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MICROLITHOGRAPHY

9.1 MICROSTRUCTURE FABRICATION

Although microelectronic devices are three dimensional, they are fabricated largely
by planar processes. By this phrase we mean that the geometry is “written” onto a
planar substrate (the wafer) and upon subsequent planar films such as oxide layers. To
carry the writing analogy further we must note that the “ink” with which the various
features are written is usually thick relative to the width of the lines being written. It
is through the line thickness that the three-dimensional structure is created.

Microstructures of interest to us have features whose minimum dimensions are
in the range of 0.1-1 um. To create such microstructures it is necessary that three
tools or processes be available:

1. We must have a writing tool whose “point” is small compared to the width of
the line being written. Only in this way can the feature line width be precisely
controlled. The most common writing tools are optical and electron beams. The
latter is capable of writing a line less than 100 A wide.
We must be able to record the pattern of the radiation on the substrate. This
requires a radiation-sensitive material and a means of depositing that material onto
the substrate for recording. For reasons that will be clear shortly, this material is
called a “resist.” Most resists are polymeric films whose molecular weight can be
altered by radiation absorption.
3. The pattern written onto the resist must be converted, or developed, into a mask
or stencil. The desired structural feature is then created on the substrate, either by
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depositing a material (such as an oxide or a metal) or removing the underlying
material (e.g., by etching), in either case through the open area of the mask.

The manipulation of the writing tool together with the application and develop-
ment of the resist make up the process that we call microlithography.

Figure 9-1 outlines the steps involved in microlithography. A designer creates a
mask, which contains the pattern that is to be replicated on the wafer surface. In the
most common examples, the pattern ultimately is fabricated onto the semiconductor
surface by the processes of deposition or etching—addition or removal of material
from the surface. Lithography is the technique whereby specific areas of the surface,
according to the desired pattern, are opened to deposition or etching.

In the most frequently used methods, one begins by placing a thin layer of
protective or resistant material, photoresist, onto the wafer surface. This is usually
accomplished by coating the photoresist, in liquid form, onto the wafer. Spin coating,

Step 1: Irradiation
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Photoresist film

OO OO oxide fitm

Step 2: Development

Positive resist Negative resist
(radiation En_.mmmom (radiation decreases
solubility of resist) solubility of resist)

A Y

i

A AN

i

Step m Etching the oxide film
(and removal of the resist)

= B

FIGURE 9-1

Creating features with positive and negative resists. Note that different masks must be used with positive
and negative resists in order to create identical features. In the case shown here, the same mask yields
different features.
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the prevalent method, typically produces very uniform films of about 1 pm thickness,
after solvent evaporation and hardening (by baking) of the film.

The film is irradiated through the mask, using photons (photolithography), elec-
trons (e-beam lithography), or x-rays (x-ray lithography). The photoresist reacts chem-
ically in the exposed areas and, depending upon the choice of chemical system, will
become more soluble or less soluble with respect to some solvent. (A positive resist
is one that reacts to become more soluble.) The image, the area exposed to radia-
tion, is then developed. In a positive resist, the exposed regions are dissolved, and
the remaining resist film replicates the mask. The opposite, of course, is the case for
a negative resist. The term development refers to dissolution of the resist material.
Figure 9-1 illustrates these ideas.

In the next step, following development and using etching as the example, the
exposed area of the wafer—the area from which the resist has been dissolved—is
etched either by a wet chemical step or by dry methods such as plasma or reactive
jon etching. Finally, the remaining resist film must be removed. This is usually ac-
complished by etching with plasma or reactive ions, andfor liquid dissolution with
solvents. This sequence may be repeated many times in order to lay down into the
etched regions films or lines of various materials such as conductors, or to define
regions which, in subsequent steps, will contain precise patterns of various dopants.

One measure of the importance of lithography in semiconductor fabrication is
the fraction of process time devoted to the lithographic steps of resist application,
exposure, development, and cleaning prior to the next step. One estimate [R9-3]
aitributes 60% of process time to lithography.!

We do not consider the optical or imaging problems of lithography in any detail
here. Of special interest to us, however, are the following topics:

1. The organic and physical chemistry of polymers—the most commonly used class
of resist materials—and, in particular, the effect of radiation on polymer molecular
weight.

2. The kinetics and the uniformity of the dissolution (development) process.

3. The spin coating process, especially the factors that determine film thickness and
film uniformity, and the relationship of processing parameters such as spin speed
and duration and solution rheology to final film thickness.

Much of the data used in illustrations of the topics that follow involve the use
of electron-beam radiation. Current technology uses e-beam radiation to manufacture
masks, while optical (UV) radiation is used more commonly to expose the patterns
on the wafers. The difference lies largely in the magnitude of the radiant energy
densities, but the principles and techniques illustrated here are appropriate to both
radiation sources.

IThe other 40% is ascribed to “hot processes™—oxidation, doping, CVD (21%)—testing (8%), metallization
(7%), and ion implantation (4%).
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9-2 SOME ASPECTS OF ORGANIC
RESIST MATERIALS

To be useful in semiconductor applications, a resist material must have a controllable
response to radiation as well as the ability to allow optical resolution of very small
features. The resist must be available in a solution that permits spin coating into a thin,
uniform, continuous film that adheres to a variety of solid surfaces and withstands
exposure to high-temperature and corrosive etching environments without loss of line
definition.

Both positive and negative photoresists can be classified as one- or two-com-
ponent systems. A one-component system is usually based upon a polymer that un-
dergoes a photochemical reaction; in a two-component system a sensitizer molecule
(monomeric) is dissolved in an inert polymeric matrix. The sensitizer undergoes the
photochemical reaction.

A common positive photoresist consists of a phenolic resin matrix and a diazo-
naphthoquinone sensitizer, and so is a two-component system. Polymethyl methacry-
late (PMMA) is a classical one-component positive resist that has intrinsic radiation
sensitivity. In PMMA, exposure to e-beam, x-ray, or gamma radiation causes chain
scission, reduced molecular weight, and enhanced solubility.

9-2.1 Examples of Resist Chemistry

(a) Two-component negative resist:

Matrix resin: synthetic rubber (poly cis-isoprene)

Sensitizer: bisazide )

The bisazide sensitizer under radiation gives nitrine + nitrogen:

0
hv
zml©|onmvno©!zu —> R—N: +N,
CH,

The nitrines react to produce polymer-polymer linkages and three-dimensional cross-
linked structures that are less soluble in the developer solution:

R—N: + H,C
CH,+ —> P—N—R—R—N—P

H,C CH, .

N

Poly cis-isoprene
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(b) Two-component positive resist:

Matrix resin: phenol-formaldehyde copolymer (novolak)
Sensitizer: diazoquinone

OH H, OH
n

The sensitizer is randomly distributed in the polymer matrix. Exposure to radiation
renders matrix regions locally soluble in base.

(0] OH
o) e
N.
2 hv
E—

R
Base-insoluble Base-soluble
sensitizer photoproduct

{c) One-component positive resist:
Polymer: polybutene-1-sulfone

H 0

o — ¢ — 3
o, 0,
en,

Radiation leads to chain scission, and hence a reduced molecular weight. This produces
a more soluble material:

e-beam

R=80,—R’ —> RSO} +-R" —> SO! + R'+R*

{d) One-component negative resist:
Polymer: copolymer of glycidyl methacrylate and ethyl acrylate
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oy
CH,—C—CH,—-C or R—CH—CH,
2 _ 2 _ / \ |
07%~0 070 °
| | (active element is
CH, CH, the epoxy group)
H |
H 0 CH,
H

A crosslinking reaction is initiated by e-beam radiation in the presence of an anion:

0
RN .
A~ +R — CH—CH, =0 R—CH—0"
CH,A

This propagates to lead to insoluble high-molecular-weight material:

o)
SN ]
R—CH— 0" +R— CH—CH, —=2 wlm:lolomwl_umlo
I
CH,A CH,A R

We do not deal further with the chemical details that distinguish and thus rec-
ommend one type of photoresist with respect to another. m:cmoncm:.” ooBBnEm are
directed primarily to one of the commonest polymeric materials mEEam as a resist—
polymethyl methacrylate (PMMA), a one-component positive photoresist:

PMMA behaves in a manner similar to polybutene-1-sulfone, described previously.
Radiation leads to chain scission of PMMA with evolution of CO,.
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9-2.2 Resist Sensitivity to Radiation

When radiation interacts with the molecules in a polymeric film, the events that result
can be described quantitatively by the number of events (chain scission, crosslinking,
radical evolution, etc.) per unit of absorbed energy. We usually refer to this as the
radiation chemical yield G. The amount of incident energy is usually referred to as a
dose D. Because different systems of units are used to describe radiation in different
sources we must be prepared to convert units when referring to and comparing one
published study to another.

