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In a recent study, low-k thin films with low dielectric constant (�2:1) and high Young’s modulus (>5GPa) were obtained by introducing a remote

plasma step between the traditional plasma enhanced chemical vapour deposition and UV curing. This study shows that the UV curing step with a

narrow band lamp with wavelength of 172 nm induced more network Si–O and Si–H bonds and more densification than the curing step with a

broadband lamp with wavelengths higher than 200 nm. As a consequence, the dielectric constant of the narrow band cured film was slightly

higher, but Young’s modulus and hardness were much improved. Electrical characterization showed good breakdown voltages and a more than

sufficient time dependent dielectric breakdown reliability. The broadband lamp was then used to form thicker films which retained very well the

characteristics of the thin films. # 2011 The Japan Society of Applied Physics

1. Introduction

In order to obtain an improved performance of integrated
circuits, it is necessary to decrease the delay times of signals
in the interconnects. The introduction of copper, in place of
aluminium, was a first step, a second is the introduction of
insulators with a low dielectric constant. Finding a good
low-k material has proven to be more difficult than
predicted. The optimization of a low-k material includes
finding a compromise between an as low dielectric constant
as possible and an as high Young’s modulus as possible as
well as the feasibility to integrate it into single and/or
double damascene structures.1)

Recently, spin-on materials have shown to be possible
candidates for good low-k films.2) However, in general,
industry does not accept spin-on materials for commercial
products. Most plasma enhanced chemical vapour deposition
(PECVD) based films need two process steps: firstly a
PECVD process with co-deposition of a skeleton material
and a porogen and secondly a cure, in general using UV-
light.1–3) The influence of the UV cure has already been
investigated by several authors.1–6) A complete removal of
the porogens seemed to be very difficult and the remaining
porogens created problems e.g. of high leakage current.4)

With this retrospective, the following manufacturing
sequence was developed: firstly PECVD deposit a skele-
ton + porogen SiCOH material, secondly apply a remote
He/H2 plasma to remove the porogen and finish with a UV
cure to strengthen the film.7) A limitation of this method is the
reduced depth of penetration of H radicals to approximately
130 nm, because of their recombination with the pores.

In this paper, the base three-step sequence was further
investigated and optimized by applying different cures.
Besides, the reproducibility was investigated for films of
different thicknesses.

2. Experimental Methods

On top of 300mm Si wafers, a 1 nm thick layer of dry
thermal oxide was grown on the Si wafers prior to the low-k

deposition in order to obtain better quality capacitance–
voltage (C–V ) curves. Then, the advanced low-k (ALK)
films were deposited and processed (a sequence of PECVD
deposition, remote plasma and UV cure) and characterized
as described in detail in ref. 7. In this work we studied the
influence of two types of UV cures: two different types of
lamps were evaluated: a narrow band lamp with 172 nm light
(NB) and a broad band lamp with wavelengths higher than
200 nm (BB).

Films of final thicknesses of up to 120 nm were deposited
in one sequence. Films of 200 nm thickness were obtained
either by applying twice the sequence for obtaining the
100 nm thick films (with BB cure) or by applying twice the
deposition and plasma sequence, followed by one double as
long BB cure.

Thicknesses of the films were measured by spectroscopic
ellipsometry and by X-ray reflection (XRR). Mass was
measured with a high resolution, 300mm wafer compatible,
in-line mass measurement system with an accuracy better
than 0.1mg.

Fourier transform infra-red (FTIR) measurements were
performed after each subsequent process step for the ALK
films with a resolution better than 1 cm�1, averaging 64
spectra within the 400–4000 cm�1 range. For every FTIR
analysis, the background spectrum and the substrate
spectrum (silicon and 1 nm of thermal oxide) were
subtracted.

The surface of the low-k films was characterized by water
contact angle (WCA), taking the average of five measure-
ments.

