
Lithography 

Introduction 

Miniaturization science is the science of making very small things. In top-down 
micro- and nanomachining, this is done by building down fiom bigger chunks 
of material; in bottom-up nanochemistry, it is by building up fiom smaller 
building blocks. Both require un excellent understanding of the intended appli- 
cation, diflerent manufacturing options, materials properties, and scaling laws. 
The resulting three-dimensional structures, ranging in sizefiom subcentimeters 
to subnanometers, include sensors, actuators, microcomponents, and microsys- 
tems. 

Why  must our bodies be so large compared with the atom? 

Erwin Schrodinger, What Is Life? 

Discovery consists of looking at the same thing as everyone else and thinking 
something different. 

Albert-Szent Gyorgi 

Many top-down miniaturization methods start with lithogra- 
phy, the technique used to transfer copies of a master pattern 
onto the surface of a solid material such as a siiicon wafer. In 
this chapter, we review different forms of lithography, detaiiing 
those that differ most from the miniaturization processes used 
to fashion integrated circuits (ICs). 

A short historical note about the origins of lithography is 
followed by a description of photolithography, including devel- 
opments that have alìowed the printing of the ever-shrinking 
features of modern ICs. After reviewing the limits of photoli- 
thography, we detail alternatives, including x-ray and charged- 
particle (electron and ion) lithographies, followed by promising 
techniques in the early research and development (R&D) stage. 

Historical Note: Lithography's Origins 

After experimenting with various resins in sunlight, Nicéphore 
Niépce managed to copy an etched print on oiled paper by 
placing it over a glass plate coated with bitumen (asphalt) dis- 
solved in lavender oil (France, 1822). After two or three hours 
of sunlight, the unshaded areas in the bitumen became hard as 
compared to the shaded areas, which remained more soluble 
and could be washed away with a mixture of turpentine and 

lavender oil. Niépce's concoction, we wiil learn below, corre- 
sponds to a negative-type photoresist. Five years later, in 1827 
(taik about fast turnaround time!), using strong acid, the Pari- 
sian engraver Lemaitre made an etched copy of an engraving of 
Cardinal d'Arnboise (Inset 1.1) from a plate developed by 
Niépce. The latter copy represents the earliest example of pat- 
tern transfer by photolithography and chemical milling. The 
accuracy of the technique was 0.5 to 1 mm.' 

The word lithography (Greek for the words stone [lithos] and 
to write [grhphein]) refers to the process invented in 1796 by 
Aloys Senefelder. Senefelder found that stone (he used Bavarian 
limestone), when properly inked and treated with chemicals, 
could transfer a carved image onto paper. Due to the chemical 
treatment of the stone, image and nonimage areas became oii 
receptive (water repeiient) and oil repellent (water receptive), 
respectively, attracting ink onto the irnage area and attracting 
water on nonimage areas.= 

The Niépce process heralded the advent of photography. 
Much later, photomasking, followed by chemical processing, led 
to the photolithography now used in fabricating ICs and in 
miniaturization science. Not unti1 World War 11, more than 100 
years after Niépce and Lemaitre, did the first applications of the 
printed circuit board come about. Interconnections were made 
by soldering separate electronic components to a pattern of 
"wires" produced by photoetching a layer of copper foil that 
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The earliest example of photolithography followed by wet etch- 
ing. (Photograph from the Science Museum. Courtesy of the 
Royal Photographic Society.) 

Inset 1.1 

was laminated to a plastic board. By 1961, methods were devised 
whereby a photoetching process produced large numbers of 
transistors on a thin slice of silicon (Si). At that time, pattern 
resolution was no better than 5 pm.' Today, photolithography, 
x-ray lithography, and charged-particle lithography al1 achieve 
submicron printing accuracy. The Coppermine PIIIs chip from 
Intel (introduced in late 1999), for example, incorporates a 0.18 
pm minimum feature size and is fabricated using UV photoli- 
th~graphy.~ 

Photolithography Overview 

SO2 (- 1 p) 

n-type Silicon 
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Negative photoresist coat (t 1 prn) 
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F Exposed Photoresist Removed 
with H p  C04 

Figure 1.1 Basic photolithography and pattern transfer. Example uies 
an oxidized Si wafer and a negative photoresist system. Process steps 
include exposure, development, oxide etching, and resist stripping. 
Steps A through F are explained in the text. 

