lSl.l_Elll‘y contain Hg. \iapor inside a sealed glass envelope. Two conducting elec-
‘ tarlictersoglgfdl: t}m in-velo,pﬂ.are separated by several mm. An arc is struck between the
| Once lhcb ’ai ipEJiEegdd 'tl"lgl]heﬂough voltage to ionize the gas (typically several kV):
used in 1h% Henos iy oy like a plasma, conceptually similar to the plasmas
‘ e deposition and etching systems described in Chapters 9 and 10. In the arc
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!amp. the plasma is conducting and consists of ions, electrons, and neutral species. Typ-
ical lamps used for photolithography consume about one kW of power. At room tem-
perature, tl:le Hg vapor pressure is on the order of 1 atm, but once the lamp is operating,
power dissipation quickly raises the temperature and therefore the internal pressure to
= 20— 40 atm.

Light emission occurs through two processes. The free electrons in the plasma have
an effective temperature on the order of 40,000K and emit black body radiation ac-
_cording to Planck’s law. The wavelength corresponding to this temperature is very deep
in the ultraviolet and is above the bandgap of the fused silica used to form the glass en-
velope of the lamp. Thus this radiation is mostly absorbed before it exits the lamp.

The second source of emitted light comes from the Hg atoms themselves. Collisions
in the gas between the free electrons and the Hg atoms provide energy to some of the
electrons in the Hg atoms, raising them to higher energy levels. When these electrons
drop back to their lower energy states, they radiate photons at specific energies (fre-
quencies) characteristic of the allowed energy levels in the Hg atom. This process is very
much like that shown in Figure 4-18 in Chapter 4, where we discussed the use of these
energy transitions in identifying the specific elements from which photons are emitted.
In the case of Hg, there is strong emission at a number of UV wavelengths. Most step-
pers use a single wavelength by simply filtering out the unwanted emissions. The com-
plex optical systems in these exposure tools are much easier to design if they need to
focus only a single wavelength. Two that are commonly used are 436 nm (g-line) and
365 nm (i-line). Most exposure tools in the early 1990s used the g-line. However, as
linewidths shrunk, use of the i-line became dominant because of the better resolution
it provides. Some exposure tools, particularly simple contact and proximity printers,
sometimes use broader wavelength light (several lines from the Hg source) for expo-
sure since there are no focusing optics in these systems.

i-line steppers dominated production for the 0.35-jum generation of technology. Gen-
erations beyond 0.35 pm require shorter exposure wavelengths and new light sources.
The brightest sources in the deep UV part of the spectrum are excimer lasers. Two that
are of specific interest for lithography are KrF (248 nm) and ArF (193 nm). In excimer
lasers two elements are present which do not normally react in their unexcited state (of-
ten a noble gas and a halogen containing compound). However if these elements (Kr
and NF:, for example) are excited, a chemical reaction forming, for example, KrF, is pos-
sible. When the excited molecule returns to its ground state. a photon is emitted in the
deep UV and the molecule breaks up. Energy must be continually provided, therefore,
usually from an internal pulsed discharge, to replenish the population of the excited
species. Usually the laser source is strobed at a frequency of several hundred Hz and
generally about 100 flashes are used at each exposure site on the wafer to minimize
speckle noise. A total energy of several hundred mJ is provided to each exposure site.
In steppers, this energy is focused on a wafer area of a few cm?, providing reasonable ex-
posure times. A number of problems exist with these exposure sources, including relia-
bility and longevity of the laser, transparency of optical components in the lens systems
at these wavelengths, and finding suitable resists. These problems have been solved at
248 nm (KrF) and this source is now being used in commercial production for the 0.25-
pm and 0.18-pm generations. ATF is the most likely source for the 0.13-pm and O.lQ-p.rn
technology generations, The picture is much less clear beyond the 0.1-pm generation.
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5.2.2 Wafer Exposure Systems .
We now consider in more detail one of the critical elements in modern lithography, the
system used to create the aerial image at the photoremst_su_rface.’[‘herg are three gen-

eral classes of optical wafer exposure tools, contact, proximity, z_md projection systems,
although only the lastisin widespread high-volume manufacturing use today. These are
conceptually illustrated in Figure 5-3. o .
Contact printing is the oldest and the simplest printing process. The mask is placed
chrome side down in direct contact with the resist layer on the wafer. The exposure of
the resist then takes place by shining light through the mask. The aligning of the mask
to patterns already on the wafer takes place prior to exposure, by observing both the
mask and wafer patterns through a microscope with the mask slightly separated from
the wafer. Contact printing systems are actually capable of high-resolution printing be-
cause with the mask and wafer in contact, diffraction effects are minimized. In addition,
the machines to perform contact printing are relatively inexpensive. However these
types of systems cannot be used in high-volume manufacturing of complex chips for one
very simple reason. The hard contact between the mask and the wafer results in damage
to both the mask and the resist layer and therefore results in high defect densities The
resulting chip yields are not compatible with economic manufacturing of today’s chips.
However, contact printing systems are used in some manufacturing applications where
low volumes or small chip sizes make the cconomics of these systems more attractive.
Proximity printing largely solves the defect issues associated with contact printing,
because the mask and wafer are kept separated by 5 —25 wm. However, these systems
are also not suitable for manufacturing most of today’s chips because the separation of
the mask and wafer degrades the resolution of the printed patterns due to diffraction
effects. We will quantify these effects shortly, but in practice it is not possible to print
features smaller than a few pm with UV exposure and gaps on the order of 20 wm. In-
terestingly, the resolution of these systems improves as the exposure wavelength de-

Usually 4X or 5X
1:1 Exposure Systems Reduction
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Optical
System
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Photoresist == S — Gap

Contact Printing Proximity Printing

Projection Printing

Figure 5-3 Three basic methods of wafer exposure.
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creases and X-ray lithography systems can use proximity printing and achieve high res-
olution because of the very short exposure wavelength (1 — 2 nm). We will return to
X-ray systems at the end of this chapter. Both contact and proximity systems require 1X
masks, whic!'l are more difficult to produce than masks for reduction systems.

T}:le dominant method of wafer exposure today is projection printing. These systems
Pl’OVlde high resolution but without the defect problems of contact printing. In projec-
tion exposure tools, the mask is physically separated from the wafer and an optical sys-
tem is used to image the mask on the wafer. This obviously solves the defect issues
gssocmled with contact printing. The resolution of projection printers is generally lim-
ited by diffraction effects that we will describe in detail. Generally the optical system re-
duces the mask image by 4X to 5X which means that only a small portion of the wafer
is printed during each exposure. Typically such steppers today are capable of printing
0.25-wm or smaller features over an exposure field of several cm® and have a through-
put of 25 - 50 wafers per hour. They also cost many millions of dollars.

5.2.2.1 Optics Basics—Ray Tracing and Diffraction

In order to understand and quantify the capabilities of modern wafer exposure systems
we will need to review some basic concepts about light and optical systems. Many stan-
dard references exist on these topics (see, for example, [5.2]) and the reader is referred
to these texts for a more detailed treatment of the concepts described here. The appli-
cation of basic optical principles to lithography systems is also described in detail in a
number of books, for example [5.3, 5.4]. In this section we will introduce the basic ideas
in a somewhat qualitative way. In Section 5.5, we will be more quantitative.

Light travels as an electromagnetic wave through space. When one is interested in
the behavior of an optical system in which all of the dimensions are very large com-
pared to the wavelength of light, the light can usually be treated as particles traveling
in straight lines between the optical components. This simplifies the problem to one of
“ray tracing.” In projection lithography systems, for example, this approach can often be
used in describing the optical source and condenser lens, but it fails when the light
passes through the mask because the feature dimensions on the mask are comparable
to the wavelength of the light. To understand the behavior of the light as it passes
through the mask, the objective lens, and on to the wafer, we must include the wave na-
ture of light. The single most important effect that we must account for is diffraction.

Diffraction effects occur because light does not in fact travel in straight lines. Many
simple experiments can demonstrate this fact. Figure 5—4 illustrates the passage of light
through a small aperture. The light pattern which strikes the screen (image plane) cov-
ers a much larger area than can be accounted for by simply drawing straight lines (ray
tracing) to describe the light propagation. In fact the smaller the aperture becomes, the
more spread out the screen image becomes. This is very much like the situation we find
in modern lithography where light passes through a mask with apertures (clear regions)
with dimensions on the order of the light wavelength. (We actually illustrated these ef-
fects in Figures 5-1 and 5-3 by showing the light spreading out after passing through the
mask. but did not explain why this happens in connection with those figures.)
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Aperture Plane
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ﬁgu e 5-4 Slmple emmp]e of diffraction effects. Light passes
through a narrow aperture. The image formed covers a much larger
area than can be explained based on simple straight line ray tracing.
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(a)

Figure 5-5 Propagation of a plane wave in (a) free space and (b)
th:ou?_',h a small aperture, illustrating the use of the Huygens-Fresnel
principle to construct the wavefront as it propagates.

Ccnsm.ler Figure 5-5. A plane wave is shown propagating through space unob-
structed in (a) and passing through an aperture in (b). The HuygenS-Freslnct pﬁm‘l}ﬂﬁ
can be used to construct the wavefront versus position as it propagates. This b]QﬂCiplf
s‘tates that every ‘un()bstrucled point of a wavefront at a given instant ir.\ tim-u acts as a
:::rfﬁl?;; sghﬁneal s!econ_dary wavelet of the same frequency as the primary was e. The
gi.dgringth ;r tr ;a?iztelcr::‘hr?_l;i gan be found by superimposing all these wavelets, con-
ks i gnitudes and phases. In (a) this superposition simply results it
propagating plane wave. In (b), only the source points in the aperture serve as sources |
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of Huyg_ens wavelets and the resulting propagating pattern beyond the aperture in-
volves diffraction. As the arrows in (b) illustrate, the light spreads out beyond the aper-
ture. In fact the smaller the aperture becomes, the more the light spreads out because
there are fewer wavelets able to pass through the aperture and thus more spherical
propagation results beyond the aperture.

Diffraction can be thought of simply as the “bending” of light when it passes through
an agenure. The light that passes through the aperture carries with it the information on
the size and shape of that aperture. If, for example, the aperture were part of a mask
that we wished to print on a wafer, then the information about the aperture size and
shape needs to be carried by the light to the photoresist on the wafer. The problem is
that this information spreads out in space because of diffraction and it must all be col-
lected to convey perfect information about the aperture to the resist on the wafer. Fig-
ure 5-6 illustrates this in a qualitative way. Because of its finite size, the focusing lens
collects only part of the total diffraction pattern associated with the light passing
through the aperture. The light diffracted to wider angles carries the information about
the finer details of the aperture, so it is those details that are lost first when a lens of fi-
nite size is used to collect and focus the light.

The actual image produced in this simple example is shown in Figure 5-7 for a small
circular aperture and is known as Airy’s disk after Sir George Biddell Airy who first de-
rived the expression describing the central intensity maximum. The central maximum
approximates the image of the circular aperture. Because of diffraction effects, the im-
age is composed of a bright center disk surrounded by a series of faint rings. The image
intensity can be described mathematically by Bessel functions, and the approximate size
of the image is given by

Radius of central maximum = %C (5.1)
where d is the focusing lens diameter. fis the focal length, and \ is the wavelength of the
light. Note that a point source only produces a point image if d — o (or if A or f—0).
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fmuuﬁ-b@uallmuve 'egéﬁ;lple of a small aperture being imaged.
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Fig llu 5-7Im.1ge ‘i;{l;enbm,;'uf 4 circular aperture in the image plane (Fraunhofer diffraction pattern). The
intensity is sketched along any diameter on the left. The pattern on the right illustrates the 2D image. Photo
courtesy of J. Goodman. Reprinted with permission of McGraw-Hill [5.2].

Two types of diffraction are usually distinguished: Fresnel or near field diffraction
and Fraunhofer or far field diffraction. Both are fundamentally due to the same effect—
the wave nature of light. In Fresnel diffraction, the image plane is close to the aperture.
The light travels directly from the aperture to the plane where the image is formed, as
in Figure 5-4 with no intervening lens system. In Fraunhofer diffraction, the image is far
from the aperture and a lens is normally placed between the aperture and the image
plane to capture and focus the image. as in Figure 5-6. In modern lithography systems,
Fresnel diffraction applies to contact and proximity exposure systems and Fraunhofer
diffraction applies to projection systems as should be apparent by considering Figure
5.3. Mathematical descriptions and detailed models have been developed for both of
these regimes. Powerful simulation tools based on these models have also been devel-
oped, which allow the calculation of the aerial image formed by the wafer exposure sys-
tem. We will discuss these issues in more detail in Section 5.5.

5.2.2.2 Projection Systems (Fraunhofer Diffraction)

The performance of projection printers is usually specified in terms of a number of ba-
sic paramelers such as resolution, depth of focus, field of view, Modulation Transfer
Function (MTFy alignment accuracy, throughput, and so on. At least the first four of
lhese. are _dlreclly related to the basic properties of optical systems, which we will dis-
cuss in this section. The last two issues are more associated with lht‘-mECh'InlC'ﬂ design

of the system. o ;
Consider Figure 5-8 where we now imagine that we have two point sources close 1
getl}er lh'a\t we are trying to image. These could be, for example, two small adjacent fea-
lbl:.',n;isn(;nsc:i;T;zkrtft)?:iérylng lOlprmt In resist on a wafer. How close tugcthéi' can they
sources will each l;e ar: AIII: lglzl!magle p]at}c? The B e by the O PO
sonable criterion for resollfliun d-b~ht:1(')wn s i
i B B adiacu\\rﬁspo;::ttm:entral m‘aximums' of each pmm image llr.
! ge, the distance given by Eq. (5.1). W hile
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Figure 5-8 Illustration of the resolving power of a lens when two point sources are to
be separated in the image.

this definition is somewhat arbitrary, it is useful and has been widely adopted. With this
definition, the resolution R of the lens is given by [5.5]

12 122f  06In

R = : R
d n(Zfsmcx) n sina

(52)

where n has been included for generality and is the index of refraction of the material
between the object and the lens (usually air with n = 1 in lithography systems).  is the
maximum half-angle of the diffracted light that can enter the lens or the acceptance an-
gle of the lens. a may be limited by the physical size of the lens itself, or by an entrance
aperture or pupil in front of the lens. « is really a measure of the ability of the lens to
collect diffracted light. This property was named the Numerical Aperture (NA) by
Ernst Abbe.

NA = n sina (3}
0.61x A

=— =y 4

e *iNa S

Eq. (5.2) was derived from the Fraunhofer diffraction pattern for an Airy disk and as
such strictly applies only to point sources. Because of this the 0.61 factor is oft_en re-
placed by ki in Eq. (5.4). In real lithography systems the mask contains a \.ralrwty’of
shapes. k; also depends in practice on the ability of the resist chemistry to dlstlngu}sh
closely spaced features on the walfer structure below the resist (lgpogrz.lphy, ret_'lectmty,
etc.) and on defocusing at the image plane. Actual k, values achieved in practical opti-

cal lithography systems are 0.6 to 0.8.
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It is obvious from Eq. (5.4) that shorter exposure wavelengths lead to better image
resolution. It is also clear that lenses with higher numerical apertures also achieve bet-
ter resolution, basically because they are able to capture more of the diffracted light and
therefore construct a better image. Aside from the difficulty of building larger (higher
NA) lenses, there is also a significant drawback to using higher NA lenses. This is the
depth of focus of the lens, which can be estimated as shown in Figure 5-9.

If 3 is the on-axis path length difference at the limit of focus, then the path length
difference for a ray from the edge of the entrance aperture is simply &cosfl. The
Rayleigh criteria for depth of focus is simply that these two lengths not differ by more
than A/4. Thus

A4 =8 — BcosO (5.5)

Assuming 0 is small,

82 62
:\/4_5[1—(1—_.”= & 6
2)|2%2 G
9—sm8:£=NA (5.7
2f
: s A A .
«~ DOF=B= = el (5.8)

ANAY - = “(Na)y

1 : .
The factor of '/z is often replaced by k: in Eq. (5.8) because the '/> value is app: opriate
at the Rayleigh resolution limit but does not take into account the increase in depth of

focus for larger features nor the de i i
: pendence in practice ameters like the 1€
iy p on other parameters like the
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Example Es_timate the resolution and depth of focus of a state-of-the-art excimer laser
stepper using a KrF light source (A = 248 nm) with a NA = 0.6. Assume k; = 0.75

and k; = 0.5.
Answer
A 0.248 pm’
Rk — )75 ==t =

VA 075( 36 ) 0.31 um

A 0.248 pm
DOF= * k, = 205|———|= = 0.
ap- =% [ ©06) ] =

Using additional technical “tricks” like off-axis illumination, the resolution can be
pushed below 0.25 pm, suitable for the SIA NTRS 0.25-pwm generation. Further im-
provements can be obtained through more sophisticated mask designs using concepts
like optical proximity correction and phase shift masks, which we will describe later.
The depth of focus is on the same order as the resist layer thickness itself and there-
fore requires very flat topography and careful attention in the stepper to keeping the
image plane focused by adjusting the height of the wafer with respect to the lens.

There is an additional basic concept regarding optical exposure systems that will be
useful to us. This is the Modulation Transfer Function or M TF illustrated in Figure 5-10.
This concept strictly applies only to incoherent illumination and as a result is not really
applicable to modern steppers, which generally use partially coherent illumination.
However the basic idea is a useful one in understanding lithography issues.

Figure 5-10 shows a generic projection lithography system in which a reducing lens
system is used to image a mask pattern in resist. Since diffraction effects are only im-
portant after the light passes through the mask, the optical intensity pattern as the light
exits the mask will be almost an ideal representation of the mask. Because of diffrac-
tion effects and other nonidealities in the optical system however, the aerial image pro-
duced at the resist plane will not be perfectly black and white. If the features are widely
separated, the aerial image may approach the ideal shown on the left in the Figure
5-10. but as the features move closer together, the aerial image will look more like that
sketched on the right. As a simple example, imagine two Airy disks (Figure 5-7) par-
tially overlapping. A useful measure of the quality of the aerial image is the MTF that
can be defined as

MTF = Iyax = Ty (5.9)
Tyax * T

where I is the intensity of the light.
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Figure 5- odulation Transfer Function (MTF) concept. A generic lithography system is

shown at the top with a mask being imaged on photoresist on awaler, The mask MTF is almost
ideal (MTF = 1) since the feature sizes are 4 — 5 X larger than those imaged in the resist and
diffraction effects are minimal, The aerial image MIF is much lower (MIF = 0.6) because of
diffraction effects in the optical system.

