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INTRODUCTION

Silicon integrated circuit fabrication is heavily dependent upon the selective etching of thin
dielectric and conductor films. This is accomplished by protecting the arcas which do not require
removal with a polymer film, termed a resist. The resist is patterned by altering its solubility by
exposing it with energetic irradiation and subsequently dissolving (developing) the unwanted areas of the
polymer. A resist that becomes less soluble after irradiation is defined as a negative resist, and,
conversely, if the solubility increases it is denoted a positive resist.

Photolithography is a process presently used to fabricate most microelectronic devices. This
technique, utilizing flood exposure through a mask carrying the designated pattern, requires a few
minutes with a rather inexpensive exposure system. Due to the long wavelengths that are employed
(3000 to 4000 A) and other optical and process limitations, features of 2 to 4 um are the smallest that
can be readily delineated.

Requirements for devices with faster switching frequencies and higher packing densities have
created a need for higher resolution patterns (< 1.0 um), accompanied with higher yields. Pattern
delineation using a focused beam of electrons has been shown to be a useful technique for producing
features of less than 1000 A (References 1-4). Since the late 1960s electron lithography has gained rapid
acceptance as a technique of great potential for fabricating large scale, high resolution, integrated
circuits. Advantages other than high resolution offered by electron lithography are direct computer
controlled pattern generation, precise line width control of conventional size features (useful in
master-mask production), and lower defects in the finished product.

It is apparent that, for cither scanning or projection electron lithography to be fruitful, families of
both positive and negative electron resists must be available with properties designed to maximize
advantages offered by this new technology.

BASIC CONCEPTS AND THEORETICAL ASPECTS OF
ELECTRON RESIST DESIGN

POSITIVE AND NEGATIVE RESISTS, GENERAL DEFINITION

High polymers undergo physical and chemical change under ionization radiation. The most
important fact pertaining to their use as resists is that both crosslinking and scission of polymer chains
occur. In many cases one dominates the other, and a polymer either crosslinks or degrades, depending
on its nature. When a crosslinking polymer film that is coated on a surface is exposed selectively to an
electron beam, the irradiated portion crosslinks. With a sufficient dose the crosslinked polymer forms a
three-dimensional network, its molecular weight increases, and it becomes insoluble in the usual solvent
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tor that polymer. The film can be “developed™ by immersing it in the solvent to dissolve away the
unexposed polymer film. feaving a three-dimensional network of the polymer in the exposed area. A
crosshinking polymer is a negative electron resist 11 the crosshinked polymer is unatfected by the etching
solution.

When a degrading polymer film is exposed to an electron beam, andom scisston occurs and the
average molecular weight decreases. The degraded  polymer may dissolve in 4 solvent in which the
onginal polymer is noc soluble. During development the exposed film s washed away leaving the
anexposed filmr on the surface. ' the onginal polymer s unaffected by the erching solution. the
polymer 18 a positive resist.

The behavior of a polymer during irradiation can often be predicted from the structure of the
monomer unit in the polymer (Reference 5). The general pule is that af the cartbon atoms in the
mam chains of the polymer carry at least one hydrogen atom. the polymer will crosshnk upon
wradiation. 11 a tetrasubstituted carbon atom s present in the monomer unit. the polyvmer tends to

degrade.

GLASS TRANSITION TEMPERATURE

An important  characteristic of a polymer is its glass transition temperature, 7g. Above this
temperature the polymer chans can slide over each other and the polymer becomes soft, pliable. and
rubber-like. Below this temperature the atoms can only vibrate about their equilibrium positions at fixed
distances  trom ecach other. In this case the chains cannot slide over cach other, and the polymer
becomes hard, brittle. and glass-ike. Under stress a polymer deforms casily at temperature T above Tg.
An exposed and developed film will change its shape if it has some residual stress, will not: mamtam its
definttion, and will not be suttable for high resolution applications (Reference 2). Such loss of resolution
due 1o creep in a polymer film may be minimized by prebaking the coated film at a temperature above
Te 1o relax the stress created in the film during coating and by storing the film at a temperature below
Te In developing an exposed positive resist not only the polymer fragments in the exposed area will be
removed. but also some smaller molecules in the unexposed arca (Reference 6). If the development is
performed at a temperature above Tg. this will increase the probability of pinhole formation. However,
below 7 the polymer chams cannot slide along each other, and small molecules are not easily extracted,
being held rgidly by other molecules. Similarly, if an exposed negative resist 1s developed at temperature
above Tg. some small three-dimensional networks may be extracted away  This extraction will be much
less likely f the film s developed at a temperature below  7g. After development. holes o
discontinutties may be formed - the film and along the edge of the developed filmi vacated by the
extracted molecules. These holes may be closed tf the film s baked at a temperature above Tg.

Therefore, a resist film shouid be prebaked at 7> Ty, exposed and developed at 7' < Tg. postbaked at

T > Tg. and stored at T < Tg. As the resist s usually processed and stored at room temperature, Tg of
the polymer must be above room temperature, preferably above 3S0°K. Among polymers that are
known to crosslink or degrade by scission, only a few have reasonably high glass transition temperature.

The number of polymers that can be used as high resolution resists is theretore rather himited.

