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Lithography on Reflective Substrates
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In semiconductor lithography, our god is to create a Spatia variation in resst aong the surface of a
wafer, corresponding to the pattern being trandferred into the wafer. Typicaly, we want the thickness
of the ress to take on only two states. dl of the resst is there or dl of the resst is gone. This ided
binary pattern of resst thickness requires perfectly vertica resst sdewals. Thus, the purpose of
imaging, photoresst exposure, and development is to create a spatia variation in the plane of the wafer
(the x and y directions), but the desire for vertica profiles means that we would like to have no spatiad
variation with depth into the resst (the z direction). Unfortunately, the physics of lithography rardy
alowsthisided to be met.

There are two bas ¢ phenomena which introduce z-dependence to the lithography process: the
propagation of light through the resist during imaging and exposure, and the propagation of developer
through the resist during dissolution. Let's condder just the optica effects here. Aslight travels through
the resst it is absorbed. As a reault, the top of the resst receives a higher exposure dose than the
bottom. For a pogtive ress this leads to “positive’ doped profiles (aresst line is narrower & the top
than the bottom). For anegative ress, “retrograde’ or “negative’ profiles are produced (aresst line is
wider at the top than the bottom). But absorption is rarely the only opticad influence on the profile. As
light reaches the bottom of the res, it is reflected back up into the resst. This reflected ray then
interferes with the light traveling down to produce standing waves (see the Lithography Tutor, MLW
Soring 1994) and possbly swing curves (the Lithography Tutor, MLW Summer 1994). The
reflected light often provides one of the dominant influences in determining the shape of the find resst
profile.

What determines the properties of the light reflected back into the resst? For the smple case of
ress on a very thick subdrate, the reflection coefficient, defined as the ratio of reflected to incident
electric fieds, is determined by the indices of refraction of the resst and the substrate.  For normal
incidence, the reflection coefficient is
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Each refractive index is complex, the imaginary part being directly proportiona to the absorption
coefficient of the materid. Thus, in generd, the reflection coefficient is a complex number. The
magnitude of r determines the magnitude of the reflected light while its phase gives a phase change upon
reflection. Consder atypica resst on slicon at the i-line wavelength (365nm).  The magnitude of the
reflection coefficient is about 0.63 with a phase of 169°. For resist on duminum, r = 0.93D138°. For



more complicated layered subdtrates, both the magnitude and phase of the reflection coefficient will
depend on the thicknesses of the various layers.

Consder a smple but common film gsack: resst (1mm thick) on slicon nitride (100nm) on
glicon dioxide (40nm) on dlicon. The reflection coefficient between the resst and the underlying film
gack is afunction of the optical properties of dl of the materias, but dso of the thickness of the nitride
and the oxide films. For example, variation of the nitride thickness leads to a moderate variation in the
magnitude and a large variation in the phase of the reflection coefficient, as shown in Figure 1. Oxide
thickness variations produce smilar effects.

What will be the lithogrgphic effects of this nitride thickness varigtion? The change in the
meagnitude of the reflection coefficient will have some subtle effects, but the large change in the phase of
the reflection will cause two mgor problems. The resist swing curveis afunction of the phase change of
light that passes down and back up through theresist. Changes in resist thickness cause a change in this
phase, giving riseto asnusoidal variation in dose-to-clear (E;) and linewidth. Any change in the phase
upon reflection will produce the same effect. Figure 2 shows two resist swing curves corresponding to
two nitride thickness (minimum and maximum thicknesses from Fgure 1). The nitride thickness
vaiaion produces its own swing curve, resulting in linewidth variations of the same magnitude as for
ress thickness variations. Control of the nitride thickness (and oxide thickness, for that maiter) is just
ascritical asress thickness control.

The second effect of this phase change upon reflection is on the shape of the resulting resst
profile. When the reflected light is 180° out of phase with the incident light, destructive interference
results in a minimum light intendity at the resst/subdtrate interface. When the reflected light is in phase
with the incident light, condructive interference results in a maximum light intengty a the resst/subdrate
interface. Although standing waves are generdly smoothed out by post-exposure bake diffusion, any
asymmetry in the standing wave pattern ingde the resst can lead to less than perfect reduction of the
amplitude. When the phase change upon reflection is about +90° or -90°, the loca region near the
interface has an average intengity that is higher or lower, respectively, than the average through the bulk.
The reault is resst undercutting and resst footing. Figure 3 shows typica resst profile shapes at
different nitride thicknesses.

One can see that nitride thickness variations of just +20nm can have huge effects on both
linewidth and resist profile shape. If oxide thickness can vary as well, these requirements become even
tighter. In many cases, the lithographic requirements for thin film thickness uniformity and control far
exceed other devicerdated requirements. Of course, the more reflective the substrate the more
pronounced the standing wave and swing curve effects. But the more moderately reflective substrates
(such asthis nitride/oxide/slicon film stack) add sengitivity to film stack thicknesses. In some cases, the
more moderately reflective film stacks can cause more problems with linewidth and profile shape
control.

One approach to reducing the problems of lithography on reflective subdrates is to use a
bottom antireflection coating, the subject of the next edition of the Lithography Expert.
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Figure 1. Variation of the magnitude and phase of the resist/substrate reflection coefficient as a
function of silicon nitride thickness for a film stack of resist on nitride on 40nm of
oxide on silicon.
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Figure 2. Changes in nitride thickness cause a shift in the phase of the resist swing curve,
making nitride thickness control as critical as resist thickness control.



Substrate Reflectivity
1.00

40 -

20

...“....M..Y|H..|.H.

.00 i i i
75 125. 175. 225.

Nitride Thickness (nm)

\S)
o,

Figure 3. Nitride thickness also affects the shape of the resist profile, causing resist footing,
undercuts, or vertical profiles. Substrate reflectivity (the square of the magnitude of
the reflection coefficient) is shown for comparison.