The MTF is really a measure of the contrast in the aerial image produced by the ex-
posure system. Generally an exposure system needs to achieve a MTF value of 0.5 or
larger in order for the resist to properly resolve the features. Recently developed Decp
UV (DUV) resists can work with somewhat smaller MTF values.

The MTF obviously depends on the feature size in the image and generally has the be-
havior illustrated in Figure 5-11. For large features, the resulting aeria] image -producud by
the exposure system has excellent contrast and the MTF is unity. As the feature size de-
creases, diffraction effects cause the MTF to degrade and to finally reach zero when the
features are so closely spaced that there is no remaining contrast in the aerial image.

The MTF is also affected by a parameter known as the spatial coherence of the light
source. Figure 5-12 illustrates the concept of spatial coherency. An ideal point source
produces light in which the waves are in phase at all points z\-long the emitted wave-
fronts. A condenser lens can then convert these waves to plane waves, all of which strike
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Figure 5-11 Modulation Transfer Function (MTF) versus
feature size in the image.
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Flglll'eS-'l!E).amplea uf -s-;pati:lﬂy coherent (left) and partially coherent (right) light sources

the mask at exactly the same angle as illustrated in the left of the figure. Such a source
is an ideal coherent source. As the physical size of the source increases as shown in the
right of Figure 5-12. light is emitted from a volume rather than a point and the waves
will not be perfectly in phase everywhere. If the same condenser lens is used to convert
the light to plane waves, the result will be light arriving at the mask from a variety of
angles as illustrated. Such a source is a partially coherent source. In the limit, if the size
of the source became infinite (and the condenser lens were also infinite to collect all the
light). the source would become completely incoherent. A useful definition of the spa-
tial coherence of practical light sources for lithography is simply

light source diameter

5
= = 5.10a
condenser lens diameter d ( )
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Alternatively, S is defined in terms of the NA of the condenser and projection optics

in the exposure tool,

§ = NAcontenser opics (5-10b)

NA prajection optics

It might appear at first glance that we would choose to have an ideal cohe‘renl source
(s = 0) for optical lithography. However this is not the ca'se for_thg follﬂwmg i
First. as s — 0, the optical intensity also goes t0 Zer0, resu!tmg in infinite exposure times
to print the mask pattern in the resist. Second, the MTF s also affected by the value of
s and having s = 01is not the optimum choice.

To understand this latter point, we need to consider diffraction effects once again. If
the light passing through the mask is partially coherent (i.e.,coming in at a variety of an-
gles), then the diffraction patterns resulting from mask features will be smeared out. If
we refer again to Figure 5-8, this means that the diffraction pattern for a given feature
will be spread over an angle larger than o, This initially seems like a bad thing, because
it means that some information will be lost because the finite aperture of the objective
lens will not collect it. However, this smearing also means that information from closely
spaced features that would have been completely lost outside the aperture of the fo-
cusing lens is now partially collected because it is smeared inside the lens aperture. The
result of these effects is that the MTF behavior with feature size is modified, as shown
in Figure 5-13. As s increases, the source becomes more incoherent, and the MTF is
somewhat degraded for large features. However, it is improved for the smallest features
and this is usually a good trade-off in projection imaging systems that are being pushed
toward their resolution limits. In practice, a spatial coherence of 0.5 to 0.7 is often used
in chip manufacturing, using the definition in Eq. (5.10b).

MTF

Eﬂ-’gﬁ‘f . Smaller ddeal] vl
eatures Features Feature Size

:hgure _5*13 quulminn Transfer Function (MTF) versus
eature size in the image. As s increases (more incohe;ent

source), the MTF degrades for lar s but i
Vo o ger features but improves for
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5.2.2.3 Contact and Proximity Systems (Fresnel Diffraction)

Contact and proximity exposure systems (Figure 5-3) operate in the near field or Fres-
nel diffraction regime. There is no lens between the mask and the resist on the wafer, so
the diffraction pattern resulting from the light passing through the mask directly im-
pinges on the resist surface. The aerial image that is created therefore depends on the
near field diffraction pattern.

Figure 5-14 illustrates the situation conceptually. We assume for the moment that the
mask and the wafer are separated by some small gap g. A plane wave is assumed to be
incident on an aperture in a mask. The diffraction pattern on the opposite side of the
mask can be constructed by imagining Huygens wavelets emanating from each point in
the aperture. The resulting light intensity distribution striking the top surface of the
resist is also illustrated in Figure S-14. There are several features in the light distribu-
tion of interest. First, notice that the intensity rises gradually near the edges of the mask
aperture. Because of diffraction effects, the light “bends” away from the aperture edges,
producing some resist exposure outside the aperture edges. Second, note the “ringing”
in the intensity distribution within the aperture dimension. This arises because of con-
structive and destructive interference between the Huygens wavelets emanating from
the aperture. Contact and proximity printers often use multiple wavelengths for expo-
sure and also do not use light sources with perfect spatial coherence. Both of these ap-
proaches minimize the ringing effects illustrated in Figure 5-14, but of course do not
eliminate diffraction effects.

As the separation g increases between the mask and the resist, the quality of the aer-
ial image produced at the resist surface will degrade because diffraction effects will

£
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Incident Mask Resist Wafer Light Intensity

Plane Aperture at Resist Surface
Wave

FigureS-MB:mc contact or near field exposure system illustrating the use of Huygen's
wavelets emanating from an aperture in the mask. A mask feature size of Wis assumed, along with
2 mask to resist separation of g. The resulting light intensity distribution (aerial image) at the re-
sist surface is shown on the right.
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become even more important. Contact printers minimize _these effects by attempting to
reduce g to zero, but in most practical systems § is not strictly zero because the top sur-
face of the resist is not perfectly flat due to topography on the wafer _surface. In the limit
when the mask and wafer are pressed into hard contact, the _resolutlon of s_uch systems
can be very good (well below 0.1 pm). However, even in this case, the resist 1‘tself still
has a finite thickness and the resolution will still be limited by light scattering in the re-
sist and by light reflection from surface features on the underlying w_a[er_ which scatter
the light laterally into regions adjacent to the mask apertures. We will discuss some of
these scattering issues more carefully in the next section on resist exposure.
Generally the acrial image can be calculated using Fresnel diffraction theory when-
ever the gap g falls within the limits
WZ
Sl (5.11)

where W is the size of the mask aperture (feature size). The lower limit on g is certainly
satisfied by proximity printing systems and is often satisfied by contact printing systems
unless hard contact is used. If g falls below the wavelength of the light used for the ex-
posure, the resulting light intensity distribution can still be calculated but only by a full
numerical solution to Maxwell’s equations. Such solutions are very complex, but fortu-
nately are rarely needed [5.6]. The upper bound on g arises because when g increases.
Fresnel diffraction theory must be replaced by far field (Fraunhofer) diffraction theory
in order to calculate the aerial image.

Within the Fresnel diffraction range, the minimum resolvable feature size is on
the order of

W = VEkg (512)

Thus a proximity exposure system operating with a 10-um gap and an i-line light source
n= _365 m_n) can resolve features slightly smaller than 2 pm. This is much Jarger than
the dimensions used in modern VLSI chips, so these systems are not useful for manu-
.fact}.mng such chips. However proximity printers are much less expensive than the pro-
jection systems described earlier, so for applications in which features sizes are
companbl? with them, proximity printers are an economical solution. ‘

F}gure 37'!5 attemplts to conceptually summarize the discussion in the previous W0
sections. We imagine a plane wave passing through a mask aperture. The aperture is im-
aged on thg resist on a wafer through one of the three types of exposure systems. In the
contact printing case, a very high resolution image is produced because llhu n\;s.\'l\ and
1 Tesnst are as‘sume_d to be in hard contact. If the wafer and mask are se zirated \!i‘-_htl\ as
| 1fr;:~c Eﬁxg}}g{s?unﬁ, sy:;lem. the resolution degrades because of n:aa!i field F ;u:uul dif-
. Finally, if we place a lens between the mask and wafer and i'- cus the

i s 2 afer and focus
: I;:e l;;tre 0? t_he w.afe‘r. an image chara_ctenzed by Fraunhofer diffraction is produced. In
the example in this figure, the resolution of the proximi i isi ted as
inferior to both of the other systems. This i ity system image is illustratec =
s is usually the case in actual systems, as we Sa%
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Separation Depends
on Type of System
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Figure Aerial imay_:',e;: produced by the three types of optical lithography tools. The
mask and wafer would be in hard contact in a contact aligner, separated by a gap g in a prox-
imity aligner, and far apart with an intervening focusing lens in a projection sysiem.

in the numerical example earlier and is the reason why projection systems are used in
manufacturing today.

Photoresist materials are designed to respond to incident photons by changing their
properties when they are exposed to light. Many materials of course absorb light, but
often the absorption results in electronic processes rather than chemical changes. Semi-
conductors, for example, absorb photons and the energy is given to electrons and holes.
As we have seen in earlier chapters, the free carriers will dissipate the absorbed energy
through recombination or through phonon interactions (transferring the energy to
heat). In some cases the energy can actually be collected as in solar cells. None of these
processes are useful in lithography because in photoresists we require a material that
maintains a latent image of the impinging photons at least until the resist is developed.
A long-lived response to light generally requires a chemical change in the material.
Almost all resists today are fabricated from hydrocarbon-based materials. When
these materials absorb light, the energy from the photons generally breaks chemical
bonds. After this happens, the resist material chemically restructures itself into a new
stable form. Positive resists respond to light by becoming more soluble in the developer
solution. Negative resists do the opposite. They become less soluble where they are ex-
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posed. Current practice in the semiconductor ipdustry relies prir_nanly on positive re-
sists because they generally have better resolution than do negative rcslst.

Photoresists in use today are liquids atroom temperature _anc'l are applied to the sur-
face of wafers by placing the liquid on the wafer and then spinning thf% wafer at several
thousand RPM. The spin speed and the viscosity of the resist dfale.rmlne the final resist
thickness, which is usually = 0.6 -1 pm.The viscosity of the resist1s controlled by a sol-
vent. which is a constituent of the resist. Once the resist is spun on to the wafer, a bak-
ing step (prebake) is generally used to drive off the Temaining sglvent.T_‘he resist is then
exposed. Developing is done using liquid developers either by immersion of the wafer
in the liquid, by spraying the developer on the wafer or, most commonly, by placing a
“puddle” of the developer on the wafer. After developing is complete, the resist is gen-
erally baked again (postbaked) to harden it and to improve its ability to act as an etch
mask or ion implantation mask, depending on the particular step in the process flow. Fi-
nally, after the etching or implantation process, the resist is removed, usually in an oxy-
gen plasma, although chemical stripping can also be used.

A number of important parameters determine the usefulness of a particular resist.
Sensitivity is a measure of how much light is required to expose the resist. This is usu-
ally measured in mJ em~2 and for g-line and i-line resists is typically 100 mJ cm ™.
Newer Deep UV (DUV) resists often achieve sensitivities of 20—40 mJ cm~* because
they use chemical amplification, a process we will describe later. Generally, high sensi-
tivity is desired because this decreases the exposure time of the resist and therefore im-
proves throughput in the lithography process. However, extremely high sensitivity is
usually not desired because this tends to make the resist material unstable, makes it
very sensitive to temperature, and can also create problems with statistical variations
due to shot noise during the exposure. Usually higher contrast and more process lati-
tude are achieved at lower sensitivities. However, DUV chemically amplified resists
achieve both higher sensitivity and higher contrast than the older g-line and i-line re-
sists. Since the light used to expose the resist is at a specific wavelength, it is also im-
portant that the sensitivity of the resist be optimized for the exposure wavelength.

Resnluti.on‘ is obviously important in resists. The quality of resist patterns {od:l_v 15
generally hmltEd_ by the exposure system (aerial image) and not by the resist itself.
quever the resist materials and the process steps (exposure dose, baking, and devel-
oping t;ycl_es) must be carefully controlled to achieve diffraction limited resolution 1n
the resist images.

Th?:;ﬂ‘i‘:g?:gf?ﬂ‘;zi‘)‘:‘;sfﬂtggr::;?fhas ;0 do with tl'fe “resis:t“ function of phum.rcsilsts‘
datiensierthe s trairft e %hotoremst_m w1ths.tand et.ch‘mg or ion 1im-
reasonable robustness with respect to t;:srre it o Pra.c i et 1o hl‘-“le
e processes. In practice this means that resists
must pe able to resolve small features even when the resist is of re sble thickniess

g-hne and i-line photoresists generally consist of three co r asom‘a ble i lg -L_.‘.\:m
which is usually a hydrocarbon which forms the b mpOr}en{s, SR AV [‘L §

L ase of th a : aptive coml
pound (PAC) which is also a hydrocarb. e material, a photoactive COT!
ydrocarbon, and a solvent which is used to adjust the VI¥°

cosity of the resist. DUV resists re i
place the PAC component with : cid

; . h a Photo-AciC

Generator (PAG) which acts as a chemical amplifier or catalyst, and often add other
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components as well for stability.
ning on to the wafer and during
a material that is about 1:1 base

Most of the solvent in resists evaporates during spin-
prebake processes before the resist is exposed, leaving
and active components.

5.2.3.1 g-fine and i-line Resists

The most commonly used g-line and i-line resists today are diazonaphthoquinones or

DNQ materials. A base resin is added which is generally novolac, with the structure
shown in Figure 5-16. Novolac is a polymer material consisting of basic hydrocarbon
rings with 2 methyl groups and 1 OH group attached. The basic ring structure which is
shown in the figure may be repeated many times to form a long chain polymer mater-

ial. Novolac by itself will readily dissolve in the developer solution at a typical dissolu-
tion rate of about 15 nm sec™'.

The PACs in these resists are often diazoquinones. The basic structure of these com-
pounds is shown in Figure 5-17. The photoactive part of the structure is the portion

o CH; OH

CH3 CH3 CH;

Figur.S—-lGBas:c structure of novolac, 4 thick resin used as the base material in positive photoresists.

& Figure 5-|7Bas1c structure of diazoquinone, a com-
monly used photoactive compound in positive photoresists.
N2 R represents the bottom part of the molecule.
50, o]
N2
—_—

CHy —C — CHj3 R
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above the SO,. The remainder of the molecule is often abbreviated as shown in the fig-
ure. The role of the PAC is to inhibit the dissolution of the resist material in the devel-
oper. Diazoquinones are insoluble in typical developers and they reduce the overall
dissolution rate of the resist to approximately 1-2 nm sec~!. Thus the DNQ material is
essentially insoluble in the resist developer before it is exposed to light.

When the resist is exposed to light, the diazoquinone molecules chemically change as
illustrated in Figure 5-18. The N> molecule is weakly bonded in the PAC and the first
part of the photochemical reaction involves the light breaking this bond. This leaves be-
hind a highly reactive carbon site. The PAC structure can stabilize itself by moving a car-
bon atom outside the ring with the oxygen atom covalently bonded to it. This is known
as the Wolff rearrangement. The resulting ketene molecule finally transforms into car-
boxylic acid (lower left in Figure 5-18) in the presence of water. The carboxylic acid is
now readily soluble in a basic developer [typically TMAH (tetramethyl ammonium
hydroxide). KOH, or NaOH dissolved in H»Q]. The novolac matrix material is also
readily soluble in this solution. The exposed resist material thus dissolves at a rate of 100
_200 nm sec™ . The unexposed regions of the resist are essentially unaffected by the de-
veloper and so if the exposed pattern accurately reproduces the mask pattern, the pho-
toresist can produce a high resolution image of the mask.

(0]
N3 &
L]
—_— + Na
R R

Wolff
Rearrangement

< 0
| N
o — (s 5
D — 00 -
R R

Cess occurri 7 i e
(o light. P I ng in diazoquinones upon exposure
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5.2.3.2 Deep Ultraviolet (DUV) Resists

Conventional DNQ resist materials have two significant problems when shorter expo-
Surfz wavelengths are used. The first is that for wavelengths below i-line (365 nm), these
resists strongly absorb the incident photons. Thus the incident radiation cannot pene-
trate tr!rough the full thickness of the resist. This is a significant issue at 248 nm (KrF)
which is the wavelength used for the 0.25-um and 0.18-pm generations. The second
problem has to do with resist sensitivity. Some years ago when resists suitable for DUV
applications were first being explored, the only viable light source was the Hg arc lamp.
These sources work well for g-line and i-line systems, but the intensity of their output
in the DUV is much lower than at i-line. Thus it was believed at that time that whatever
resist was used for DUV applications, it would have to have improved sensitivity over
the standard DNQ resists, in order to maintain manufacturing throughput. Of course
bright excimer laser sources are now available and are reliable at 248 nm and so the
sensitivity issue is not as crucial. As a result, DNQ-type resists are being revisited today
with modified PAC compounds that work more effectively at 248 nm.

DUYV resists that are in use today, however, are not modified DNQ resists. They are
based on a completely new chemistry and make use of chemical amplification (CA re-
sists) [5.7 — 5.9]. Standard DNQ resists achieve quantum efficiencies of about 0.3. This
means that about 30% of the incoming photons interact with PAC molecules and are ef-
fective in exposing the resist. Thus the sensitivity improvement possible with these re-
sists is at most a factor of about 3. CA resists use a different exposure process in which
the incoming photons react with a Photo-Acid Generator (PAG) molecule, creating an
acid molecule. These acid molecules then act as catalysts during a subsequent resist
bake to change the resist properties in the exposed regions. Both positive and negative
resist versions are possible. In the positive resist case, the PAG initiates a chemical re-
action that makes the resist soluble in the developer; in a negative resist, the opposite
happens. The key point in either case is that the reactions are catalytic: the acid mole-
cule is regenerated after each chemical reaction and may thus participate in tens or
hundreds of further reactions. Thus the overall quantum efficiency in a CA resist is the
product of the initial efficiency of the light/PAG reaction, times the number of subse-
quent reactions that are catalyzed. This product can be much larger than 1 and is re-
sponsible for the improvement in sensitivity of DUV resists compared to DNQ resists
(20—40 mJ em ~* compared to 100 mJ cm™?).