Introduction 

The most widely used form of lithography is photolithography. 
In the IC industry, pattern transfer from masks onto thin films 
is accomplished almost exclusively via photolithography. The 
combination of accurate registration and exposing a series of 
successive patterns leads to complex multilayered ICs. This 
essentially two-dimensional pr6cess has a limited tolerance for 
nonplanar topography, creating a major constraint for building 
non-IC miniaturized systems, which often exhibit extreme 
topographies. Photolithography has matured rapidly and con- 
stantly improved in its ability to resolve ever smaller features. 
For the IC industry, this continued irnprovement in resolution 
has impeded the adaptation of alternative, higher-resolution 
lithography techniques such as x-ray lithography. Research in 
high-aspect-ratio resist features, to satisfy the needs of both IC 
and non-IC miniaturization, is also finally improving photoli- 
thography's capacity to cover wide ranges of topography. 

Photolithography and pattern transfer involve a set of process 
steps as sumrnarized in Figure 1.1. As an example, we use an 

oxidized Si wafer and a negative photoresist system. For sim- 
plicity, not al1 of the steps are detailed in this figure, as they wiU 
be covered in subsequent text. A short preview follows. 
An oxidized wafer (A) is coated with a 1 pm thick negative 

photoresist layer (B). After exposure (C), the wafer is rinsed in 
a developing solution or sprayed with a spray developer, which 
removes the unexposed areas of photoresist and leaves a pattern 
of bare and photoresist-coated oxide on the wafer surface (D). 
The photoresist pattern is the negative image of the pattern on 
the photomask. In a typical next step after development, the 
wafer is placed in a solution of HF or HF + NH,F, meant to 
attack the oxide but not the photoresist or the underlying silicon 
(E). The photoresist protects the oxide areas it covers. Once the 
exposed oxide has been etched away, the remaining photoresist 
can be stripped off with a strong acid such as H,SO, or an acid- 
oxidant combination such as H,S04-Cr,03, attacking the pho- 
toresist but not the oxide or the silicon (F). Other liquid strip- 
pers include organic solvent strippers and alkaline strippers 
(with or without oxidants). The oxidized Si wafer with the 
etched windows in the oxide (F) now awaits further processing. 
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This might entail a wet anisotropic etch of the Si in the oxide 
windows, with SiO, as the etch mask. 

The stencil used to repeatedly generate a desired pattern on 
resist-coated wafers is called a mask. In use, a photomask-a 
nearly opticdy flat glass (transparent to near ultraviolet [UV]) 
or quartz plate (transparent to deep UV) with an absorber 
pattern meta1 (e.g., an 800-A-thick chromium 1ayer)-is placed 
in direct contact with the photoresist-coated surface, and the 
wafer is exposed to UV radiation. The absorber pattern on the 
photomask i? opaque to UV light, whereas glass and quartz are 
transparent. The absorber pattern on the mask is generated by 
e-beam lithography, a technique that produces higher resolution 
than photolithography. A light field or dark field irnage, known 
as mask polarity (Inset 1.2), is then transferred to the semicon- 
ductor surface. This procedure results in a 1: 1 image of the entire 
mask onto the silicon wafer. 

The described masks, making direct physical contact (also 
referred to as hard contact) with the substrate, are called contact 
masks. Unfortunately, these masks degrade faster through wear 
than do noncontact, proximity masks (also referred to as sofi 
contact masks), which are slightly raised, say 10 to 20 pm, above 
the wafer. The defects resulting from hard contact masks on 
both the wafer and the mask make this method of optical pat- 
tern transfer unsuitable for very large scale integration (VLSI) 
manufacturing. In VLSI, integrated circuits have between 
100,000 and 1 million components. We review hard contact 
masks because they are still in use in R&D, in mask making 
itself, and for prototyping. Contact mask and proximity mask 
printing are coliectively known as shadow printing. A more reli- 
able method of masking isprojection printing where, rather than 
placing a mask in direct contact with (or in proximity of) a 
wafer, the photomask is imaged by a high-resolution lens system 
onto the resist-coated wafer. In the latter case, the only limit to 

Light field and dark field 

Mask-reticle polarities for a field effect transistor 
showing the gate and contacts. 