The electron volt is frequently used as the unit of energy, so we begin by
recalling that one electron volt (1 V) is the energy acquired by an electron accelerated
through a potential difference of one volt (1 V). Since the charge on one electron is
1.6022 x 10~*° coulombs (C), the energy is calculated as

1eV=(1.6022x 107° C) x 1 V = 1.6022 x 10-1* joule (J) 9-1)

(The precision with which this number is known far exceeds the precision appropriate
to engineering calculations. We generally write this as 1.6, rather than 1.6022.)
Sometimes we find radiation units reported as rads, so we must know that, by
definition,
1 rad = 6.25 x 10" eV/g 9-2)

Note that the rad is a “specific” energy in units of energy per mass.

We also find radiation doses reported for electron beam (e-beam) radiation in
units of coulomb per square centimeter (C/cm?). But the coulomb is a unit of charge,
not energy. This is a very confusing feature of the literature on lithography. It arises
because different forms of radiation (x-ray, y-ray, and e-beam) are absorbed to differ-
ing degrees in a polymeric resist medium, Very little of the incident e-beam radiation
is absorbed by polymeric resists under conditions typical of lithography. As a conse-
quence, one normally finds e-beam radiation characterized by the emitted or incident
dose of energy. This is typically measured by an instrument that detects the charge
that accumulates on a target placed in the beam, hence the units of C/em?. We will
find, then, that when an area of resist film is exposed to (irradiated by) an electron
beam, the “strength” of the beam—the dose—is usually stated in terms of the incident
charge per unit of area. The most commonly used units are actually microcoulombs
per square centimeter (wC/cm?). But this incident charge density is not related in a
unique way to the electron energy that is actually dissipated within, i.e., absorbed by,
the volume of the resist material. The fraction of the energy absorbed depends upon
the accelerating voltage of the beam and upon the resist film thickness.

Theoretical studies of electron energy dissipation are available [R9-5,6]. Fig-
ure 9-2 shows calculations of Hatzakis et al. [R9-5] for PMMA films on silicon
substrates. We know of no similar calculations for other polymeric resists. Note that
tearly all of the energy incident in a low-energy electron beam is absorbed, especially
in a thick film, High-energy electrons, however, can simply pass through a thin poly-
mer film without much interaction (absorption). For high-energy radiation (> 20 keV)
upon thin films (< 1 um) the fraction of energy absorbed becomes independent of
the beam intensity.
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FIGURE 9-2

Relationship of absorbed to incident e-beam energy in thin films of PMMA on a silicon substrate.

Since e-beam dose is commonly reported as uC/cm? incident energy, we must
have a means of converting this areal (flux) unit to volumetric absorbed energy
(eV/em?®) and vice versa. To do this we need the charge on an electron (1.6 x 10-1°C)
and we recall that one joule (1 J) is one volt-coulomb (1 VC). The conversion is
performed using the following expression:

uC/em? _E, V) x 10-6 5 1 = 6.25 x 107 E,(eV) ©3)
eV/cm? H(cm) 1.6 x 1019(J/eV) H(cm)
where H is the resist film thickness in cm units. The use of this conversion is illustrated
in Example 9-2.1.

When a polymer is irradiated with a specific dose D, in electron volts per gram

of polymer, the total number N* of scissions produced is observed to obey

N* = KDw -4

where w is the mass of polymer and K is a molecular (structural) parameter. One
normally replaces K with the so-called G value:

G = 100K 9-5)

G is the number of chain scissions produced per 100 eV of absorbed energy. (It is
the radiation chemical yield for chain scission.)
We define the number average molecular weight by

wN,
M= —4 9-6
"N, . 9-6)
where N is the number of molecules in a sample of mass w and N, is Avogadro’s
number. After exposure to a dose, the number average molecular weight changes to

M wN,

= A 9-7
" N+ N* &7
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(Each chain scission produces one additional molecule.) This can be rearranged to the
form
1 1 G

—_ = 4+ —

M, M 100N,
Confirmation of this model is presented in Figure 9-3 for electron beam radiation.
Sensitivity to radiation is usually measured by the G value, and hence by the slope of
plots as in Figure 9-3. A large G value means that the variation in molecular weight
is much more sensitive to variations in radiation dosage. This ultimately gives better
definition of features,

D (9-8)

Example 9-2.1 e-Beam dose requirement. An electron beam is available, with a
thermionic gun that puts out a current density of 10 A/cm? in a 0.1-um-diameter spot on
the target. If a PMMA resist is used, Figure 9-3 may be used to characterize the resist.
Find (a) the G value and (b) the exposure time required to reduce the number average
molecular weight from its initial value to 20,000,

First we examine Figure 9-3. The D = 0 intercept gives 1 /M2 x 10 = 8, or
M, = 125,000. From the slope of the line and Eq. 9-6 we find

G
100N,

=21x10"%  (with D in uClem?) 9-9)

Since G is normally given in units of eV, we must perform a conversion of units. But, as
just discussed, what we really need, in addition to a unit conversion, is also the fraction
of e-beam energy that is absorbed by the PMMA resist. We may use Figure 9-2, but we
need information on the incident energy of the beam and on the resist thickness. Let us
assume that we are using a 25 keV machine on a 1 wm resist. From Figure 9-2 we find
that the absorbed energy is about 2.5 keV.

120 T P T T 7

100~ N

80— 7
0 -
3 .
x

60— -]
g

40l -

20— 1

5 1 w_o 1 A_c N S S FIGURE 9-3
, 60 80 100 1verse molecular weight as a function of

D(pClem?) e-beam dose for PMMA.
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With the conversion factor from Eq. 9-3 and the resist thickness H = 1 um we
may calculate

pC/em? 625 x 1012(2.5 x 103 eV) 1.6 x 102 ©-10)

eV/cm3 (104 cm)
From Eq. 9-9 we now find

2.1 x 1076(100)6.023 x 102
- 1.6 x 1020
We assume that G is independent of M, so that we can use the same G value for
My = 125,000. Then, from Eq. 9-6,

1 1
20,000 ~ 125,000

= 0.8 scissions/100 eV (9-11)

G

+2.1x107%D 9-12)

2
or D = 20 uC/em?. Since the thermionic gun puts out 10A/cm? = 10C/ AoB . mv. the
required exposure time is 20 x 107%/10 = 2 us.

9-2.3 Resist Sensitivity to Development

In a positive resist such as PMMA chain mommmmod gives a reduced molecular ia_%w_r
thereby producing a film that is more easily dissolved by a selected wo__<a=r The
term development refers to the dissolution and removal of the more mo_ccw regions
of the resist film. In this section we consider the factors that control the kinetics of
&wmo_MM___u_..ow 9-4 and 9-5 show two important mmﬁnoﬂ.m of S.mmmm aa<a_ov.-=m=r In E.m-
ure 9-4 [R9-1] we see that relatively small changes in mﬁ Eo&o:« radiation density
can have a significant effect on the postdevelopment resist profile in a common pos-

(a)

)

FIGURE 9-4 B
Resist profiles in PMMA at incident charge densities of Anw
10~4 C/em?, (b) 8 x 1075 C/em?, and (¢) 5 x 10~5 C/cm?.
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Resist

7, FIGURE 9.5
Substrate Time evolution of resist profiles in
PMMA.

itive polymeric material such ag PMMA. Figure 9-5 [R9-34] shows the kinetics of
development—the temporal evolution of resist profiles under a given set of develop-
ment conditions. To understand and model such results
must be gathered and put together:

1. The effect of radiation on molecular weight must be known. Equation 9-8 gives
an appropriate model of this phenomenon.