Chemical amplification is a very powerful new approach to create resists. Since the
number of possible acid catalyzed reactions is very much larger than the number of
photochemical reactions, an explosion of new resist possibilities has occurred in recent
years, Figure 5-19 illustrates the basic principle behind these resists. Positive resists con-
sist of a PAG and a blocked or protected polymer, which is insoluble in the developer
because of attached molecules (labeled INSOL in Figure 5-19). A typical example
would be a polyhydroxystyrene polymer with attached acid labile groups_[S.lO. 5114
The incident DUV photons react with the PAG molecules to create an acid molecule;
The spatial pattern of acid molecules in the resist after the exposure is th!.ls a “stored’
or latent acid 3D image of the mask pattern. After exposure, the wafer is baked at a
temperature on the order of 120°C for a few minutes (Postexposure Bake or PEB). The
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!lglll'e 5-19B.m pér;ﬁ-on of a Chemically Amplified (CA) resist. PAG is the photo-acid
generator; INSOL and SOL are {he insoluble and soluble portions of the polymer base. Steps (c)
and (d) may repeat tens or hundreds of times during the PEB.

heat provides the energy needed for the reaction between the acid molecules and the
insoluble fragments on the polymer chains to take place. It also provides mobility
(through diffusion) for the acid molecules to find the insoluble fragments and to react
with tens or hundreds of such fragments during the PEB. Thus during the PEB, the in-
soluble blocked polymer is converted into an unblocked polymer that is soluble in an
aqueous alkaline developer. In negative working DUV resists, the PAG catalyzes aTe-
action which crosslinks the polymer chains, making the resist insoluble in the developer.
The key mechanism in either process is the catalytic behavior of the acid molecules that
are regenerated after each reaction.

While these new resists offer superb sensitivity and resolution more than adequate
for today’s device structures, they also require very careful manufacturing control. Be-
cause there is a time delay between the light exposure and the acid reaction with the
polymer chain fragments, poisoning (contamination) of the acid molecules is a concer m.
Some early DUV resists were very sensitive to very small concentrations of airborne
cunt;mlnanlslthal reacted with the acid molecules before they could catalyze the resist
rerafztmns du_nzlg the PEB.This resulted in a surface layer on the resist where the acid
\g::nn;?tr;ilz:(iva;r;dblhedr(ie{s1s! effgc_nvely unexposed. These kinds of problems have

PAER y adding additional components to DUV resists, by adding pro-
tective surface layers, and by careful environmental and manuf o - | ?DU\
resists also require very careful control of the PEB conditi B ke st 1
to drive the chemical reacti : nditions because that bake 15 U5

he chemical reaction that completes the resist e a .mical reactions
and the diffusion associated with the acid et S imica | rcos !
molecules during the PEB generally depend

exponentially on temperature, requiring te :
of a °C during the PEB. quiring temperature control on the order of a [raction
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5.2.3.3 Basic Properties and Characterization of Resists

Fraction of Resist Remaining

Figure 5-20 |

Two basic parameters are often used to describe the properties of photoresists: contrast
and tl_le Crl‘h(_:a] Modulation Transfer Function (CMTF). We will define these terms and
expl il th.ellr Importance in the following paragraphs. Contrast is really a measure of the
resist’s ability to distinguish light from dark areas in the aerial image the exposure sys-
tem produces. As we have seen, diffraction effects and perhaps other imperfections in
the eXposure system result in an aerial image that does not have abrupt transitions from
dark to light. An important question is how the resist responds to the “gray” region at
the edges of features in the aerial image.

Contrast is an experimentally determined parameter for each resist and its value is
cxtract_ed from plots like that shown in Figure 5-20. The data from which these plots can
be derived are obtained by exposing resist layers to a variety of exposure doses. Each
of lhg samples is then developed for a fixed period of time and the thickness of the pho-
toresist remaining after developing is measured. For positive resists, samples receiving
small exposure doses will not be attacked by the developer to any appreciable extent:
those receiving large doses will completely dissolve in the developer. Intermediate
doses will result in partial dissolution of the resist. For negative resists, the opposite be-
havior occurs. Given data like those shown in the figure, the contrast is simply the slope
of the steep part of the curve, defined as

i1
o 2
log, ;=L
Y0,
where Qo is the dose at which the exposure first begins to have an effect and Qy is the
dose at which exposure is complete.

Typical g-line and i-line resists achieve contrasts of 2-3 and Qrvalues of about 100 mJ
em . DUV resists achieve significantly better contrast and better sensitivities than this.

(5.13)
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ntrast curves for positive and negative resists.
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This is basically because the chemical amplification that _ot_:curs in DUV r‘351515.516tjpen5
the transition from the unexposed to the exposec_i condition. (ane th_f: reaction is ?e_
gun, the catalytic nature of the process carries it 10 completion unhkt_e DNQ resists
where the PAC molecules in the resist must be exposed one by one by incoming pho-
tons during the exposure.) Thus DUV resists typically achieve y values of 5 - 10 and Q,

values of about 20 — 40 mJ cm 5

It is important to note, however, that ¥y is not a constant for a particular resist com-
position. Rather, the experimentally extracted value of y depends on process parame-
ters like the development chemistry. bake times, temperatures before and after
exposure, the wavelength of the exposing light, and the underlying structure of the
wafer on which the resist is spun. In general it is desirable to have a resist with a high
contrast because this produces better (steeper) edge profiles in the developed resist
patterns. (See Figure 5-21.) Intuitively. this arises because a high contrast implies that
the resist sharply distinguishes between dark and light areas in the aerial image. Thus
resists with high contrast can actually “sharpen up” a poor aerial image.

The Modulation Transfer Function (MTF) of the aerial image was defined in Eq.
(5.9) and in Figure 5-10. The MTF is simply a measure of the “dark™ versus “light” in-
tensities in the aerial image produced by the exposure system. It is often useful to de-
fine a similar quantity for the resist, in this case called the Critical MTF or CMTF.The
CMTF is roughly the minimum optical transfer function necessary to resolve a pattern
in the resist.

o0 0 =
resisi Qf+ QO 101,"7 S

Typical CMTF values for g-line and i-line resists are around 0.4. With their higher y val-
ues, chemically amplified DUV resists achieve significantly smaller C MTF values
(= 0.1 - 0.2). The significance of this number is that the CMTF must be less than the
aerial image MTF if the resist is going to resolve the aerial image.

(5.14)

Aerial Image
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Figure 5-21 Example of how ity of

. ixample of how the quality of the aerial imase :

h.“‘w.m p‘mduce the mfzist edge profile, The left side shnwslgliﬁz m;l lh; Tesist contrast com-
sist edges (gray area). The example on the right shows apoerer‘ rp ‘:lr‘l e e
gradual edges on the resist profile. Acniatimage and the resulting
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Ideal
Aerial Image

A N Well P Well J

Figure 5-22 Esposure process associated with Figures 2-36 and 2-37 in the CMOS
process in Chapter 2. The black bars in the aerial image represent areas on the mask that are
opaque and hence ideally no photons strike the resist in these areas.

To this point in our discussion of resists we have effectively treated them as having
uniform thickness and we have also treated the exposure process as occurring simulta-
neously throughout the volume of the resist material. In fact, neither of these is a very
good assumption in many cases. Figure 5-22 illustrates some of these issues. Notice in
that figure that the resist thickness tends to be nonuniform across the wafer because it
is spun on as a liquid and therefore tends to fill in the “hills and valleys™ of the underly-
ing topography. The exposure process therefore often has to contend with exposing dif-
ferent regions with different thicknesses of resist. Effectively the resist is thinner on top
of high structures and thicker over low lying structures. This may be a particular prob-
lem at the edges of underlying thin films where the resist thickness can change abruptly.
The result of these effects is that the resist can be effectively underexposed where it is
thicker and overexposed where it is thinner. This can result in linewidth variations,
particularly where the photoresist features cross steps in the underlying structures.

A second issue is that the light absorption by the resist varies with depth below the
surface of the resist and it also changes with time during the exposure process. Again
imagine in connection with Figure 5-22 that the exposure process has just begun. The
PAC concentration is assumed uniform throughout the resist. As PAC molecules near
{he resist surface absorb light photons, those photons are not available for exposing the
deeper layers of the resist. Thus the light concentration falls off with depth. We will
model this more carefully in Section 5.5, but to first order, the light intensity falls off ex-
ponentially with distance into the resist.



Izlue_n: (515)

where z is the depth below the surface, lo is the intensity at the surface, and o is the opti-
cal absorption coefficient in the resist. Thus the resist 1s fl_rst e:;posed near the top surf.acg_

Fortunately a process known as “pleaching” occurs 1n g-line and 3-1me DNQ resists.
As the resist is exposed, the PAC s altered, absorbing less and less hght_, and therefore
it becomes more and more transparent. Thus as the top layers of the resist are exposed,
they transmit more of the light to the deeper layers which are s_ubSCCll-ltlﬂlbr exposed.
This results in a more uniform exposure. The bleaching process is not Surprising since
as the PAC component of these resists reacts and converts to carboxylic acid, more of
the light will pass through to the deeper layers. Detailed modeling of these effects also
has to include the light absorption by the novolac base component of the resist. as we
will see in Section 5.5. Bleaching typically does not occur in DUV resists. This is a prob-
lem with these materials because the light can reflect off surfaces below the resist dur-
ing the entire exposure. This can be mitigated by using antireflection coatings below the
DUV resist (see below) and dyes in the resist itself to minimize reflections.

If there are highly reflective layers below the photoresist, light which passes all the
way through the resist without being absorbed will be reflected by these underlying lay-
ers and pass back up through the resist again. While this may speed up the exposure
process, it also has the potential for setting up standing wave light patterns in the resist
because of constructive and destructive interference between the incoming and outgo-
ing waves. Furthermore, if the light is scattered sideways. image resolution can be de-
graded. Figures 5-23 and 5-24 illustrate these issues. In some cases an Antireflective
Coating (ARC) is deposited on the wafer prior to spinning on the resist. This can
greatly help in minimizing standing wave effects, but of course increases process com-
plexity. Another approach that is often used in g-line and i-line resists is to add dyes to
the resist, which absorb light and minimize reflections.

The “scalloped edges” illustrated in Figure 5-24 are also strongly affected by post-
baking of the resist after exposure but before development, since this heat treatment al
lpw‘s d1ffusi‘on o_f the PAC in g-line and i-line resists or the PAG in DUV resists on 4
limited basis. This smoothes out the standing wave pattern. It is quite possible to model

these 'standirfg wave eff‘ec{s and to predict the resulting resist edge patterns that result
We will consider these issues more carefully in Section 3.5. F

5.2.4 Mask Engineering—Optical Proximity Correction and Phase Shifting

lp our dtsc‘us._sion to this point, we have considered the mask to be simply a digital de-
vice. That is. it has clear areas and dark areas and the patterns of these l?11'_ :\ u:n-uscnl
exactly the pattern t}.1a! we wish to print in the resist on the wafer. Tt iqtuz't;j;;ll\ l.} ssible
to d(_) bette_r than this in designing the mask if the objective is 16 I:Odll(_‘c\ lli . ”w.;—h"”
.que}llly aerial image. We will briefly discuss two approaches to doinp T w“ " F’l'n_\_
imity Correction (OPC) and Phase Shift Masks (PSMs). These a§p[-(:;|.C['lf.h ‘\!'.i'um be

considered “mask engineering.” Th
: S £ ese meth i %
engineering” [5.12]. ods are also sometimes called “wavefront
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Aerial Image

Exposing Light

== BB

-i-lng"l-l.r”e"gziinlshololimngraphy exposure occurring between Figures 2—39 and 2—40 in the
CMOS process described in Chapter 2. The A and B symbols indicate examples of standing
wave patterns and sideways light scattering, respectively.

Aerial Image

\

Resist =

Reflecting
Substrate

flguroS—!ﬂThehgmmlensuy pattern resulting from a standing wave is sketched on the left. A photore-
sist image that illustrates these effects after developing is shown on the right. Courtesy of A, Vladar and P. Riss-
man, Hewlett Packard.

We saw in our discussion of exposure systems that the finite aperture of projecticx.n
systems results in a loss of some of the light diffracted from the mask features. In addi-
tion to their finite size, apertures and lenses in projection systems are generally circular,
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not square or rectangular like most of the features on masks. What are lost are the high-
ponents of the diffraction pattern. This lost information results in an aer-

frequency comy tion '
ial image which has rounded rather than square cOrners, changes in linewidth between

isolated and grouped lines, and shortening of the ends of narrow linear features. These
effects are quite predictable and in principle can be somewhat compensated for by ad-
justing the feature dimensions and shapes on the mask. In principle, this could be done
purely through software once the mask design is complete. The problem is very difficult
in the general case because of the complexity of modern masks. An example of what is
possible is shown in Figure 5-25 [5.13).

A second approach to mask engineering involves actually changing the transmission
characteristics of the mask in selected areas. In 1982, Levenson and colleagues sug-

gested the use of phase shifting techniques to improve the resolution of the printed aer-

-t

H

responding acrial images (calculated) are sh own on th ;

ity i ! own on the b - e top. The cor-

ity of the aerial image whe @ ottom. Note :

‘ I?e e “:u n];;i“i:(;‘hﬂﬂm‘(‘ is u§ed. The dark lines in the bottom al:le lm,p_m‘fement in the qual-

\ derial image in cach case [5.13], Reprinted w[i)ﬂl ;:1 : R e
rmission of SPIE.
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Figure 5-26 Exampler of the use of phase shifting techniques on masks to improve the resolution of
the aerial image. (After Levenson et al. [5.32].)

ial image [5.14]. A simple example of the principle is illustrated in Figure 5-26. In this
example a periodic mask with equal lines and spaces (diffraction grating) is used as the
mask. The left side shows the electric field, £, associated with the light just after it passes
through the mask and also at the wafer (far field diffraction pattern), without any phase
shifting in the mask. The period of the grating is chosen in this case so that the lines on
the mask are barely resolved on the wafer. The photoresist responds to the intensity of
the light or (e field)? and hence the intensity pattern on the bottom left is barely suffi-
cient to resolve the two lines.

In the example on the right, a material whose thickness and index of refraction are
chosen to phase shift the light by exactly 180° is added to the mask. The thickness of this
layer is given by

A

d_?.(n ) (5.16)
where 7 is the index of refraction of the phase shift material. The period of this added
pattern is half the period of the original grating. The corresponding € fields at the mask
and wafer are also shown. Since the light intensity at the aerial image is the square of
the & field intensity, the quality of the resulting aerial image is significantly improved as
illustrated. Such phase shifting techniques can either be used to improve the quality of
the aerial image or to improve the depth of focus of the exposure system at a constant
resolution by using a lower NA system.
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Application of this principle to arbitrary mask shapes is quite Fo_mplexfand generally
requires the addition of features on the mask smaller than the minimum eature size to
be printed. Simulation tools provide a very powerf_u] approgch to exp_lormg the bene-
fits of phase shifting masks and they can also help in the optimum design of mask pat-
terns. We will look at an example later in Section 5.5. . . ;

One final point with respect to masks is worth making. We .ha_ve a§sumed in our q.g_
cussion that a simple digital mask (without OPC or phase shlfun.g) is an exact replica
of the desired pattern designed in the CAD system. As geometries get :im:?.ller, this is
less true because the mask making systems themselves have resolution limits. Even at
4X or 5X compared to the patterns on wafers, the mask patterns may have rounded
corners or other “imperfections” that degrade the quality of the aerial image produced
on the wafer.

5.3 Manufacturing Methods and Equipment

The lithography process dominates the cost and the throughput of modern IC manu-
facturing. Since the SIA NTRS is driven by constant reductions in linewidth, lithogra-
phy is expected to remain in this key position in the future. In this section we will
examine typical industrial processes and equipment for lithography. While contact and
proximity printers played a major role in the early days of the silicon industry, they no
longer do so because of unacceptable defect levels and/or limited resolution. As a re-
sult, we will restrict our discussion in this section to projection aligners. Also, since DNQ
positive resists and DUV resists for 248-nm systems dominate industrial use today, we
will restrict our discussion to these materials.

5.3.1 Wafer Exposure Systems

Projection aligners have been the dominant exposure tools in the silicon industry for
more than 20 years. Perkin-Elmer Corp. pioneered the earliest systems of this l\'pé un-
der the name Micralign. These systems were scanning projection aligners, which used
1:1 !'na.lsks. ?he principle behind such scanning systems is illustrated in Figure 5-27.The
basic idea in these systems is that it is easier to correct optics for aberrat?ons in a small
area ralhc_r than a large arca. Thus the illumination source produces a slit of M\'-hl- which
is mechanically sc_:annecl across the mask. The wafer is simultaneously sc-mn:d so that
!he mask pattern is printed across the wafer. The system that is illustrated ';n Fium.'u 5-27
::{ }:15 g]u;z;l\yffcr:i]ectge 'S)(Slem, us_ing mirrors. Systems of this general type are also used
SRtk ombination of rmrrors'. anq len§es (both reflecting and refracting optics)-
P y;{ems are known as catadioptic optical systems

While scanning systems of the type illustrated in Figure 5—é7 r cost effective
and have hlg}l throughput, they require 1X masks that i v L' ion
s allthschiitaben il ‘da contain the pattern infer matic |-
more difficult as geometries shrink. Also as.chi e“{; §ERUl gn such masks ;'L‘mmsf
became larger in the late 1970s, it became incr. Pabecame more complex and as b
easingly difficult to produce perfect ful
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-F"i"gl.lro 5-2700ncepma]d1agmn of a scanning projection printer.

wafer masks and to make optical systems which could scan entire wafers with the re-
quired resolution. Scanning systems also generally only allow global alignment of the
mask and the wafer patterns, that is, alignment at the wafer level before the scanning
begins. With tighter dimensions and the corresponding need for better placement accu-
racy. local alignment on a die by die or similar scale is often highly desirable. The solu-
tion to these issues was to replace the scanning systems with steppers that exposed a
limited portion of the wafer (typically a few cm?) at a time. This eliminates wafer size as
a major issue. The mask problem is also addressed in these systems by making the step-
pers reduce the image by 4X or 5X. Thus the masks use much larger dimensions which
makes them more easily repairable and they contain only a few die rather than a full
wafer pattern. Steppers also allow alignment on an exposure field by exposure field ba-
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flgures-28Kuh.lerd.lmmnauon system. The triangles emanating from the mask regions rep-
resent the diffracted light pattern.

sis and hence improve overlay accuracy compared to full wafer scanners. (This capabil-
ity is often not used in manufacturing, however, because of throughput issues.) Such
step and repeat projection aligners have dominated the industry for the past decade.
Most often, these systems use purely refractive optical systems. In concept they are very
much like the system shown in Figure 5-3.

While we described the basic features and performance of these projection steppers
carlier in this chapter, there are several key additional ideas that are used in practice to
improve the performance of these systems. These include the use of Kohler illumination
and off-axis illumination, which we will briefly describe here.