RADIATION CHEMICAL EFFICIENCY

Electrons that are used to induce chemical reactions in resist matertals have hundreds or even
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thousands of times more energy than that associated with chemical bonds. The electron-chemical bond
interaction s thus somewhat nonspecific and not strictly analogous to photochemical reactions utilized
in photolithography. Every bond mn a polymer that 1s exposed to 5,000 to 20,000 electron volts is
susceptible to rearrangement or destruction, and the radiation chemistry 1s far more complicated in
terms of predicting specitic mechanisms. The best approach is that developed by Charlesby (Reference
7) where overall chemical effects are discussed i terms of “G’" values (radiation chemical efficiency)
which are not dependeit on any specitic detailed mechanisms. Two reactions of interest that may occur,
crosslinking and/or chain scission, are characterized by the parameters G jgion (G(8)) or Gcmsslinking
(G(c)). defined as tne number of crosslinks formed or chains broken per 100 electron volts of energy
absorbed. Both scission and crosslinking occur simultancously at varying rates in every polymer system
undergomy irradiation For a negative resist, G(c¢) should be as large as possible for the highest sensitivity
and G(s) a minimum for the highest contrast. Conversely. for a positive resist G(s) should be maximum
and G(¢) a minimum G values were obtained with either gamma-ray or MEV-electron irradiations on
bulk samples. Hatzakis and Ting (Reference 8) described a way to determine the G value for positive
resist film under typical electron microfabrication conditions.

ELECTRON SCATTERING

Although electron beams of reasonable current density can be focused easily to diameters of less
than 005 um. maximum resolution s seldom realized in practice because of electron scattering both
from the substrate and in the resist (Reference 9). When an electron beam enters a thin polymer film on
a substrate, electrons lose energy as they undergo elastic and inelastic collisions. During these processes,
other quanta ol energy are produced (Reference 10): secondary and backscattered electrons, and X-rays
and thermal energy, all of which can result in chemical reactions. It is the total distribution of all forms
of energy as a tunction ot location from the primary beam that becomes an important parameter when
high  resolution clectron  lithography is  considered.  Although backscattering from the substrate
contributes to line broadening, particularly with substrates of high atomic number such as Ni, W, or Au
(Reference 11), of equal importance are inelastically scattered electrons which create a flux of electrons
essentially perpendicular to the primary beam (References 11-13). Two factors are important in
determining the effect of these scattered electrons: first, the rate at which the electron loses energy
(dV/dZ); and second, the clectron current at every point in the resist. Some additive function of these
two factors describes their effect on a polymer resist at any distance from the primary beam (References
14 and 15). Heidenreich er al (Reference 13) developed a depth-dose model for the penetration of
clectrons i a thin polymer film on a substrate. Their model is used to correlate the cffects of
accelerating voltage, resist thickness, resist sensitivity, and contrast on resolution. The plot of film
thickness remaining as a function of log dose, expressed in Cem” 2, is referred to as the thickness-dose
curve for a negative resist and characterizes the response of the resist to electron irradiation. The plot of
film thickness removed as a function of log dose is referred to as the thickness-dose curve for a pesitive
resist,

ELECTRON RESIST DESIGN

In designing an electron resist, it is important to understand various physical and chemical
properties of @ polymer on ultimate resist performance in terms of the specific requirements for an
electron resist.
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Sensitivity

Al
Resist sensttivity 1s conventionally taken as the mput-clection dose m Ceem = required to achieve
the necessary  chemical response i the resist. The necessary resist response is usually a faithtul

replication in the develoned resist pattern of the “original™ pattern specified by the crcuit designer. The
sensitivity required of an clectron resist will depend on the application and type of writing machine to
be used. Projection sysicms equire fower sensitivity materials than scanning systems. For scanning
systems 1t s desired that the sensitivity not be the linting factor on writing speed. Sensitivity data for
both negative and positive resists must mclude resist thickness before and after development, beam
accelerating voltage, developed image resolution, developer solution, and development time. Electron
induced reactions of polvmers are nonspecific and similar to thermally induced reactions. It has been
found that thermal resist sensitivity is generally proportional to electron sensitivity (Reference 10). and
hence polymers with lugh electron sensitivities may  have low thermal stabilities. Thus, resists with
sensttivities  greater than approximately 10°8 C-cm 2 tend to be thermally unstable and lead to
difficulties i preparation, and processing resists with sensitivities less than approximately 1075 Crem™ 2

are not generally sensitive enough.

Contrast

Contrast 1s a measure of | esponse of a resist to input dose. High contrast value implies
very rapud changes noresist o mges i onput dose. The contrast value is usually taken as
the slope ot the thickness wocontrast resists require considerable exposure beyond the
minimum meident dose nec o an image after development to achieve a useful thickness. This

results i large lateral currents that reduce resolution, So, resists with higher contrast values are desirable
because they respond only over a himited range of dose and are thus less affected by the lateral dose
distributions set up within the resist by scattering or diffraction of the incident radiation (References
10, 13, and 16). High contrast generally implies a steep edge profile and high resolution capability in the
developed resist patterns (Reference 17), since response to low dose fevels between adjacent features is
minimized. In order to aive doect mformation on line widths, Brewer (Reference 18) defined the “line
width contrast™ ot the resist as the ratio between a change in log dose to a change in normalized line
width. He mentioned that it appears generally true that the contrast is not related to the speed of the
resist The contrast is related to the efficiency at which crosslinking and decomposition compete with
cach other and to the molecular weight distribution of the resist (Reference 10).

Resolution

Resolution is usually mdicated by the mmimum hne width that can be developed in a given layer.
Fhis will depend on the resist thickness, line-to-line spacing, beam accelerating voltage, and exposure
chavge density (Reference 19). For good resolution a resist with high contrast is desirable. However,
even il the “latent image™ formed by altered molecular structure s well defined and possesses very high
resolution potential, poor developing behavior can seriously  degrade resofution performance. The
selection ol o good developer for high resolution work is aided if the resist shows high contrast and 1t
the insoluble fraction has good mechanical properties which mimmize swelling and distortion (Reference




NWC TP 5929

16) To caprtalize on the ulumate high resolution capability ot electron-beam lithography the edge
acuity and resolution should be compatible with the wnting and etching techmques and not be limited

by the rewst.

Molecular Weight

One of the most anportant parameters of a polvmer resist is the average molecular weight of the
palymer tor both necative and positive tesists.