The Young’s modulus of the low-k dielectric films was
measured by the nano-indentation technique using a
Nanoindenter XP� system with a dynamic contact module
(DCM) and a continuous stiffness measurement (CSM)
option under the constant strain rate condition (0.05 s�1).
A standard three-sided pyramid diamond indenter tip
(Berkovich) was used for the indentation experiments. In
order to minimize the effect of the underlying substrate and
improve the reliability of the extracted data, different key
factors were taken into account.8) In this way, a relative
comparison of Young’s modulus for the two investigated
UV curing conditions was still valid despite the rather low
film thickness. This is nicely illustrated by comparing the
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results for 100 and 200 nm ALK BB cured films, which
reveal comparable Young’s modulus values (see the results
shown in Table IV).

Beside the Young’s modulus, the adhesion of the low-k
material to the liner is also an important characteristic. The
interface adhesion strength is commonly characterized by
the critical strain energy release rate, Gc. The four-point
bending test is a powerful, commonly used technique to
quantify the interface adhesion strength.9–11) The following
procedure was followed. The investigated low-k films were
first deposited on 300mm Si wafers, plasma treated and
UV cured. The process of record (POR) liner (SiCN based)
was deposited on top of these films, followed by a 1 �m
thick SiO2 PECVD film, which serves as a buffer layer
during the four-point bending tests. To produce specimens
for four-point bending tests, the film stack is then
sandwiched in between silicon substrates using an epoxy
(EPO-TEK 353ND) and cured at 125 �C for 120min. Once
cured, the samples were diced into rectangular pieces
of sizes 60� 5mm2. The individual four-point bending
samples were centrally notched at 75% of the total silicon
thickness. Two different sample configurations were tested,
with the notch prepared either at the silicon side, or at the
film side. For each investigated film stack, 10 samples
were tested using a high precision, micro-mechanical test
system using a loading rate of 0.5 �m/s. During four-point
bending, a pre-crack initiates from the pre-notch, propa-
gates towards the weakest interface in the thin-film stack
and then grows stably along the weakest interface. X-ray
photoelectron spectroscopy (XPS) was used to reveal the
exact fracture location (at a certain interface or within
which film).

C–V measurements at 100 kHz were performed for
k-value extractions by using an impedance analyzer
(HP4284A precision LCR meter). Metal–insulator–semi-
conductor (MIS) planar capacitors were formed after e-beam
evaporation of Pt dots upon the blanket dielectric films
through shadow masks. For each sample, different dot sizes
were measured in order to verify that the capacitance scaled
with dot area and to estimate the measurement error which is
typically better than 2%. Finally, the dissipation factor was
always monitored so as to make sure that it was always
lower than 0.1.12) Taking into consideration the accuracy
from the thickness measurements and the obtained capaci-
tance values, the final error on the k-value was estimated to
be �0:1.

More electrical measurements were conducted using a
special test structure based on MIS planar capacitors,
designed to investigate the intrinsic electrical properties of
thin films.13,14) Voltage ramp measurements were performed
at 25 �C, on capacitors with an area ranging from 20�
20 �m2 up to 1� 1mm2. The thicknesses used in the
calculations of the breakdown fields were measured by
ellipsometry in the actual structures used for the electrical
measurements. Time-dependent dielectric breakdown
(TDDB) measurements were performed at 100 �C on
capacitors of 100� 100 �m2 area. At least 4 different
electric field strengths were applied, for each of which at
least 10 structures were measured. All measurements were
done at approximately the same location on the wafer for all
films, to exclude any effects originating from within wafer

non-uniformities. For the Weibull fit of the TDDB distribu-
tions, a maximum likelihood estimation method was used.
To extrapolate the empirical results to user conditions, the
E-model was used.

