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Abstract

As device density and performance continue to improve, low dielectric constant (k) materials are needed for interlevel dielectric (ILD)
applications. The dielectric anisotropy of polymers with low k is an important property to consider for developing ILD. This is on-going
research on the integration aspects of Cu—SiLK™ system. In this study, the dielectric anisotropy of SiLK polymer was evaluated with two
test structures: the metal-insulator-metal (MIM) parallel capacitor structure for the out-of-phase dielectric constant (k, ) and comb-and-
serpentine interdigitated structure for the in-plane dielectric constant (k). A k, of 2.65, a k| of 2.75, and a dielectric anisotropy of 3.77%
were obtained for SILK. However, SiLK exhibits larger leakage current as compared to amorphous SiO, films. The reliability issue on

the integration of Cu-SiLK is discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

As interconnect feature size decreases and clock fre-
quency increases, interconnect RC time delay and current
density increment become the major limitations on achiev-
ing high circuit speeds and reliability. Small capacitance
(C) between interconnects is required to reduce the cross-
talk, insertion loss, and RC delay associated with the metal
interconnect system. Therefore, the interconnect with low
dielectric constant (k) material are required. Polymers, with
low processing temperatures, ease of application, and good
surface planarization, have attracted much attention in the
application for low dielectric constant materials. However,
polymer thin films are anisotropic due to the preferred
chain orientation in the film plane and a ~21% difference
between the in-plane dielectric constant and the out-of-
plane dielectric constant was reported for a fluorinated
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polyimide (DuPont EPI-136M) [1,2]. Hence, the dielectric
anisotropy of low dielectric constant polymers is an impor-
tant parameter in selecting low dielectric constant materi-
als. Besides, the integration of low dielectric constant
materials is a critical parameter in controlling electrical
performance because it affects the propagation delay,
crosstalk, and power dissipation of the integrated circuits
[3-8].

This is on-going research on the integration aspects of
Copper-SiLK systems. SiLK (trademark of the Dow
Chemical Company) is a low-molecular-weight aromatic
thermosetting polymer. SiLK films are one of the most
attractive interlayer dielectrics because of their good sur-
face planarization characteristics, low dielectric constant
and high toughness [9,10]. In the previous work [11], the
thermal characteristics of SiILK are investigated to evaluate
the feasibility of SiLK for low dielectric constant materials.
Besides, the electromigration in Cu with SiLK passivation
was studied and the mechanism is explored [5,11]. In this
study, the dielectric anisotropy of SiLK is investigated. In
the application of low dielectric constant polymer, it is
advantageous in process integration to employ an inorganic
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liner such as SiO, or SizNy. The introduction of liner helps
in obtaining interconnect patterns with better resolution,
enhancing the dielectric breakdown strength, etc. [12].
However, the liner may behave as a current leakage path.
In this work, the leakage currents between SiLK and inor-
ganic liner SiO, are studied, and the pros and cons of using
SiLK as low dielectric constant materials are discussed.

2. Experimental procedures

Four-inch diameter p-type (100) Si wafers with nominal
resistivity of 1-10 Q cm were used as substrates. Metal—
insulator-metal (MIM) parallel-plate capacitors were pre-
pared to measure the out-of-plane dielectric constant. A
30 nm Ta barrier layer and a 600 nm Cu film were sput-
tered sequentially onto the substrate to serve as the bottom
electrode. SiLK films were then spin-coated, baked, and
cured (90 s at 150 °C followed by 60 s at 325 °C followed
by 30 min at 400 °C) to a thickness of ~650 nm. Aluminum
films were then deposited as the top electrode. The out-of-
plane dielectric constant (k) was calculated using the fol-
lowing equation:

ki, = Cd/eod, (1)

where d is the thickness of the dielectric film, C is the mea-
sured capacitance, g is the permittivity of free space, and 4
is the area of the electrode. The amorphous SiO, films,
deposited by the decomposition of tetraethyl orthosilicate,
with 500 nm in thickness were deposited onto Cu electrode
with PECVD (Multi-chamber PECVD, STS-MULTI-
PLEX CLUSTER SYSTEM, England) at 250 °C and
100 mTorr. The dielectric constant of amorphous SiO, film
was also measured with an MIM structure.