0.. 
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the mask lifetime results from operator handling. The imaging 
lens can reduce the mask pattern by 1:5 or 1:10, making mask 
fabrication less challenging. 

The design of electron beam generated masks for ICs and 
miniaturized machines is generdy fairly straightforward and 
requires some suitable computer aided design (CAD) software 
and a platform on which to run it. Electron-beam lithography 
is discussed later in this chapter, and mask design and suitable 
CAD software will be addressed in Chapter 8. In miniaturization 
science, one often is looking for low-cost and fast-turnaround 
methods to fabricate masks. This may involve manually drawn 
patterns on cut-and-peel masking films and photo reduction, 
affording fast turnaround without relying on outside photo- 
mask services. Alternatively, it may involve direct writing on a 
photoresist-coated plate with a laser plotter (-2 pm resolu- 
t i ~ n ) . ~  Simpler yet, using a drawing program such as Canvas 
(Deneba Systems, Inc.), Freehand (Macromedia, Inc.), Illustra- 
tor" (Adobe Systems Inc.), or L-Edit (Tanner Research, Inc.), a 
mask design can be created on a computer and saved as a Post- 
Script" file to be printed with a high-resolution printer (say 4000 
dpi) on a transparency5 The transparency may then be clamped 
between a presensitized chrome-covered mask plate (i.e., a ven- 
dor such as Nanofilm has preapplied the resist) and a blank 
plate. After exposure and development, the exposed plate is put 
in a chrome etch fora few minutes to generate the desired meta1 
pattern, and the remaining resist is stripped off. 

Spinning Resist and Soft Baking 

A common step before spinning on a resist with Si as a substrate 
is to grow a thin layer of oxide on the wafer surface by heating 
it to between 900 and 1150°C in steam or in a humidified oxygen 
stream (see Figure 1.1A). Dry oxygen also works, but wet oxygen 
and steam produce faster results. The oxide can serve as a mask 
for a subsequent wet etch or boron implant. As the first step in 
the lithography process itself, a thin layer of an organic polymer, 
a photoresist sensitive to ultraviolet radiation, is deposited on 
the oxide surface (see Figure 1.1B). The photoresist is dispensed 
from a viscous solution of the polymer onto the wafer lying on 
a wafer platen in a resist spinner (Inset 1.3).6 A vacuurn chuck 
holds the wafer in place. The wafer is then spun at high speed, 
between 1500 and 8000 rotations per minute (rpm), depending 
on the viscosity and required film thickness, to make a uniform 
film. At these speeds, centrifuga1 force causes the solution to 
flow to the edges, where it builds up until expelled when surface 
tension is exceeded. The resulting polymer thickness, 'l; is a 
function of spin speed, solution concentration, and molecular 
weight (measured by intrinsic viscosity). The empirical expres- 
sion for T is given by: 

where K = overall calibration constant 
C = polymer concentration in g1100 mL solution 
q = intrinsic viscosity 
O = rotations per minute (rpm) Inset 1.2 
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Resist spinner and Photoresist is dispensed on a wafer laying on a wafer platen. 

O I I - / ~ I I ~  film thickness monitor The wafer is spun at high rates to make a uniform thin 
resist coating. With uniformities of f 10 A being specified 
for wafer-to-wafer coatings, each coating 

spiiner 

Inset 1.3 

Once the various exponential factors (a, P, and y) have been 
determined, Equation 1.1 can be used to predict the thickness 
of the film that can be spun for various molecular weights and 
solution concentrations of a given polymer and solvent ~ys tem.~  

The spinning process is of prirnary irnportance to the effec- 
tiveness of pattern transfer. The quality of the resist coating deter- 
mines the density of defects transferred to the device under 
construction. The resist film uniformity across a single substrate 
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Fiberoptics parameter (resist dispense rate, dispense volume, 

and from substrate to substrate must be f 5  nm (for a 1.5 pm 
film, this is +0.3%) to ensure reproducible line widths and devel- 
opment tirnes in subsequent steps. The coating thickness of the 
thin, glassy resist film depends on the chernical resistance 
required for image transfer and the fineness of the lines and 
spaces to be resolved. The application of too much resist results 
in edge covering or run-out, hillocks, and ridges, reducing man- 
ufacturing yield. Too little resist may leave uncovered areas. For 
silicon integrated circuits, the resist thickness after prebaking (see 
below) typicaliy ranges between 0.5 and 2 pm. For miniaturized 
3D structures, rnuch greater resist thicknesses are often required. 
In the latter case, techniques such as casting, plasma polymeriz- 
ing of the resist, and the use of thick sheets of dry photoresist 
replace the ineffective resist spinners. Layers 1 cm thick and above 
have been produced experimentally8 The challenges involved in 
making thicker resist coats for high-aspect-ratio miniaturized 
machinery will be discussed further in Chapter 6. Optimization 