Negative Resists. It has been well established that the interface gel dose, I):— the mmimum incident
dose necessary to form the fust nsoluble gel, is inversely proportional to the intrinsic viscosity, h. 4
function ot the molecular weight of a negative polymer resist (Reference 6). Intrinsic viscosity is given
by

7= KATY

where A and @ are constants and M,
S 3 ’ I 5=
msoluble gel, an average of one crosshink per chain is required. The Dg-M,. product is a constant and 1s

is the average molecular weight. For g polymer to form an

a characternstic of the polvimer. For better efficiency. a polymer with small I)E‘,-:‘ifw is preferred over one
with a large {)Il" \-I.“.. and a4 polviner ot high .\—f_“. s preterred over the same p}»\_\ mer of fow ﬁ“.. SINCe a
polymer of '\l_);h(‘l molecular weight will have tewer chains per unit volume of film and hence require a
smaller electron dose to reach a given crossiink density. Brewer (Reference 200 tound that, at high
molecular weights, electron sensitivity ot negative resists is not a hnear function of molecular weight.

Positive Resists. The effictency of a positive electron resist 1s not aftected by ,‘_I“.. it .rlw of the
onginal polvmer s sutficiently large (Reference 6, 18, 21, and 22) and high electron dosage is used.
1t depends only on the number of the average molecular weights of the fragmented polymer.
However, at lower exposure dosage the .Tf“. of the onginal resist matenial has a very significant etfect
on the resist sensitivity (References 19 and 23). Harris (Reference 24) has reported that increasing
the molecular weight reduces pinhole generation during development and improves edge detinition,
but causes a decrease in overall etch resistance, adhesion, and film quality.

Molecular Weight Distribution

Molecular weight distribution of a polymer resist has a great effect on the pertormance of both
nepative and positive electron resists.,

Negative Resists. If a polymer s monodispersed (contaming only one chain size) each crosslinked
chain results i the same volume of gel. However, long chams (high ;'I‘Ih“.) i a polymer of high
dispersivity form a gel with lower clectron doses than smaller chams. In a polymer system with high
molecular weight, dispersivity gel formation occurs over a large.range of doses and hence the contrast is
fow  When an electron beam penetrates a polymer film coated on a surface, scattering increases the
beam cross-sectional area in the film. Although the beam density decreases very rapidly along the normal
to the edge of the wadiated area, molecules of very high molecular weight become crosslinked and
remain on the surface after development. This creates a wide sloping bank along the edges of the
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developed tilm pattern which reduces the ultimate jesolution. The resolution can be mmproved by
tractionating the polvmer to attain a sharp cutot! i the high molecular weight region of the molecular
weight distibution curve (Reference 6). Molecules of molecular weight much less than ,1_1'“ are also not
desiable. They are less hikely to get crosshinked and are dissolved away durmg development, thus
mncreasing the probability of pinhole formation. Hence negative electron resist with high molecular
werght but very marrow molecular weight distribution is recommended.

Positive Resists. { hie effect of molecular weight distribution is more critical tor a positive resist
from the standpomt of selective solubility development. When a positive resist is developed it s
necessary that the voirradiated polymer remain undissolved and unaltered (or aimost unaltered). Hence
it s amportant that the molecular weight distributions ot the irradiated and unirradiated polymer not
overlap The dose requued to shift the molecular weight of the two polvimers so that low ,ﬁ“.
unirradiated and igh .ﬁ“. irradiated tads do not overlap, 1s determined by the dispersivities of both
polymers: 1t s the dose necessary tor usetul electron resist exposure (References 10 and 21). 1t s
obvious that low dispersivity, narrow molecular weight distribution with sharp cutoft at both the low
and high molecular weights, will increase the sensitivity and overall performance of a given positive 1esist
(References 10 and 23-25).

Polymer Backbone Strength

Another important molecular parameter that atfects the performance of an electron resist is the
resistanice that a polymer offers to scission (for negative resists) and crosslinking (for positive resists)
induced by radiation For each chain fractured (in negative resist) one additional crosshnk is required to
iepatt the break and results i lower sensitivity and lower contrast, since scission can be regarded as a
reverse reaction mhibiting gel tormation. So a polymer with a strong backbone is required: low (_i‘_./
vitlue tor negative resist and Iugh(‘T"(ﬁ{ tor positive resists (References 10 and 18). e
"<

Compatibility With Fabrication Processes

Llection beam exposure and development of resist layers is only the fust step in the fabrication
process. Further processing of the sample and maintenance is, in general, required.

Quality of Spin-Coated Films. The resist solution should have adequate viscosity to be able to
torm o untform tlm with desired thickness and mintmum defect density on the substrate.

Adhesion. The resist should have adequate adhesion to a vanety of substrates to facthtate the
process used momicrofabrication. Poor resist adhesion will be detrimental to all wet chemical etching
processes and metalization processes that involve plating through a resist mask.

Resistance to Etching. The clectron resist material should be able to withstand most acidic and
basic etching solutions employed i microtabrication processes.

Resistance to Sputter Etching or lon Milling. This requires relatively Tow sputtering rates of the
resist materal mocompanson to the material being etched. The resist should also be resistant to heating.

Resistance to Heating. This is particularly important in additive metallization processes. such as the
“hit-ol™ evaporation or sputter deposition process, and sputter ctehing or won nulling duning which
substrate surface temperature can exceed 100°C. Any resist tlow at this temperature will cause image

distortion and will prevent completion of the process
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Process Tolerance. The resist should not be sensitive to small daily process variabilities.

Shelf Life. The resist in both solution and spun films should exhibit adequate shelf life; typically
three months or more are considered adequate. The gla's transition temperature of the resist must be
above toom temperature, preferable above 350°K.

MATERIALS USED AS ELECTRON RESIST

Materials that have been evaluated for use as electron resists are reviewed in the paragraphs that
tollow.