Serpentine comb?2

Combl Serpentine

Fig. 1. Comb and serpentine interdigitated test structure for evaluating in-
plane dielectric constant and interface leakage current.

For the evaluation of in-plane dielectric constant (k)
and interface leakage current, an interdigitated comb and
serpentine structure is employed, as shown in Fig. 1.
Fig. 2 gives the flow chart for the preparation of specimens.
A 500 nm SiO, films were grown on the Si substrate. Con-
ventional photolithography was used to obtain SiO,
trenches (300 nm in depth) with the interdigitated pattern
shown in Fig. 1. Ta (~30 nm) and Cu (~600 nm) films were
then sputtered sequentially to fill oxide trenches and were
annealed at 450 °C for 60 min in vacuum. Chemical

Growth of SiO, (~500nm)

|

Photolithography to obtain oxide
trenches

| |

Sputtering of metal (Ta(~30nm)
followed by Cu(~600nm))

| |
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Fig. 2. (a) Flow chart for the preparation of samples and (b) schematic
diagram of the sample cross-section.
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mechanical polishing was then employed to obtain a
smooth specimen with cross-section shown schematically
in Fig. 2b. Some specimens were then coated with SiLK
or Si0O,. The thickness of the coating is ~650 nm. An addi-
tional photolithography was used to open bond pads for
electrical testing. A C-V analyzer (model 590, Keithley,
USA) and a semiconductor parameter analyzer
(HP4155B, Hewlett—Packard Co., USA) were employed
to measure the capacitance and the leakage current,
respectively.

3. Results and discussion

As described in Section 2, the out-of-plane dielectric
constant (k) is measured with an MIM parallel-plate
capacitor structure. The k, of SiLK and SiO, is 2.65 and
4.21, respectively. Interdigitated electrode structure, shown
in Fig. 1, has been used to determine the in-plane dielectric
constant (k) [1,2]. In order to characterize the dielectric
properties of SiLK in a structure of its actual use, a multi-
layer test structure as fabricated as shown schematically in
Fig. 2a. The capacitances between the metal line passivated
with air (i.e., without passivation), SiO,, or SiLK are mea-
sured. The interdigitated metal line structure is used to
amplify the capacitance between the metal lines, as shown
in Fig. 2b. The length of the serpentine metal line is about
400 pm. The capacitance measured, C, includes the capac-
itance contributed by SiO; (Cpotiom T Csige) and the dielec-
tric passivation (Cip). As shown schematically in Fig. 3a,
C equals to the sum of Cip, Csige and Cpottom, Where Cgige
is the line-to-line capacitance, and Ci,p, and Cyoriom are the
fringe capacitance. The capacitance of specimens passiv-
ated with air (i.e., unpassivated), SiO,, and SiLK are
22.6 pF, 36.9 pF, and 30.2 pF, respectively. The accuracy
of measurements is +0.1 pF. The dielectric constant of
air is ~1. Because SiO, is amorphous and without preferred
orientation, the dielectric behavior of SiO, should be iso-
tropic and the dielectric constant of SiO, is 4.21 which
obtained from the MIM structure. Because (Cpotiom T
Csiqe) are approximately constant for the three specimens,
Ciop = C = (Chottom T Cside) is proportional to the dielec-
tric constant of the passivation. Hence, the dielectric con-
stant of SiLK can be interpolated from the C-k curve
shown in Fig. 3b. The dielectric constant k thus obtained
is 2.70 from SiLK. The k, of SiLK is 2.65. The difference
between the &, and the k obtained from C,,, of Fig. 3a sug-
gests that the dielectric behavior of SiLK is anisotropic.
The capacitance Ci,, consists of relatively large fringe
capacitance from the extension of electric fields around
the metal lines. However, it is beyond the scope of this
research to analyze the electric field distribution inside
the dielectric layer of the capacitor C,, and to calculate
the in-plane dielectric constant k| of SiLK on the basis of
the gross dielectric constant k (2.70), the out-of-plane
dielectric constant &, (2.65) and the electric field. Since
the gross dielectric constant k is within the range of &, and
kj. It is estimated that the gross dielectric constant k is
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Fig. 3. (a) Schematic diagram of the capacitance between metal lines, and
(b) capacitance vs. dielectric constant plot for specimens with various
passivations. The measured capacitance is C, C = Ciop + Ciige + Coottoms
and (Csidc + Cbonom) is constant, Clop =C- (Cboltom + Csidc) is propor-
tional to the dielectric constant of the passivation, so the dielectric
constant of SiLK can be obtained by the C-k plot.

around the average of k ,and k. The k| thus obtained is
2.75.