2. The spatial distribution of absorbed radiation must be related to the incident radia-
tion and the absorptive and reflective characteristics of the resist and the substrate.
The volume of resist, even if exposed to uniform incident radiation, does not show

uniform absorption of radiation. Hence there will be a spatial distribution of chain
scission within the resist.

3. The dependence of solubility on molecular weight must be known, Considering
the remarks in 2 above, there will be a solubility distribution within the exposed
region. Hence the contours do not replicate a rectangular geometry, as Figure 9-4
clearly shows.

When these pieces of information are available and properly integrated, it is possible
to produce a mathematical model of the kinetics of dissolution (development). Prior
10 describing an approach to such modeling, we begin by examining some features of
dissolution kinetics. Data may be obtained by creating samples of resist film over a
relatively large surface, so that the distribution of both incident and absorbed radiation

obtained. Figure 9-6 shows such a set of data. In this case e-beam radiation is used
to break molecular chains in the (positive) polymer resist,

One important feature of such data is the sensitivity of the resist-developer
System, which may be defined by plotting the data from Figure 9-6 into the form of
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with a low D are said to be the more sensitive. In addition to the intercept D, the
slope of the linear portion of the line in Figure 9-7 is sometimes used to define what
is called the contrast of the resist. A steep slope corresponds to high contrast, since a
relatively small difference in dose gives rise to a large difference in dissolution rate.

D (uCfem?)

m. 0.5 Example 9-2.2 Development sensitivity of a positive resist, By way of example,
“ i suppose that the rate of removal of resist film obeys the relationship
N ds -
H = BM (9-13)
0 The term —ds/dt is the rate of change in resist film thickness (the disolution rate) and
Eq. 9-13 is simply an empirical expression of the observation that polymer dissolution
is an inverse power function of molecular weight. We will use Eq. 9-8 to relate M, to
FIGURE 9-6 . ! the radiation dose, for a positive resist. With this model we may examine the sensitivity
Rate of dissolution as a function of e-beam dose. of a resist that obeys Eq. 9-13,
We will draw figures corresponding to Figures 9-6 and 9-7 for the resist described
Figure 9-7.! For a particular dose (say, 3 uC/cm?2) we may find the time to remove a E mOn. o-wu. using the following parameters (when ds/dt is in units of A/min and D is
1-pm film (about 900 s, from Fig. 9-6). At that time, the unexposed (i.e., No.no.-n_.umov in uClem®):
region of the film is 0.62 um thick. Data are then plotted as thickness remaining (of B=4x10" a=2
unexposed resist) as a function of dose. ) . G N
If one draws a straight line through the data, as shown, an intercept of that line Mp =10° Toon. =21x10 6
with the value of the original film thickness may be used to define a dose _mwo_ma. D, 4
as shown. One usually refers to D, as a measure of the sensitivity of the resist. Films Our model takes the form
ds 1 G ¢
- gl L D 9-14
dt My + 100N 4 ( )
ds 2
. . ¢ oure is i ——=4x102(1075 4+ 2.1 x 10~6p 9-15
YThis should be the same as fig. 11, p. 105, of [R9-1]. We believe the x axis of that figure is mislabeled. or P A + x v ( )
Assuming an initial film thickness of I um we may generate Figure 9-8 since, from
oo Eq. 9-15,
_ T
_ s = 55— 400(1 + 0.21 D)% (9-16)
“ where s and ¢ are in units of A and min, (Note that in Fig. 9-8 time is shown in seconds
0.8 ] to parallel Fig. 9-7.) In this example we use s = 10% A = 1 pm.
M i We may define a development time {gev s the time required to dissolve 1 um of
__ resist. Then, from Eq. 9-16,
\ 1
_. 06 | 10t ©-17) .
I = »
g ! 9 200(1 + 0.21D)2
vm ¢ ] Note that here {dey is defined as a function of D through Eq. 9-17. Figure 9-8 gives the
04 _ thickness remaining for an undosed resist (D = 0) after the time I4ey- This follows from
| Eq. 9-16, setting D = 0, so that
02 _ Stem = $Ugey) = 10° —~ 40014, (D) for each value of D (9-18)
’ |
| FIGURE 9.7 This yields Figure 9-9. Note that the “linear” region has a slope that depends upon the
__ b, Sensitivity curve corresponding to choice of data points used to define the line. (This was also the case in Fig. 9-7.) Hence
o_ | [ ; L1 _5 20 mM._Ho_ c.m, where s, is thickness the definition of D (sensitivity) through an extrapolation from the slope of the data,

D(pClem?) remaining when plotted in the semilog coordinates of Figure 9-7, is not unequivocal. It makes more
nClem’ - ;
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FIGURE 9-8
Development curve for Example 9-2.2.
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Sensitivity curve for Example 9-2.2.

sense to define D as the dose at which nearly all (say, 95%) of the initial (undosed)
film remains after all of the dosed film is dissolved. From Figure 9-9 we find a value of
sensitivity (D) of 16 wCfem?, If there were no linear portion at alt in Figure 9-9, we
could not define the contrast by the slope. This example points out how parameters can
be model-dependent, and hence not definable in some situations.

For a negative resist, we may also define the properties of sensitivity and con-
trast through an exposure/development experiment. Normally, a negative resist is com-
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pletely soluble to a specific developer prior to exposure. At a sufficiently large dose of
radiation the resist is so thoroughly crosslinked through photochemical reaction that
the film is insoluble in the developer. Figure 9-10 is a “sensitivity plot” for a negative
resist.

For a given dose, and at some fixed development time, the film thickness that
remains undissolved after exposure to solvent for that fixed time behaves typically as
shown. Until the dose exceeds some minimal value bm, called the gel dose, the film
is so low in molecular weight that it is entirely dissolved. At and above some large
dose Dy no solubilization occurs during the time of development. When the data are
plotted as normalized film thickness after development against the logarithm of dose,
and a straight line is drawn through the data as shown, it is possible to define a dose
D; (near but less than D3), as seen in Figure 9-10. One measure of sensitivity is the
value of the dose Dg.

The contrast of a negative resist is usually defined as

-1
Ve = |log-—= (9-19)

Contrast is an important feature of a resist because it is a measure of how strongly
the dissolution rate changes with a variation in dose. Because the optics of irradiation
and transmission of the incident beam are not perfect, the intended dosed and undosed
regions are actually separated by a region with a gradient of absorbed dose. Hence
there is a solubility gradient rather than an abrupt plane of demarcation between
soluble and insoluble resist. The greater the contrast, the sharper the gradient, with the

/sy

D{(uClem?)

FIGURE 9-10

w«:&:&q curves for a negative resist, poly(p-chlorostyrene), at two molecular ights. Note the definition
of D, DS, and D;.
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FIGURE 9-11

The effect of contrast.

result that the boundary of the developed volume of photoresist can be more precisely
placed. This idea is illustrated schematically in Figure 9-11. Under idealized conditions
there is a sharp radiation “shadow” under the mask that separates “night” from “day”
and hence produces a sharp boundary between completely soluble and insoluble resist.
Development yields a substrate that is bare right up to the shadow or mask line. Under
real conditions radiation intrudes laterally into the resist under the mask. Although
the dose received in that region may be low, there will be a “twilight” region in
which some crosslinking of the resist can occur. If the doses DM and D7 are far apart
(low contrast), there will be a region of substantial thickness which develops more
slowly than unradiated resist, and so a relatively broad region of some undeveloped
resist will remain on the substrate under the geometrical shadow of the mask. In
a high-contrast resist, for which wm is close to bm (and so y is large), the lateral
distance over which the resist film falls from its full thickness to the bare substrate
will be very small. Hence a high-contrast resist permits a more precise placement of
the line of demarcation of the bare substrate from the resist-protected region of the

substrate.

Example 9-2.3 Contrast and sensitivity of a negative resist. The data presented
in Figure 9-10 are for a styrene-based polymer, PCS, poly(p-chlorostyrene), whose
monomer structure is
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PCSisa :amwnﬁw photoresist. Give values of contrast V» and sensitivity (defined by D°

for the two different molecular weight samples of PCS studied, ¢
" cﬁw\m begin by drawing a straight line through the data, as shown, The intercepts

on the dose axis define values of D! and D° (in units of uC/cm?

contrast follows as ¢ ¢ o). From B 919 the

Dg\"!
Vn = | log blm (9-20)
17\
= [ log 002 =38 for M = 700,000 (9-21)
3.5\7!
= { log 7 =32 for M = 300,000 (9-22)

It appears that the contrast is not a strong function of molecular weight,

Obviously the sensitivity values, as defined by D?, are s i
, s trongl ~
depondem, oay ) e S0 y D, rongly molecular weight.

