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ABSTRACT

A new, enhanced kinetic model for the dissolution rate of photoresists is proposed which builds on the original kinetic model
proposed by the author. The new mechanism more accurately describes the chemistry of the dissolution process by taking into
account both the dissolution inhibition and the dissolution enhancement effects of a photoactive compound on the base resin. Re-
sults are shown which agree with previously published experimental data.

Process models are useful on many different levels. If a
model accurately describes the behavior of a physical process,
it can be used to quantitatively explore the behavior of the pro-
cess, the interactions of input variables, and process sensitivi-
ties. In addition, if the model has its basis in the fundamental
physics or chemistry of the process, it can be useful in under-
standing the effects of that physics or chemistry.

Simulation of the optical microlithography process used in
the fabrication of semiconductor integrated circuits began in
the mid 1970s (1, 2), and has progressed greatly since then
(3, 4). One important part of every lithography model is a de-
scription of the development process. In particular, a develop-
ment model must predict the development rate of a photore-
sist as a function of the chemical composition of the resist.
(The chemical composition of the resist is intentionally modi-
fied by selective exposure of the photoresist to light.) The orig-
inal Dill development rate model (2) was an empirical curve fit
of experimental development rate data. The three parameters
for the model had no physical significance and the model fit
the data only over a limited range. The Kim model (5) was pro-
posed to improve the fit over the full range of data. The model
was again empirical, but at least one of the three parameters
had some physical significance. The author proposed a kinetic
model for development (6) which will be described in some de-
tail below. This four parameter model is based on a proposed
chemical mechanism for the effects of the various chemical
species on the development rate. The advantage of the kinetic
model is that all of the parameters have physical significance
and thus the lithographic behavior of the photoresist can be
correlated with the chemical mechanism giving rise to that be-
havior. Daniels and Trefonas (7) later proposed a similar mech-
anism for the development rate and gave an explanation as to
why this mechanism was reasonable. Shortly thereafter, Hirai
(8) proposed the same development rate model.

This paper will propose a new, enhanced kinetic model for
development which builds on the original Mack model. The
new mechanism more accurately describes the chemistry of
the dissolution process.

Background

A typical diazonaphthoguinone (DNQ) positive photoresist
has two basic components. The bulk of the photoresist (typi-
cally 70% by weight) is made up of a Novolac resin. By itself,
the resin is moderately soluble in the aqueous base used as a
developer. The remaining portion of the resist is a photoactive
compound (PAC). A PAC wili contain one or more photoreac-
tive sites per molecule. Upon exposure to light, the photoac-
tive compound is transformed into a carboxylic acid. The PAC
acts to inhibit dissolution of the resin. On the other hand, the
carboxylic acid enhances the dissolution of the resist. Thus,
exposure results in a solubility change.

The original Mack kinetic model for resist dissolution cen-
tered around the principle of dissoiution enhancement. A mix-
ture of resin and photoactive compound is considered insol-
uble. By converting some of the PAC to a carboxylic acid, the
dissolution rate is enhanced. Thus, the rate of dissolution is
given by

Rzkdevpn [1]

where P is the concentration of the carboxylic acid, kg, is a
rate constant, and n is the order of the reaction. Letting M be
the concentration of PAC reactive sites after the exposure and
M, the initial concentration, stoichiometry gives

P=M,—M 2]
It is common to normalize the concentrations to M, giving

P M 3]
= —_— m = —
P M, M,

Now Eq. [1] can be slightly rearranged to yield
R = Rpax (1 —m)" (4]

where Rp.,, the maximum dissolution rate, occurs whenm =0
(i.e., after complete exposure) and is given by

Rmax = kdeng [5]

Equation [4] can be madified to take into account the dissolu-
tion of unexposed resist by simply adding Rnin

R = Ryax (1 — m)® + Ruin [61

In effect, adding Ry, assumes that the dissolution of the unex-
posed resist occurs by a different, independent mechanism
than the dissolution of exposed resist.

