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Improvement on Intrinsic Electrical Properties of Low-k
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The interaction between copper interconnects and low-k hydrogen silsesquioxane (HSQ) film was investigated using a Cu/HSQ/Si
metal insulation semiconductor capacitor and deuterium plasma post-treatment. Owing to serious diffusion of copper atoms in
HSQ film, the degradations of dielectric properties are significant with the increase of thermal stress. The leakage current behav-
ior in high-field conduction was well explained by the Poole-Frenkel (P-F) mechanism. By applying deuterium plasma treatment
to HSQ film, however, the leakage current was decreased and P-F conduction can be suppressed. In addition, the phenomena 
serious Cu penetration were not observed by means of electrical characteristic measurements and secondary ion mass spectrosco
analysis, even in the absence of diffusion barrier layers. This indicates that copper diffusion in low-k HSQ film can be effectively
blocked by deuterium plasma post-treatment. Therefore, further improvement in resistance-capacitance reduction can be obtaine
due to the minimized thickness requirement for conventional barriers such as inorganic Si3N4 and metallic TaN layers.
© 2000 The Electrochemical Society. S0013-4651(99)08-022-2. All rights reserved.
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As ultralarge-scale integrated (ULSI) circuits are scaled do
interconnect structures with two or more metal levels have bec
the dominant tendency to produce high-density circuits and enh
device performance. In these designs, the linewidth and spacing
tween metal interconnects also are made smaller. The smaller
dimension increases the resistivity of the metal lines and the 
rower interline spacing increases the parasitic capacitance bet
the lines so that copper with low resistivity (1.67 mVcm for bulk)
and high electromigration resistance and new interlayer dielec
(ILD) materials with low-dielectric constant (k < 3) are required to
reduce the resistance-capacitance (RC) delays associated wit
metal interconnect system.1 These candidates for low-kdielectric
films1,2 have been based either on spin-on deposition3 or chemical
vapor deposition (CVD).4 One of the most promising low-k materi-
als is siloxane-based hydrogen silsesquioxane (HSQ)5-8 having the
general formula (HSiO3/2)2n, n 5 2, 3, etc., available as flowable
oxide (FOX) from Dow Corning, Inc. HSQ is an inorganic mater
that can be considered as a derivative of SiO2 in which one of the
four oxygen atoms bonded to every silicon atom is replaced by
drogen. This class of inorganic spin-on dielectric has a low dielec
constant (about 2.8), available non-etchback process, planariza
and good gap-filling characteristics.9,10Furthermore, the low dielec-
tric properties can be achieved if the density of Si-H bonding
maintained at a high level and the formation of -OH bonds and
sorption or creation of water in the film is minimized.7,11Therefore,
the integration of HSQ film as an interlayer dielectric (ILD) in
multilevel interconnects has received much attention.12-14. However,
the use of copper interconnects has some issues in integrated c
(IC) application, because it is easy to diffuse into the dielectric fil
to degrade the reliability. For this reason, copper interconn
formed by damascene process need the deposition of some co
tional barrier layers such as inorganic Si3N4 and metallic TaN layers
at the interface between dielectric films and copper lines, formin
cladding structure to prevent Cu from penetrating through dielec
films. These barrier layers usually have high resistivity or high 
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electric constant (for Si3N4), which cause a higher via resistance an
higher equivalent parasitic capacitance. For example, the resisti
of Ta is 146 mVcm, and that of TaN is 275 mVcm. According to
Huang et al.,15 the ranges on measured sheet resistance of 0.3 mm
Cu interconnects using Ta and TaN as a barrier are from 0.0
0.05 V/h. The sheet resistance of Cu interconnection is ab
0.048V/h and almost no difference between the use of Ta and T
as a barrier. However, the via resistance of the cladding struc
with TaN barrier is about 1.3 V in a thickness of 400 Å and higher
than that with Ta (1.0 V) barrier. These barrier layers would tend t
the increase in the RC delay and offset partial advantages of the 
per interconnect system. In the search for a high-performance m
allization system, it is necessary for the enhancement in the re
tance of low-k dielectrics to copper diffusion to minimize the thick
ness requirement for conventional barrier layers. 