PHOTORESIST

The first materials evaluated for use as electron resists were commercially available photoresists:
Kodak Photoresist (KPR). Kodak Metal Etch Resist (KMER), Kodak Ortho Resist (KOR). and Kodak
Thin Film Resist (KTER). all negative resists; and Shipley AZ 1350, a positive resist (References 1 and
26-28). These materials are readily available, processing details such as baking, developing. etc.. well
understood, and all have adequate resistance to common etchants. However, the photoresists are less
than satisfactory as electron resists due to several deficiencies such as poor electron sensitivity, low
contrast, nadequate resolution, and unnecessary sensitivities to ambient light. Because of the high
sensitivity of the resists to ultraviolet light and even visible light, some chemical reactions occur on
standing.  Furthermore, in projection electron lithography the complete wafer is exposed using a
complete pattern of electrons by employing as an electron source a photocathode that is sensitive to
ultraviolet fight  In this case the resist is exposed to the electrons with a background of strong
ultraviolet light. Photoresists cannot be used, and electron-beam resists that are insensitive to ultraviolet
light are necded. Phitoresists are not stable and shelf life is short. Since their resolution deteriorates
with age and varies from batch to batch, they are not satisfactory in the fabrication of devices of very
small dimensions.

POSITIVE ELECTRON RESISTS

Poly(Methyl Methacrylate) (PMMA)

PMMA, a well-known thermally deerading polymer, was the first polymer reported for use.
specially as an electron resist, by the IBM Watson Research Center, Yorkton Heights, N.Y. (Reference
2) PMMA was used and explored extensively during the last year (References 2. 4, 8, 9, 14, 15, 18-24,
and 29-44). It has been used as a medium for comprehensive analysis of any degrading-type material and
ol physical and chemical properties when used as an electron resist. PMMA s insensitive to exposure
by white or ultraviolet light, its synthesis is casy. it has high resolution capability (<0.1 um)
(Reference 4), good resistance to common acid and base etching processes, and is useful also as a
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« tor on-beam sputterng as well as for 1on implantation (References 45, 46, and 47). The
tivity ol the resist 1s approximately 5§ X 1075 C-em™2. The resist is prepared by dissolving the
mer i its solvent (usually methyl isobutyl ketone (MIBK)). Its thickness after spin coating at
ler than 4,000 rpm is a function of solution concentration. At 5,000 rpm and 10% solution, the
ess is 0.5 um. The resist-coated samples have to be prebaked at 170°C for 20 minutes before
sure to completely evaporate the solvent and to improve adhesion and resistance to chemical
ing and resist sens:tivity. Undercutting in the resist, i.c., the widening of the bottom of the trough
md the width of the top of the trough, is a common phenomenon with positive resists (References

15, 21. 29, 30, 32, 34-36, 40, and 41).

This fact can cause a serious problem when narrow lines (width of the same magnitude as depth)
desired. Postbaking at 130°C for 30 minutes can eliminate this difficulty. On the other hand, there
some applications to the undercut effect: (1) high resolution is attainable using the “lift-off™ process
erences 29, 30, and 32), and (2) the effect is helpful in studying the energy dissipation profile of
rons in polymers, particularly in PMMA (References 15, 21, 33, 34, 39, and 42). Stripping off the
pposed resist is accomplished by soaking in acetone or ethyl acetate for approximately S minutes. A
tical resolution of PMMA s about 0.5 pm and edge definition is better than 0.05 um with a
m-thick resist.

Many publications deal with the sensitivity of PMMA as a function of exposure density,
leration voltage, depth in resist. original molecular weight, and developing condition (composition,

and temperature). Mathematical models have been assumed and theoretical calculation with
rimental studies were carried out to explain the energy dissipation profile of electron penetration in
1A and the developed resist profile (References 8. 15, 22, and 33-42).

Shimizu et al (Reterences 34 and 36) used the Monte Carlo technique to simulate the energy
pation of electrons ncident onto PMMA. Greeneich and Van-Duzer (Reference 15) presented a
wematical model for the exposure of electron resist where the contribution from the primary and
scattered clectrons were calculated separately. They found that the controlling parameter for the
ary electron contribution is the number of elastic events, where the important parameters for the
scattered electrons are the backscattering coefficient and the electron range in the substrate.

By performing Monte Carlo calculation, Hawryluk er al (Reference 38) determined the special
ibution of energy dissipated in a 0.4-um-thick film of PMMA due to an incident electron beam. The
2 of varving the beam diameter from 0.025 to 0.3 gm was evaluated A detailed companson was
¢ between the results of the Monte Carlo calculations and analytic models that were used to predict
energy dissipated. Kyser and Viswanathan (Reference 42) extended the Monte Carlo simulation
niques 1o the case of a laterally distributed electron beam. Equienergy density contours in the resist
bit a size effect. 1e., dependence on the line width written. Large line widths will have o large
oy density deposited in the resist because of superposition of backscattered clectrons, for the same
lent dose This results in a larger solubility rate for the wider lines than for narrower lines. Hatzakis
Ting (Reference 8) made a simulation of the developed resist profile and mentioned that the
iles are not necessarily equal to the energy dissipation profiles, especially i the case of relatively
exposure density used in high speed electron beam microfabrication where the effect o' ihe
lopment process has to be taken into account. Ersoy (Reference 37) developed a model to account
he observed behavior of positive resists. He considered both exposure and development as a whole.

The theoretical considerations mentioned above are in good agreement with the experimental
rvattons reviewed below.

Woll ¢t al (Reference 4) measured the electron beam energy dissipation profiles in PMMA for
rent exposare densities and acceleration voltages of 5,000, 10,000, 15.000 and 20,000 volts. It was

10
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found that the 10,000-volt exposure produced the widest liv i a thick ressst after development in a
1:3 mixture of MIBK and 2-proponal, and that the volume of resist that was a.fected increased with the
dose. The 10,000-volt anomaly is not really anomalous when electron energy dissipation in a solid 15
considered in more detail. With an electron beam with near zero energy, the energy dissipation range in
the resist layer is very short and all the energy is lost within a few hundred angstroms of the surtace.
When clectrons with nigher energy are used, more energy is dissipated in the resist layer and a wider line
is produced. But after progressing through some maximum line width, perhaps at about 10,000 volts,
the energy dissipated is distributed deeper into the substrate with less effect on the resist layer.