Photodiode array 
spectrorneter 

of the "regular" photoresist coating process in terms of resist 
dispense rate, dispense volume, spin speed, ambient tempera- 
ture, and humidity presents a growing chailenge as a 1 pm resist 
thickness with a repeatability of *l0 A (fO.l%) is becorning the 
norm. The microelectronic industry in 2001 was dealing with 
feature sizes of 0.18 pm and below, and for these smalier feature 

cable spin speed, back temperature, arnbient hurnidity, and 

sizes, control over thinner and thinner resist layers is needed. An 
on-line film thickness monitor, possibly a technique based on 
reflection spectroscopy (Inset 1.3), will become essential for sta- 
tistical process control of such demanding photoresist coatings6 

After spin coating, the resist s t a  contains up to 15% solvent 
and may contain built-in stresses. The wafers are therefore soft 
baked (also prebaked) at 75 to 100°C for, say, 10 min to remove 
solvents and stress and to promote adhesion of the resist layer 
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to the wafer. The optimization of the prebaking step may sub- 
stantially increase device yield. 

450-950 nm 

Exposure and Postexposure Treatment 

temperature, etc.) must be optimized. A real-time, 

After soft baking, the resist-coated wafers are transferred to 
some type of iliumination or exposure system where they are 
aligned with the features on the mask (see Figure 1.1C). For any 
lithographic technique to be of value, it must provide an align- 
ment technique capable of a superposition precision of mask 
and wafer that is a small fraction of the minimum feature size. 
In the simplest case, an exposure system consists of a W lamp 
illuminating the resist-coated wafer through a mask without any 
lenses between the two. The purpose of the illumination is to 
deliver light with the proper intensity, directionality, spectral 
characteristics, and uniformity across the wafer, allowing a 
nearly perfect transfer or printing of the mask image onto the 
resist in the form of a latent image. 

In photolithography, wavelengths of the light source used 
for exposure of the resist-coated wafer range from the very 
short wavelengths of extreme ultraviolet (EUV) (10 to 14 nm) 
to deep ultraviolet (DUV) (150 to 300 nm) to near ultraviolet 
(UV) (350 to 500 nm). In near W ,  one typically uses the g- 
line (435 nm) or i-line (365 nm) of a mercury lamp. The 
brightness of most shorter-wavelength sources is severely 
reduced in comparison to that of longer-wavelength sources, 
and the addition of lenses further reduces the efficiency of the 
exposure system. For example, the total collected D W  power 
for a 1 kW mercury-xenon lamp in the 200 to 250 nm range 
is only 30 to 40 mW, the additional optics absorb more energy 
of the short wavelengths passing through them. As a conse- 

Mac G4 
High-speed 

Illuminator in situ thickness monitor can provide full optirnization 

o q  1 
possibilities of the photoresist coating process. 
The systern shown is a rnultiwavelength reflection 
spectrorneter. Reflected light containing the interference 

probe profile is analyzed and the resist thickness is 
deduced. (From Metz et al., Semicond. Int, 15,68-69, 
1992. With perrnission.) data acquisition Wafer wafer*3 