Dg =17 uClem®  for M = 700,000 9-23)

[

3.5 uClem®  for M = 300,000 9-24)

A va.S..\m _.m.mmﬂ can be treated in a manner entirely parallel to that just described
for a _.amm:é resist. Instead of plotting the dissolution data as in Figure 9-7, where
:a.E_o_Smm.w of S.m undosed film is plotted, we can plot the thickness of the dosed
region, .R_m.:ﬁw to its initial value, as a function of dose. Then we obtain a figure as
shown in Figure 9-12 [R9-13). The dose D, gives the sensitivity of the resist, while

by
! T T I
i °o
| e}
gosk .
| y=25
i D, =154
0 | L1 \ 4 oL
0.2 04 06 08 10 2 4
D(uClem?)
FIGURE 9-12

Sensitivity plot for a positive resist.
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FIGURE 9-13
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the contrast is defined by .
D\
vp= 8D (9-25)
One probiem with the foregoing definitions of contrast (and to some degree of sensi-
tivity) is that it is assumed that development data, when plotted as described, do show
a well-defined linear region. A clear example of the failure of this assumption, for a
negative resist, can be seen in the data of Feit and Stillwagon [R9-11] presented in Fig-
ure 9-13, These authors do give values for the contrast parameter y for each polymer,
but in their discussion they refer to ¥ as “the slope of the ‘linear’ portion of the char-
acteristic curve.” By putting the word linear in quotation marks, these authors provide
one of the few published admissions that the linear region is not always well defined.
In an attempt to produce beiter resists, there have been many studies of the effect
of polymer structural characteristics on resist performance. Figure 9-14 [R9-1] shows
one aspect of this, for a negative resist. The sensitivity is clearly a strong function
of the weight average molecular weight M,,. (In ail three polymer samples the ratio
M,,/M, is held constant.) On the other hand, the contrast (the “slope” of these curves)
is, although difficult to define clearly, apparently not a function of molecular weight.

9.3 THE KINETICS OF DEVELOPMENT

Parameters such as sensitivity and contrast are ultimately connected to the
structure of the polymer and to the solution used as the developer. This is true,
of the rate at whigh development proceeds. Thus any model of resist develo

molecular
as well.
v::::
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tely be based on the dynamics of polymer dissolution. Hence we begin
al picture ofa &.mmo_i:m polymer [R9-27, 28]. Figure 9-15 depicts some
of the relevant ideas. Dissolution begins as solvent molecules diffuse into the glasslike
polymer phase. 4.,_5 .wo_&:& polymer «s\w:@ m.oBoi._.mr and the swollen region adja-
cent to the solution is om.:na a gel. Within this region, which may be regarded as a
highly 8:8::»@ solution, v.oqsma. Bo_moEom become less entangled than they are
in the glassy region, and then Snamm_zm_w.aoc__ﬁ permitting them to diffuse toward
the development solvent-gel boundary. This boundary may be defined as the surface
{hat separates free @oB.muS:m_aa polymer chains. It is defined by a critical concen-
iration that is n:mBQm:m:.n of n_.m polymer-solvent pair and the polymer molecular
weight. For the concentration variable we use the polymer volume fraction C%, here.
The rate at which polymer molecules disentangle from the gel and become %@n is a
complex function of polymer and solvent properties. We denote this rate by R and
Jdentify it with the dissolution rate —ds/dt. Figure 9-16 shows concentration profiles
in the gel region. Volume fractions are initially unity (by definition) for polymer and
wivent in their respective phases. Adjacent to the solvent-gel interface (on the solu-
ion side) we allow for the possibility of a diffusion boundary layer. This may add
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Kineues of polymer dissolution. (a) Initial glassy polymer film of thickness so- (h) Solvent diffuses into
patsmer and forms uéc.=a= mrw_ layer. The solvent-gel boundary s can move toward the solvent (swelling)
w the carly stages of dissolution. (¢) Solvent continues to penetrate further into the glassy region. In :ma
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to the resistance to mass transfer at that interface and contribute to a mass transfer
coefficient k; in a boundary condition on the development equations that we present
shortly.

We establish a coordinate system x with origin x = 0 at the impermeable
substrate. The initial polymer resist film thickness is x = s3. The development solution-
gel boundary, defined as the plane in which C; = €7, moves in time as dissolution
proceeds. At long times, this boundary is located at positions s{¢) which approach
x = 0. At short times, depending on the solution thermodynamics, it is possible
that swelling exceeds dissolution to the extent that s(t) can be greater than s, (see
Fig. 9-15), so that ds/dt > 0 for short times.

As the concentration C; of solvent within the gel layer decreases (see Fig. 9-16),
the diffusivity of solvent in polymer becomes exceedingly small. A region within the
polymer film is reached where there is no significant penetration of solvent and no
swelling of the polymer. The polymer in this region, and on to the boundary x = 0,
is essentially in its original glassy state. Hence we define a glass-gel interface g(¢) by
the critical polymer concentration C, = C;,. Of course, g(¢) eventually approaches
x = 0 as dissolution becomes complete.

With these physical ideas in mind we can put together a diffusion model for the
development process. We use the volume fraction of solvent within the resist film as
the concentration variable, in general. We could, as well, use the volume fraction of
polymer. Since the sum of the fractions must be unity, i.e.,

C,+C,=1 (9-26)

the choice seems to matter little. It is simply a matter of convenience that is sometimes
dictated by whether certain physical properties are available in one set of units or the
other. We follow the approach presented by Lee and Peppas [R9-27] for transient
one-dimensional diffusion of solvent into and through a thin polymer film:

aC, 9 aC,
= — | D —= 9-27
ot ax \ " ax ( )
with initial condition

C, =0 on0<x<syfort<0 (9-28)

Equation 9-27 is written for a fixed coordinate system with x = O at the solid substrate.
Another approach to this analysis is given by Tu and Ouano [R9-28], who use a
coordinate system fixed at the position s.

At the impermeable boundary x = 0 we have the condition

3¢, =0 atx =0 (9-29)
ox

At the boundary s(z) between the gel and the developing solution, the velocity of
that boundary represents a balance between the rate at which solvent enters the resist
(which would swell the film) and the rate at which polymer dissolves into the developer
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(which would thin the film). Thus we write
aC, ds

—ky mmHIM

D, dx
,Ex.u vmﬂwammnn k; may depend upon the hydrodynamics of the dissolution process, and
so 1s not strictly a polymer/solvent property. The dissolution process at the co::.a&.w
s(r) may be thought of as a chemical reaction with reaction products (in this case
dissolved polymer) carried away by diffusion and convection into the developer. The
concentration C74 is the equilibrium polymer volume fraction at the gel-developer
boundary.

. ,.:_@ position of the gel-glassy polymer interface 8(2) is determined by a dynamic
condition:

at x = s(t) (9-30)

dg ac,
Ci—==— .
Sdt D, ax

at x = g(t) (9-31)

In addition, the transition from the gel region to the glassy region must be defined

thermodynamically. This is normally done by defining a el coi j
» N - *
it 20 s define by y g ag neentration Cg, such

C,=Cl, atx=g() (9-32)

or C,=1- QMM = ﬁwh (9-33)

The model presented here has three parameters related to the polymer-developer sys-
tem: the concentrations Crq and C;, and the diffusion coefficient D, of solvent in
polymer. As presented, the diffusion coefficient is taken as a constant mzmnvnsaoa of
8:8::.@20:. (Tu and Ouano [R9-28] do not make this simplifying assumption.)

This model of development kinetics is mathematically complex, largely because
the voczamamw s(¢) and g(¢) move in time, A quasi-steady-state approximation is
possible, however, in which it is assumed that diffusion is so rapid, in comparison to
3n.<n_o&amm ds/dt and dg/dt, that at any time within the glassy region and the gel
region the concentration profile has its steady-state character. For a one-dimensional
“slab” geometry, this means that C; is linear across each region.