Ting (Reference 33) determined the sensitiviy of the PMMA resist by measuring the resist
thickness as a function of development time (the solubility rate) for various exposure densities. It was
found that the solubility rate not only changes with exposure density, but also with the distance from
the surface at any given exposure. This nonlinear behavior at a given exposure is due to the fact that
energy loss of electrons in a solid is not uniform, i.e., an electron scattering in a solid yields an energy
dissipation curve which has a peak below the resist surface at approximately 0.4 of the penetration
range It was established experimentally that the solubility rate of PMMA resist changes when the
exposure density is raised to the power of 1.3. From the empirical tormula, one can calculate the
thickness-versus-time curves [or any exposure density and resist thickness. Calculated results were in very
good agreement with the measured results.

Greeneich (References 35 and 44) calculated the time evolution of exposure contours in PMMA
for several time-dependent developers comprising various proportions of MIBK and isoprophyl alcohol
(IPA). The following conclusions were reached:

1. The more active the developer (more MIBK) the greater the influence of developer time on the
contours. Thus, a ratio of 1:3 of MIBK to IPA is relatively insensitive to development time compared to
MIBK.

2. The energy of the incident beam is important; higher beam energies confine the penetrating
beam closer to the beam axis, resulting in developed contours closer to the axis and less sensitive to
development time.

3. The incident dose is particularly important. To obtain the undercut phenomenon for MIBK at
low dose a large development time is required, with a corresponding increase in line width and a
reduction in thickness of the original resist.

4. Increasing the temperature of the developer results in reducing the required development time
for a given exposure contour.

5. The polymer’s original molecular weight influences both the shape of the developed contours
and the development time, but these effects are secondary to changes in the incident dose or beam
cnergy. Furthermore, for certain values of original molecular weight, the most meaning quantity is the
average number of the fragmented molecular weight (Reference 22).

Greeneich (Reference 22) established that the solubility rate of PMMA in MIBK at a given
temperature is only a function of the fragmented molecular weight. For a given solvent developer, the
relative solubitity of the irradiated region compared to the nonirradiated region determines the contrast
of the developed pattern. Hence the developer’s suitability in device processing to obtain a high contrast
for a given exposure density. A high molecular weight polymer is thus preferred over a low molecular
weight polymer at the expense of longer development time.

Ersoy (Reference 37) found that the developed depth in PMMA increased with development time,
but o time is reached where maximum depth is observed. Further development will reduce this depth
because the unexposed and exposed regions develop simultaneously. Solubility changes with developer
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concentiation. Development saturation is a strong tunction of film thickness, and complete development
timie varies mversely with charge density.,

Hatzakis (Reference 43) presented a simple procedure for evaluating the performance ol any
positive electron resist. The method gives a unique exposure charge-density point for optimum resolution
for a given resist system independent of developer strength.

A variety of semiconductor devices and masks have been fabnicated by clectron beam lithography
ustng PMMA resist to demonstrate not only high resolution lithography, but also to show that adequate
associted  processes  exist for making properly functioning devices. The devices include:  bipolar
transistors (Reterences 32, 48, 49, and 50), acoustic surface wave transducers and filters (References 4,
29, 51, and 52) with line widths less than 0.5 um, 1024-bit random access memory chips (Reference
S3). microwave transistors (References 45 and 54). integrated field-effect transistors (References 46, 55,
and S6). mtegrated circuit metal oxide semiconductor (MOS) field-effect transistors with 8,000-bit
mersory chips (Reference 57), master masks (Reference 30), and more.

Modified PMMA Electron Resists

PMMA has defimtte restrictions in its use as a resist matertal

I Its sensitivity s low. approximately 5§ X 1075 Ceem™ =, for economical use in large-scale
tabrication of devices. and is luaited by the relatively small change in dissolution rate after wrradiation at
Jow exposures. the low sensitivity is related to the low G(s), G(s) being approximately equal to 2,
the number of main chain fractures per 100 electron volts of energy absorbed.

2 1eas rather ditficult to control the development of a very fine pattern

3. The developed film pattern is thermoplastic and can be deformed cas'ly if the film becomes
heated during processing, particularly in applying the “lift-off”" technique or in ion milling and sputter
ctchimg.

Several suggestions have  been reported to improve the performance of PMMA  resist by
incorporating different modifications in the resist system

1. Roberts (References 58 and 59) reported that a modified PMMA system, thermally crosslinked
atter apphication to the substrate, exhibited a sensitivity of 8 to 40 X 1070 Coem™ 2 as a positive resist.
The amount of sensitivity was dependent upon the degree of crosslinking in the film. The material has
better etch and solvent resistance than PMMA, especially to 1on-beam etchimg, and provides films having
thermal stability superior to that of PMMA. The resist withstands temperatures of more than 100°C
higher than that which PMMA will tolerate before thermal detormation. can be detected. It allows the
hitolt technique to be operated with a wider range of metals than was found possible with PMMA.
Itforts to improve the thermal stability of PMMA have also been done at Hughes Research Laboratories,
Maliba, Calit.

2 Copolymers of methyl methacrylate and acrylonitrile have been investigated as a  positive
electron resist (Reference 60). A copolymer resist with 7-mole percent of acrylonitrile can be patterned
at an clectron exposure of 5 X 1077 C-em™ 2 using o 1.9 mixture of ethanol and isomayl acetate.
Varnations in the copolymer composition make it possible to use a developer of a single composition.