Figure 5-28 illustrates the idea behind a Kohler illumination source. The light pass-
ing through the mask is focused at the entrance pupil of the projection lens, rather than
having collimated light pass through the mask as illustrated conceptually in Figure 5-3.
The reason for using a Kohler source arrangement is so that the projectif:n lens can cap-
ture th_e cliffracted light from any of the features on the mask equally well. This 15 illus-
trated in Figure 5-28 by the triangles emanating from the mask apertllres that represent
Fhf: angular spread of the diffracted light. If collimated light were used though the mask,
1tth 1es ggg?ézr:d:r; E;zhmoafsge diffracted light would be lost from mask featurcs near
lunTl;t:-; 31101}?1 . [‘,l;;zl; bw}?tcg is _often u§ed in modern projection aligners is ot‘f-‘umﬁril»

. ehind this technique can be understood in connection with Fig-
ure 5-29. If the light from a coherent source is incident at > mask, rather
than normal to the mask, this illumination i a.m_anglel 0 }ht u.hm",l‘n i

; ; ilumination 1s called off-axis ill : Such illumi-
nation obviously changes the angle of the ligh i B nation. S s
S cieiadiie ey e MR B W 0 ok 20
through the use of off-axis illumination bt‘,cl esame of the diffracted light W il be le&%
aperture, some of the higher-order diff BUss It Wﬂl_ be outside the projection i“‘”f
iffracted light which would be lost through 00T
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Figure 5=29 llustration of the idea of on-axis illumination (left) and off-axis illumination (right). The shaded areas emanating from the mask re-

gions represent the diffracted light pattern. Practical implementations generally use a light source producing several angles of incident light  + and —
Some of the higher order diffracted information is captured in the off-axis scheme. 3 - : . gh s

mally incident radiation will also be captured in the off-axis system. The net result is
that the resolution can be somewhat improved. The basic idea is similar to the argu-
ments presented earlier for using partially coherent illumination rather than coherent
illumination. It is apparent then. that considerable attention must be paid to the illu-
mination part of the optical system as performance in projection aligners is pushed to-
ward physical limits.

Within the past few years, it has become increasingly difficult to build steppers that
have the resolution required by the SIA NTRS and also the field of view required by
this roadmap. Because of this, a hybrid type of system which uses both stepping and
scanning has recently come into use. Figure 5-30 illustrates the principle. Stepping is
used to move the wafer between major exposure fields. Within each exposure field, the
mask pattern is scanned across the wafer. This type of system has some of the advan-
tages of scanners (the optical system needs to be “perfect” in a smaller area). It also has
some of the advantages of the stepper systems (4X or 5X reduction can be used to sim-
plify mask fabrication, and the total field printed at each exposure is much smaller than
the wafer, eliminating wafer size as a major issue and simplifying lens design). However,
the mechanical system does need to scan the mask 4X or 5X times faster than the wafer
and keep them synchronized. These hybrid systems also allow local alignment of the
mask pattern with the wafer at each exposure field, which is one of the inherent ad-
vantages of stepper systems. At the same time, however, these systems are very complex
and very expensive because they have some of the disadvantages of each type of system
(the synchronized mechanical motion of scanners, and the costly_ refractlere lens design
of steppers). Nevertheless. it is likely that these hybrid systems will find widespread use
through the next several technology generations.



5.3.2 Photoresists

Exposure
e ean S| Field

ﬁguros-:'lo gteﬂ and scan system. Stepping accomplishes the major moves from
one exposure field to another. Within each exposure field, the mask pattern is
scanned across the field.

The actual details associated with photoresist exposure and processing arc, not surpris-
ingly, considerably more complicated than the qualitative description given earlier
might indicate. The additional details that we will consider here are generally designed
to make the whole process more manufacturable. Figure 5-31 illustrates a typical
process flow associated with photolithography. The specific numbers refer to 13,-picui
conditions for DNQ g-line or i-line resists. DUV resists generally utilize 2 similar
process flow with some changes in the process details. # -

The }lrst step in.the lithography process is ensuring that the resist will adhere W ellto
the \‘watcr. Depending on the stage in the process flow, this may involve one or more 0p-
erations. Norma!ly the wafer is clean just before resist apph’éation since resist 1s com-
monly deposited on wafers just after thin film deposition or just after soime other
h1gh-lcmperatur.e process step. If this is not the case, the wafer may need to be chemi-
cally cleaned, using the procedures described in Chapter 4. Tt m-‘wl also be necessary 10

heat the wafer to several hundred °C to dri hese
o drive off any wa > surface. These
steps are represented by the first box in Figure 5—3:1y BN [ e
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Prepares surface for
photoresist application

Surface Cleaning and/or
Dehydration Baking

b Adhesion promoter typically
HMDS Application spun on the wafer or applied

\is as a vapor

Resist spun on wafer, typically

Resist Application 3000-6000 rpm, forming an
‘ = 1.0 pm resist layer
Pre-Bake Resist Typically 10 - 30 min @
90 - 100 °C
Align Wafer Typically aligned at each
Expose Resist exposulrgos ':J‘ z:npfgsed e

'

Sometimes used to minimize
Post Exposure Bake - 4 :
ak standing waves in resist

(PIB’ Typically 10 min @ 100°C
Resist Develop Typically 30 - 60 sec @ room T

using spray or puddle

;

. i Typically 10 - 30 min @
Post-Bake Resist e

Flgllres-3l"1yp1calphmoresm process flow for DNQ g-line and
i-line positive resists.

Even with a clean, dry surface, adhesion of resists to silicon ICs may not be as g({nq
as desired and so it is common practice to use an adhesion promoter. Hexamethyldisi-
lane (HMDS) is the most common substance used for this purpose. HMDS can b_e_ ap-
plied to the wafer in liquid form at room temperature by spinning _under COnditl.OI?S
similar to resist spinning (3000 - 6000 RPM for = 30 sec). However, in most cases 1L 1S
applied in vapor form with the HMDS being introduced as a vapor into a chamber con-
taining the wafers since this more easily produces the desired smgle m_onol_ayer on the
wafers. In either case, one end of the HMDS molecule bonds readily wnth Si0; surfaces
and the other bonds with the resist. Thus the HMDS acts an adhgsmn promoter. For
surfaces other than $i0:, other adhesion treatments may be used in addition to or in-

er 6 of [5.4]).
Ste;i: ;grslt);p(i?sls;tning thi regi)st itself onto the waf_er gnd_this should normally fbne
done immediately after the HMDS application. The resist is dispensed onto the wafer
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and then the wafer is spun (3000 - 6000 RPM for = 30 sec) to produce a thin (= 0.6 -

1-pwm) uniform layer. If the resist is going to be used to mask an implant, it may ‘be
thicker than these values. While the procedure sounds simple. _thﬁre are SOH}S Sllblﬂt‘-tles
associated with it. The dispensing of the resist can be done Iwh_lle the wafer is stationary
or while it is spinning at slow speed to produce a umforfn liquid layer on the-wafer.’l"he
acceleration of the wafer to its final spin speed is also unporta_nt and is typically d?ne
rapidly (in a fraction of a second). The solvent in the resist begins to evaporate rapidly
after the resist is dispensed and while it is being accelerated. Generally more uniform
films are obtained if the acceleration is as rapid as possible. During the first few seconds
the wafer spends at high spin rates, the film levels to a uniform thickness. During the re-
mainder of the = 30-sec spin, the solvent continues to evaporate to produce the final
resist thickness. The fluid dynamics of the spin coating process have been studied in
some detail [5.4], but the exact process for a particular resist is usually determined ex-
perimentally. The viscosity of the resist in its liquid state (solvent content) and the spin
speed are the primary factors affecting the final resist thickness. The spinning process
produces an “edge bead.” that is. a thicker resist at the very edge of the wafer, which
generally needs to be removed before proceeding further.

The next step in the lithography process is the prebake. This is normally accom-
plished on a hot plate at 90 — 100°C. Infrared or microwave heating can also be used,
which are faster processes. The prebake step accomplishes several things. First, the re-
maining solvent in the resist is largely evaporated, reduced from = 25% to = 5% of the
resist content. Second, adhesion of the resist is improved since the heating strengthens
the bonds between the resist and the HMDS and substrate. Finally, stresses present in
the resist as a result of the spinning process are relieved through thermal relaxation.
Chemical changes do take place in the resist during this high temperature bake with the
result that required exposure times are increased as the bake temperature increases.
The mechanism responsible for this is believed to be a decomposition of the PAC at
high temperature with the result that the resist sensitivity is degraded. We will discuss
these effects more quantitatively in Section 3.5.

The e:_(posure_p_roces‘s creates a latent image in the resist that can be developed later.
rl:losF resists exhibit rt‘,c1procity, which means that light intensity and exposure time can
e SR
the prebake thermal cycle as was just discussgld l::ed Exposure-t\me 7 al.m dlfuﬁ.-{,e ] ?i
of these parameters must theref B Hikess of the resist =

P erefore b..a carefully controlled. Exposure doses are nor*
mally designed to be well above Oy (Figure 5-20) since this s latent images in
the resist that have the sharpest ed imi producgs la?cnl ]m“f‘e?

: rpest edges (limited of course by the quality of the aerial im-
a.ge)‘ For typical DNQ resists, this corresponds to a dose > lggq ] e For DUV re-
sustz. Thi?—i r1l_1:se chemical amplification, the dose is typically 20 jn4[]cr|::1 C‘ms r Dc".li]cd
models of the exposure process have been developed, includi e AL -
i : o ; : ; ing the effects of the qua
inysogctt?s;'ta;gjal image, standing waves in the resist, and so forth. We will consider these

The next step illustrated in Fi i
WL i thIi)s Ao : rriztith:ser Sr;lr 1_1[5;;1(:1?}:'0s;t;-‘:xposure Bake (PEB). In g-lin¢ ;131d
image, in order to minimize standing wave effeftge _deveIOpmf:nt of the resist ‘l;‘mrlﬂ.
in the resist. The mechanism
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straightforward. At elevated tem
lemperature and time are well ¢

peratures, the PAC in these resists can diffuse. If the
S & ontnf)!led in thi; bake, the PAC molecules can diffuse
: " gh to “smear out” the stand_mg wave etf‘?cts a]ong_the edge of the resist fea-

ures.‘ ut not diffuse far enough to significantly distort the image features themselves.
A typical b.ake cycle might be = 10 min at 100°C. If antireflective coatings are used un-
der the resist, this postexposure bake may not be necessary because the standing wave
problem is less severe.
‘ In _DUV resists, the PEB is a necessary and critical step in the process. This is the step
in which the PAG reacts with the polymer chain to complete the exposure process. The
time and especially the temperature must be very tightly controlled because chemical
reaction rates and diffusion typically depend exponentially on temperature.

DNQ resists are developed in basic solutions (normally TMAH —tetramethyl am-
monium hydroxide—solutions diluted with H,0, but NaOH or KOH solutions can also
be used). The developer can be applied in a number of ways. The wafers may be im-
mersed in the developer, the developer may be sprayed on a batch of wafers or on a sin-
gle wafer at a time, or a puddle of the developer may be placed on the wafer. In each
case, rinsing the wafers with HzO stops the developing process. The rate at which de-
veloping proceeds is highly dependent on temperature, on developer concentration,
and on all the exposure and bake procedures used before developing. In DNQ resists,
the developing proceeds by dissolving the carboxylic acid that results from the exposed
PAC in the alkaline solution. The rate of developing is dependent on the local car-
boxylic acid concentration, which is proportional to the local exposure intensity in the
resist. In positive working DUV resists, developing takes place in a similar fashion since
the unblocked polymer chains are soluble in the basic developer. We will consider de-
tailed models in Section 5.5.

The final step in the photolithography process is the postbake. This step is done at
higher temperature than the earlier bakes (typically 10 — 30 min at 100 — 140°C), and is
designed to harden the resist and improve its etch resistance. This bake process causes
the resist to flow slightly and hence may also modify edge profiles. Any remaining sol-
vents in the resist are driven off by this bake and the adhesion of the resist to the un-
derlying substrate is also improved. In some cases when the resist must withstand a
particularly harsh etching process or a high current ion implantation which may raise its
temperature considerably, a further hardening and crosslinking of the resist with a blan-
ket deep UV exposure at elevated temperatures can improve the robustness of the re-
sist layer.

In modern lithography processes, many of the steps we have described above are ac-
complished in a single integrated machine known as a wafer track system. These
machines cost = $1 million and are usually tightly integrated with the exposure tool so
that easy wafer transfer can occur between the two systems.

5.4 Measurement Methods

Measurement issues associated with lithography can be divided into several areas. The
first is the mask itself. Here we need to know the dimensions of the features on the
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mask and to verify that they correspond to the intended if.:slljgn-gtl; g;g;cl;a‘:lﬁj TSO im-
portant to ensure that there are no defects on the mask which are 1arg gh to print
é ing the exposure process. . gt

= E‘se:edl:;viug;i in ou? earlief discussion, it is conyement to divide 'lhe exp()s[.]re
process into the optical system that produces the aerial image. ar}d the resist processing
which transfers the aerial image into a resist profile. The ae_nal image 1llselt 1s not nor-
mally directly measurable, so that measurement 1ssues assoga_ted with hthugraphy nor-
mally focus on the resist pattern after it is developed. This is the second major area
where measurement methods are needed. In many process steps, of course, 11}@ resist
pattern is transferred nto underlying thin films or into the silicon substrate itself by
etching and in these cases, there is also a need to measure the etched pattern.

The final issue associated with the lithographic process is alignment of patterns with
respect to underlying features on the wafer (earlier mask layers). As we saw earlier in
this chapter, generally layers must be aligned with a tolerance on the order of one-fifth
to one-third of the minimum feature size. We will discuss a number of these issues in this
section, An excellent reference on many of these topics is [5.15].

5.4.1 Measurement of Mask Features and Defects

Virtually all exposure systems used today in high-volume manufacturing are reducing
steppers or reducing step and scan projection systems. This means that the mask con-
tains the features for only a few die and this pattern is exposed multiple times on each
water. If there is a defect on such a mask, it will affect a large fraction of all chips on
every wafer the mask is used to print. This would result in intolerable yield losses and
so it is absolutely crucial that the mask be “perfect.” What this really means is that there
are no printable defects on the mask. Since the mask has 4X to 5X larger feature sizes
than the wafer patterns, mask defects below some critical size will not print on the
wafer. Nevertheless, the two issues with respect to the mask are the following: Does the
mask pattern correspond to the design for that mask level? And are there any defects
large enough to print on the wafer? '

While mask inspection was accomplished many years ago simply by using a micro-
scope, such an approach is unworkable today because of the cor;‘.pl;exil\ of today’s
chlps.‘ As a result, highly automated systems have been developed to aCCOm'pliﬁh this in-
spection. The principle of operation is illustrated in Figure 5-32. Light is passed through
the :astlj( and collected by an imaging system. Generally a solid—;tate image sensor s
1{1;; ‘l:’)i{het[;‘: :jt;e‘_pau;rn (l))f t‘he transmitted light. This information can be mmr..u'cdlci'

design database used to generate the mask, or with a second identical
mask_paitem,w.f the mask contains the patterns for more th e E g thein-
spection system over the mask thus provides full inf el Ch.lp' bx.,mnm: [| : to
grrors in tr'ansmitting data from the database or due ?;H:;ﬁ;n?z c:e\f:d: LIU.L' VII,:::]\ If
1?1:: mask incorporates Optical Proximity Correction (OPC) or e U'f 1 i ues
like phase shifting, the inspection process is ofte ( . )_01 advanced tec .msq, 3
niques introduce structures on the mask that m S JRenI Because these 158 7
ay be smaller than the minimum feattt

size and therefore might be interpreted as “defects” by the inspection system
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flgyre asl inspection system. Such systems operate by comparing the feature infor-
mation on the mask either with the original design database or with an identical feature on an ad-
jacent mask site. In this example three identical die are shown on the mask.

If defects are detected by this approach, they can often be corrected. Opaque defects,
in which chrome is present on the mask in areas where it should not be, can be cor-
rected with lasers or ion beams which are focused on the defect area and which evapo-
rate the excess chrome. Clear defects, in which chrome is not present where it should be,
are often more difficult to correct because they require a deposition of an opaque ma-
terial to cover the clear area. Laser-assisted deposition from a chromium bearing gas
which is introduced above the mask can be used, as can ion beam deposition.

The final crucial issue with respect to the mask is the actual size of the features on the
mask. There are a number of issues associated with e-beam mask making that can lead
to disparities in feature size between the design database and the mask. The spot size of
the e-beam is finite (usually 0.125 to 0.5 pm) and this can be important in writing very
small features. Also, when small features are being written, “proximity effects” can be
an issue when such features are closely spaced. Proximity cffects arise from electron
backscattering in the resist on the mask and can result in pattern distortion.

Many masks today are made with laser-based systems instead of e-beam systems be-
cause the laser-based systems are less expensive. However, laser-based systems have the
same kinds of resolution limits as do the steppers used in projecting images onto the
wafer. Thus the features printed on the mask itself can suffer from rounded corners and
other diffraction effects just as is the case in aerial images projected onto the wafer.

The feature sizes on the mask can be measured with a system very similar to that
shown in Figure 5-32. Alternatively,a video camera and microscope can be used on the
top side of the mask. In either case, edge detection teghmques are used on the signal
that is received to determine the feature dimension. This is a rclalwlely stra%ghtforward
procedure on masks becal.}sn'e .the thin chfgme layer_ on masks provides a hllgh cont;asl
image with good edge definition. In addition, the linewidths are 4X to 5X larger than



m Chapter 5 Lithography

the final wafer feature sizes, SO optical

The National Bureau o

references in accurately measuring the feature

surement is not as simple when th

structures are being measured, as We will

5.4.2 Measurement of Resist Patterns

methods generally work well for mask features.
¢ Standards has linewidth standards available that can be used as

dimensions on masks. Linewidth mea-

¢ feature is on the wafer and resist or other thin film
see in the next section.

Once the exposed resist is developed, the structurc is really three dimensional, as was
graphically illustrated in Figure 5-24. The resist edges may be sloped‘and th_ey may con-
tain standing wave patterns. The definition and the measurement of the “linewidth” in
the resist is thus not straightforward. When linewidths in chips were larger than about
1 pm, optical methods using a microscope and
measure resist feature sizes. However these met
tures on today’s chips and as a result, SEM measurements have largely replaced opti-
cal methods for accurate linewidth measureme
of electron microscopes in Chapters 3 and 4 (Sec-

We discussed the basic operation

tions 3.4 and 4.4). SEM methods have the
tron wavelength is < 1 nm at typical acce

edge detection were commonly used to
hods are not extendible to the small fea-

nts.

potential for very high resolution. The elec-
lerating voltages, so diffraction effects are

negligible. SEMs designed for inspection and metrology applications usually have to
operate nondestructively because the wafers that are used for the inspections are prod-
uct wafers. Thus ideally the SEM operates in an in-line fashion as part of the manufac-
turing line. Such tools are widely available today. They generally operate with a small
beam size (= 10 nm) and at fairly low voltage (a few keV) to minimize damage o the
wafer structures, to minimize charging problems, and to allow imaging of the resistsur-
face. They generally are designed to handle full 6" or 8 wafers. Low-voltage operation
also minimizes the depth to which the electrons penetrate in the resist or other thin
ﬁlms and thus confines the interactions of the electrons to the near surface region. This
improves the ability of the SEM to image surface features and topography. )

Figure 5T33 shows examples of SEM images of a resist pattern e;fter vaclopmcnl-
The rlesolutlon capability of the technique is apparent, but these photos and Figure 5-24
also }ll}lgtrate some of the difficulties in “measuring” linewidths in such struc{—urws. The
possibility of sloped edges, standing wave patterns, and variations in the linewidth along
photoresist lines all create difficulties in defining exactly what is meant by the linewidth.
Ge_nerally. the linewidth is defined as the width of the photoresi erial L pecific
height above the resist-substrate interface. Oft e g mat'c,rm \dt p aii

; . ; . en sophist d algorithms are used to
translate an SEM line scan into a “number” e i alponith
er” representing the linewidth.