~laten 
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auence, with shorter wavelengths, higher resist sensitivity is Development 
required, and newer DUV sources that produce a higher flux 
of DUV radiation must be used. For example, a KrF excimer 
laser with a short wavelength of 248 nm and a power of 10 to 
20 W at that wavelength is an option. In general, the smallest 
feature that can be printed using projection lithography is 
roughly equa1 to the wavelength of the exposure source, in 
this example, 248 nm would be expected. The same laser, in 
combination with some sophisticated resolution-enhancing 
techniques (RETs), is used to produce the most advanced 
circuits with transistor gate features as small as 160 nm. RET 
methods (see below) enable one to go quite a bit beyond the 
conventional Rayleigh diffraction limit. Other candidate 
exposure systems of the future, but not yet out of the labora- 
tory, include two DUV excimer lasers: the ArF at 193 nrn and 
the F, at 157 nm. The consensus candidate for the next gen- 
eration of lithography is photolithography using 193 nm light9 
from ArF lasers. In the case of EUV, a plasma or synchrotron 
source and reflective optics are used. Refractive optical ele- 
ments are too absorbing at those wavelengths.1° The prospect 
of using EUV as a commercia1 t001 is still in the early research 
phase and is discussed below under Next-Generation Lithog- 
raphies (page 48). 

The incident light intensity (in W/cm2) multiplied by the 
exposure time (in seconds) gives the incident energy (]/cm2) or 
dose, D, across the surface of the resist film. Radiation induces 
a chemical reaction in the exposed areas of the photoresist, 
altering the solubility of the resist in a solvent either directly or 
indirectly via a sensitizer. 

During the latent-irnage-forming reaction, the sensitizer in 
the resist usually bleaches; in other words, exposed resist is ren- 
dered transparent to the incoming wavelength. This bleaching 
allows the use of thick films with high absorbency, since light 
will reach the substrate through the bleached resist. The absor- 
bency of the unexposed resist should not reach 40% so as to 
avoid degradation of the image profiie through the resist depth, 
as too large a percentage of the light is absorbed in the top layer. 
On the other hand, with the absorbency far below 40%, expo- 
sure times required to form the image become t00 long. The 
smaller the dose needed to "write" or "print" the mask features 
onto the resist layer with good resolution, the better the litho- 
graphic sensitivity of the resist. 

Postexposure treatment is often desired, because the reactions 
initiated during exposure might not have run to completion. To 
halt the reactions or to induce new ones, severa1 postexposure 
treatments are in use: postexposure baking, flood exposure with 
other types of radiation, treatment with reactive gas, and vac- 
uum treatment. Postexposure baking (sometimes in a vacuum) 
and treatment with reactive gas are used in image reversal and 
dry resist development. In the case of a chemicaily amplified 
resist, the postexposure bake is most criticai. Although reactions 
induced by the catalyst that forms during exposure take place 
at room temperature, their rate is highly increased by baking at 
100°C. The precise contro1 of this type of postexposure bake 
critically determines the subsequent development itself. Image 

Development transforms the latent resist image formed during 
exposure into a relief irnage that will serve as a mask for further 
subtractive and additive steps (see Chapters 2 and 3, respec- 
tively). During the development process, selective dissolving of 
resist takes place (see Figure 1.1D). Two main technologies are 
available for development: wet development, widely used in 
circuit and miniaturization manufacture in general, and dry 
development, which is starting to replace wet development for 
some of the ultimate h e  width resolution applications. 

Wet development by solvents may be based on at least three 
different types of exposure-induced changes: variation in 
molecular weight of the polymers (by cross-linking or by chain 
scission), reactivity change, and polarity change.ll Two main 
types of wet development setups are used: immersion and spray 
(Inset 1.4). During immersion developing, cassette-loaded 
wafers are batch-immersed for a timed period in a developer 
bath and agitated at a specific temperature. 

During spray development, fan-type sprayers direct fresh 
developing solution across wafer surfaces. Positive resists are 
typically developed in aqueous alkaline solutions, and negative 
resists in organic ones. Aqueous development is highly favored 
for health reasons. The aqueous development rate depends on 
the pH of the developer and the temperature, which needs to 
be controlled to within k0.5"C.' Surfactants and other wetting 
agents added to the developer ensure uniform wetting, and 
buffers provide a more stable operating window and a longer 
lifetime. The newer negative resist formulations also may be 
developed in aqueous solvents. 