3 Gapsten et al (Reference 01) attempted to improve the sensitivity and adhesion of PMMA by
copoiyimerization with isobutylene. The glass transition temperature of polyisobutylene (PIB) 15 low
(-70°C). but copolymerization of isobutylene with methyl methacrylate will signiticantly raise the 7g of
PIB above room temperature, and the PMMA resist sensitivity may be enhanced by mcorporating more
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radiation sensitive links that exist i PIB. The van der Waals adhesion of PMMA would also be enhanced
by incorporating the clastomeric isobutylene unit. PMMA isobutylene copolymers containing 10-25%
units ol isobutylene were tound to have better performances than PMMA as electron resists; the 75-25%
copolymer as sensitive as 5 X 1070 C-em 2. Brewer (Reference 20) found that adding
cnergy-transferring type sensitizers had very little effect on the sensitivity of PMMA.

Polysulfones

SR

it Polysulfones have been shown to have high G(s) values (7-10) (Reference 62), making them

candidates for use as positive electron resists. Bowden and Thompson (References 63-68) have shown
% that polysulfones constitute a family of alternating copolymers of SO>., and that an olefin can be
degraded readily in an electron beam and serve as good positive electron beam resists with a sensitivity

F = ~ ) S " s ~
of approximately 2 X 107¢ C-cm™= (Reference 66). The sensitivity depends on the olefin structure

K exposure temperature, accelerating voltage, and molecular weight. In addition to chain scission under
clectron irradiation, a second reaction can occur to amplify the scission process, namely chain
depropagation. This results when two polymer radicals, formed by chain scission, spontancously split
off to monomer units. The extent of chain depropagation depends on the rate of radical termination
and the rate of depropagation. If the polymer chain completely deploymerizes, the film will be
totally removed, thereby eliminating a solvent development step. This process is termed “vapor
development.™ Hence, the polysulfone may be used in two development modes: firstly, as a
i conventional solvent-development system: and secondly, under proper conditions, as a solvent-free,
vapor development. The vapor development process is inherently interesting because it eliminates the
necessity for a “wet™ development process. The rate of vapor development depends markedly on the
olefin structure (Reference 67) and exposure temperature. Vapor development may find some use in

i sm et

special apphcations. But for microcircuit fabrication it has been shown not to be a versatile technique
due to difficulties in removing the last 107 of the film (References 64 and 67-69), thus making
1 subsequent etching variable. In addition, since in the vapor development process radicals are being
formed continually during clectron irradiation. the product gases can contaminate the writing
machine. Hence, for microcircuit fabrication, conventional solvent development is preferred.
! The solvent developed sensitivity of all the polysulfones of equivalent molecular weight was found
to be 2 to 4 X 10 © C-em 2 at 10,000 volts. Hence, choice of a particular polysulfone as a resist 1s
E determined by considering film-forming properties, etch resistance, low rate of vapor development, etc.
| Poly(butene-l-sulfone) has been chosen as a promising sulfone resist system according to these
) considerations: furthermore, it has excellent overall resist properties. By carctully controlling molecular
| weight, molecular weight distribution and polymer dissolution mechanisms, a sensitivity of 7-8 X 10 7
C-em™ 2 can be achieved (Reference 65). One serious drawback of the olefin sulfones, however, is the
poor resistance to ion milling or backsputtering. Poly(styrene sultone) (Reference 70) was found (o be
resistant to on etching but with a decrease in sensitivity to 1 X 10 S Coem 2 (suill higher than PMMA)
4s a positive resist.

The development of poly(butene-l-sulfone) was held up by an unknown source of pinholes in
‘ ctched chrome patterns (for master mask). By filtering three times through a 0.2-pm filter the density of
the pinholes was reduced markedly, however.

Himics er al (References 17 and 71) reported on several functionally substituted olefines, including
cyclopentene and cyclohexene, that have been copolymerized with SO5 as positive clectron beam resists.
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The sensitivity ol poly(eyclopentene sultone) was found to be 2.6 X 10 2 Cem = I'his resist gave 4
straight-walls reliet after development. For only one material, poly(5-hexene-2.-1-sulfone), was a solvent
found in which the exposed and unexposed portions of the film exhibited a moderately large differential

solubility.

Poly(Methyl Isopropenyl (Ketone)) - PMIPK

Levine of al (Reference 72) reported on polymers of methyl isopropenyl ketone as positive
clectron resists. Sensitivities ol polymers with several vinyl monomers were determined. Information
relevant o the mechanism of  depolymerization was obtamed by comparing  homopolymers with
copolymers and by the use of additives in the inadiated polymer films. It was shown that the primary
mechanism for PMIPK degradation by electron trradiation s not a free radical w nature. The sensitivity
reported was 2 X 10 S to 2 X 100 Coem 2 PMIPK is compatible with buffered HE and Kl/1»
etchants, can be used in hiftoff processing, and has good adherence 1o Si0H, Crand Au. The polymer 1s

apparently attacked by alkaline etchants making Cr photomiask prodaction difficult.

Other Positive Electron Resists

Other positive electron resists have been reported. polytmethyl styrene) (Reference ). cellulose
acetate, cellulose triacetate, polyacetal, polyispbutylene, and vinylester polymer (Reference 20). But
they are less attractive as the resists described above.

NEGATIVE ELECTRON RESISTS

Cross-section profiles of single-scan negative clectron-resist lines were cousidered theoretically by
Hewdenseich er al (Reference 73) and Lin (Reference 74). Heidenreich ef al used the depth-dose theory
of electron energy dissipation in negative clectron resist (Reference 13) and a quasimono-energetic
Gausstan scattering theory (Reference 19) to dernive theoretical expressions for single-line profiles using
the exposure parameters of the exposure system. Those profiles were calenlated by convoluting the
Gaussian scattering distribution with the experimentally determined relationship between resist thickness
remaining after development and input-clectron dose. The results showed the importance of good gel
ndgty and high contrast required for negative electron resists used i high resolution applications. Their
calculations led to the choice of optimum exposure for the exposure system. However, the analytical
expression i the consideration above contamns parameters which are not readily obtainable for an
arbitrary  combination of resist and substrate. Lin (Reference 74) presented a method ot calculating
negative resist-line profiles from parameters which are all experimentally measurable. The method s
based on the measurement of the beam current density distribution inside the resist film and on the
measured contrast and nmimimum dose required for resist development. The profile was found to be
parabolic when the exposure dose, the witial film thickness, and the peam radius in the resist film were
properly chosen.