5.4.3 Measurement of Etched Features

Photoresist patterns ¢ : ;

pmce;:i::“fr’i‘gégr?:d‘l_f;iloiheélhtransferred into underlying thin films by etching *

obviously just as importamna\ tﬁpter lq‘Th" quality of this pattern transfer process
§ the quality of the photoresist pattern itself. The same
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5=33 Cross section (left) and top (right) view SEM images of developed photoresist features show-

ing well-developed lines with sub 0.25-m lines and spaces. Courtesy of A. Vladar and P. Rissman, Hewlett

Packard.

Iinewidlh measuring methods, primarily based on SEMs, are used to measure the etched
patterns in oxide, polysilicon, Al, or other materials.

Unlike the photoresist patterns, which are removed from the wafer after they are
used, the etched thin film patterns remain as part of the final chip. Because of this, it is
possible in many cases to make measurements on these thin film layers after wafer pro-
cessing is complete. In addition to SEM methods, it is often convenient to make such
measurements electrically during wafer testing. A significant amount of work has been
done in recent years to develop electrical test structures which measure parameters like
linewidth and alignment accuracy, in addition to the more usual device electrical para-
meters [5.15 — 5.19]. Complete test chips have been developed which provide detailed
information about the process. These chips are very useful during the development
stages of new processes. Specific test structures are also sometimes incorporated onto
product chips once a process is in manufacturing in order to provide ongoing informa-
tion about manufacturing tolerances. Usually these test structures are placed in the
scribe lines between chips so they do not consume chip area.

Figure 5-34 illustrates the basic idea behind many of these test structures. The overall
structure is assumed to be a conducting material (polysilicon, silicide, aluminum, etc.). The
right-hand part of this structure (pads 3—6) is a van der Pauw structure designed to extract
the sheet resistance of the material making up the test structure. The geometry is chosen
to define one square of the material (labeled with the p, symbol in the figure). If a current
Iss is forced between terminals 5 and 6, and the voltage Vs is measured between termi-
nals 3 and 4. then the sheet resistance is given simply by [see Eq. (3.10) in Chapter 3].

pseieak o
5 mi) &g

Once the sheet resistance is measured, then the linewidth W can be extracted from
the rest of the structure through an additional electrical measurement. In this case, a
current [_s is forced between terminals 1 and 5, and a voltage V5.3 1s measured between
terminals 2 and 3. The linewidth W is then given by

(5.17)
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Flgures 4Teststruclure designed 1o electrically extract sheet resistance and
linewidth W.

W= pgl— (5.18)

It should be noted that the linewidth extracted from test structures such as this may
be different than the linewidth measured optically or with an SEM. This is because the
clectrical linewidth really measures the effective cross sectional area through which cur-
rent flows in the material. If the edges of the material are sloped, or if the surfaces af-
fect the conductivity, the electrical width may be slightly different than the physical
width extracted from an image of the line.

Finally, modifications to the basic test structure shown in Figure 5-34 can allow sim-
ilar structures to extract information about alignment between levels on a chip. In this
case, parts of the structure are fabricated in different levels of the circuit and measure-
Eeln;ssof E;]r:sistanr.:es in the completed test structure provide the alignment in formation

17,5.18].

5.5 Models and Simulation

Litk}ograp_hy simulation relies on two principal areas of science. The first of these 18
optics, which provides a mathematical description of the behavior of light in the ex-
posure systems used in modern lithographic tools. The second is chcmis;\- which pro-
vides the tools to Freat exposure, baking, and developing of the resists {ﬁn: are used
to cqnvert the aerial image created by the exposure system into a three-dime nsional
;i;;l:;ﬂl i(;fhtlh:rgn;;galffot;eggz g_[fafny of the basic ideas and models that optics provides
: iffraction effects have their origins in work done mor¢
than 100 years ago by Maxwell, Kirchoff, a - : - acic 1deds
from chemigtry regarding the rates of Ch;iniliga?‘r};r;i?;d o COI:II'SC {he.r;l\‘w"klcd;j;‘
equally old ideas. fatatalysts, and the )
Applyin, ¢ i
- b?élz or%l;hfgttﬁgnlfl?gtls;;)ol-lt}*}%gra]?hy' however, is a relatively recent venture. dat-
resulted in a series of wide s The pioneering work in this area began at IBM 2l
es of widely referenced papers written by Dill and his co-workers 520
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- 5.2}]. Following that work, a number of other
qlatmn [5.24, 5.25]. Within the past 10 years, a
lithography have become comm

groups began work on lithography sim-
number of simulation tools for optical
ercially available. Representative examples include
PROLITH (Finle Technologies) [5.3], DEPICT (Avant!) [5.26], and ATHENA (Sil-
vaco) [5.27]. The basic models used in each of these simulation tools are similar. In the
following sections we will describe these models in a general way and show specific ex-
amples of the use of these simulators in optical lithography. As we did earlier in this

chapter, we will divide the discussion into the formation of the aerial image (exposure
system) and the resist processing.

5.5.1 Wafer Exposure Systems

Since projection exposure systems dominate industrial practice today. most of the sim-
ulation tools that are currently available apply to these kinds of systems. They thus
model far field or Fraunhofer diffraction. Some simulators do have the ability to simu-
late contact or proximity printing (PROLITH, for example), but because these systems
are not used for VLSI manufacturing, we will not consider near field (Fresnel diffrac-
tion) simulation tools in this book. The interested reader is referred to [5.25] for issues
related to simulation of proximity or contact lithography simulation.

For the purposes of this discussion, we will consider a generic projection lithography
system as illustrated in Figure 5-35. Mathematically modeling such a system requires a
mathematical description of how light behaves. We begin with a basic description of
light waves and their propagation.

Photoresist
on Wafer
Objective or T
Cuidenser Brojtictian
ens
Light
Source
X
¥
z
Ilguri enem: projection lithography system. The shaded area to the

right of the mask illustrates the portion of the diffraction paitern that is collected
by the projection lens and used to form the aerial image of the mask feature.



Light travels as an electromagnetic wave. The electric an(?l ma_gnetlc fields are per-
d both are perpendicular to the direction of wave propaga-

endicular to each other an ] L
fion. However, the materials that photons interact with in lithography are generally

nonmagnetic, so we can treat the light waves in such systems s_imply in terms of atrav-
eling electric field & Thus a general description of a propagating monochromatic light

wave at a point W in space is simply

(W) = C(W)cos(wt + (1)) (5.19)

where C is the amplitude, o is the frequency and & is the phase. We can also write this
in the form of a complex exponential function.

e(W,1) = Re{U(W)e ™'} where U(W) = C(W)e *™ (5.20)

The generic projection lithography system in Figure 5-35 consists of several compo-
nents, each of which we have discussed in earlier sections of this chapter. The light
source and condenser lens form the illumination system which needs to deliver light to
the mask with the specified intensity. uniformity, spectral characteristics, and spatial co-
herency. Once the light passes through the mask, diffraction effects come into play. The
objective or projection lens is required to collect as much of the diffracted light as pos-
sible and focus it onto the resist layer on the wafer. Generally demagnification also
takes place through the objective lens.

We will consider the mask to be transparent in some areas and completely opaque in
others. For the chrome masks that are typically used today, this is a very good approxi-
mation since the mask contrast is very high. Thus in the x,y; plane, we can represent the
transmission of the mask with a simple digital function.

s {1 in clear areas o
""" | 0 in opaque areas ke

where E(jn,_yl) is the mask transmittance. If more advanced mask techniques such as
phase shifting are used, then #(x1,y:) will vary both in magnitude and phase and will ob-
viously be more complex than a simple digital function. We will consider such an €x°
ar_qple later. After the mask diffracts the light, it is described by the Fraunhofer
dxtfrar;nqn mFegral in the far field region. Thus at the entrance to the objective lens. the
electric field intensity pattern of the light is given by [5.2. 5 3] J

+@ .t
el M= J‘ J’ I(Xl-}’l)e_'hﬂf" W dxdy (5:22)
In this expression, the terms f; a '
~In ] «and f, ar atial freg of the At
fraction pattern and are defined as Jy are known as the spatial frequencies of the di

x! )
fetrs i £ 93
amdf=X 52

L

PR
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mask to the lens. Eq. (5.22) is simply the Fouri -

ki : : ! t q ply the Fourier trans

e Caﬁjt;‘tl:e I;ijSl'f pattern.The light intensity pattern entering the objective lens can thus

ey te using well-known methods from the field of Fourier optics. In the short-
and of the Fourier transform, we can rewrite Eq.(5.22) as

where z is the distance from the

&(f.f,) = Fltlx, )} (5.24)
where F represents the Fourier transform. f, and f; are simply scaled spatial coordinates

in the x', y’ plane. The intensity distributi ight i i
YT . y distribution of the light is the square of the ma
of the electric field, so that . i g

I(f.f,) = |e(f )P = | FieCx, y))P (5.25)

Ex(_:mple Considgr a mask pattern, which is simply a long rectangular slit of width w
(Figure 5-36). Find the resulting optical intensity pattern in the far field
(Fraunhofer) region.

APswer The Fourier transform of the function #(x) is found in standard textbooks
[5.2] and is given by

sin(wwf,)
mf,

The resulting optical intensity distribution is the square of this function and is also
shown plotted in Figure 5-36. The first zero of the intensity occurs at

&(x") = Flt(x)) = (5.26)

f_,z;orx' == (5.27)

Thus the image of the slit spreads out the further away we move from the mask (z
increases). The image also spreads out more when longer wavelengths of light are
used. Both of these results are to be expected based on our previous discussion of
diffraction. Perhaps counterintuitively. the image spreads out more the smaller the
slit is (as w decreases). This was discussed in connection with Figure 5-5 earlier.

We now return to our generic lithography system in Figure 5-35. When the diffracted
light passes the x'y’ plane, it enters the objective lens. Note that only a portion of the
diffracted light is captured by the lens because of its finite size. We characterized this
through the NA = sin « in our earlier discussion. The function of the objective lens is
to reconstruct the diffraction pattern and to focus it on the wafer. Since the intensity
pattern of the light at the 'y’ plane is simply the Fourier transform of the mask pattern,
the objective lens effectively needs to perform an inverse Fourier transform. This is in
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Flgure Recmngulnr.lperlure in a mask and the resulting far field Fraun-
hofer diffraction pattern and optical infensity pattern.

fact exactly what spherical lenses do. The lens can perform this operation only on _1hc
portion of the diffracted light that enters the lens and in this sense we speak of the im-
age that the lens forms as being “diffraction limited.”

We can characterize the portion of the diffracted light that the objective lens cap-
tures with a “pupil function P” defined as

PR {1 A ET NA/,\}

528) |
0if VFZ + f2 > NA/X ( }
since for small angles the spatial frequencies f, and f; are given by,
POl RS (5.29)
i B A

P may be limited by the physical size of the objective lens, or by an aperture placed in
front of the lens. Either way, the information passing through the objective lens is ef-
fecti\fely low pass filtered by the pupil function P. Spatial frequencies hicher than NA/A
are simply not passed on to the image on the wafer. The analogy in L’l:uu'w circuits, @
sharp pulse passed through a low-pass filter which then ends u[; with rounded edges:
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may help to explain the optical degradation in the aerial image caused by P. A sharply

defined object on the mask is imaged on the wafer with “smeared” edges, and sharp cor-
ners become rounded.

; The ObeQTiVe lens now performs the inverse Fourier transform function on the por-
tion of the diffracted light that it captures. Thus at the image plane on the wafer (resist
surface), the electric field associated with the light pattern is given by

&(xy) = F {e(f.f )P(ff,)) = FUFt0xy VP ) (5.30)

Finally, the intensity of the light distribution at the resist surface I(x,y) is simply given by

I(xy) = |e(xy)] (5.31)

Eq. (5.31) now represents the aerial image produced by the exposure system. Figure 5-37
summarizes the mathematical models that are used to describe the exposure system.

In real projection lithography systems, there are some additional issues that must be
considered in calculating the aerial image. We discussed these issues qualitatively ear-
lier in this chapter, but we now need to quantify them to enable simulation in real sys-
tems. The issues which are often important in real imaging systems include off-axis
illumination, the use of a partially coherent light source, aberrations in the lens system,
depth of focus issues, and the finite thickness of the photoresist, which means that the
aerial image must be determined over some volume, not just at the resist surface. We
will describe in the following paragraphs the modifications we need to make to Eq.
(5.31) in order to deal with these issues.

The first issues are off-axis illumination and partially coherent light sources. In both
cases, the light that enters the mask does not have a direction normal to the mask. The
result of this (Figure 5-30) is that the position of the diffraction pattern is shifted in the
x' y' plane at the entrance to the objective lens. If the light enters the mask at an angle

Lens Performs Inverse Light Intensity
Fourier Transform Lx ) =lex y?
E(x, y) = F1 {€( fu )P fx 1))

Mask Far Field Fraunhofer ‘ :
Transmittance  Diffraction Pattern Pupil Function 1|
txpy)  E(fo fy) = Flex D) P(fyo 1y)

Figlls-37Mﬂﬂlemancal models used to describe the projection ex-
posure system at each point in space.
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§. then in terms of the spatial frequencies fi and f..\',. ¢
an amount sinf/x. The result then is that the electric field asso

tern in the image plane is expressed as [5.3]

sl o) = FU e, = Fufy = FIPU )] ) B

the diffraction pattern is shifted by
ciated with the light pat-

and L(xy. i ) = e, Sy (5.33)

In the case of a partially coherent sOurce, light enters the mas.k fr_om a varigty of an-
gles. This is usually treated by superposition [5.27]. The source 1S divided up into indi-
vidual point sources and the intensities of the light at the image plane due to each point
source are added. Expressed mathematically, if S(f's, f'y) is the function describing the
source intensity versus position or angle, then [5.3]

1Gx, y, £ £)S(E £)df oS
Ilumf(x1 y} = source (

TTS(f. f)df dfy

source

where Lo is the total light flux falling on the resist surface. Eq. (5.34) thus allows the
calculation of the aerial image for an arbitrary source illumination.

Aberrations or defects are always present in practical lens systems. They arise from
manufacturing tolerances, mechanical changes in a system during use (lenses out of
alignment with each other), and from the fact that it is impossible to design a perfect
lens which is completely free of aberrations. While such issues could be modeled in a
number of ways, the most common method is to treat the wavefront emerging from the
lens as having an error in phase or path difference, compared to an ideal aberration free
lens, The error in a practical lens will be a function of position along the wavefront and
is usually expressed in polar coordinates since lenses are generally circular. The phase
error is often expressed as a Zernike polynomial W(R.8), which may have many terms
[5.3]. W(R.b) is the path length difference between an ideal lens andd one with aberra-

tion_s."['he effect of these aberrations on the aerial image is included by modifying the
pupil function ying

n

34)

P(fx’ fy) = ‘Pt‘dem‘(fx! fy)ezmw(n,e) {‘;351

Thus if W(R,0) is known, the aerial image i i t b
5 g can be ¢ B Rfcats alia:
aberrations. g alculated including the effects of lens
the[: _thz'a res{;gt is not phys?cally located in the plane of focus of the objective lens, fur-
the »:gl:egfio:lg f;:mj:;lg(,’n Wflll oCC‘ll]r.These effects can also be treated as a phase error it

ing from the objective lens [5.2, 5.26]. Th d eated

; A .2, 5.26]. Thus they can be treate
?;aethz?glall:\al:ﬂ in the same manner as lens aberrations [Eq. (5.35)]. In }t{he defocus casé:
thalpif the irr%a ::(’r can be calculated as illustrated in Figure 5-38. Here we imagine
e aE obi:;il:"ffeﬁﬁerly ff)cused at the resist surface, the light would have orig-
At e g acm]al 5 _cl:;:s with a larger radius of curvature (dashed lines) rather
the lens and maximum at-theeo(\?tgﬁlceal Pc:i' b D[i PR s o e 0 4
radius of the lens. If R >> &
; .then
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Figure 5738 Representation of defocusing (3) as an error in optical path
length (optical path difference = OPD).

OPD = 3(1 — cosO) (5.36)

This expression can then be used in Eq. (5.35) to calculate the effect on the aerial im-
age due to defocusing. Notice that the OPD is greatest at the edges of the lens where
the higher order diffracted light passes through. This is the light that contains the de-
tailed information about the mask shape, so defocusing will clearly degrade the quality
of the aerial image.

There are a number of commercially available simulation tools that implement the
models we have just described. Generally the mask is described either as a combination
of rectangles or as an arbitrary geometrical structure. In some cases, mask information
directly from a design database can be downloaded into the lithography simulation
tool. However it is accomplished, a transmittance function #(x1, y1) must be specified by
the user. The exposure tool is described in terms of its NA, the illumination wavelength
A the degree of coherence of the source, any defocusing present, and any aberrations in
the lens. The simulation tools then calculate the aerial image using the equations from
Fourier optics that we have described. Figures 5-39 to 541 show examples of the kinds
of simulations that can be done with these tools. Especially as linewidths shrink and lith-
ography tools operate closer to their physical limits, simulators become essential to un-
derstand and to predict the details of the aerial images produced during exposure.

5.5.2 Optical Intensity Pattern in the Photoresist

The aerial image calculated above is the optical intensity in the air immediately above
the surface of the photoresist. The second step in simulating the performanc‘e of litho-
graphy tools is to calculate the optical intensity pattern through the photoresist I?yer as
illustrated in Figure 5-42. Once this is done, we can then calculate the ch_emlcal re-
sponse of the resist and therefore the three-dimensional structure of the resist after its
pattern is developed. : ' i ;
The optical intensity pattern through the resist iaye_r w111 be different than the aepal
image for a number of reasons. First, the resist_ has a finite thickness and hgnce the im-
age produced by the optical system cannot be m_perfect foc_:us every\?vhere in the re§1st.
Another potential issue is the presence of standing waves in the resist, caused by light
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Figure §-39 Example of aerial image calculation using the
ATHENA simulator by Silvaco. The shading corresponds to op-
tical intensity in the erial image. The black borders corre-
spond to the mask image that is being printed. The exposure

simulated had a NA = 0.43, partially coherent g-line il-
Jumircation (A = 436 nm) and no other aberrations or defo-
cusing. The minimum feature size is 1 p.m.