New Kinetic Model

The previous kinetic model is based on the principle of dis-
solution enhancement. The carboxylic acid enhances the dis-
solution rate of the resin/PAC mixture. In reality this is a simpli-
fication. There are really two mechanisms at work. The PAC
acts to inhibit dissolution of the resin while the acid acts to en-
hance dissolution. Thus, the rate expression should reflect
both of these mechanisms. The following paragraphs present
a new proposed mechanism for resist dissolution.

The Novolac resin molecule can undergo two reactions. In
the presence of developer, Novolac and carboxylic acid will
form a soluble species X which is dissoived away. For a Novo-
lac concentration of N, this step gives an elementary reaction

N + nP*X [7]

where n is the number of exposed PAC sites which act in con-
cert to cause dissolution and k is the rate constant. Novolac
can also react with unexposed PAC sites to form an insoluble
complex Y. The resulting reversible reaction, which takes
place prior to the development step, is

N+ IMXY (8]

where / is the number of unexposed PAC sites which act in
concert to form the complex Y. K is the equilibrium rate con-
stant and is given by

Y
- 9
K=— (9

The concentration of available Novolac sites is equal to the ini-
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tial Novolac concentration N, minus the amount consumed by
reaction [8]

N=N,-Y [10]
Combining Eq. [9] and [10] gives
Ny
N=——— [11]
1+ KM
The rate expression resulting from Eq. [8] is
dX
— = kNP" [12]
dt

Using Eq. [11] for the available Novolac concentration gives

dX  KNP" [13]
at 1+ KM

Dissolution of the photoresist can take place by two meth-
ods. The activated resin complex X will dissolve at a rate pro-
portional to dX/dt. Any Novolac which has not formed the Y
complex will dissolve at a rate given by

K'No

Riovotac = K'N = m

[14]

The total dissolution rate R is the sum of the two rates dis-
cussed above

daX
R=KN+ K — [15]
at

Combining Eq. [13]{15] and simplifying the resulting constants
gives the desired form of the overall photoresist dissolution
rate

1 4+ Kopn (1 — m)°

R= Rr in
=+ Kion (m)'

(16]

where k.., is a constant representing the enhancement
mechanism, n is the enhancement reaction order, k;,, is a con-
stant for the inhibition mechanism, / is the inhibition reaction
order, and Ri.sn is the development rate of the resin alone (=
k'Ng).

For no exposure, m = 1 and the development rate is at its
minimum. From Eq. [16]
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Fig. 1. The enhanced kinetic model for development rate
for various values of n and I (Ry,.x = 100 nm/s, Ry = 0.1 nm/s,
Regqin = 10 nm/s).
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Fig. 2. The enhanced kinetic model for development rate
for various values of n and f (R, = 100 nm/s, Ry, = 0.1 nm/s,
Rresin = 1 NM/s).

Rmin - Rresin

(17]

Similarly, when m = 0, corresponding to complete exposure,
the development is at its maximum

Rmax = Rresin (1 + Kenn) [1 8]

Thus, the development rate expression can be characterized
by five parameters: Rnax, Rumin, Rresins N, @and /.

Obviously, the enhanced kinetic model for resist dissolution
is a superset of the original kinetic model. If the inhibition
mechanism is not important, then k;,, = 0. For this case
Eq. [16] is identical to Eq. [6] when
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Fig. 3. The enhanced kinetic model for development rate
for various values of n and t (R, = 100 nm/s, Ry, = 0.1 nm/s,
Riesin = 10 nm/s).
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Rmin = Rresiny Hmax = Hresin kenh [1 9]

Figures 1-3 show plots of the enhanced kinetic dissolution
model for different values of n, /, and R,.s.. These curves show
avariety of different shapes, simitar to the shapes found for ac-
tual photoresists (9).

The author’s original kinetic model also included effects of
developer diffusion to the resist surface (6). This diffusion ef-
fect can be included with the enhanced kinetic model pro-
posed here in the same way.