With that assumption, Egs. 9-31 and 9-30 reduce to the forms

« 98 _ Dy( PIQMNV

1-Cr )= =
T=%% =0 50 -39
ds _ Dy(CG, — G .
T s gt K 0-33)
When Eq. 9-34 is subtracted from Eq. 9-35 we find
ds -8 _ | DG -G -Co)] 1
- - —k,C* (9-36)
dt (1-Cz) s—g 47

(s—8)=0 att =0 9-37)
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The solution for (s — g), which is the thickness of the gel region, may be written in
the form

8
—AS— ABIn _Iqwl =T (9-38)
where a dimensionless gel thickness is given by
§=2"8 (9-39)
So
and physical parameters are defined as
D,
A= —I— (9-40)
5ok Cpy
D(C;, - C:p2—C*
and B = 2 = Cp) 2= Cpp) (9-41)

SokyCpa(l ~ (649

It is convenient to define a dimensionless time as
Dt
s
Once 8(t) is obtained, Eq. 9-34 or 9-35 will yield g(¢) and s(r). Note, however, that
Eq. 9-38 is not explicit in (), so explicit solutions for s and g are not obtainable.
For short times, for which §/B << 1, an approximation to the logarithmic term
in Eq. 9-38 yields the result

(9-42)

T =

2B 1/2
=2 (9-43)

For short times the thickness § of the gel region grows with the square root of time.
For the longer term the behavior of § follows from Eq. 9-38. If a new dimensionless
time

, T
= — 9-44
i AB ¢ )
is defined we can write Eq. 9-38 as
] ]
———In{l-=)=7 9-45
B " B i ©-43)

[Note that by rescaling the time variable to ', Eq. 9-45 has only one parameter, B,
upon which 8(z’) depends.] Figure 9-17 shows §(z/, B). By plotting 8/B vs. 7/, a
single curve results for all B values. Clearly the parameter B plays an important role
in controlling the rate of development. Some of the parameters in B (see Eq. 9-41) are
available for specific polymer-solvent pairs. But &, is not generally known. It must
be obtained from the dissolution data. The model outlined here gives us a method for
obtaining k. ’

Example 9-3.1 Determination of model parameters. We begin by writing Eq. 9-36
in dimensionless format, with the result

ds

_B1
T AS

e (9-46)

=

B
A

e —
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FIGURE 9-17
Gel region thickness as a function of time, according to Eq. 9-45.

We can see that & approaches a maximum (d8/dt = 0) at a value

Omax = B 9-47)

Hence oc.mn—é»no: of the maximum gel layer thickness permits determination of B.
C.m:-m Eq. 9-45, we may find the time at which the maximum value of § is reached
by substituting B for 8, with the result

Tmax = 00 asé— B (9-48)
We see, then, that 8 1ax I8 approached asymptotically at long times.
The slope of the short-time data, when plotted as & vs. t!/2, is found from Eq. 9-
43. Eo:oo the slope gives a value of B/A. Thus we can find A and B from § and
the initial slope of a plot of § vs. 71/2, =
.e<o use these results to examine some data on polymer film dissolution. The data,
seen in Figure 9-18, are for the dissolution of PMMA (polymethy! methacrylate) in

0.15 I

0.06 1~

0.00 ! I i |

0 3 6 9 12 15 FIGURE 9.18
Normalized gel thickness data for
Example 9-3.1.

Vf (min2)
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methyl ethyl ketone (MEK) at 26°C [R9-10]. We see that § attains a maximum at the
value &, = 0.11. '
If the model outlined here is valid, then from Eq. 9-47 we find B = 0.11.
Values of an and D, are independently available and we use

Cpe =074 D =52x10"" cm’/s (9-49)
The initial film thickness corresponds to
5p=0.11 cm (9-50)

The data do indeed show a linear region when plotted against ¢'/2, and from Figure 9-18
we find a slope of 0.011 min—'/2 = 1.4 x 10735~1/2,
From Eq. 9-43 we write

172
s=(2B0:) " 12214 x 1072 9-51)
A m.w
Using B = 0.11 and D; and s, given above, we find
A=47 (9-52)
From their definitions we find
—_c*
A 1-G 4T _ 4 9-53)

Using h.ww = 0.74 we find
n 4~ 0.74 9-54)

On physical grounds, in view of their definitions, we would expect ﬁ,n 4 to be much lower

than Cy,. Their near equality (Eq. 9-54) follows from the fact that A/B >> 1. We now
find k; from the definition of A:
.U.q —6
= e = 1.4 x 1070 cmfs (9-55)
ka 50Co4A *

As a check on consistency of this model we examine the time at which & reaches
half its asymptotic value, i.e., the time 7, /2 at which 8/B = 0.5. From Figure 9-17 we

find
) T
— =0. — =0.19 9-56)
B 0.5 at 1B (
Using the A and B values determined earlier we predict
2D
2275 _0.19AB = 9.8 x 1072 9-57)
5
or typ = 2290 s (predicted) (9-58)
From Figure 9-18 we find
ty, =3380s (measured) (9-59)

This example suggests that the major features of the kinetics of the early stage
of development (the formation of the gel layer) are described qualitatively by the
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simple model outlined here. Unfortunately we know of no other data that show the
characteristic features of Figure 9-17. Hence we are not able to provide a stronger
argument in favor of this part of the model.
We turn now to the latter stages of dissolution. Equation 9-35 gives the desired
5(¢) behavior. We nondimensionalize Eq. 9-35 to yield
do _Cp—Cp 1
de B A (5-60)

with o=—=1 att =0 9-61)

s
So
As noted previously, 8 becomes a constant (§ =~ B) only asymptotically for t — oo.
However, from Figure 9-17 we may approximate the end of the gel growth regime by

Tmax 2 2AB (9-62)
If we set § = B in Eq. 9-60, we find
do Cp.~C; 1

—_ = pd _ -
dr B A (5-63)

Using the definitions of A and B we may eliminate Cpe — Cpy to find

do 1 11-Cp,
_— —1{=—-FR -
dt A mlhww R ©-649

subject to the initial condition

oc=1+8 at T =2AB (9-65)
Here, R’ is the dimensionless dissolution rate. The solution is
o —(1+B)=—R'(t —2AB) (9-66)
We define the dissolution time as the t at which o = 0, so we find
1+ B
= -Ml\ +2AB (9-67)

For polymer-solvent pairs that exhibit a very small degree of swelling (B << 1),
Eq. 9-67 simplifies to

LR =02 Owwv\» (9-68)
or, in terms of real time, A

502 — C,)
;=

9-69
%,Coy (9-69)
This result implies several things. First, we note that the diffusion coefficient D, does
not appear in Eq. 9-69. This follows from the assumption, in passing from Eq. 9-67 to
Eq. 9-68, that swelling plays no significant role (B << 1). In this model, dissolution
is dominated by the removal of polymer molecules from the interface at s(t). Hence
the coefficients k, and C;, play the central role. We note also that the development
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time appears (Eq. 9-69) to be linear in resist thickness So- We must recall, however,
that the fraction of absorbed energy, in the case of e-beam radiation, is dependent
upon resist thickness. As a consequence, the molecular weight of the resist following
irradiation, and so the physical properties such as k, and Cp4» could depend upon s,
This would actually produce a nonlinear dependence of ; on So-

An example of data to which this model applies is presented in Figure 9-19
[R9-35). We see that there is no evidence of significant swelling (B << 1) and that s
falls linearly with time, as Eq. 9-66 predicts. Hence the dissolution rate R is constant,
and it is given in terms of the development time t; as

R=2 (9-70)
2
In Figure 9-20 we show R as a function of molecular weight. The data are described
approximately by (see Eq. 9-13)

R =176 x 108M;"7 (A/min) 9-71)

The data of Figures 9-19 and 9-20 were obtained under quiescent conditions in
the developing bath. It is interesting to raise the question of whether the development
time could be reduced by agitation of the bath. The key to answering the question lies
in examination of Eq. 9-69. We must know more about the parameter k. If it represents
a convective mass transfer coefficient, for example, then we should be able to promote
development through agitation of the bath. A study of the literature suggests, however,

s(pm)

t ey (min)

FIGURE 9-19
Dissolution of an acrylic resist at various levels of molecular weight: (1) 1800; (2) 2300; (3) 2700; (4) 3400;
(5) 4600; (6) 6600; (7) 13,000.
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0 Data of Figure 9-19 converted to rate of
M, dissolution as a function of molecular weight.

that &, is related to the physical process through which an entangled polymer molecule
at the surface s(z) becomes disentangled. The kinetics of disentanglement is believed
to be the rate-controlling step, rather than the convection and diffusion of the polymer
molecule away from the surface.