In this work, we have investigated the influence of copper on 
intrinsic dielectric properties of low-k HSQ film. Leakage current
behavior also was intensively studied, since a relatively high elec
field may be produced even for a low applied operation field in de
subquarter micron interconnection devices. In addition, deuteri
plasma post-treatment was applied on HSQ film for the first tim
instead of conventional high-resistivity or high-dielectric-consta
barrier layer minimizing the increase in RC delay in order to obta
a better performance in the copper interconnect system. 

Experimental

The wafers were spin-coated with a single layer of flowable ox
(HSQ) and baked sequentially on a hot plate at 150, 200, and 308C,
for 1 min, followed by furnace curing at 4008C for 1 h in nitrogen
atmosphere. Under each condition, film stress, shrinkage, refrac
index, and IR absorption spectra were evaluated. Then, samples 
treated with deuterium plasma on as-cured HSQ film. The deuter
plasma was operated at a pressure of 300 mTorr and with a deu
um gas flow rate of 300 sccm in a plasma-enhanced chemical v
deposition (PECVD) reaction chamber. Radio frequency (rf) pow
of 100 W, which established the deuterium plasma, was applied to
upper electrode and the wafers were placed on the bottom by gro
ed electrode, which can be rotated for improving uniformity, at a s
strate temperature up to 3008C. Metal insulation semiconductor ca
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pacitors (MIS) were manufactured by sputtering a copper layer ont
the HSQ film as the top electrode. Following copper deposition, sam
ples were annealed at the temperature region of 425-5008C for 30 min
in nitrogen atmosphere. A Keithley model 82 capacitance-voltag
(CV) meter was used to measure the dielectric constant of the HS
film. The capacitor was measured at 1 MHz with an ac bias for hig
frequency capacitance-voltage (C-V) curves. The midgap interfac
density (Dit) was derived from high-frequency C-V and quasi-static
C-V measurements. Leakage current-voltage (I-V) characteristi
and secondary ion mass spectroscopy (SIMS) analysis of HSQ fi
was used to investigate the diffusion of copper.

Results and Discussion

Figure 1 shows Fourier transform infrared (FTIR) spectra o
HSQ film before and after a series of baking and curing steps. T
important regions in the FTIR spectrum of HSQ film are the S-H
stretching peak near 2250 cm21, a Si-O stretching cage-like peak
near 1130 cm21, a Si-O stretching network peak near 1070 cm21,
Si-O bending cage-like peak near 863 cm21, and a Si-O bending net-
work peak near 830 cm21. Most of solvent is eliminated up to
1508C,then HSQ film melt at 2008C baked temperature. At 3008C
baked temperature, flow occurs and additional bond rearrangeme
gives film greater strength to resist cracking and decreased surfa
roughness.16 During the baking process, the FTIR spectra of HSQ
are almost the same. After a 4008C curing process, however, the peak
of the Si-O stretching vibration and that of the bending vibration sig
nificantly change. It is clearly shown that the chemical structure o
HSQ film changes from cage-like to a three-dimensional networ
structure to provide sufficient mechanical integrity to withstand sub
sequent processing.

First, control samples were fabricated following the same pro
cessing sequence of Cu/HSQ/Si capacitors except that an Al g
instead of Cu metallization was used to investigate the impact of co
per on low-kHSQ film. Figures 2a and b shows the leakage curren
density and dielectric constant of Al- and Cu-gate samples, respe
tively, after being subjected to a thermal annealing at 4258C for
30min. Experimental results show that both the leakage current de
sity and dielectric constant of Cu gate samples are increased wh

Figure 1. FTIR spectra of HSQ before and after a series of bake and curi
steps.
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compared with those of the Al gate. However, the dielectric degrad
tions of HSQ film worsen with increase in annealing temperature

Figures 3a and b show the leakage current density and diele
constant of Al- and Cu-gate samples, respectively, after being s
jected to elevated thermal stress at 5008C. When annealing HSQ films
at 5008C, the HSQ film properties are degraded due to the pyroly
of the HSQ film. During thermal stress, Si-H bonds in HSQ film a
easily broken at the elevated annealing temperature, which cause
generation of dangling bonds and moisture absorption11,17 in the
HSQ film invariably resulting in the increase of leakage current a
permittivity for the Al-electrode samples. In addition, it is observe
that the leakage current density of HSQ with a Cu gate is much h
er than that with an Al gate, with an increase of as much as one o
of magnitude, especially in the high-field-conduction region. On t
other hand, the dielectric constant of the Cu-electrode samples is
increased drastically. This seems to indicate that Cu diffusion m
play a role in the degradation of HSQ film as well. According to pr
vious documents,18,19it has been verified that copper tends to diffus
into silicon dioxide to degrade the dielectric properties resulting
increased leakage current. Therefore, it is presumed that the incre
leakage current of Cu-electrode samples results from copper d