Microns

Figure 5-40 Same example as in Figure 5-30 except that
{he feature size has been reduced to 0.5 pm. Note the much
poorer image quality.

Microns

;eleic;mn; (fir_qm underlying structures. We illustrated this problem in Figures 5-23 and
cHbighiie ty:ilc(zll'S;“(])erzls»otdlscussed in connection with Figure 5-22, how absorption
g i, vaSl_S s cl'lalflges with exposure time due to bleaching. This results
exposure systems, the li tla-iest wlil depth and with time in the resist. Finally. in high NA
cates the calculati‘ﬂn of i;gn :tn sng the resist is not all vertically incident. This compli-
generally requires that an};man Ing wave patterns that may be present in the resist and
formed. This procedure can z%;:t![,n} over the total angle of the incoming light be PeI”
S e lili\;hltldstt:ritltn; ;ﬁfcts Qf partial coherency in the light
e resist at nonnormal angles.
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Figure 5-41 Same example as in Figure 5—40 except that
the illumination wavelength has now been changed to i-line il-
lumination (A = 365 nm) and the N4 has been increased to
0.5. Note the improvement in image quality resulting from the
shorter exposure wavelength and higher N4 system.

Microns

Aerial Image
5 (s, Exposing Light
i S g Latent Image

in Resist
I(xy2)

N Well P Well 24

B

. s e e P oA,
2 Translation of the aerial image into light intensity through the re

;IIn’sl:: ;esl;‘ml image produced in the photoresist by the exposing thnns. Standing waves,

defocusing, and hleaching effects all contribute o make [(x,2) different from fi(x,).
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The simplest way to deal with many of these issues is to modify Eq. (5.31) as follows:

1(xy.2) = Lxy){xy.2) (5.37)

I(x.y) is again the light intensity pattern incident on the top surflace'of the resist [aerial
image given by Eq. (5.31)] and I/(x.y.z) is a correction factor which includes the effects
of defocus, standing waves, and resist bleaching. ;

Defocusing of the image through the resist layer can be dealt with th.rough Egs.
(5.35) and (5.36). If the aerial image is in focus at the top surface of the resist, then the
defocusing that occurs through the resist thickness is given by

8(z) 2B (5.38)
n

where z is the depth into the resist and n is the index of refraction of the resist mater-
ial. This factor can then be included in Eq. (5.37) through the use of the pupil function
[Eq. (5.35)]. Eq. (5.38) does assume normally incident light. However a similar ap-
proach can be used to account for nonnormally incident light.

Standing waves in the resist can also be dealt with in a simple conceptual fashion.
Consider Figure 5-43 in which n is the index of refraction of each of the layers,and & is
the electric field in each layer due to a monochromatic, normally incident electromag-
netic plane wave. Reflection from the resist substrate interface results in a reflected
wave and the total electric field in the resist is then the sum of the two plane waves trav-
eling in opposite directions. If there is no attenuation of the wave amplitude as it passes
through layer 2 (the resist) in the two directions, then the resulting standing wave pat-
tern will have nodes where the summed amplitude is zero and antinodes where the
summed amplitude is twice the incoming wave amplitude. More generally, accounting
for attenuation in the resist layer, the resulting standing wave is described ‘b}-‘ a solution
of Maxwell’s equations with appropriate boundary conditions at each interface. Mack
showed that in this system, the standing wave could be described by [5.25]

Eilx, y)
Air n

Resist D M) ny R F
esis 2 ‘ ,:lTEE(r._\;. 2) 2

Substrate fa \
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(5.39)

where &(x,y) is the incident electromagnetic plane wave, £:(x.y) is the plane wave in

tl.1e resif:,t, n; is the complex index of refraction of layer j, \ is the wavelength of the in-
cident light, and :

n; — n; 4 A .
Piy= = the reflection coefficient at interface ij
i ]
2n,
T = i the transmission coefficient across interface ij

{ i
7, = exp( — jk,D), the transmittance of the resist film

o 2Tn; : :
=y the propagation constant of layer j

The light intensity in the resist is simply the square of the magnitude of &x(x.y.z).

The actual calculation of the standing wave pattern in a real IC structure is consider-
ably more complicated than Eq. (5.39) might indicate. In general there will be multiple
layers (some optically transparent like SiO, and some opaque like Al) below the resist,
and the resist thickness itself will usually vary with position. Furthermore, the incident
light is often not normally incident and it may not even be monochromatic in some ex-
posure systems. Nevertheless, basic optical theory can be used to calculate &x(x,y,2) at
each point in the resist even with all these additional complications [5.3,5.26,5.27].

An example of such a simulation is shown in Figure 5-44. A relatively simple struc-
ture is defined with a silicon substrate etched to form a sloped step. The photoresist
layer is deposited so it has a flat upper surface and hence its thickness varies over the
structure. A mask is defined which allows light to enter in the center part of the struc-
ture (x = 1 tox = 2 pm). The lower part of Figure 5-44 illustrates the calculated DNQ
resist PAC concentration after the exposure. As we will see in the next section on resist
exposure kinetics, this 2D concentration profile corresponds to the integrated light in-
tensity profile through the exposure process. There are a number of interesting features
that can be observed from this simulation.

First, notice at the left-hand side of the exposed region the effects of standing waves
in the light intensity. The silicon substrate in this example is a reflecting substrate and
so standing waves will be set up. Nodes of maximum light intensity correspond to min-
imums in the PAC (maximum exposure). These are the dark bands on the left side. They
oceur at AM2n» distance intervals. The nodes of minimum light intensity (maximum PAC
concentration) also occur with a period of A/2n> and are the light gray bands. Notice also
the effect of the sloped sidewall in the center part of the structure. Here the incoming
light waves are reflected to the right, setting up a standing wave pattern parallel to the



m Chapter 5 Lithography

0 Figure 5-84 Example of calculation of light intnsiy g
tribution in a photoresist layer during exposure using {he
ATHENA simulator by Silvaco. A simple structure js defined 5
the top with a photoresist layer covering a silicon substrate,
which has two flat regions and a sloped sidewall, The
04 takes place between x = 1andx = 2 pm. The bottom gir,
ulation shows the calculated DNQ resist PAC concentration af-
=] ter an exposure of 200 mJ cm . Lower PAC values cq
S to more exposure. The gray-scale contours thus correspond 1y
= OR the integrated light intensity from the exposure,
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sloped sidewall. In addition to this standing wave pattern, the reflected light waves will
cause the exposed region to extend into the masked region on the right. This will result
in image degradation. We will return to this example later to see the effects of post-
baking and resist development on the final resist structure. For now, it should be ap-
parent that numerical simulation tools are required to deal with the complexity of
structures encountered in modern ICs. P
The final issue with respect to the light intensity distribution through the photoresist
is resist bleaching. As we saw earlier, this occurs in DNQ resists because the PAC in
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::‘-:l::;:::‘t; 1;1;(; }?ﬂ)fp ;bsorbs photons_ while it is being expnse_ch and then becomes more
o 1ve as the PAC component 1s_c0nverled to carboxylic acid. Thus the top layers
L the resist initially absorb the incoming photons and later in the exposure allow more
hght to penetrate to the deeper layers of the resist. This results in a time-dependent light
intensity lbroughout the resist. Because this issue is directly related to the resist expo-
sure chemistry, we will discuss models for it in the next section on resist exposure. Qual-
itatively, the effects of this bleaching process can be observed in the bottom of Figure

5‘44 which .ShOWS. on average, a gradual increase in the PAC concentration with depth
into the resist.

5.5.3 Photoresist Exposure

In this section until its end, we will neglect any standing waves that might be present in
the resist. These effects can easily be included in the exposure model using Eq. (5.39)
and we will include such effects in the simulation examples at the end of the section.
However, the principle ideas of photoresist exposure can be understood without the
complexity of standing waves, and that is the approach we will initially take here. We
will also, for the moment, simply consider a one-dimensional structure with a uniform
resist layer being exposed.

5.5.3.1 g-line and i-line DNQ Resists

The light incident on the photoresist is primarily absorbed by the PAC component of
the resist. The PAC is assumed to be uniformly distributed throughout the resist. As we
have seen, bleaching occurs from the top layers of the resist downward as the PACis ex-
posed. The basic equation describing the light absorption is given by

di
S al (5.40)
where z is the direction into the resist. This equation basically says that the probability
that a photon will be absorbed is proportional to the light intensity with alpha, the ab-
sorption coefficient, as the proportionality constant. If alpha is a constant, integration of
this equation results in Eq. (5.15). which we presented earlier as a simple description of
how the light intensity falls off in the photoresist with depth.

Alpha will turn out to be related to the concentration of the PAC, which is unex-
posed in the resist at a particular time and location. Thus alpha is not a constant but
rather is a function of position and time. At any time during the exposure, the light in-
tensity profile in the resist will be given by

1) = x| [ ofe)ds') (5.41)

where the integral in the exponent is the absorbance of the resist down to a depth z.
We now need to relate a to the material properties of the resist. If the PAC compo-

nent of the resist is dilute, then the absorption coefficient of the resist is simply
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o BAIC) (5.42)

resist
where [PAC] is the concentration of the PAC constituent in the resist and apac is the ab-
sorption coefficient of the PAC material. Eq. (5.42) simply says that the resist absorp-
tion is determined by the amount of PAC in the resist. The dilute approximation
required for Eq. (5.42) has been shown to hold for practical resist formulations [5.29].
DNO resists consist of several constituents as we saw earlier in this chapter. In gen-
eral, such resists will have a resin R (usually novolac). a photoactive component PAC.a
solvent S, and as the exposure proceeds. exposure products P (principally the carboxylic
acid produced by the PAC). More generally, then, Eq. (5.42) can be written as
= ap[PAC] + ag[R] + o[ S) + el P (5.43)

aﬂ.‘&'l\'l

Since the exposure products result from the PAC. we may write that
P =[PAC], — [PAC] (5.44)

Following the approach of [5.21], we rewrite Eq. (5.43) in the following form

an's'is!' = Am A B (545)
where el s ol[EAE]
B = ap[PAC], + ox[R] + o[S]
e [PAC]
[PAC],

A 'and B in Eq. (5.45) are experimentally measurable parameters for a given pho-
toresist and are known as the first two Dill parameters [5.21]. A is the absorijtiorl coef-
ficient of the bleachable components of the resist and B is the absorption coefficient of
the nonbleachable components of the resist. We will describe how these parameters can
be measured for a given resist shortly. Note that when the resist is unexposed, m = 1
and oeiv = A + B. When the resist is fully exposed, m = 0 and oy = B -

We can now substitute Eq. (5.45) into Eq. (5.4 i i S1
through the resist layer as q. (5.40) and express the light intensity

dl
57 7 ke & B (5.46)

Unfortunately, solving this equation i i
: Y, 1 is complicated by the fact that m is a function of
time and position so that Eq. (5.46) really should be “Luznmt Qe o 5

ar _
dz - " lAm(zg) + B (547)
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d " i "
1 is the fract1qn of the PAC component of the resist that is unexposed at time r. If we
again assume first order reaction kinetics, then

i R (5.48)

This equation states that the exposure rate of the PAC is proportional to the remaining
}‘ne_xPOSed_PA_C concentration and to the light intensity. The constant of proportional-
ity is C, which is the third Dill resist parameter.

‘Eqs‘ ( 5.4?) and (5.48) are coupled equations that must be solved simultaneously. The
third equation tha_t must be included is Eq. (5.39), which accounts for any standing wave
patterns in the resist. Simulators which are available today [5.3,5.26,5.27] solve this sys-
tem of equations to calculate the time evolution of the exposure of the resist. An itera-
tive procedure is used which basically operates as follows.

Att = 0,m = 1 and the light intensity pattern can be calculated in the resist using
Eq. (5.39). This intensity distribution is then used in Eq. (5.48) to calculate the exposure
versus position. The result is m(x,y.z.to) in the general three-dimensional case. The re-
sult is then used in Egs. (5.47) and (5.39) to calculate the light intensity at ¢ = 0 + Ar.
This result is again used in Eq. (5.48) to calculate the new light intensity after the next
time step. Through this iterative procedure, the time evolution of the exposure process
is simulated. The overall result is that the aerial image produced by the optical system
is converted into a latent 3D image in the photoresist. Figure 5-44 showed an example
of such a simulation in which the output shown in the bottom of the figure is the [PAC]
as a function of position at the end of the exposure.

Calculation of the latent image in the resist requires knowledge of the Dill resist
parameters A, B, and C. These parameters can be measured experimentally for a par-
ticular resist material as illustrated in Figure 5-45. In their series of classic papers in
1975, Dill and his co-workers showed that a simple measurement of the time depen-
dent light transmission through an exposing resist film could be used to extract the A,
B.and C parameters. As illustrated in Figure 5-45, light at the exposing wavelength is
used to illuminate a resist coated substrate. In the simplest case, a transparent sub-
strate is chosen to have the same index of refraction as the resist, so that there are no
reflections at the resist/substrate interface. An antireflection coating is used on the
backside of the substrate to avoid reflections at that interface. A typical measurement
result is shown schematically in Figure 5-46. For this simple case. Dill and colleagues
showed that [5.21]

.0
0 T o 5.49
FTh (Tn) o
- %ln (%) ot
A+B dT

" (5.51)
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figurc 5-45 Caﬁcepmzl ep'c-pcrimenlal setup for measuring the Dill parameters characterizing 2 particular
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Figure 5-46 Typical experimental result from a measurement like that

shown in Figure 5-48.

where

n

o= 1\2
T]2 :] A ( resist )
nn—riﬂ o+ 1

(5.52)

Ta is _the trz_ansmitted light intensity at the start of the exposure, T is the transmitted
ltghl intensity at the end of the exposure, D is the resist thickne:;s ;nd Ty is 1!1‘: -lramh"
mittance ih_rqugh the air/resist interface, with fi,.. the index of re}ractiml{of m; resist.
More sophisticated parameter extraction methods can be used if the Echriﬂwm'x!‘\‘il-

uation is not quite as ideal as Figure 5-45 [5.3,5.21]
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Figure 5-47 Same simulation example as in Figure 5—44 except that the exposure
dose has been reduced to 10% of the value used in Figure 5—44. The deeper regions of
the photoresist are not as exposed as the near surface regions because of the effects of
bleaching.

Figure 5-47 shows an additional simulation with the same structure as was used in
Figure 5-44. The exposure dose in Figure 547 has been reduced to 10% of the previ-
ous value to illustrate the effects of bleaching during resist exposure. With only 10% of
the exposure dose, it is apparent that the upper layers of the resist are still exposed but
the lower regions have not received sufficient photon flux to fully expose the resist.

Chemically amplified DUV resists consist of a polymer resin (blocked to make it insol-
uble in the developer in the case of a positive resist), a PAG, and other additives. The ki-
netics of the exposure reaction are assumed Lo be first order, that is,

d[PAG) _

= — CI[PAG) (5.53)

where [PAG] is the time-dependent PAG concentration, I is the exposure intensity, and C
is the exposure rate. Note the similarity to Eq. (5.48). If 7 is constant during the exposure,
[PAG] = [PAG]e <" (5.54)

Since the acid concentration [H] results directly from the PAG exposure, [H] is given by
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wn

(] = [PAG)(1 — &™) (5.55)
where in general, [H] and / will be f(x.y,z). If the light intensity is also a function of time,
then an iterative technique like that described in the previous section can be used to
calculate H(x.y.z,0). g : . o

The aerial image is thus converted into a latent 3D image 1n the resist which is
“stored” as H(x,y,z) at the end of the exposure. Simulation results would look much like
the examples shown earlier in Figures 5-44 and 5-47.

5.5.4 Postexposure Bake (PEB)

Once the exposure of the resist is complete, the next step is often a postexposure thermal
bake (PEB). There are actually several bake steps that are normally employed in pho-
toresist processing and each of these steps can have an impact on the final resist pattern.

As was indicated in Figure 5-31, the first bake step is usually a prebake step before
the resist is exposed. This step is designed to evaporate most of the remaining solvent
in the resist. However this step can also have an impact on the photoresist chemistry. At
the prebake temperature (typically 90 - 100°C), the PAC in DNQ resists begins to de-
compose into a nonphotosensitive product [5.30]. The qualitative result of this is that
the concentration of the PAC at the start of the exposure, [PAC]y, is smaller than the
original concentration in the resist. Standard prebake conditions usually result in 10%
or less of the PAC being decomposed. There has been some work on quantitative mod-
eling of these effects [5.3,5.31], but in many cases the resist parameters needed for such
models are not well known and the chemical processes taking place are not fully un-
derstood. Most lithography simulators that are available today do not model the effects
of resist prebake at all, so we will not deal with this particular bake step further.

5.5.4.1 g-line and i-line DNQ Resists

The postexposure bake is sometimes incorporated into DNQ resist process flows in or-
der to reduce the effects of standing waves. We saw examples of these effects in the sim-
ulations in the last section. If nothing is done to mitigate the standing wave effects, the
developed resist image will have distinctly scalloped edges (recall Figure 5-24). This is
_generally unfjesirable because it degrades linewidth control and resolution. Fortunately.
it has been tou_nd that a simple thermal bake between exposure and development can
have a dramatic effect on the standing wave effects [5.32]. Typically this bake is 10-30
minutes at about 100°C (similar to the resist prebake step). i

The effect of the postexposure bake on DNQ resist chemistry is usually modeled as

a simple diffusion process. The exposed PAC (P i i i
‘ : in o /), is assumed to be
able to diffuse in the resist with some diffusivi(ty giveﬁrbt;(3 R a0

DP E Du e E, kT (5‘50)
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This is of the same form as dopant diffusion coefficients that we will discuss in Chapter
7.The effect of the PAC di

Sl ffusion is simply to “smear out” the standing wave effects.

Such a dl_ﬂ"'usmn process can be modeled in lithography simulators. However, this is
more complicated than might appear at first glance, first because D has not been mea-
sured for most resists, and second, because it is likely that the diffusivity is not as simple
asEq.(5 -56)_Hlight suggest. For example, it is believed that Dpis concentration dependent.
i In some lithography simulators, default or user specified values for Dp are used along
V\j’lth Eq. (5.56). The postexposure bake is then modeled as a diffusion process. In other
simulators, a simpler approach is taken because of the lack of Dp data. These simulators
mo_del the postexposure bake with a simple diffusion length model. The distance over
which the PAC “smearing” occurs during the bake is simply given by

o=Vab,1,,, (557)

where fug is the bake time. o has units of distance and is generally a user-supplied pa-
rameter in simulators. A typical value might be = 0.05 pm (50 nm) or about /s \.
Figure 5-48 illustrates the effect of such a postexposure bake on the simulation pre-

viously shown in Figure 5-44. The smearing out of the standing wave pattern is appar-
ent in the calculated [PAC].