The use of organic solvents leads to some swelling of the resist 
(especially for negative resists; see below) and loss of adhesion 

Spray developer 
Fresh developing solution is directed across wafer sur- 
faces by a fan-type spraying nozzle. The renewal of devel- 
oper allows a uniform bath strength to be maintained. 

reversal, dry resist development, and chemically amplified 1 1 
resists will be treated below. Inset 1.4 
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of the resist to the substrate. Dry development overcomes these 
problems, as it is based either on a vapor phase process or a 
plasma.12 In the latter, oxygen-reactive ion etching (O,-RIE) is 
used to develop the latent image. The image formed during 
exposure exhibits a differential etch rate to O,-RIE rather .than 
differential solubility to a ~olvent.~ Dry developed resists should 
not be confused with dry film resists, which are resists that come 
in film form and are laminated onto a substrate rather than spin 
coated. Dry-developed resists, such as the DESIRE process, 
where the surface of the exposed resist is treated with a silicon- 
containing reagent, will be discussed below. 

With continued pressure by the U.S. Environmental Protec- 
tion Ageky (EPA) for a cleaner environment, dry development 
as well as dry etching (see Chapter 2) are bound to get increasing 
attention. 

De-scumming and Postbaking 

A mild oxygen plasma treatment, so-called de-scumming, 
removes unwanted resist left behind after development. Nega- 
tive, and to a lesser degree positive, resists leave a thin polymer 
film at the resistlsubstrate interface. The problem is most severe 
in small (<l  pm) high-aspect-ratio structures where the mass 
transfer of a wet developer is poor. Patterned resist areas are 
also thinned in the de-scumming process, but this is usually of 
little consequence. 

Before etching the substrate or adding a material, the wafer 
must be postbaked. Postbaking or hard baking removes residua1 
solvents and anneals the film to promote interfacial adhesion 
of the resist that has been weakened either by developer pene- 
tration along the resistlsubstrate interface or by swelling of the 
resist (mainly for negative resists). Hard baking also improves 
the hardness of the film. Improved hardness increases the resis- 
tance of the resist to subsequent etching steps. Postbaking fre- 
quently occurs at higher temperatures (120°C) and for longer 
times (say 20 min) than sofi or prebaking. The major limitation 
for heat application is excessive flow or melt, which degrades 
wall profile angles and makes it more difficult to remove the 
resist. Special care needs to be taken with the baking tempera- 
ture above the glass transition temperature, T,, at which impu- 
rities are easily incorporated into the resist. Positive resists 
withstand higher heating temperatures than negative resists, but 
their stripping proves more difficult. De-scumming and post- 
baking both follow step (D) in Figure 1.1. 

Resist does not withstand long exposure to etchants well. As 
a consequence, with 1:7 buffered HF (BHF) (a mixture of one 
part 49% aqueous HF-solution and seven parts NH,F that is 
used to strip SiO,), the postbake sometimes is repeated afier 5 
min of etching to prolong the lifetime of the resist layer (see 
Figure 1.1E). Also, postbaking should be prolonged before elec- 
troplating. 

Resists 

The principal components of photoresists are a polymer (base 
resin), a sensitizer, and a casting solvent. The polymer changes 
structure when exposed to radiation; the solvent allows spin 

application and formation of thin layers on the wafer surface; 
sensitizers contro1 the photochemical reactions in the polymeric 
phase. Resists without sensitizers are single-component or one- 
component systems, whereas sensitizer-based resists are two- 
component systems. Solvent and other potential additives do 
not directly relate to the photoactivity of the resist. 

Resist Tone 

If the photoresist is of the type calledpositive (also positive tone), 
the photochemical reaction during exposure of a resist typically 
weakens the polymer by rupture or scission of the main and 
side polymer chains, and the exposed resist becomes more sol- 
uble in developing solutions (say ten times more soluble). In 
other words, the development rate, R, for the exposed resist is 
about ten times faster than the development rate, R,,, for the 
unexposed resist. If the photoresist is of the type called negative 
(also negative tone), the reaction strengthens the polymer by 
random cross-linkage of main chains or pendant side chains, 
becoming less soluble (slower dissolving). Exposure, develop- 
ment, and pattern-transfer sequences for negative and positive 
resists are shown in Figure 1.2. 

Positive Resists 

Two well-known families of positive photoresists are the single- 
component poly(methylmethacry1ate) (PMMA) (Inset 1.5) 
resists and the two-component DQN (Inset 1.6) resists com- 
posed of a photoactive diazoquinone ester (DQ) (20 to 50 wt%) 
and a phenolic novolak resin (N). 