3. Results and Discussion

Table I shows the influence of the different UV cures on
different characteristics of the different investigated films.
This table shows that by far most of the mass removal, which
indicates the removal of the porogens, was caused by the
remote plasma. The extra UV cures removed much less
porogen—because there was much less porogen present in
the films after the remote plasma. Narrow band UV cures
only removed approximately 80% of the mass removed by
the remote plasmas: the remaining porogen content in the
films after UV cure only was much higher as can be seen
when comparing the UV ellipsometric spectra, as shown in
refs. 4 and 7.

The mass removal data already show that the NB lamp
cure influenced the film more than the BB lamp cure: more
mass was removed but the film thickness was reduced even
more by the NB cure: some densification took place. On the
other hand, the open porosity remained the same within the
experimental error for all the samples. The differences in
dielectric constant were never higher than 0.1, as long as the
Pt evaporation and C–V measurements were done within 48
hs after the UV cure. When the C–V measurements were
done after more than one week, the k-value for the 60 nm
NB sample increased to 2.4, probably due to water
absorption, but a thermal treatment of 20min at 300 �C
reduced it back to 2.2. Although the differences between
samples with NB and BB cure are small, the k value is
systematically somewhat higher for the films cured with the
NB lamp.

The water contact angle also was very similar, although
the systematically lower value for the NB cure indicated a
somewhat less hydrophobic film than for the BB cure.

FTIR analyses, however, showed significant differences in
the composition of the film, as shown in Fig. 1 and Table II.
BB exposure did not significantly decrease the Si–CH3 peak
around 1280 cm�1 nor the CH3 peak around 2800 cm�1

(Fig. 1, inset a), while NB exposure decreased both by

Table I. Mass removed by the different treatments, final thicknesses, open

porosity, dielectric constant and water contact angle for different ALK films.

Nominal

film

Mass

removed

by plasma

(%)

Mass

removed

by cure

(%)

Final

thickness

(nm)

Open

porosity

(%)

k
WCA

(deg)

60 nm NB

cure
39.1 <exp. error 59 45 2.2 86

60 nm BB

cure
38.4 <exp. error 63 45 2.1 88

90 nm NB

cure
30.0 4.7 91 43 2.1 88

100 nm BB

cure
30.0 3.0 104 44 2.1 91

2nd� 100

nm
29.7 4.3 200 42 2.1 91

200 nm,

1 cure
30.7 6.9 201 42 2.0 91
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respectively 36% and 50%. Again, this is a clear indication
that the NB cure removes CH based hydrophobic groups. It
is also very important to observe that the remote plasma and
the BB cure decreased a lot the peaks in the 2800–
3000 cm�1 range, but only lightly affected the Si–CH3 peak
around 1280 cm�1. Hence the non-bound CHx molecules
disappeared and pores were formed. On the other hand, the
Si–CH3 molecules remained in the film, which retained its
hydrophobic characteristics.

The Si–H peak around 2250 cm�1 was only visible after
the NB exposure (Fig. 1, inset b) while the Si–H peak
around 890 cm�1 increased by a factor of 5 after the NB
exposure. These results can be explained by the fact that the
172 nm photon is energetic enough to break the Si–C band
while a 200 nm photon is not, as explained in more detail in
ref. 5.

The FTIR spectrum in the 1000–1250 cm�1 range also
shows more network Si–O for the NB cured film than for the
other treated films, as the peak for the convolution of the
network and the suboxide peaks moves to a somewhat higher
wave number. There was clearly less cage type of Si–O
bonds in the NB cured films, as can be seen in the much
lower shoulder around 1140 cm�1.15) The network Si–O
bond is the strongest bond and the cage Si–O bond is the

weakest, hence from this spectrum one would expect better
mechanical characteristics for the NB cured film than for the
BB cured film. This is confirmed below and in Table III,
where the nanoindentation results are presented.

Because the dielectric constant of the films with the BB
cure was consistently lower, different, higher thicknesses
were investigated with the BB cure.