Microns
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: i - b
re 5-48 Same simulation example as in Figure 5—44 except

:(i)g:re bake of 45 minutes at 115°C has now been included. The gray—sc_ale con-

tours again correspond to the [PAC] after exposure. N?le th:.u the standing wave

effects apparent in Figure 546 have been “smeared out" by this bake, producing a

more uniform [PAC] disiribution.
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5.5.4.2 DUV Resists

In DUV resists, the PEB is a critical step because it completes the exposure proces-s-by
driving the reaction between the PAG molecules and the pglymer chains. In positive
DUV resists this reaction unblocks the polymer chain, making it soluble in tht_a dc?veloper.
In negative resists, the PAG drives a crosslinking reaction that makes the resist insoluble
in the developer. In either case, the acid molecules are not consume'd by the reactions and
hence to first order, [H), given by Eq. (5.55), remains constant during the PE_ B.

If [M] represents the concentration of the reactive sites on the resist polymer
chains, then

dM) _ _ comia (5.58)

where C is the reaction rate constant. This expression assumes that the reaction be-
tween the acid I and the reactive sites M is first order. During the PEB, M begins with
a starting concentration [Mo] and decreases with time.

[M] — [M] = [M](1 = =) (5.

wn

9)

In general [H] and therefore [M] are f(x,y,2.0).

The PEB provides the thermal energy for this reaction to take place because Cin
Eq. (5.58) is generally exponentially dependent on temperature. The second process dri-
ven by temperature is the diffusion of the acid molecules, since they must physically
move from reactive site to reactive site to complete the resist exposure (recall Figure
5-19).This diffusion process is described by a standard diffusion equation, which in one
dimension is

Mzi(p w) (5.60)

at ox\ T ax

We will discuss diffusion and this equation in much more detail in Chapter 7.

The diffusivity Dy of the acid molecules generally depends exponentially on ten-
perature as in Eq. (5.56). But it may also depend on the acid concentration, making the
modeling prqbiem more difficult. Simulation of the PEB process in a DUV resist thus
depend§ on simultaneously solving Egs. (5.58) and (5.60), a system of equations known
as reaction-diffusion equations. This is straightforward to implement although a number
of Parameters including Dy, Mo, C and of course H(x,y,z) are required. A ;ml compli-
cation that can arise in such simulations is that the acid concentration [H] may not be
time mdepend.ent l?ecause of various loss mechanisms that can occur during the PEB.
These Fnechamsms mclu.de poisoning by atmospheric base contaminants evu;or:" tion of
the acid molecules, or simply trapping of the acid molecules at sites in ihe photoresist.
All of these mechamsms_; can be modeled and included in simulations if specific models
and pgramct_ers al"e available. Generally such effects are not included in F:\imu' jfors to-
day. Simulation of the PEB effects on DUV resists would look similar to \Finm:; 5-48.
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5.5.5 Photoresist Developing

301111-:]2]3:; ncl)f ;nodels have beejn used to describe photoresist developing. The earliest
sk € from Dill and his co-workers and were empirically based [5.21]. Some

€ recent models have attempted to use a more physical basis [5.33]. In all cases, the
process is basically described as a surface controlled etching process. The developer so-
lutmp 1s assumed to etch the surface of the resist isotropically at a point (x.y,z) at a rate
that is determined by the resist inhibitor concentration at that point. The photoactive
compound (PAC) in DNQ resists or the blocked polymers in DUV resists are insoluble
n the developer whereas when the PAC is converted to carboxylic acid (P) in DNQ re-
sists, or when the PAG unblocks the polymer chains in DUV resists in the exposure
process, the resist becomes quite soluble in the developer. We will describe the devel-
oping process below in terms of DNQ resist parameters. However, the same models ap-
ply to DUV resists.

The fievelopment or etching rate at point (x,y,z), thus depends on the [P] or [PAC] at
that point. This is exactly what is calculated by the exposure models we previously de-
scribe.d‘ and what is shown in the examples in Figures 5-44, 5-47 and 5-48. What is needed
then, is a mathematical relationship between [P] or [PAC] and the development rate.

The first such relationship was described by Dill and colleagues [5.21] and is imple-
mented in simulators today typically in a form like the following [5.26]:

5 3 E1
0.006 exp(E, + E;m + Eym®)  ifm > — O.S-E“
3

R(x.y.z) = E.
0.006 exp(El + E‘(E; - 1)) otherwise (5.61)
3

R(x,y,z) is the local development or etching rate in pm min ', m [actually m(x.y,z)] was
defined in Eq. (5.45) and is the local [PAC] after exposure, and E, E:> and E; are em-
pirical parameters obtained from fitting Eq. (5.61) to experimental data.

A more physically based model for resist development has been proposed by Mack
[5.33]. This model has many similarities to the Deal-Grove oxidation model that we will
discuss in Chapter 6. Mack’s model is illustrated in Figure 549. In this model, three
fluxes are used to describe the development process. Fi represents the diffusion of de-
veloper from the bulk of the liquid to the resist surface. F> represents the reaction of the
developer with the resist, and F: represents the diffusion of the reaction products back
into the developer solution. F; is assumed to be very fast (not rate limiting) and hence
is neglected in Mack’s analysis.

F, is assumed to be driven by the concentration gradient between the liquid devel-
oper and the resist surface and is given by

Fy = kp(Cp — Cy) (5.62)

where kp is the mass transfer coefficient associated with developer diffusion (cm sec™ ),
Cp is the bulk developer concentration and Cs is the developer concentration at the re-
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sist surface. F> is assumed to depend on the concentrations of the two reacting species
at the resist surface and is given by

F, = kpCy[ P’ (5.63)

where kx is the rate constant associated with the developer-resist reaction (cm sec )
and [P] is the local concentration of the reacted PAC as defined earlier. Here it is as-
sumed that the reaction is proportional to some power of [P], that is, that some num-
ber of molecules n of product P react with the developer to dissolve a resin molecule
in the resist.

Fi and F are in series and so we let /1 = F in steady state. Thus

Fl = F2 = —kaRCD[P]” (5@4‘
kp + kg P]"

Recalling the definition of [P] and m in Egs. (5.44) and (5.45), we have finally that the
development rate r = Fy = Fis :

piliaCall o mlr (5.69)

+ (1 — m)"

_okpo
ke[PAC):

When ]’:‘! =‘ i,[l)he resist is unexposed a_nd r — 0. This is not physically correct because
convcnalond NQ resists do dissolve in the developer at a nonzero rate even if they
are unexposed. Eq. (5.65) can be corrected to account for this as follows:

_ kpCpll = m)n
re—2flomt L, (5.66)

D min

kk[PACP[‘, + (1 - m}u
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g rate in unexposed resist. When m = 0, the resist is fully ex-

where 7., is the dissolvin
posed and r — r,,,. where

koG
rm(r.v ot __ﬁﬂ___ q5 Fonin (567)

—D__ 1
kn[PACT,

We can consider two limiting cases of this model.

(uid cfieveloPer_ls fast, th_e o_verall reaction will be limited by the reaction at the surface
fsur ace reaction rate limited). On the other hand, if the surface reaction rate is the
aster of the two processes, the overall reaction will be “diffusion limited.”

If the diffusion process in the lig-

G {kRCD[P]" + I Surface Reaction Rate Limited

kpCn 1 1l Diffusion Rate Limited L

Eq. (5.66) is often written in the following form:
(a+ 1)1 - m)
= e f -

T S

where B= L (5.70)
kg PACT;

The parameter a is really a measure of the relative rates of diffusion and the surface
reaction.

To use this model, there are four parameters that must be determined experimen-
tally, a, m, roac and r,., although 7., is often negligible so there may be only three para-
meters. Dill’s original model also contained three parameters. However Mack’s model
attempts to use parameters which have some physical basis as opposed to the purely
empirical parameters in Dill’s model.

Commercially available simulators generally implement a number of models for re-
sist development, including the two described here. The time evolution of the develop-
ing resist profile is calculated by setting up a two- or three-dimensional grid in which
each grid point in the resist has a specific value of m(x.y.z). The developing pattern is
then allowed to evolve over time with the developer moving into the resist at a local
rate determined by the development model.

Figure 5-50 shows an example of a simulation of the development process. In this
example the simplest development model (the Dill model) was used. Normal para-
meters were used in the simulation for exposure time and development time, and a pos-
texposure bake was included to minimize standing wave effects. The resulting
developed resist pattern shows good resolution and fairly sharp sidewalls. The simula-
tion on the bottom left shows the resist profile partway through the development. Note
how the shape of the remaining resist at this point mirrors the PAC concentration in

the resist pattern.
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Figure 5-50 Example of the calculation of a developed photoresist layer using the ATHENA simulator by Sil-
vaco. The resist was exposed with a dose of 200 m] em ™ 2 a postexposure bake of 45 min at 115°C was used,
and the pattern was developed for 60 seconds, all normal parameters. The Dill development model was used.
The top image shows the PAC conceniration after exposure and postbake. The bottom simulations show the de-

veloped resist pattern partway through the development (left) and after complete development (right). The re-
sist pattern is well defined in this simulation.

5.5.6 Photoresist Postbake

As shown in Figure 5-31, the final step in a typical photoresist process is a postbake,
typically done at 100 — 140°C for 10 — 30 minutes. This step hardens the resist by evap-
orating any remaining solvents and also improves adhesion to underlying materials.
Since the resist is generally used to mask a plasma etching step, or to block an ion im-
plantation step, this hardening process is important in improving the robustness of the
resist. The resist will generally flow somewhat during this postbake, rounding the edges
of the profile. Obviously the degree of flowing depends on the time and teminu;muc of
the postbake, as well as on the resist material properties.

Most lithography simulators do not model this postbake process. However some of
these tools have implemented a flow simulator using models which are similar {0 the
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Figure 5-51 Example of the simulation of the reflow process using the ATHENA simulator by Sil-
vaco. The initial developed resist patiern is shown on the left. A 10-min 130°C postbake results in the
structure on the right. Note the standing wave effects present in the developed resist profile, which dis-
appear after the reflow.

glass reflow models discussed in Chapter 11. A detailed discussion of such models is in-
cluded in Chapter 11, so it will not be repeated here. Figure 5-51 shows an example of
the simulated effects of the postbake on the resist profile.

5.5.7 Advanced Mask Engineering

In Section 5.2.4, we described some of the advanced mask engineering concepts that are
being applied to masks to improve the resolution of optical projection systems. These
methods include Optical Proximity Correction (OPC) and phase shift masks. These
techniques basically change the description of the mask transmission function
[Eq. (5.21)]. Modern simulators include these possibilities simply by c_hanging ‘the fnask
description in the simulator input. An example of such a simulation is shown in Figure
5-572 in which a small contact hole is printed in resist using a mask with and without
phase shifting. The higher quality of the developed image in the resist is apparent in the
case with a phase shifted mask. . i

Simulation tools will probably play an increasmgly.f important role as more ma§k de-
signs incorporate these advanced features. The demgl"l of such_ mask pal:ems 1s“ not
straightforward and the use of computers to both help in the design and to “check” the

design using simulation tools is likely to become very common in the future.
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Figure 5-52 Example of the simulation of an developed photoresist image with a phase shifting mask using the
ATHENA simulator by Silvaco. In the top example, the mask design on the left is a 0.3-wm contact hole (central area)
with 0.1-pm phase shifting features outside the border of the contact hole (“outriggers”). These features are absent in
the bottom example. The difference in the developed contact hole features is apparent. In this case an i-line stepper with
4 0.54 NA was used in the simulation along with normal postexposure bake and development cycles.

5.6 Limits and Future Trends in Technologies and Models

The demise of optical lithography has been predicted many times over the past decade.
Yet continued innovations in optical exposure systems have kept pace with manufac
turing needs. The SIA NTRS described at the beginning of this chapter projects the
need for 0.13-pm features in 2003, and 0.1-wm features in 2006. It now appears likely
that optical exposure systems can provide the tools needed for the 0.13-jum generation
and perhaps even the 0.1-um generation, using 193 nm excimer laser sources and step
and scan systems. There is even some work today on a 157-nm (F>) excimer laser source.
Somewhere beyond the 0.1-um generation, however, the actualvdemise of optical lith-
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;‘f;iris:sya};rgt;zbgsmll oceur. D_iffractic_m limits will require much shorter wavelength
i .f_ & posure systems lnkf:]y will not use refracting optics because of the diffi-
¥ In linding transparent materials at these shorter wavelengths.
Therej is 1?0 consensus on lithography approaches for manufacturing < 0.1-pm inte-
grated circuits. _There is obviously a significant amount of research currently underway
to evaluate various alternatives, because if a solution is not found, this problem will be

a show _sto_pper for the continued evolution of ICs. We will briefly mention here some
of the significant alternatives for lithography in the future.

5.6.1 Electron Beam Lithography

Elef:tronI beam systems have been used for many years to make the masks needed for
optical lithography, as was illustrated in Figure 5-1. There is no conceptual reason why
such a system cannot be used to directly write patterns in photoresist on wafers rather
than in photoresist on mask substrates. In fact for many years, this technique has been
the method of choice for advanced device research because of the superb resolution of-
fered by e-beam tools. While electrons do have wavelike properties, the wavelength of
the electrons used in these exposure tools is less than 0.1 nm, so diffraction effects and
the limits they impose on optical exposure systems are not an issue in e-beam systems.
Even 20 years ago. feature sizes smaller than 10 nm had been demonstrated [5.34]. Thus
there is no question about the ability of e-beam tools to provide the resolution required
for feature sizes through the end of the current STA NTRS.

The major drawback of e-beam tools is the very small throughput compared to cur-
rent optical steppers. The simplest e-beam tools essentially expose the resist pixel by
pixel, a serial process. Optical steppers on the other hand expose the pixels on an area
of the wafer in parallel. This is a major difference and results in e-beam lithography
tools having a throughput on the order of one wafer per hour compared with >50
wafers per hour for modern optical steppers. The manufacturing cost differences as-
sociated with the two technologies are such that e-beam tools have not found appli-
cation to date in mainstream manufacturing plants. e-beam tools are used today for
fabricating small quantities of experimental devices and circuits and for small-scale
manufacturing of special-purpose chips, which require small features or fast turn-
around. (Since no masks have to be made, the time required to go from design to a
fabricated chip can be shorter using e-beam lithography, although only for small
quantities of chips.) :

The throughput limitation on e-beam systems arises from a number of considera-
tions. First, the electron source can provide only a finite current density. Since a mini-
mum number of electrons are required to expose each pixel in the resist‘, this sets an
upper bound on how fast the beam can be scanned on the wafer. If the resist sensitivity
is S, then the minimum number of electrons needed to expose each pixel is simply

q

N (5.71)

where I is the pixel dimension. Second, at high-beam intensities, resolution can be de-
graded because of defocusing caused by the coulomb repulsion of the charged electrons
in the beam. Approaches to overcoming these limitations include using multiple-electron



sources so that parallel writing can be accomplished, shaping _the_ beam into rectangles
large enough to expose full features on the wafer rather t?ian_ lndlyldual ptxel};. improy-
ing the sensitivity of e-beam resists, and using e-beam projection hth‘ography in which a
stencil mask containing complex patterns is focused on the wafer. This latter approach is
most useful when the IC contains repetitive patterns, such as in memory chips.
Proximity effects are an additional significant issue associated with e-beam direct
writing. The electrons striking the resist typically have an energy of 10 — 20 keV and
travel distances greater than a micron before coming to rest. They give up their energy
to the resist and substrate materials through a variety of interactions including elastic
scattering off nuclei and inelastic interactions like those illustrated in Figure 4-18. In
fact the overall stopping process is not unlike the ion implantation process described in
detail in Chapter 8. Because the electrons have such a long range and because they scat-
ter so readily, exposure of regions adjacent to the desired exposure areas does occur.
This is known as the proximity effect. It is possible to model this effect since the over-
all mask pattern is known and to correct the exposure process for this effect. The pro-
cedure basically is to calculate how much exposure takes place in adjacent regions
because of scattering and then to adjust the electron dose spatially to compensate for
such effects. Sophisticated algorithms have been developed to accomplish this [535].
Perhaps the most promising approach to high-throughput e-beam lithography is the
SCALPEL® (SCattering with Angular Limitation Projection Electron-beam Lithogra-
phy). invented at Bell Laboratories in 1989 [5.36]. This invention was motivated by two
observations about e-beam projection systems. The first observation was that existing
stencil mask systems which basically absorb the electron beam in the parts of the mask
intended to be opaque are subject to heating problems because of the energy absorbed
from the e-beam. This limits the accelerating voltage that can be used in these systems.
The‘second observation was that full field electron optics systems require small nu-
merical apertures as die sizes increase and feature sizes decrease. As a result, the beam
current densities needed for reasonable throughput in these systems result in sienificant
space-charge effects that destroy the system resolution. i
The solution to these problems proposed in the SCALPEL® system basically in-
volves a new mask design. The principle is illustrated in Figure 5-53. The mask consists
of alow atomic number membrane (typically Si:N4) and a thin high atomic number pat-
tern (typwal\y a few tens of nm of Cr or W). Both regions are css"cmially transparent 10
e e
electrons are only weakly scauirecl to ~e “ﬁ) mﬂSk‘l’Eglons_ i the rm;mbrune e [hl‘.
are strongly scattered to I B umsons the et
¥ o large angles. An electron lens system focuses the scattered
electrons on the wafer. However, an aperture in the back focal plane of the projection
systc:m blocks the strongly scattered electrons. Thus a high_cgmrg t I-T - &1 L ;‘ IL[ {ilwn im-
age is produced on the wafer. This concept has been demonst Sd~ lg o \L., ,L[, {1y and
has both the resolution and the potential through s l_i, Gy
: ghput to meet the SIA NTRS require
ments through all the technology generations currently in th ] = 371 The s¥5-
tem reduces the mask image typically by 4:1 rﬂquiresr}; n t' e‘ro‘idmap [w ]_‘ 1€ ;P(
or phase shift masks), utilizes a ste d . =i mask patterning (9 b
e s p and scan approach very similar to modern Ul‘“‘"l
exposure systems, achieves a large depth of focus, and works wi e s ~hemically
amplified DUV resists currently used for 248- i e wqh the same che ml.u”_
om hthography.Thls approach has not yet
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Flr!}lflre] 5.-53 SCALPFL“* e-beam projection lithography system. The resist is “exposed” in areas where the
e-beam has n:_)l b(:21_1 widely scattered (mask areas where there is no scatterer). When the e-heam is widely
scattered, the intensity reaching the resist is insufficient for exposure. ]

heet} ‘demonstraFed in a full-scale manufacturing environment, but it appears to have
significant promise for future lithography needs.