The dielectric anisotropy is attributed to the preferred
chain orientation in the plane of the polymeric thin film,
resulting in properties in the film thickness direction differ-
ent from those in the film plane. Cho et al. reported that
molecular structure affected the dielectric anisotropy of
polymers. Rigid rod-like polymers, such as fluorinated
polyimide, EPI-136M, have a strong propensity to align
parallel to the substrate when solution cast due to a sub-
strate confinement effect, while flexible chain polymers,
such as fluorinated poly(aryl ethyl) (FLARE-1.51), have
a smaller propensity to align parallel to the substrate and
are more likely isotropic [1]. Table 1 summarizes the chem-
ical structure and the dielectric constant of four low & poly-
mers. Fig. 4 exhibits the percent anisotropy ((kj — k.)/
k., x100%) as a function of weight and/or length of the
monomer. The anisotropy data shown in Table 1 and
Fig. 4 are derived from three separate studies with three
different structures of multilayer test vehicles (Ref. [1,2]
and this work). Polymers with low monomer weight
(<400 g/mol) exhibit small anisotropy, but no specific trend
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Table 1
Chemical structure and dielectric constant of some low k polymers
Polymer Structure k| ki % Anisotropy, Weight of monomer Length of Note
Ak = (ky — ke )]k, (i.e., n=1) (g/mol) monomer
(%) (nm)
SiLK o 275 2.65 216 0.464 This work
nﬁ,n and Ref. [9]
P Ar Ph
"o
Ph Ar—l-gu—n'
Fluorinated polyimide 0 2.790 2.305 21.04 1046 0.57 Ref. [1]
(DuPont EPI-136M) { :: : E :?ﬁ; : (}4
(]
PMDA TFMOS DA PO
Poly(aryl ethyl) (allied 2.565 2.618 328 0.424 Ref. [1]
signal FLARE-1.51)
1 %
n
Aromatic polyimide, 33 3.1 356 0.26 Ref. [2]

BPDA-PDA*

{Niiméw@}:

# Poly(p-phenylene bihenyltetracarboximide).

is observed between the anisotropy and weight of mono-
mer, probably due to the experimental errors and/or struc-
tural differences. However, the anisotropy increases with
further increase of monomer weight, the higher the weight
of monomer, the larger the dielectric anisotropy, as can be
observed from Table 1 and Fig. 4. Factors that affect the
evaluation of the in-plane dielectric constant and the
anisotropy include measurement error (<0.5% in this
study), the estimate that the gross dielectric constant is
about the average of k| and k,, the structure of the test
vehicles, such as: aspect ratio between the electrode spacing
and the dielectric thickness, the hierarchy of the various
dielectric layers with respect to metallization, the depen-
dence of the lateral capacitance on the thickness of the
dielectric between metal trenches, etc.

A dielectric material reacts to an electrical field differ-
ently from a free space because it contains charge carriers
that can be displaced (i.e., polarized), and charge displace-
ments within the dielectric can neutralize a part of the
applied field, and, consequently, increase the amount of
charge stored. There are various possible mechanisms for
polarization in a dielectric material, such as: electronic
polarization, atomic polarization, molecular (orientation)

polarization, and space charge polarization. The dielectric
anisotropy of the polymer is resulted from the molecular
polarization which has a relaxation time corresponding to
the particular material system and, in general, cannot fol-
low the electric field when the applied frequency exceeds
~10' Hz. In this study, the applied frequency is 10° Hz,
hence, molecular polarization contributes to the anisotropy
of SiLK.