When comparing the characteristics for the different
thicknesses, it is clear that the remote plasma removed
relatively more mass (probably porogen) from the thinner
60 nm film than from the 90 nm film (a standard NB UV cure
immediately after deposition removes approximately 24% of
the mass). Both UV cures were able to remove (at least part
of) the still remaining porogen. UV spectroscopic ellipso-
metry indicated the presence of little or no porogen in all
ALK films after the plasma + cure treatments.

As shown in our previous study,7) it was difficult for the
remote plasma to remove the porogens efficiently from films
thicker than 130 nm. For practical integration schemes,
certainly for double damascene integration, it is necessary to
obtain films thicker than 130 nm. As said in the experimental
section, these thicker films were obtained by repeating the
deposition–plasma sequence, followed by 1 cure after each
plasma or by a longer cure after the second plasma. Table I

Fig. 1. (Color online) FTIR spectra of nominally 90 and 100 nm ALK films, as deposited, after remote plasma and after extra NB or BB cure.

Table II. Relative change of FTIR peak heights (as deposited

films = 100%) for the nominally 90 nm NB ALK and 100 nm BB ALK

films.

CH3

(%)

Si–CH3

(%)

Si–H

(%)

After remote plasma �50 �9 0

After extra NB cure �75 �36 +400

After extra BB cure �50 �9 0

Table III. Mechanical properties, Young’s modulus, and hardness of

different ALK films.

Film

Young’s

modulus

(GPa)

Hardness

(GPa)

90 nm ALK, NB cure 5:9� 0:7 0:59� 0:07

100 nm ALK, BB cure 3:5� 0:4 0:36� 0:04

2� 100 nm ALK, 2 BB cure 3:2� 0:3 0:35� 0:05

2� 100 nm ALK, 1 BB cure 3:3� 0:4 0:37� 0:06
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shows results of mass removal for these process steps. The
mass removed by the first plasma and the first BB cure are
shown in the fourth row, for the 100 nm thick film. The fifth
row shows how much mass the second plasma treatment and
the second cure removed: The mass removed by the remote
plasma of the second 100 nm was, within the reproducibility,
the same of the first 100 nm film, no extra porogens were
hence removed from the lowest 100 nm film with the second
plasma. However, the BB cure was able to remove some
more mass, also from the lowest part of the final 200 nm
film. The sixth row shows the result of the mass removed by
the second plasma, but for this sample, no UV cure had yet
taken place at that moment. This second plasma apparently
is able to remove a small portion of the porogen still
remaining in the lowest 100 nm of the film. On the other
hand, the longer BB cure is certainly able to remove also
porogens from the lower 100 nm of the film. This shows,
again, that the UV cure was able to modify the material
deeper than the remote plasma does. In the end, one may say
that the longer, one step BB cure is as efficient as the two
short BB cures.

The characteristics of the obtained 200 nm films are also
shown in Table I. The 200 nm thick film with only one long
cure had the lowest dielectric constant, probably because the
second He–H2 plasma was able to remove some extra
porogen from the lowest 100 nm of the film.

The mechanical characteristics of the different investi-
gated films are shown in Table III. The nanoindentation
showed that the films cured with the narrow band, short
wavelength lamp acquired much better mechanical char-
acteristics, both Young’s modulus and hardness. The small
differences in measured Young’s modulus between the
samples with the BB cure, for the 100 and 200 nm thick
films, were probably due to the difference in film thickness,
causing a different substrate effect. The fact that this
measured difference was very small, is a strong indication
that the accuracy is quite good and that the comparison
between the results of the different films is valid.7) To the
authors’ best knowledge, the combination of a 2.1–2.2
dielectric constant with a 5.9 Young’s modulus is the best
combination ever reported for PECVD deposited films and
also favourable to most spin-on-glass (SOG) type low-k
films. This better mechanical characteristic is completely
compatible with the fact that much less cage and more
network Si–O bonds were found in the FTIR spectrum of the
NB cured film, as explained above.