Thompson ¢r al (Retecence 3) studied the use of low-voltage exposure of negative electron resists.
Ihe use of S000 to 20000 accelerating volts was found to be advantageous. The decrease in critical
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dose with decreasiyg accelerating voltage was demonstrated. This increase in sensitivity was shown 1o be
due to mereased energy dissipation i the resist film (Reference 13). The major factor that lints the
lowest practical voltage s the penetration of the electron beam through the resist. The effect of dose
and accelerating voltage on lme width was studied, too. It was found that the exposed line width is dose
dependent, and 1t high resolution patterns are required, the cnitical dose for crosshinking should not be
exceeded. 1t was also found that overexposure can cause a chemical degradation of the resist film. The
eftect of accelerating voltage on hine width pertains to the transverse scattering effect (Reference 13):
the hne width of a patiern mereases with voltage. The advantage in working at low accelerating voltages

was clearly demonstiated.

Epoxide-Containing Negative Electron Resists

High sensitivities to electron beams have been tound in epoxide-contaming polymers (References 3.
10, 120 23 and 75-79). The glycidyl or epoxy group are found to be a very satistactory chemically
reactive species for negative electron resists. This group has a high radiation susceptibility and can be
casily incorporated into a wide varniety of polymers.

Epoxidized 1-4 Polybutadiene. (References 76 and 77). This resist has a high sensitivity
approximately 10 7 Cem T at 15000 volis. In the range of 5,000 to 20,000 volts, the sensitivity
mercases with decreasing accelerating voltage and increasing molecular weight of the polymer. The
relationship between the sensitivity and the degree of cpoxidation of the polymer was found and can be
explained accurately by assuming that the insolubilization process of the polymer mvolves a chain
reaction mechanmism. Thin films of the polymer msolubitize slowly, even in the absence of irradiation.
However, this phenomenon can be eliminated by adding a small quantity of some kind of stabilizer to
the polymer (Reference 76). It was found that epoxidized 1-4 polybutadiene exhibited very poor
contrast and inadequate shelf lite, and when initial films of greater than 0.6 um were used, considerable
loss of resolution resulted (Reference 10).

Crosslinking Electron Resist. A crosslinking electron resist reported by Thompson et al (Reference
3) and based on a terpolymer of methyl methacrylate, ethyl acrylate and glycidyl methacrylate, partially
esterfied with methacrylic acid. It was found to have a sensitivity of approximately 8 X 10° 7 Cem 2
and excellent contrast with adequate adhesion, resolution, and etch resistance. But a complex
preparation required to obtan the polymer in a high molecular weight form is a disadvantage.

Poly(Glycidyl Methacrylate-co-Ethyl Acrylate) (P(GMA-co-EA)). (Reterences 10, 12, 78, and 79)
Poly(glycidyl methacrylate) (PGMA) (Reference 79) of high molecular weight (M,,, approximately 10€)
1s more sensitive than epoxidized 1-4 polybutadiene (M, approximately 10%) (Reference 3); however, it
has less than satisfactory adhesion to most substrates and is not a good resist material. The physical and
chemical  properties of PGMA are casily modified by copolymerization with a variety of other
monomers. Copolymerization may result in a decrease in the bulk electron sensitivity, but some sacrifice
i this property is possible in order to optimize other resist properties. Fthyl acrylate was selected by
Thompson er al (References 78 and 79) as a comonomer because of its low glass transition temperature
and excellent thin film properties. The application of P(GMA-co-EA) (687 GMA and 32% FA) is a very
good  negative resist for electron beam  lithography as far as physical and chemical properties are
concerned.

I. The dose required to achieve 7072 of the initial film remaining is 2 X 107 C-em 2, and the
material exhibits a higher contrast than epoxidized 1-4 polybutadiene which is of comparable sensitivity.
An aceelerating voltage of 5,000 volts is optimum for an initial film thickness of 0.5 um. It is believed
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this sensttivity 1s adequate tor most apphications. The sensttivity of PCGMA-co-EA) can be vaned by
changing cither the molecular werght or the glycadyl methacrylate content.

2. The polymer, when prebaked, adheres tenaciously to metal and S105 substrates.

3. The copolymer resists both acid and basic chemical etching solutions and argon 1on etching.

4. A the stated temperatures, the resist film s insensitive to Jarge changes m the duration of
prebake and postbake

S. The usetul hite of the coated and prebaked resist exceeds 24 hours.

6. The total processing from coating to strpping requires no new processing steps. The resist can

also be strpped by

v

plastma of Oy wet an and Chyg,.
The minunum-teature size obtained tor the 1abnication of optical gratings was < 0.3 um, and
<05 gm tor continually etched metals and dielectnes.

Pease ¢f al (Reterence SO used POGMA-co-FA) to make a ligh-quahty photographic master mask in
which hines and spaces of 1.0 um were resolved, and also to make MOS mtegrated circuts with
unproved packing density and performance.

Poly(Glycidyl Acrylate-co-Stryene) (P(GA-co-S)) and Poly(Glycidyl Metacrylate-co-Stryene)
(P(GMA-co-S)). (Reference 23) Ruat er al (Reference 22) reported on synthesis and evaluation of
copolymers of styrene and epoxidge-containing monomers. P(GA-co-8) showed a sensitivity of 2.9 X
100 1025 X 107 Cem = and PIGMA-co-S) showed a sensitivity of 1.2 X 10 510 50X 100

3y
C-cm =, Both exlubited satistactory resistance to sputter etching,

Polysiloxanes

Several polysiloxane polymers have been reported as negative electron resists exhibiting sensitivity
values of S X 104 10 1 X 1070 C-em™ 2 (References 81-85). They can be thermally converted to Si10)
with good diclectiic properties tor antegrated circurts application, thereby ehminating hiquid etching
techniques.