Liaht 

L Exposed Photoresist 

Silicon Dioxide 

Negative Resist: Positive Resist: 
m Rendered Insoluble m Rendered Soluble 

I Etched Film Patterns: I 
Figure 1.2 Positive and negative resist: exposure, development, and 
pattern transfer. Positive resists develop in the exposed region. Negative 
resists remain in the exposed region. 
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merization of cresol and formaldehyde. The base insoluble 
sensitizer, a diazoquinone (DQ), undergoes photolysis to 
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Inset 1.6 

PMMA becomes soluble through chain scission under DUV 
illumination. The maximum sensitivity of PMMA lies at 220 
nm; above 240 nm, the resist becomes insensitive. PMMA resin 
by itself constitutes a rather insensitive or slow DUV photoresist, 
requiring doses >250 mJ/cm2. Exposure times of tens of minutes 
were required with the earliest DUV PMMAs available.12 By 
adding a photosensitizer such as t-butyl benzoic acid, the UV 
spectral absorbency of PMMA is increased, and a 150 mJ/cm2 

lithographic sensitivity can be obtained. PMMA is also used in 
electron beam, ion beam, and x-ray lithography. 

The DQN system is a "workhorse," near-UV, two-component 
positive resist, which photochemically transforms into a polar, 
base-soluble p r o d ~ c t . ~  The hydrophilic novolak resin (N) is in 
itself alkali soluble but is rendered insoluble by the addition of 
20 to 50 wt% DQ, which forms a complex with the phenol 
groups of the novolak resin. The resist is rendered soluble again 
through the photochemical reaction of DQ. The matrix novolak 
resin is a copolymer of a phenol and formaldehyde. A novolak 
resin absorbs light below 300 nm, and the DQ addition adds an 
absorption region around 400 nm. The 365,405, and 435 nm 
mercury lines can all be used for exposure of DNQ. The intense 
absorption of aromatic molecules prevents the use of this resist 
at exposing wavelengths less than about 300 nm; at those shorter 
wavelengths, linear acrylate and methacrylate copolymers have 
the advantage. 

Most positive resists are soluble in strongly alkaline solutions 
(a fact that is taken advantage of for stripping of the resist-see 
Figure 1.1F and text below) and develop in mildly alkaline ones 
(as shown in Figure 1.1D). Some typical industria1 developers 
for positive resists are KOH (e.g., a 0.05 to 0.5 N aqueous solu- 
tion and a surfactant), tetramethylammonium hydroxide 
(TMAH), ketones, and acetates. As mentioned above, besides 
changing the molecular weight of the resist, radiation-induced 
reactions may also change the resist's solubility by altering its 
hydrophilicity (polarity) or its reactivity. Typical casting solvents 
for positive resists are Cellosolve' acetate, methyl Cellosolve, and 
aromatic hydrocarbons. 

Negative Resists 
The first negative photoresists were based on free-radical-initi- 
ated photo-cross-linking processes of main or pendant polymer 
side chains rendering the exposed parts insoluble. They were 
the very first types of resists used to pattern semiconductor 
devices and still constitute the largest segment of the photoresist 
industry, being widely used to define circuitry in printed wiring 
boards (PWBs).13 As illustrated in Figure 1.3, a negative photo- 
resist becomes insoluble in organic (more traditional negative 
resists) or water-based developers (newer negative resist sys- 
tems) upon exposure to UV radiation. The insoluble layer forms 
a "negative" pattern that is used as a stencil (usually temporarily) 
to delineate many levels of circuitry in semiconductors, micro- 
electromechanical systems (MEMS), and printed wiring boards 
(PWBs). The insolubilization of radiated negative resists can be 
achieved in one of two ways: the negative resist materia1 
increases in molecular weight through UV exposure (traditional 
negative resists), or it is photochemicaliy transformed to form 
new insoluble products (newer negative resist products). The 
increase in molecular weight is generally accomplished through 
photoinitiators that generate free radicals or strong acids facil- 
itating polymeric cross-linking or the photopolymerization of 
monomeric or oligomeric species. Photochemical transforma- 
tion of negative photoresists may also lead to hydrophobic or 

Cellosolve is a trade name for solvents based on esters of ethylene 
glycol; these solvents have been identified as possible carcinogens. 
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Figure 1.3 Negative resist systern. Exposure induces different types 
of changes in the photopolyrner. 

hydrophilic groups, which provide another means of inducing 
preferential solubility between the exposed and unexposed resist 
film. 