Figure 2 shows the combination of Young’s modulus and
dielectric constant for different CVD and spin-on low-k
materials. All the values in this figure were obtained by very
similar measurement procedures for all these materials,
hence it is possible to make a significant comparison. It
shows the very good combination of electrical and mechan-
ical characteristics of the films studied in this paper.

The results in Table I also show that one may choose the
type of cure as a function of the application. If the lowest
dielectric constant is the final goal, then the BB cure is
preferred. If the combination of high hardness and Young’s
modulus with a slightly higher k-value is preferred, then the
NB cure is more adequate.

The four point bending measurements were not able to
yield exact values of the adhesion strength between the low-

k films and the liner, because the cleavage always occurred
between the liner and the SiO2 crack propagation film. The
only conclusion we can draw is that the critical strain energy
release rate between the different ALK’s and the liner is
better than 2.8 J/m2 and better than the adhesion between
liner and SiO2, hence satisfactory.

Beside the dielectric constant, other important electrical
characteristics are the breakdown voltage and TDDB. The
breakdown voltage and the TDDB were measured using MIS
planar capacitors, described in the experimental section and
in more detail in refs. 13 and 14. The results for the
breakdown voltage (at 25 �C) and TDDB measurements (at
100 �C) can be found in Table IV. The breakdown voltages
are relatively high for such a low-k material, similar to
breakdown voltages of materials with a dielectric constant of
2.3. The TDDB results are very good: the lifetime exceeds
10 years for all investigated films. The factor indicating the
spread (�) is excellent, while the shape factor (�) is similar
to other PECVD low-k films with dielectric constants of 2.3
and 2.5.16)

Figure 3 shows a plot of lifetime (t63%) versus electric
field, from TDDB measurements. No significant difference
is found between ALK NB and ALK BB. At the
experimental conditions, lifetimes are lower for 60 nm
than for 120 nm, but at user conditions the values become
similar. The material clearly meets the 10 years specifica-
tion at 1MV/cm and is thus intrinsically reliable. This is
true even for the used extrapolation according to the
E-model, for which it has recently been shown that it is
actually much too conservative when Cu is present in the
dielectric film.17,18)
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Fig. 2. (Color online) Young’s modulus versus dielectric constant for

different PECVD and spin-on materials.

Table IV. Breakdown voltage and reliability properties as determined by

TDDB testing.

VBD

(MV/cm)

�

(cm/MV)
�

t63% (years)

at

E ¼ 1MV/cm

E (MV/cm)

at t63% ¼ 10

years

E (MV/cm)

at t0:01% = 10

years

ALK NB,

60 nm
6.9 �4:55 2.11 47 1.34 0.38

ALK NB,

120 nm
7.6 �3:51 5.17 90 1.63 1.12

ALK BB,

120 nm
7.3 �3:72 5.07 133 1.70 1.21
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4. Conclusions

A relatively new procedure to manufacture low-k films was
evaluated quite exhaustively. In order to obtain a dielectric
constant of 2.1 or less, starting from a PECVD film, a remote
plasma step was used to remove more than 90% of the
porogens. The influence of subsequent UV cures, either with
a narrow band lamp with a wavelength of 172 nm or a broad
band lamp with wavelengths higher than 200 nm, was
studied. The narrow band lamp modified the low-k film
substantially, inducing more network type Si–O bonds, but
also more Si–H bonds; besides, the film was somewhat
densified. As a results the dielectric constant increased
somewhat, but also the hardness and Young’s modulus
increased significantly, obtaining a film with k ¼ 2:1 and
E ¼ 5:9GPa. Almost no skeleton modification is observed
when the broad band UV cure was used, hence lower
dielectric constants, combined with lower hardness and
Young’s modulus were obtained. For the investigated films,
the adhesion to the liner was satisfactory. Breakdown
voltages and TDDB measurements showed similar or even
better results than for k ¼ 2:3 and 2.5 materials.
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