5.6.2 X-ray Lithography

X-ray lithography systems use X-rays (photons) with energies in the 1 — 10 keV region,
corresponding to wavelengths on the order of 1 nm. Thus diffraction effects are negli-
gible as was the case with e-beam lithography. Focusing of X-rays is a very difficult
problem so X-ray systems today are generally proximity printing systems. They have the
basic configuration illustrated in Figure 5-3 except that an X-ray source is used rather
than an optical source. The system is normally operated in a vacuum environment, al-
though the wafer itself is usually in an air ambient. The X-rays emerge from the expo-
sure tool through a thin Be window.

The discussion of near field (Fresnel) diffraction earlier in the Chapter (Section
5.2.2.3), would suggest that very good resolution could be achieved with a system oper-
ating with an exposure wavelength of about 1 nm. This is indeed the case with X-ray sys-
tems. A number of such systems are in use today in research laboratories and they have
achieved < 0.1-pum feature sizes. These systems also have throughputs comparable to
optical exposure systems because they expose a significant area on the wa.fer dur.ing
each exposure. The systems often use a step and repeat system approach like optical
steppers because of the limitations in ma_kmg large area 1:1 X_—ray masks. .

The principal issues limiting the adoption of X-ray systems in manufacturing have to
do with the masks and the X-ray source. The “clear” areas on the mask must be trans-
parent to 1-nm X-rays and the “dark” areas must stop _them. No materials transmit
X-rays easily, so the clear arcas need to be made from thin layers of low mass materi-
als. Si, SisNa, SiC, and BN a few microns thick are common chmce_s. The d_ark areas need
to be made from materials like Au or W which absqrb X-rays, wn_h W llkf:ly be:lng _the
dominant choice in the future because of concerns with Au contamination in fabrication
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facilities. Thus a typical mask structure is a thin Si:Ns membrane witlh a depos?led Au or
W film etched to define the mask pattern. Such a mask is a mechanically fragile and re-
quires very careful manufacturing to control stresses in the_ thin mt_:mbrane. The_: actual
writing of the pattern on the X-ray mask is usually accomplished using photoresist spun
on to the Au or W absorber and direct write e-beam lithography.

There are several options for X-ray sources. The simplest approach is to bombard a
metal target with high energy electrons. The incident electrons excite core level elec-
trons in the target, which emit X-rays when they fall back to their normal states. (Recall
Figure 4-17.) The wavelengths of the emitted X-ray photons are characteristic of the
target material. The intensity of these sources can be increased by water cooling and ro-
tating the target. It is also possible to use laser-heated plasma sources. In these sources,
an intense laser pulse is applied to a thin metal film. causing vaporization of the metal.
The energy is high enough that the superheated metal vapor radiates X-rays with a
wavelength of 0.5 - 2 nm. The most intense X-ray sources are synchrotron storage rings.
In these systems, electrons are circulated around a ring at energies of 10° - 10° eV. At
each bending magnet around such a ring, an intense X-ray beam is emitted. each of
which is suitable as the source for an X-ray exposure system. Thus one storage ring can
support many aligners. Several such rings have been built in recent years for lithogra-
phy research and ICs have been fabricated with them. The major drawback to synchro-
tron storage rings is their very high cost. However, any lithography approach for <
0.1-pum feature sizes is likely going to be very expensive and synchrotron sources are the
likely choice if X-ray systems are widely used in the future. Figure 5-54 illustrates a
modern proximity X-ray system with a synchrotron source.

Another area of current research involves lenses and mirrors for reflecting and fo-
cusing X-rays. Most such lenses use reflection from glancing incidence mirrors or mul-
tilayer mirrors with layer thicknesses designed to make use of constructive interference

X-ray mask

Beryllium window
Scanning mirror
Collimating mirror

Synchrotron radiation

X-ray source

Ultra high
(storage ring)

vacuum

hiip://www.sematech org/public/.
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Figure 5-55 Muliilayer mirror suitable for X-ray reflection.

gffects. If such lenses could be sufficiently developed, they hold out the promise of mak-
Ing X-ray masks on reflecting substrates, a development that would have a significant
impact on the potential for X-ray exposure systems.

The most promising approach for X-ray mirrors uses the concept illustrated in Fig-
ure 5-55. These mirrors use alternating layers of two materials with widely different
electron concentrations (often Mo and Si). The high-mass layer acts as a scatterer and
the low-mass layer acts as a spacer. The thicknesses are chosen so that constructive in-
terference occurs between the partially reflected waves at each layer. These mirrors
were originally developed for X-ray astronomy [5.38] and in recent years have achieved
reflectivities above 60%. They require extraordinary manufacturing tolerances on the
layer thicknesses (typically 0.1 nm) because of the short wavelengths the mirrors are de-
signed to reflect. If such mirrors can be developed for lithography applications, designs
have been proposed for complete exposure systems that use them both for masks and
for reducing optics [5.39]. In the latter case, the mirrors would have to be constructed
on curved surfaces. Such systems have been termed EUVs or Extreme Ultraviolet lith-
ography systems. Figure 5-56 conceptually illustrates what an EUV lithography system
might look like.

The throughput capability and the potential resolution of X-ray lithography systems
will likely drive continued research on these systems. If the mask problems can be
solved for either proximity or EUV systems, such systems may provide a viable manu-
facturing option for < 0.1-pm features.

5.6.3 Advanced Mask Engineering
Efforts to continue to improve the resolution of lithography systems must focus on t_he
entire system, not just the exposure tool. PowFﬂul approaches to des!gnmg masks \jnth
a more sophisticated pattern than simply a bmary‘_ exact representation gf the dES].Fed
pattern are beginning to be used. These methods include optical proximity correction
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Flgure5-56Concep “Erawing of an EUV imaging system. The mirrors reduce the projected image by
about 4X. This figure was taken directly from the Sematech Web site at http//www.sematech.org/
public/.

and phase shift masks. It is likely that these methods will be more widely used in the fu- |

ture. The major barriers to more widespread use include the sophisticated software tools

that are needed to help in designing such masks, and of course, the higher cost of the

mask fabrication itself. Since many of these techniques involve placing features on the

mask that are smaller than the minimum feature size, mask inspection and defect detec-

tion are also more difficult with such masks. Nevertheless, these methods do provide a

significant improvement in resolution and hence the motivation for using them is Strong.
Many of the proposed replacements for optical lithography require innovation or n-

vention in the masks used with the exposure tool. It is likely that these issues W ill have

a significant impact on which of the postoptical exposure systems actually reach manu-
facturing maturity. '

5.6.4 New Resists

DNQ resisl_s that have been the mainstay of the semiconductor industry for many years
are now being replaced with new materials and new chemistries more suitable for DUV
exposure systems. The basic resin (Novolac) in DNQ resists begins to strongly absorb
UV radiation below 250-nm wavelengths. Thus these resists cannot be S for 248-nm

KrF or 193-nm ArF excimer laser-based exposure systems. e
~ The concept of chemical amplification has proven to be. a powerful idea for new ¢
s:rs;snzr;?lzeagyi(nn:.lwnm?tena_ls hgve been developed in recent years. Resists of this type
likely dominate i iﬁda.f:tu i 0.25-jum and 0.18-pm technology generations and V1
have been and are bein ! ]Or SOmE years to come. Many alternative matena. systems
s i et 2 exp_nred, including inorganic resists (Ag-doped Se-Ge) p.m;.
et s which form SiO, when exposed [5.41], and polysilanes [5.42). gtandard
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E"bﬁam resists like PMMA are also avaj
Wh_lCh of_these approaches will ultimate
resists will be found with adequate sensitivity, resolution, defect density, and process ro-
bustness for technology generations beyond 0.1 pm.

Before concluding this section, there are several other topics we will briefly consider.
These include planarization and multilayer resists. These improvements to the basic
llth_ograp.hy process are aimed at improving the resolution of the image produced in the
resist or improving the resist sensitivity. Some of these techniques are currently begin-
ning to find use in manufacturing,

The need for planarization in resist processing was briefly discussed earlier in con-
nection with Figure 5-22. The issue is that surface topography under the resist will cause
thickness variations in the spun on resist. The result of this will be changes in the expo-
sure process in thin versus thick regions. The thick resist regions will be underexposed,
or the thin regions will be overexposed and therefore there will be linewidth variations
in the latent image produced in the resist. From a practical perspective, these issues be-
come most important at steps in the underlying topography because that is where there
are abrupt changes in resist thickness. Generally what is observed is a narrowing of the
resist image right at the step and a broadening of the image just off the step. These ef-
fects become very important when the height of the step is on the order of the feature
size being printed, a criterion which is increasingly being met in silicon technology as
linewidths shrink.

A solution to this problem is to planarize the wafer surface before the resist is applied.
In back-end processing, it is common today to use Chemical Mechanical Polishing (CMP)
to do this, as discussed in Chapters 2 and 11. CMP is also beginning to find application in
front-end processing as well. (See Figure 2-9 in the CMOS process flow in Chapter 2.)
Alternatives include the use of multilayer resists, which we will discuss below.

Figure 5-57 illustrates the basic idea behind multilayer resists. A two- or three-layer
structure is used, whose purpose is to first planarize the underlying topography and then
to form a relatively thin photoresist layer on top, which is the imaging layer. The
intermediate layer may be needed as an etch stop in some particular cases. While there
are a number of variations to this structure, the basic idea is as follows. First a relatively
thick layer is spun onto the wafer to planarize the surface. Often this is_simply a pho-
toresist layer that is not sensitive to the particular wavelength of light being qsed in the
exposure system. For example, PMMA, which is an electron beam resist that is not sen-
sitive in the near UV, might be used in connection with a g-line or i-line exposure sys-
tem. In the simplest mutlilayer resist systems, this layer would Fhen be _baked_ :_md a
second thin layer of resist spun directly on top of it. This upper resist layer is sensitive to
the exposure wavelength and after appropriate ;_)rebakmg.q this 1"ESISF layer wou_]d then
be exposed. Because the imaging resist layer is thm_ and_umform in thickness, a high-res-
olution latent image can be generated. The upper imaging lay'er is then developed. ,

Using this layer now as a mask, the lower plananémg llayer is now flood exposed with
a DUV source. Here it is important that the upper imaging la)_fer not be_transparent to
the DUV, so that the lower planarizing layer is exposed only in the regions where 11'113
upper layer has been developed away. With a PMMA lower-layer DUV exposure v&iou ;
work since this resist is sensitive to DUV wavelengths. In essence, the thin imaging aye
d as a contact mask for the exposure of the lower layer. As we saw earlier,

lable, of course. While it is not clear at this point
ly be successful. it does seem likely that suitable

is being use
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flguf-n .g:sni-Mnllil.ayer resist structure designed to create a thin, uniform imaging
layer suitable for high-resolution imaging.

contact printing can produce high-resolution images because it minimizes diffraction ef-
fects. The lower resist latent image is now developed, producing a patterned resist layer
that can then be used to etch underlying layers or as an ion implantation mask.
An alternative to the above process uses the intermediate etch stop layer also shown
in Figure 5-57. Here this additional layer is deposited between the planarizing and
imaging layers. Typically this might be a layer of SiO» deposited from a spun on glass
source, or it could be deposited by PECVD at a low temperature that could be tolerated
by the planarizing layer. The exposure and developing of the upper imaging layer pro-
ceeds as described previously. However, etching is now used to transfer the patternnto
the bottom planarizing layer. First Reactive lon Etching (RIE) is used to etch the in-
termediate etch stop layer using the imaging resist as a mask. Since the imaging resist
layer is thin, it likely would not be possible to use this layer as a mask during RIE etch-
ing all the way through the underlying thick planarization layer. Thus the etch stop layer
is used as an intermediate pattern transfer layer. Once the pattern is etched in the etch
stop layer, RIE etching of the bottom planarization layer then transfers the pattern to
that layer. If PMMA or another organic material is used for the bottom layer, an O:
e e L R
used. Whether a two- or three-la l:t:.r 1?; S Etfllce : iy lhm.ctch stop layer am.bt
of the underlying topography fgllovgedcgbs B oo arc P!mmm’m[-on
i y exposure of a thin high-resolution imaging
resist layer,
Mg s v s o) widd et e manalctucing st i
cause of high defect densities Howe\?e: af:mf:egs hia e been Pcouomlf:u“" vistls hL.r
- minimum feature sizes continue to shrink.

the concept of a thin and uniform imagi
‘ ging layer becomes increasingly attractive and
this approach may be used in the future [5.43]. R g e




R g e
R

= lf;'\z?r?g&::;e‘;a;?t;on in tht_ese mu.tlilayer r_esist structures is to make the lower pla-
i ingh s ?in hAntlrefiecnon Coating (ARC) as well as a planarizing layer. In
- Wav‘e!en & :1'1: dC osen for the planariz_ing layer is highly absorbing at the expo-
byt imi 1 and does not bl'each appreciably. Thus photons that pass through the
foct off underlgl'ng resist layer will be absorbed by the planarizing layer and will not re-
g laylng s(t;bstrate feature.s. Henc;e the term antireflection coating that is ap-
Spiona a«;ers. nce the latent image is formed in the upper imaging layer, it can
it ARCrcl)ugh the lower p]qnanzmg ]ay‘er (ARC) by dry etching following de-
o : 5 ayers are u.sef_ul in DNQ resists to minimize standing wave effects

1gure 5-24). They are essential in DUV resists because these resists do not bleach and
hence reflections are more of an issue throughout the exposure.

5.7 Summary of Key Ideas

Lithography is one of the fundamental technologies on which modern ICs are based. The
two key e_:lements of modern optical lithography systems are the exposure tool and the
photor.esust. Exposure tools today generally use projection optics with diffraction-limited
refracting lenses. These systems can print an area on the order of a few cm? on the wafer
SO .that astep and repeat or step and scan approach must be used to print an entire wafer.
g-line and i-line resists today are largely based on DNQ materials, which are used for
ma_nufacturing down to the 0.35-pum generation. DUV resists that use chemical amplifi-
cation are used in the 0.25-pm and 0.18-pm technology generations and should be suit-
able for several future generations. Lithography simulation tools are based on two
scientific fields: Fourier optics to describe the performance of exposure tools and resist
chemistry to describe the formation of the mask pattern in the resist. These tools are very
useful today in understanding and optimizing the performance of lithographic systems.
A major change in the way in which patterns are printed on wafers will likely have to
occur within the next 10 years. It does not seem possible to extend today’s optical lith-
ography techniques to the end of the SIA NTRS. Options do exist to replace optical
lithography, but none are clearly viable today. I history is any guide, however, solutions
will be found to the lithography problem, allowing continued shrinkage in semicon-
ductor feature sizes.
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5.9 Problems

5.1,

5.2,

Calculate and plot versus exposure wavelength the theoretical resolution and
depth of focus for a projection exposure system with an NA of 0.6 (about the best
that can be done today). Assume ki1 = 0.6 and k> = 0.5 (both typical values). Con-
sider wavelengths between 100 nm and 1000 nm (DUV and visible light). Indicate
the common exposure wavelengths being used or considered today on your plot
(g-line, i-line, KrF, and ArF). Will an ArF source be adequate for the 0.13-pm and
0.1-pm technology generations according to these simple calculations?

In a particular positive resist process it is sometimes noticA:ed.that there is difficulty
developing away the last few hundred angstroms Of. resist in ex_posed areas. This
sometimes causes etching problems because the resist remains in the areas tq be
etched. Suggest a possible cause of this problem and therefore propose a solution.
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535:

54.

53

60

5.7

5.8.

An X-ray exposure system uses photons with an energy of l-keV._If ‘the Separa{i.()n
between the mask and wafer is 20 pm, estimate the diffraction-limited resolution

that is achievable by this system.

Estimate the exposure wavelength that was used in the simulation example in Fig-
ure 5-44 in the text. Assume that the index of refraction of the photoresist is 1.68
(typical value).

In this chapter, we considered an example of an isolated space on a .rnask apd saw
that the Fourier transform of this pattern is the sin(x)/x function. This function de-
scribes the spatial variation of the light intensity that the objective lens must cap-
ture. An even more illustrative example of the effects of diffraction is given by a
mask pattern consisting of a periodic pattern of lines and spaces as shown below.

X

Mask [__ :!

wi2 :
— 4

1(x)

Find the Fourier transform for this mask function and plot it as was done in the ex-
ample in the chapter. The objective lens must capture at least the first diffraction
order if it is going to resolve features with a pitch p. Use this criterion to derive an
equation like Eq. (5.2) for the resolution of such a system.

Assume that Figure 546 in the text was experimentally determined for a 0.6-pm-
thick resist with an index of refraction of 1.68. Estimate the Dill resist parameters
from the data in this figure.

Lithography often has to be done over underlying topography on a silicon chip.
This can result in variations in the resist thickness as the underlying topography
goes up and down. This can sometimes cause some parts of the photoresist image
to be underexposed and/or other regions to be overexposed. Explain in terms of

the chemistry of the resist exposure process why these underexposure and overex-
posure problems occur.

As described in this chapter, there are no clear choices for lithography systems be-

yond optical projection tools based on 193-nm ArF eximer lasgrs. One ’pOS.\‘ibi]it.‘I

is an optical projection system using a 157-nm F, excimer laser.

a. As_suming a numerical aperture of 0.8 and ki = 0.75, what is the expected reso-
lution of such a system using a first order estimate of resolution?

ink Act1_.:al projections _for such systems suggest that they might be capable of re-
solving features suitable for the 2009 0.07-um generation. Suggest three ap-
proaches to actually achieving this resolution with these systems
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S0, E;T::lttopih:?l Projection lithography tools produce diffraction-limited aerial im-
belo:w wip cal aerial image produced by such a system is shown in the simulation
(T €re a square and rectangular mask regions produce the image shown.
scalz ri?-;as?gefi;tuﬁs are the black outlines, the calculated aerial image is the gray
gt g ¢ black rectangles.) The major feature of the aerial image is its
inde: corners compared to the sharp square corners of the desired pattern. Ex-
plain PhYSICa'lly why these features look the way they do, using diffraction theory

and the physical properties of modern projection optical lithography tools.

Microns
(=]

e T T T G g s

Microns

5.10. Future optical lithography systems will likely use shorter exposure wavelengths to
achieve higher resolution and they will also likely use planarization techniques to
provide “flat” substrates on which to expose the resist layers. Explain why “flat”
substrates will be more important in the future than they have been in the past.
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