Evidence for this lies in examination of the temperature dependence of the
dissolution rate. Figure 9-21 shows data [R9-31] for dissolution rate vs. temperature,
in a form that permits calculation of an activation energy. We write

—~E
R = Ryexp A Rg Nn, (9-72)
where R, is the gas constant [1.987 cal/g - mol - K]. These data correspond to an acti-
vation energy of 25 kcal/mol. This is more than twice the activation energy associated
with diffusion, and it is suggestive of the idea that ky is associated with a process
independent of diffusion and convection external to the surface at s(z).

9-4 RESIST PROFILE DEVELOPMENT

In the chain scission model described earlier (Eq. 9-8) the dose of radiation D refers
to radiation energy absorbed at some region interior to the photoresist layer. Thus D
is really a function of spatial position; we refer to it hereafter as the function E (x, y),
where y is the coordinate normal to the plane of the layer. The spatial distribution of
absorbed radiation depends upon the incident radiation, which itself could be some
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1
g
£
(m\. -
=
0.1 N
0.05 L FIGURE 9-21 )
33 3.5 Dissolution rate for PMMA in MEK as a function of
1000/T temperature,

function E(x), and on the absorbing and scattering characteristics of the resist, as
well as on reflection from the substrate.!

We assume first that the radiation physics is sufficiently understood that the
function E(x, y) is available under a given set of conditions. We wish to connect
E(x, y) with the dissolution rate R. Since Eq. 9-8 is m<m=m.2o. we :.nma mnmﬁ to
connect R to M,. This is usually done [R9-32] through the empirical relationship (see

Eq. 9-13)
R(x, y) = Ry+ p(M,)™" (9-73)
Upon combining Egs. 9-73 and 9-8 we find

1, GE(x, »]*
R, ) =Ro+8 | 375+ <oon ©-74)
n

Thus we see that contours of uniform radiation absorption, i.e., lines of E(x, y) =
constant, will be transformed into contours of uniform removal rate. If dissolution is
controlled by the function R(M;), rather than by convection and diffusion external to
the gel-solution boundary, then we expect the development contours (such as those
shown in Figure 9-5) to coincide with contours of R(x, y) = 835_:.. .

Various computational algorithms have been developed for predicting resist pro-
files. References are provided at the end of this chapter.

tNote that we take the incident radiation to correspond to a one-dimensional (line) source. As a result we
consider only two-dimensional profiles here.
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9-5 SPIN COATING OF RESIST

To this point we have assumed that we begin with a thin uniform layer of resist on
the wafer substrate. Now we examine the fluid dynamics of the process by which the
resist layer is created. The most common procedure is spin coating.

The most widely used positive resists are coated from polymer solutions. A
small quantity of solution is dispensed onto the wafer center, and the wafer is spun at
an accelerating rotational speed to distribute the solution across the wafer. The wafer
is then spun at constant speed, typically in the neighborhood of several thousand
revolutions per minute, to produce a very thin uniform film.

There are a number of questions to be raised in considering the spin coating
process:

1. How does coating thickness depend upon spin speed, fluid properties, and spin
duration?

- How uniform is coating thickness across the radius of the wafer?

. To what degree is coating behavior affected by the non-newtonian properties com-
mon to many polymer solutions?

4. To what degree does solvent evaporation affect coating behavior?

W N

We begin to address these questions by considering a relatively simple fluid dynamic
analysis.

9-5.1 Spin Coating of a Nonvolatile Newtonian Liquid

We assume axisymmetric laminar flow under isothermal conditions. Inertial effects
are assumed to be much less than viscous effects, an assumption that seems quite
reasonable for fairly viscous liquids in very thin films. We assume a uniform pressure
distribution within the film. Then the radial component of the Navier-Stokes equations
is simply (see Eq. 3-73)

2
WN@M = —pa?r (9-75)
where u and p are the liquid viscosity and density. Figure 9-22 defines the coordinate
system,

The local film thickness A (r, ¢) is determined by a material balance, which leads
to (see Eq. 3-81) oh 13

T !ﬂﬂ?ﬁ (9-76)

uw

[
_ h(t)

FIGURE 9-22
Coordinate system for analysis of spin coating.
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where ¢ is the volumetric flowrate per unit length of circumference, defined by

h
q H\. v, dz 9-717)
0
Boundary conditions assume no slip at the wafer surface:
v, =0 atz=0 (9-78)
and no shear stress at the free surface:
v, _ atz = h(r 1) (9-79)
9z
These equations are easily solved to yield
pwtr , z 1? (9-80)
= ) dl— |1 - — -
v, W ) o
d =P ©-81)
an q= M

This gives a differential equation for A(r, t) in the form
20 vy =0 (9-82)

For the case of an initially uniform film of thickness hy, that is, for

h = hy at t =0 for all r (9-83)
the solution is easily found to be
4 2 -172
Ao (1429, (9-84)
hy 3u

‘Two points are immediately apparent. One is that if the film is initially uniform with
respect to r [i.e., h(r) = hy = constant], then it remains uniform for all subsequent
time. The second point is that for very thin films, by which we mean for & << hy,
the film thickness decreases like

1/2

h= 3u w12 (9-85)
4p

One of the most interesting elements of this result is that for long times, the film
thickness is independent of its initial value,

Figure 9-23 presents data for spin coating of various nonvolatile newtonian
fluids. The agreement with the prediction of Eq. 9-85 is quite good; the data show
coating thicknesses about 10% above the theoretical values, and this deviation is
within the expected error for the technique used.
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1
1 10 100  FIGURE 9-23
Data for spin coating of silicon oils.
(1) v/t (pm) Viscosities range from 10 to 10* Pa-s.

9-5.2 Planarization

Resist is often applied after some topographical features have already been etched
into a layer on the wafer surface. Coating over a nonplanar surface will produce a
film of resist which is not planar but reflects to some degree the underlying surface
topography. The degree of nonuniformity, i.e., the deviation from planarization, and
the possibility of control of this deviation are the issues of concemn in this section.

We begin with a review of the work of White [R9-48]. Figure 9-24 shows a
coating over an isolated line feature. If H is the amplitude of the initial (uncoated)
step and H, is the amplitude over that step above the level of the subsequent film,
then we may define the ratio H,/H, as a measure of the effect of the feature on
the subsequent coating. We would expect that H,/H, would be a function of the
film thickness far from the feature H. Figure 9-25 shows data typical of this effect
for several resists. Small values of the ratio H,/H, correspond to a high degree
of planarization. One would like to achieve planarization with a minimal amount
of coating, H_. Alternatively, a large (negative) slope of data as in Figure 9-25
corresponds to a resist which achieves good planarization with minimal incremental
coverage. The magnitude of the slope is defined as the planarization constant,

The planarization constant depends upon the viscosity of the resist, as Fig-
ure 9-26 suggests. We see that the lower viscosity resists have a larger (hence better)

H, B—I\ g FIGURE 9-24
h Resist profile spun over an isolated
777, line fe
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0 __ m 3 FIGURE 925
Degree of planarization as a function of
He (um) film thickness. B = 20 um; H; =1 um.
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FIGURE 9-26
0 0.0 0.1 ! Planarization constant as a function
p(Pa - s) of resist viscosity.

planarization constant. The geometry of the feature being covered is also a factor that
affects planarization. Figure 9-27 shows H,/H, values as a function of the breadth B
of a feature. Two resists that differ primarily in viscosity show significantly different
dependencies on feature geometry.