Yatsur ¢ al (Reference 81) reported that methylvinylpolysiloxane has a sensitivity of 8.8 X 10 7
Com = at 10,000 volts. 1t was shown that flood-beam irradiation (1004 0 1075 C-em™ ) on the
developed resist film, corresponding to the post-back process. was effective in increasing the chemical
resistance and adhesive force to the substrate. Such resist is useful to practically all etchants other than
5S04, It was found that the resist dissolves very hittle in buffered HF, and that SiO5 of 0.3 pm was
successtully ctehed without damagmg the resist film. The resists showed decreasing sensitivity on the
order of those having vinyl groups. methyl groups, and phenyl groups. When a more sensitive siloxane
resist s required. one contaiming phenyl groups must he avoided.

Roberts (References 82 and 83) reported on polymethyleyclosifoxane (PMCS) as a resist in which
a siliceous il pattern may be formed by wradiation with an electron beam. The siliceous patterns are
readily developed and may be used directly e semiconductor technology as dittusion barriers or as
cteheresistant layers. After suitable heat treatment they also may be used as passivating lavers. The
sensitivity of PMCS 1o electron beam arradiation may be mcreased by controlled condensation to give a
fngher molecular weight polymer, or by mtroducing vinyl groups m the polymer. It was shown that at
doses normally used. crosshnking occurs mamnly through the hydroxyl groups present i the polymer.
Subsequent thermal or adanon treatment can elimmate organic residues to produce a tilm which s
identical to thermally grown sihica. Roberts (Reference 83) reported on overconing mstability in MOS

structures. The instability: was attributed to the presence of positive tons i the oxide and was overcome
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by applymg a thin layer ot a mixture of cyclosiloxane polymer with an organosilylene phosphate in a
pattern detined by an clectron beam: The muixture may be converted by subsequent heat treatment to
phosphosilicate glass.

Gazard  ¢r al (References 84 and  85)  reported  on thiee  negative  siloxane  resists
polymethylsiloxane (PMS), polyvinylsiloxane (PVS) and polyphenylsiloxane (PPS). The sensitivity of
PVS was the highest: S X 107© C¢m 2 PVS and PMS are tanstormed to silica when postbaked at
800°C and can be wed as an insulating layer and barriers for diffusion and ion implantation. The
possibility of using PPS to fabricate optical waveguide m integrated optics was demonstrated.

Poly(Diallylorthophthlate) (PDOP)

Bartelt (Reference 86) reported that the polymer PDOP serves as a thermally stable election resist
with a sensitivity of 1 X 1070 C-emr 2 PDOP has excellent adhesion to metals and S105, fine
resolution, good etch resistance and thermal stability, so is especially useful m patterning processes
requiring  hugh  thermal  stability. Pease er @l (Reference 80) used PDOP  to make high-quality
photohithograplic master masks in which lines and spaces of 1.0 um were resolved, and also to make
MOS integrated circuits with improved packing density and performance.

Other Negative Electron Resists

Ku and Scala (Reference 6) described the properties of three negative electron resists: polystyrene,
polvivinyl chlorde) (PVC) and polyacryamide. Polystyrene is resistant to all alkalis and weak acids, but
s attacked slowly by strong oxidizing acids. PVC s resistant to most acids. alkalis, and common
mexpensive organie solvents. Trradiation in air causes degradation, but irradiation in a vacuum induces
crosslinking. Polyacrylamide is a water solution polymer. The sensitivity is about S X 1070 C-em™ 2. The
crosslinked polymer is not soluble in water, but is swelled by aqueous solutions such as buffered HF,
dilute acids, and alkalis. Hence, polyacrylamide is not an etch resist for aqueous acids or alkalis. The
crosshnked polymer s resistant to concentrated phosphorous acid and is, therefore, a useful aluminum
ctch resist. It may also be used as a mask for sputtering etch.

Cole er al (References 87 and 88) reported on electron resists prepared by the reaction of
vinylether-malic  anhydride copolymers  with various alcohols. The allyl half-ester  of an
octadecylvinylether-malic copolymer was stable, and tormed excellent films with a sensitivity of 4 X
108 Coem 2 at 9,000 volts. The exposed and developed resist pattern, while being insoluble in an
adherent, will not resist acid etchants without a short heat curing cycle. Bulk matenal and spun films
are stable for more than one year. They have shown that terminal unsaturation is required for high
clectron sensitivity. Displacement of the unsaturation to a position other than terminal causes a marked
loss in sensitivity. There is a direct association between the electron sensitivity and the presence of the
cther group. Removal of the ether group causes a sharp loss in sensitivity and furthers the presence of
an aromatic group which results in resists with even less sensitivity. It is likely, therefore, that the most
cfficient radiation induced crosslinking reactions are activated through the unsaturated terminal group
and that the ether side chain allows a very efficient side for the reaction.

Paal et al (Reference 89) described copolymers of methacrylate and acrylate esters containing
polymerizable double bonds as electron resists. The sensitivity was approximately 3 X 1077 Crem™ 2,
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Brewer (Reference 18) evaluated a large number of polymers as to their electron irradiation
sensitivities and contrasts. Results indicate that the sensitivity of negative resist increases proportionately
with the number of vinyl groups.

Polyvinylpyiolidone (PVP) is a negative electron resist with a sensitivity of approximately 2 X
1076 Cem 2 and very high resolution capability (<0.1pm). The resist is developed by deionized water;
however. an apparent swelling of the resist pattern, in high resolution, was found.
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