Figure 2. Dielectric properties of Cu- and Al-gate samples after being su
jected to thermal stress at 4258C for 30 min: (a) leakage current densit
HSQ film as a function of electric field and (b) dielectric constant of Cu- a
Al-gate HSQ film.
g
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sion into the siloxane-based HSQ film. This inference can be c
firmed further by the analysis of SIMS depth profiles and the inve
gation on the mechanism of leakage current conduction.

Figure 4 shows the SIMS depth profiles of copper in HSQ film 
Cu-electrode samples after being subjected to a thermal stress at
and 5008C for 30 min. The copper profile shows a high level of c
per is observed at the surface of the HSQ film and an exponen
like decay in the HSQ bulk. In addition, it is observed that the c
per content in the HSQ film is increased with the increase of ann
ing temperature.

The variations in electrical characteristics of HSQ film with th
increase of thermal stress can be summarized in Fig. 5a and b, w
shows the leakage current density and dielectric constant of Al- a
Cu-gate samples after being subjected to thermal stresses ran
from 425 to 5008C, respectively, for 30 min. In comparison with A
electrode samples, it is obvious that the pyrolysis of low-kHSQ and
Cu diffusion simultaneously play important roles in the case of C
electrode samples. Both the leakage current and dielectric cons
of HSQ with the Cu electrode are significantly increased with t

Figure 3. Dielectric properties of Cu- and Al-gate samples after being su
jected to thermal stress at 5008C for 30 min: (a) leakage current densit
HSQ film as a function of electric field and (b) dielectric constant of Cu- a
Al-gate HSQ film.
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increase of annealing temperature due to serious degradation of
electric properties resulting from thermal stress and copper diffusio
into the HSQ film. Leakage current behaviors of HSQ film with th
Cu gate can be investigated further on the leakage current (J)-el
tric field (E) characteristics such as a log J vs. log Eand log J vs. E1/2

plots,as shown in Fig. 6a and b, respectively. At the low electrica
field region, the leakage current density is nearly linear to applie
field. The slopes of the linear fitting curves are 1.10, 0.901, an
0.962 for samples stressed at 425, 450, and 5008C, respectively
the log J vs. log E plot. The linear lines represent the nearly ohmic
conduction in low electric field, as shown in Fig. 6a, and little
change in current density with a change of electrode from Cu to A
These results seem to suggest that the leakage current conductio
primarily governed by bulk-limited conduction. The bulk-limited
conduction is due to the presence of a large amount of defects
films. To confirm this point of view, the plot of the leakage curren
density vs.the square root of the applied electric field was observe
as shown in Fig. 6b. It is found that the leakage current density is l
early related to the square root of the applied electric field. The li
ear variations of the current correspond either to Schottky em
sion20,21or to the Poole-Frenkel (P-F) mechanism.22,23

The Schottky-Richardson emission generated by the thermion
effect is caused by electron transport across the potential energy b
rier via field-assisted lowering at a metal-insulator interface. Th
current density (J) in the Schottky emission can be quantified by t
following equation

[1]

where bs 5 (e3/4pe0e)1/2, e is the electronic charge,e0 the dielectric
constant of free space,e the high-frequency relative dielectric con-
stant,A* the effective Richardson constant,T absolute temperature,
E applied electric field,fs the contact potential barrier, and kB the
Boltzmann constant. The P-F emission is due to field-enhanc
thermal excitation of trapped electrons in the insulator into the co
duction band. The current density is given by

[2]J J
E
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ndFigure 4. SIMS depth profiles of Cu in HSQ film of Cu/HSQ/Si capacitors

after being subjected to thermal stress at 425-5008C for 30 min.
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where J0 5 s0E is the low-field current density,s0 the low-field
conductivity,bPF 5 (e3/pe0e)1/2, and fPF the height of trap potential
well. For trap states with coulomb potentials, the expression is 
tually identical to that of the Schottky emission. The barrier heig
however,is the depth of the trap potential well, and the quantity bPF
is larger than in the case of Schottky emission by a factor of 2.23