Commonly used negative-acting, two-component resists are 
bis(ary1)azide rubber resists (Inset 1.7), whose matrix resin is 
cyclized poly(cis-isoprene), a synthetic rubber. Bis(ary1)azide 
sensitizers lose nitrogen and generate a highly reactive nitrene 
upon photolysis. The nitrene intermediate undergoes a series 
of reactions that results in the cross-linking of the resin. Oxi- 
dation, with oxygen from the ambient or dissolved in the poly- 
mer, ofien is a competing reaction for polymerization. In other 
words, polymerization can be inhibited by the quenching of the 
cross-linking reactions through scavenging of the nitrene pho- 
toproduct by oxygen. This competing reaction represents a dis- 
advantage, as exposure has to be carried out under a nitrogen 
blanket or in a vacuum. Another disadvantage of this type of 
negative resist is that the resolution is limited by film thickness. 
The cross-linking process starts topside, where the light hits the 
resist first. Consequently, overexposure is needed to render the 
resist insoluble at the substrate interface. The thicker the resist 
wanted, the greater the overdose needed for complete polymer- 
ization and the larger the scattered radiation. Scattered radia- 
tion at the resist/substrate interface in turn reduces the 
obtainable resolution. Moreover, the organic solvent developer 
swells the cross-linked negative image, which further degrades 
the resolution. In a practical situation, this leads to a 2 to 3 pm 
maximum resolution in a 1 pm thick resist layer. To improve 
the resolution of a negative resist, thinner resist layers can be 
used; however, when using thin layers of negative resist, pin- 
holes become problematic. Xylene is the most commonly used 
aromatic solvent for negative resists, although almost any 

Bis(aryljazide-sensitized rubber resists with 
cyclized poly(cis-isoprene) as matrix resin 

The primary photoevent in 

bisarylazide-rubber resists is the 

production of nitrene which then 

I- undergoes a variety of reactions 

that result in covalent, polyrner- 

)Nex+< ture polymer of one linkages. commonly A typical ernployed struc- 

sensitizer is shown. The reaction 

involved in the synthesis of the 
R-N3 R-N:+ N2 
Azide Nilrene + Nitrogen 

cyclized rubber rnatrix and the 

R-N: + R-N: - R-N = N-R bisazide sensitizer is also shown. 

Cyclized Rubber Matrix 

1 Bisazide Sensitizer 

Inset 1.7 

organic solvent wiii do. Aromatic solvent developers may pose 
environmental, health, and safety concerns. Newer negative 
resists are water developable. 

An example of a commercial, two-component negative pho- 
toresist is the Kodak KTFR [an azide-sensitized poly(isoprene) 
rubber] with a lithographic sensitivity (also photospeed) of 75 
to 125 mJ/cm2. Negative photoresists, in general, adhere very 
well to the substrate, and a vast amount of compositions are 
available (stemming from R&D work in paints, W curing inks, 
and adhesives, al1 based on polymerization hardening). Nega- 
tive resists are highly resistant to acid and alkaline aqueous 
solutions as well as to oxidizing agents. As a consequence, a . - 

given thickness of negative resist is more resistant than a cor- 
responding thickness of positive resist. This chemical resistance 
ensures better retention of resist features even during a long, 
aggressive wet or dry etch. Negative resists also are more sen- 
sitive than positive resists but exhibit a lower contrast (ysmaller; 
see Contrast and Experimental Determination of Litho- 
graphic Sensitivity, page 19). 

A comparison of negative and positive photoresist features 
is presented in Table 1.1. This table is not exhaustive and is 
meant only as a practical guide for selection of a resist tone. 
The choice of whether to use a negative or a positive resist 
system depends on the needs of the specific application, such 
as resolution, ease of processing, speed, and cost. The choice 
of resist tone will even depend on the specific intended pattern 
geometry, which is known as the optical proxirnity effect. For 
example, an isolated single line most easily resolves in a nega- 
tive resist (higher-resolution line), whereas an isolated hole or 
trench is most easily defined in a positive resist. Because tra- 
ditional negative resists used to have a line width limit of only 


























































