Conclusions

A new model for resist dissolution has been given based on
a proposed dissolution mechanism. Each term in the model
has physical significance. Thus, by fitting the model to experi-
mental data, one can learn about the chemical kinetics of the
dissolution process (e.g., the relative importance of the disso-
lution enhancement and inhibition mechanisms). Work is now
ongoing to compare the predictions of the enhanced kinetic
model with experimental results for real and modei photoresist
systems. incorporation of this model into a complete lithogra-
phy simulator will enable lithographers to evaluate the trade-
offs between enhancement and inhibition and their effects on
resolution and process latitude. Further, photoresist manufac-
turers may be able to optimize their designs in the same way.
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ABSTRACT

The orientation control of electroless copper films on copper seed layers with different preferential orientations was investi-
gated. Copper films, deposited by electron-beam evaporation, show an epitaxial relationship with the Si substrates, resulting in
(100)- and (111)-oriented Cu films on (100) and (111) Si substrates, respectively. lon-channeling, plan-view and cross-sectional
transmission electron microscopy and x-ray diffraction have been employed to investigate the orientation dependence of the cop-
per layers on the copper seed layers with (100) and (111) orientations and surface condition between electroless copper and

E-beam copper layers.

Very recently, interest in copper as an interconnect (1) has
generated the need for understanding the oxidation of copper
and its alloy films. Copper is readily oxidized at low tempera-
tures (2). Unlike the oxidation of aluminum, the oxidation rate
of copper is fast, and no self-protective oxide layer forms to
prevent further oxidation. The formation of Cu,O and CuO de-
grade the electrical and mechanical properties of the copper.
Preferential oxidation in some planes of copper was found in
the decreasing order of (100), (111), and (110) faces (3). Here,
(100) face has the fastest oxidation rate. This suggests that
copper films with highly (111) textured grains are more oxida-
tion resistant than those with (100)-texture.

As a potential candidate for ULSI interconnect application,
electroless copper deposition is able to produce layers of ho-
mogeneous thickness both as surface circuitry and as conduc-
tive walls in through-holes of high-aspect ratio (4). It is known
that electroless copper films are (111)-oriented at low over-
potential and (100)-oriented at medium overpotential (5). Jun-
ginger et al. found that the electroless copper films on Ti-
seeded glass substrates are (100)-textured when the baths
contain surfactant, and (111)-textured when they are free of
surfactant (6).

In order to obtain highly textured electroless copper films
with high oxidation resistance, a seed layer with controllable

orientation is needed. Chang (8) reported that copper films,
deposited by electron-beam evaporation at room temperature
without intentional heating of the substrates, show an epitaxial
relation with the Si substrates, resulting in (100)- and (111)-
oriented copper films on the (100) and (111} Si, respectively. In
this paper, we deposited copper by electroless plating on the
copper seed layers with (100) or (111) orientations. We investi-
gate the role of surface cleaning of copper seed layers on the
texture of electroless deposited copper films.

Copper seed layers were deposited on (100) and (111) Si by
using electron beam evaporation. The base pressure of cham-
ber is 1 X 107 Torr, and a deposition rate of 0.5 nm/s was
used. Si wafers were etched in buffered HF and rinsed in DI
water before loading to evaporation chamber. No intentional
heating of substrate was made during deposition. The thick-
ness of copper films ranges from 80 nm to 2 pm. Cu electroless
plating was made in aqueous solutions. The solutions contain
0.1M CuSO, hydrate, NaOH, 5 x 10~* M formaldehyde 37% in
water, CN-, 0.12M ethylene diamine tetra-acetic acid (EDTA),
and surfactants. The sodium hydroxide should be added until
the solution pH at room temperature reaches 12.5. The NaOH
was added before the cyanide. The Cu was deposited at 60°C
with a redox potential of —780 mV. The electroless deposited
copper is around 500 nm thick. The overall reaction takes

Downloaded on 2014-06-02 to IP 128.83.63.20 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use