The data just described are for lines that are oriented radially, i.e., their long
axis (about 500 um in all cases) points toward the wafer center. In a subsequent
study, White and Miszkowski [R9-47] compared the effects of feature orientation on
planarization. Figure 9-28 exhibits orientation effects for a specific resist. The notation
1L and || refers to lines oriented with their axis either perpendicular or parallel to a
wafer radius, respectively. The authors do not state the thickness H_, corresponding
to these data but do indicate that resist is spun for 30 s. We might assume, then,
that the 4K and 6K pairs represent different values of H,,, corresponding to spinning
at 4000 and 6000 rpm, and that the 6K data have the smaller values of H_. The
relative position of the 4K and 6K curves is then seen to be consistent with the data
of Figure 9-25.

Orientation effects are modest but visible. Planarization is better for the parallel
orientation, and as seen earlier, planarization is difficult to achieve for large features.
One would expect that the function H,/H; would become independent of orientation
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FIGURE 9-27
Dependence of degree of planarization on breadth of a feature.
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FIGURE 9-28

Dependence of planarization constant on orientation of a feature.

when B becomes large in comparison to H,. This trend would be more evident if a
logarithmic scale were used for H,/H,, but it appears. to be borne out by the data
presented.

All of the foregoing results are for isolated features, White and Miszkowski also
present results for a 10- by 10-um grating with a nominal 1-um step height, with the
500-pm axis (Iength) oriented parallel to the flow. As expected, since the breadth and
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the distance between steps are each 10 times the height, the degree of planarization is
poor, as Figure 9-29 shows. Furthermore, and also as expected, orientation does not
have a larger effect on a grating of these dimensions.

One must keep in mind that a fluid dynamic interpretation of the kinds of results
presented here is made complicated by the fact that the resist is losing solvent, and
hence becoming very viscous, during the spinning process. Thus the behavior exhibited
by a particular resist depends not only on its viscosity but also on its evaporation rate
and the concentration dependence of its viscosity. Relevant studies of these effects
are cited at the end of this chapter.

An additional complication lies in the fact that after a resist is coated upon some
topography, the wafer may undergo heat treatment to remove residual solvent, or to
cure the film. Polymer flow can occur during this phase, and this subsequent flow
could significantly alter the degree of planarization. White [R9-46] shows an example
of this phenomenon for a polyimide resist film (see Fig. 9-30). Isolated features with
breadths in the range of 3-50 ;m were coated. It is assumed that these were all 1-um
step heights, and the subsequent film would be expected to show amplitudes of about

1 1 pm FIGURE 9-29
Coating profiles over a grating, for parallel and
perpendicular orientations. (The horizontal axis is not
to scale.)

200°C
9 pm Tpm 5pm 3 pm 50 pm
400°C
FIGURE 9-30
Effect of curing temperature on coating
9 pm Tpm 5pm 3pm 50 pm profiles.
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1 pm except for the smallest features. The upper trace in Figure 9-30 may be taken as
nearly the original coated profile, since littie flow is to be expected in the polymer film
at this temperature. A dramatic reduction in amplitudes, i.e., significantly improved
planarization, occurs at 400°C,

It is worthwhile to inquire into the mechanism of postspin planarization during
a curing operation. We ask the following questions:

1. What forces act upon the film, capable of causing planarization?

2. What are the relative magnitudes of these forces and of the flowrates that might
be expected to arise from these forces?

After some thought, it would appear that only two forces are available to induce
planarization on a static wafer (see Fig. 9-31). One is gravitational, Assuming that the
wafer is horizontal, then hydrostatic pressure of the order of

P, =pgH, (9-86)

would be available to induce leveling. Using order of magnitude estimates of p=1
and g = 980 (cgs units) and considering a 1-um height (107 cm), we find P, =
0(0.1) dynfcm?,

A second force arises from interfacial tension, and the curvature of the interface.
The pressure associated with this phenomenon is of the order of

P == (9-87)

where R_ is the mean radius of curvature and o is the interfacial tension. Typical
values of ¢ for a polymer melt would be o = 20 dyn/cm. For a small feature we may
use the amplitude H, as an estimate for R, and we find, for H, =1 pm,
20

Fe= 104~ 2 x 10° dyn/cm? (9-88)
It is clear, then, that surface tension dominates gravitational effects, but this still does
not indicate the magnitude of flow to be expected from such a pressure. This may be
estimated by using an analogy to a squeezing flow (see Fig. 9-32). We inquire into the
rate of thinning of a liquid film being squeezed between two surfaces, under a pressure
comparable to P,. The squeezing flow problem may be solved (see Prob. 9-17), and

FIGURE 9-31
Leveling is driven by gravitational
and surface tension forces.
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weight of 225,000. Samples were irradiated with y-1ays in a %Co unit under nitrogen,
with a dose rate of 2864 rad/min. (Note that 1 Mrad corresponds to 6.25 x 10!9 eV/g.)

3 B I
H(o) Dose, Mrad M,
-
FIGURE 9-32 0 225,000
e——R —» A squeezing flow analog to leveling under surface tension. 2.1 175,000
4.1 93,000
6.2 60,000
the film thickness, as a function of time, is found to be _
Hy\? 16P, Ht Find 4 . . o
20 o4 s (9-89) ind the G for this polymer, (The authors of this reference give a value of 1.3 scissions/100
H 3Ry eVv.)
We may define a half-time as ¢ = fya when H = Hy,/2. Then it follows that 94. ¢ §_1@m for PMMA resists. Hatzakis et al. [R9-5] present the following data on 1-
, pum-thick PMMA resist films under 25-keV e-beam radiation. Give the G values of each
9R*1 ) polymer.
ty = 9-90
Y2 16HZ P, 690
PMMA I
We use our estimate of P =2x10° &s.\Q:N, take R/Hy =O(1), and estimate p for Dose, uClem? | 0 | 8 | 12 | 16 | 20 | 2 | 2 [ 36 | 40
a molten polymer at 400°C to be 100 poise. Then we find 3 _
M, x 10 495 | 278 | 2 _ 197 | 163 | 145 | 121 _ 108 | 106
hp=28x10"*s (9-91)
;. . . - . . . — — 0 . ~ c ‘gg> -
18 is a very short time, _.=9om:=m that oosm._anac.m planarization cou d be expected Dose, uClem? _ o _ 8 _ 16 _ 2 _ 36
to occur under the mechanism of surface tension—driven flow. Even if the feature were ;
an order of magnitude larger (thus reducing P,), and if the viscosity were an order of M, x 10 | 203 | 163 12 ] o6 | 04
magnitude larger, and if the feature were 10 times as broad as its height (R/H, = 10),
there would still be time for a significant degree of planarization to, occur under this 9-5. G Values for PMMA. Shultz et al. [R9-7] present data for e-beam irradiated PMMA.
mechanism, The authors state that the _wnmqmw absorbed was calculated according to the conversion of
We note that this model is consistent with the observation that very little pla- 1.0 megarep = 5.24 x 10'% ¢V/g. Note that the weight average molecular weight M,, is

narization occurs over a 50-ym feature (R is very big) while small features “flow out” measured. Assume that M,, = 2M,,. Give the G value in units of chain scissions/100 eV,

almost completely. Although this simple model does not have much quantitative basis

for its application, it does suggest that the surface tension of the molten polymer is a D, Mreps | O | 33 | 55 | 66 | u | 2
key parameter to be explored in developing resists with improved planarization prop- m,x10 | 32 | oar | 024 [ 0155 | 013t | o0se
erties. Unfortunately, there is not much latitude in surface tension values in molten
polymers, but one should exploit whatever latitude there is. 9-6. G Value for polyisobutylene. Chapiro [R9-8, p. 499] presents data on chain scission
under gamma irradiation for a rubbery polymer, polyisobutylene (PIB). Find the G value
for PIB. Use the conversion 1 Mroentgen = 5.5 x 1019 eVi/g.
PROBLEMS .
9-1. Exposure requirement for a PMMA resist. A PMMA resist with M0 = 167,000 is D, Mroentgen | 0 | 14 | 38 | 65 | 17 | 156 [ 303
exposed to ©Co y-radiation with a flux of 10 Mrad/s. Assume the properties of the resist M, x 1073 _ 480 _ 280 _ 190 _ 110 * 55 _ 52 _ 22
are described by the data in Figure P9-1, What exposure time is required to reduce M,
to 50,000? 9-7. Absorption efficiency of e-beam radiation jn PMMA. Kyser and Murata [R9-6] give
9-2. Determination of radiation chemical yield. Using the data in Figure 9-3, calculate the calculated values of e-beam energy deposition in PMMA films, as shown in Figure P9-2.
radiation chemical yield G, in units of chain scissions per 100 eV. Assume that y-radiation In all cases the PMMA film was on an aluminum substrate. How compatible are these
is completely absorbed by PMMA. calculations with those of Hatzakis et al. [R9-5]? Answer by plotting the incident energy at
9-3. Sensitivity of PMMA to ~y-radiation. Parsonage, Peppas, and Lee [R9-10] present the which the film absorbs one-third of the incident radiation, as a function of film thickness.

data tabulated below for a PMMA polymer with an initial number average molecular Compare the results obtained from Figure P9-2 to those from Figure 9-2.

i
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NN i I FIGURE P9-1
0 10 20 Inverse molecular weight as a function of dose for
D (Mrad) PMMA.
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04 pm
..m =
08 pum 1.6 pm
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0 10 20 30
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FIGURE P9-2

Absorption of e-beam energy by PMMA films on aluminum.