Distinction between the two processes can be done by comparing
the theoretical value of b with the experimental one obtained by ca
culating the slope of the curve log J-E1/2. The relative dielectric con-
stant determined from capacitance measurements of samples 
the Cu gate is about 3.1 at 4258C, 3.4 at 4508C, and 4.6 at 5008C
spectively. They yield the various values of the constant b, as sho
in Table I. The slope (b/kBT)) of the straight line portion of curve in

Figure 5. Dielectric properties of Al- and Cu-gate HSQ film after vario
thermal annealing temperatures (425-5008C) for 30 min: (a) leakage current
density of HSQ film as a function of electric field and (b) dielectric consta
of HSQ film as a function of thermal annealing temperature.
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Fig. 6b gives a value of 6.475 3 10224 at 4258C, 6.393 310224 at
4508C, and 5.42 310224 J(m/V)1/2 at 5008C for b, respectively,
closer to bPF than bs. These results are strongly reasonable to beli
that carriers are transported through the HSQ film of Cu/HSQ/
capacitors by the field-enhanced P-F mechanism. It also indica
that a lot of traps resulting in P-F conduction are generated du
copper diffusion into HSQ film.

From these observations, the leakage current mechanism of
gate HSQ film can be summarized as follows. In comparison w

us

nt

Figure 6. (a) Log J vs. log Echaracteristics of Cu-gate HSQ. Linear line
represent the nearly ohmic conduction at the initial low field. (b) J-E cur
on a log J vs. E1/2 plot of Cu-gate HSQ showing P-F conduction at the hi
field region.

Table I. The various values of the dielectric constant and the
constant b at 425, 450, and 5008C.

Temperature (8C) 4258C 4508C 5008C

Dielectric constant 3.12 3.45 4.62
bs (J m1/2 V1/2) 3.43 310224 3.26 310224 2.82 310224

bPF (5 2bs) 6.87 310224 6.53 310224 5.64 310224
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Al-electrode samples, higher temperatures cause higher leakage
rents of Cu-electrode samples. This is due to an enhanceme
thermal excitation of trapped electrons in the HSQ film. Under hig
er thermal stress, large amounts of copper will diffuse into HSQ 
and generate a lot of trap centers in HSQ film with the increas
annealing temperature. In addition, the increasing Cu content in
HSQ film tends to lower the potential drop across the surface reg
causing a larger fraction of applied voltage to drop across the re
the HSQ film. This can be modeled as a thinning in the effec
HSQ thickness. The increase in electric field and the generatio
defects (i.e., traps) enhance the P-F conduction mechanism. A
result,the leakage current is significantly increased with the incre
of annealing temperature when compared with that of Al-electr
samples. The generation of defects also speeds up the diel
degradation of HSQ film, causing increased dielectric constant. 
thermore,the thinning in the effective thickness leads to larger me
ured capacitance, according to the relation C5 e0e A/deff, where A
is the area of the top electrode and deff is the effective film thickness.

Figure 7. Dielectric properties of various D2-plasma-treated samples with C
gate after being subjected to a thermal stress at 4258C for 30 min: (a) 
age current density of treated HSQ film as a function of electric field and
dielectric constant of treated HSQ film as a function of D2 plasma treatment
time.
 address. Redistribution subject to ECS t140.113.38.11nloaded on 2014-04-28 to IP 
 cur-
nt in
h-

film
e of
 the
ion,
st of
tive
n of
s a
ase
ode
ectric
Fur-
as-

Therefore,a higher dielectric constant derived from the measu
ment of MIS capacitors would be obtained if the effect of thinni
in effective thickness were not considered. 

To alleviate this degradation, we applied deuterium (D2) plasma
treatment on the as-cured HSQ film instead of a high-resistivity 
high-dielectric-constant diffusion barrier layer between Cu-gate 
HSQ film. Figures 7a and b show the leakage current and diele
constant, respectively,of D2-plasma-treated HSQ film in Cu-elec
trode samples after subjection to thermal stress at a temperatu
4258C for 30 min. The leakage current and dielectric constant are
creased with the increase of D2-plasma treatment time. It is observe
especially that the reduction of leakage current at the high-elect
field region is significant. Furthermore, more elevated thermal st
was applied on the HSQ treated with D2 plasma treatment to inves
tigate the effect of deuterium plasma. Figure 8a and b shows
leakage current and dielectric constant, respectively, of D2-plasma-

u
leak-
 (b)