The leakage current of specimens with SiLK or SiO,
overlayer is evaluated with the comb and serpentine inter-
digitated structure shown in Fig. 1. The metal lines were
coated with SiLK or SiO, as described in the experimental
procedures. Fig. 5 exhibits the comb current 7., as a
function of serpentine voltage Vi, for specimens with
the different coatings. It is obvious that the leakage cur-
rents of specimens with SiLK overlayer are larger than
those of specimens with SiO, overlayer. There are various
paths for current to flow, such as: through the interface
of the overlayer and the underlayer, through the bulk of
overlayer, and/or through the underlayer, as shown sche-
matically in Fig. 6a. If the majority current flows through
the bulk, the leakage current should be approximately
inversely proportional to the length of the path, since the
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Fig. 4. Percent anisotropy (kj —k,)/k, x100% as a function of: (a)
length of monomer and (b) weight of monomer of four low k& polymers.
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Fig. 5. I.omp as a function of Vi, for specimens coated with SiO, or
SiLK.

resistance is proportional to the length. As shown schemat-
ically in Fig. 6b, I, should be approximately twice of
L.omba. However, if interface current flow dominates, then
there is no apparent relation between leakage current and
path length. To identify the major current leakage path,
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Fig. 6. (a) Partial cross-section of the specimen and possible current
leakage paths indicated by arrows. Current can flow through the overlayer
(1,2), the interface between the overlayer and the underlayer (3,4), and the
underlayer  (5,6). That is Iyp=1Iy)+ I3 +1Is, and
v2 = 12y + 14y + Is). (b) Equivalent circuit model when current flown
through bulk layer is the major path. That is Iy, =~ 1) + (5, and
Leomp2 = 1(2) +1(5). R; represents the resistance to current flow via path i
and is proportional to the length of the path. Because the distance between
combl and comb?2 is about twice that between combl and serpentine, so
Ly = 21, 5y = 21 (5), and I, = 21 comba, if current flown through bulk is
the major leakage path.
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Fig. 7. Leakage current Iy, and Ioomp> as a function of Vegmp for
specimens coated with SiLK.

voltage was applied onto pad of combl, and currents were
measured at pads of comb2 and serpentine. As observed in
Fig. 7, Isp is much larger than I.ompo, and this suggests
that the SiLK/SiO, interface is the major path for current
leakage flow.
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Table 2
Dielectric properties of SiLK and SiO, as well as reliability issues [11] for
Cu-SiLK and Cu-SiO, system

SiLK Sio,

Dielectric constant k) 2.75 4.2

ki 2.65 4.2
% Dielectric anisotropy (ky — ko) 3.77 0
k., x 100%

Dielectric leakage current Toomp at 568 112
Vierp =6V
(pA) (Fig. 5)

For reliability issues [11] Cu- Cu-
passivated passivated
with SiLK  with SiO,

Thermal impedance of Cu, °C/W 1832 1604

Electromigration (EM) 225°C 42x10°s  56x10°s

lifetime of Cu 250 °C 21x10°s  3.1x10°s
interconnects at 300 °C 29%10%s 5.4%10%s

2.8 x 10° Afem?
Activation energy Q for EM of Cu (eV) 0.71 0.89
Predicted EM lifetime* of 100 °C 6.49%x10"s  8.51x10%s
Cu interconnect at 25°C 1.69x10°s 9.04x 10" s
2.8 x 10° Afem?

% The predicted EM lifetime is calculated on the Arrhenius equation:
T = exp (2 — 2
Iry kT kT> )"

Table 2 gives a comparison between Cu-SiLK™ and
Cu-Si0, systems. The low dielectric constant of SiLK ren-
ders it a good candidate as interlevel dielectric, however,
the larger leakage current, higher thermal impedance, and
the poor electromigration resistance of Cu passivated with
SiLK cast the reliability concerns for Cu-SiLK system.

4. Conclusions

The dielectric anisotropy of SiLK films is studied. The
out-of-plane dielectric constant (k,), measured with an
MIM structure, is 2.65. The in-plane dielectric constant
(k) was evaluated with a comb and serpentine interdigita-
ted structure and an estimate to the gross dielectric con-
stant on the basis of k| and k. The k| obtained is 2.75.
The dielectric anisotropy of SiLK, ~3.77% is attributed
to the molecular polarization and should fade away at high

frequencies (>10'° Hz). The low dielectric constant renders
SiLK a good candidate to replace SiO, for low dielectric
constant material. However, Cu passivated with SiLK
exhibits larger leakage current, higher thermal impedance,
and shorter electromigration lifetime than that passivated
with SiO,. Hence, there is a reliability concern for the inte-
gration of Cu-SiLK system.
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