9-8. Effect of dose on solubility rate. Hatzakis et al. [R9-5] present the data shown in
Figure P9-3 for development of a PMMA positive resist using MIBK developer. These
authors point out that an important measure of positive resist performance is the increase
of solubility rate R with exposure dose. (a) Determine R(D) from these data, and plot
[R(D) — R(0))/R(0) vs D. (b) Give the exposure dose required to increase R by an order
of magnitude over the unexposed rate R(0).

9-9. Effect of molecular weight on solubility rate. A PMMA positive resist, with an initial
number average molecular weight of 10°, has a G value of 0.75 chain scissions/100 eV
and a solubility rate in MIBK at 25°C of 500 A/min. If the solubility rate vs. molecular
weight relationship is given by (see Eq. 9-73)

R=Ry+1.25 x 10°M;1 (A/min) (P9-1)
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1.2
D(pCfem?)

0.8~
e 0
w n
©

041 6

= 12
2\ \18
[ [ 11 FIGURE P9-3
0 5 10 Development of PMMA resists in MIBK. Parameter
tdey (min) is dose of 15-keV radiation.

give the dose of e-beam radiation, in pClem?, required to yield a solubility rate of 4000
A/min. Assume 15-keV electrons are used on a 1-um resist film.

9-10. Development time vs. dose for PMMA. Plot development time (defined for the purpose
of this problem as the time in minutes to dissolve a 0.5-4m film of resist) as a function of
e-beam dose (in .C/cm?) for a resist with the following properties (see Eq. 9-73): Ry =84
A/min; B =3.14 x 108 A/min; @ = 1.5. The resist is PMMA with M9 =2 x 10% and
G = 0.75. Assume 20-keV electrons are used. Plot the “contrast function” I'(D) where

= R©) (P9-2)

" R(D)
9-11. Mechanism of dissolution. Tu and Ouano [RS-28] infer that the dissolution of polystyrene
(PS) by methyl ethyl ketone (MEK) is controlled by the kinetics of disentanglement of
PS molecules from the gel-solution interface. An alternative hypothesis is that dissolution
is controlled by diffusion of free polymer molecules across a convective boundary layer
that separates the gel interface from the polymer-free solvent. If the latter were true, we
would expect to find that the dissolution rate R would be given by
D,C*
R~ Lk (P9-3)

where D, is the diffusivity of polymer in solvent and & is the boundary layer thickness.
Assume that § is fixed by the conditions of development, and test Eq. P9-3 against the
following observations:

My, x 10~5 Cyy X, (A/min)

1.0 0.27 1.7 x 10°
3.0 0.09 1.2 x 106
5.0 0.054 52x10*
7.0 0.038 6.6 x 10°
10.0 0.027 2.6 x 102
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The diffusivity of polymer in solvent is
D, =5.5 x 107*M;% cm?/s (P9-4)

9-12. Effect of developer dilution on development time. The data in Figure P9-4 show the
effect of developer strength on the rate of dissolution of a novolak resist. The developer is
a commercial Shipley AZ (aqueous alkaline) developer with a pH (undiluted) of 12.9. The
parameter on each curve is the volume ratio of developer to water. Plot development time
against the ratio of AZ developer to water. Suppose the developer became progressively
diluted by rinsewater over some period of time. What percentage change in concentration
could be tolerated in an initial 1:1 developer solution if a 10% change in development
time were tolerable?

s (um)

1 1 1 FIGURE P9-4
0 1 2 3 4 5 6 7 Effect of dilution of developer on
tgev (min) development time.

9-13. The depth-dose function for e-beam absorption. Electron beam radiation is absorbed
by a solid to a degree that depends upon the depth of penetration. The so-called depth-dose
function may be calculated from

E (2} = —==A(f) (P9-5)
a Q mﬂw

where the (empirical) function A(f) is given by Greenleigh [R9-35] as

>QVMo.§+A.q\Im.o\~+u.m\u (P9-6)
f is a normalized depth defined by
z

== P9-7
Rg P9-7)

where Rg; is the so-called Gruen range of the solid. For PMMA
Rg =38 x 107°g}7 (P9-8)
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with R in um and E; in keV. For PMMA irradiated with a dose D = 100 uClem?,
plot the absorbed energy density (eV/cm?3) vs. depth z(um) for accelerating voltages E
of 5, 10, and 20 keV. ?

9-14. The fraction of absorbed energy from e-beam radiation. Define the average of the
energy absorbed as

I ~N
m.nH .Nl\o. Maﬁv&n (P9-9)

where E,(z) is the depth function given in Eq. P9-5. Show that

E, 074 + 235 30 09
E-RTR BTE (P-10)
where

mn
znw (P9-11)
Plot E,/E, against Eq for PMMA films of thickness 0.5 and | pm.

9-15. Spin coating of a low-vapor pressure solution. Equation 9-84 may be written in a
dimensionless format as

H=Q1+1)"172 (P9-12)
h
where H= ﬂ (P9-13)
4pa?h?
and T= 5 oy (P9-14)

Jenekhe [R9-45] presents the data shown in Figure P9-5 for spin coating of two polymer
solutions (polyvinyl acetate and polyamic acid) in low-vapor pressure (< 1.3 Pa at 20°C)
solvents. For each solution the mass fraction of solids was approximately 20%. The data
shown use for 4 the “dry-film” thickness subsequent to “baking” the wet film in an oven.
The wet-film thickness was used for hy. Test the following hypothesis: the solution spins

LA

i
T

T LERRLiH

0.01

0.001
0.01 ) 100 1000

FIGURE P9-5
Spin coating data for Prob. 9-15, H is the dimensionless dry film thickness.
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out to a uniform “wet” film, according to Eq. P9-12, in such a short :.Ba that there is no
significant solvent loss. The observed dry film then follows upon baking the solvent out
of the wet film, leaving behind the solids content only. ) .

9-16. Spin coating of two resist solutions. Examine the spin coating data in a m_mE.o mo.-m
{R9-51]. Fluid I is a 28-cP viscosity Hunt Waycoat type IV v:oa.nom._& 5.5 a mo_&w
fraction of 0.091. Fluid II is a 2040-cP Hitachi Chemical PIQ polyimide .i:: a solids
fraction of 0.11. Test Eq. P9-12 (and read Prob. 9-15 regarding evaporation) for each
fluid. Speculate on the failure of fluid II to follow Eq. P9-12.

50 It —

wmbl .
-

I
1.0{- .
0.5 B | | I I |
! 2 4 6 FIGURE P9-6
(1000 rpm) Spin coating data for Prob. 9-16.

9.17. A mode! of leveling. With reference to Figure 9-32, derive an expression for the squeezing
of a film of viscous liquid between two plane parallel surfaces. Do two cases, correspond-
ing to two different assumptions about the physics at the upper surface. E.o:m case assume
no slip of the fluid at that surface (as well as at the lower mcn.?nov m:a E.Eo other nmmo
assume that there is no shear stress at the upper surface (while maintaining the no-slip
assumption at the lower surface). What boundary conditions does m@. 9-89 correspond
to? Which of your two models is more realistic for the case of leveling?
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