Figure 8. Dielectric properties of various D2-plasma-treated samples with C
gate after being subjected to a thermal stress at 5008C for 30 min: (a) 
age current density of treated HSQ film as a function of electric field and
dielectric constant of treated HSQ film as a function of D2 plasma treatment
time.
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treated HSQ film in Cu-electrode samples after being subjecte
thermal stress at 5008C for 30 min. Surprisingly, the leakage cur
of HSQ with D2 plasma treatment at the high electric field region
kept almost the same as that of samples with D2 plasma treatment in
Fig. 7a. Compared with untreated samples, a reduction in leak
current of approximately two orders of magnitude is observed
D2-treated samples. In addition, the dielectric constant of HSQ w
D2 plasma treatment still maintains at a low value (about 3) a
treatment time of 9 min. Therefore, it clearly shows that deuter
plasma treatment can effectively restore the properties of a dam
film to a similar state as an as-cured HSQ film.

A material analysis technique was carried out to observe the
tribution of Cu atoms in the HSQ film. Figure 9 shows the SIM
depth profiles of copper in HSQ film of Cu-electrode samples afte
a thermal stress at 5008C for 30 min. Consistent with our elec
characteristics,a significant amount of Cu atoms are observed in 
untreated sample. However,the profile of the Cu in a D2-treated
sample revealed a very shallow Cu penetration and only a slight
amount of Cu appeared within 20 nm of the surface, even after
plying thermal stress at an elevated temperature. This clearly sh
the phenomenon of copper diffusion into HSQ film was significant-
ly reduced by deuterium plasma treatment.

The mechanism responsible for D2 plasma treatment can b
explained using the electrical characteristic measurement of in
face trap density (Dit), which is evaluated from the high-frequenc
and quasi-static C-V characteristic24 as follows

[3]

where CHSQ is the HSQ capacitance, which was measured with M
capacitor bias at accumulation polarity Clf and Chf are the quasi-sta-
tic and high-frequency capacitance of Cu/HSQ/Si MIS capacit
respectively.

All the parameters of the MIS capacitors were automatically c
culated by computer from the data measured by the Keithley p
age 82 system. Figure 10 shows the trap density of the Cu/HS
MIS capacitors after applying thermal stress at 5008C. From 
variation in trap density, it is found that the trap density of no-D2-
plasma-treated HSQ film is the largest. In addition, the trap den
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Figure 9. SIMS depth profiles of Cu in HSQ film of Cu/HSQ/Si capacito
after being subjected to a thermal stress for 30 min at 5008C.
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is decreased with the increase of D2 plasma treatment time. These
experimental results are explained as follows. During the thermal a
nealing process, the high temperature makes Cu active, possessi
considerable quantity of kinetic energy and diffusing easily into the
siloxane-based HSQ film. In addition, a variety of bonding destru
tion and recombination occurred simultaneously, making the stru
ture of HSQ change from cage-like monomer into network-lik
polymer at the temperature higher than 4008C. Si and O elements
play an important role during the linking process. A great amount 
uncovered Si bonds would exist due to a small fraction of incomple
recombination of Si-O bonds and Si-H bonds broken at the elevate
temperature. The uncovered Si bonds are imperfect bonds (i.e.,dan-
gling bonds or defects) which would result in unstable film. In th
absence of a diffusion barrier layer between Cu and low-kHSQ film,
unstable dangling bonds would come in contact with Cu atoms ha
ing a high kinetic energy. This heightens the probability of interac
tion with Cu and makes copper easy to diffuse through these defe
increasing the diffusion paths of Cu atoms into HSQ film. More ele
vated annealing temperature would significantly raise the Cu kine
energy and speed up the pyrolysis of film, generating much mo
dangling bonds to enhance Cu diffusion into HSQ. In addition, C
diffusion by way of defects in HSQ bulk forms trap centers resultin
in increased leakage current, which is increased with the increase
annealing temperature. The degradation of dielectric properti
attributed to the presence of Cu would also lead to more dangli
bonds (i.e., higher trap density) in untreated HSQ film. D2 plasma
post-treatment has been proposed to enhance the dielectric pro
ties of oxide and reduce the hot-electron degradation in metal ox
semiconductor transistors due to its significant achievement on t
passivation of dangling bonds resulting in reduced interface sta
generation.25-27Similarly, the effect of D2 treatment also appeared in
our work. By applying D2 plasma treatment on as-cured HSQ film,
a lot of D2 radicals are provided. The active D2 radicals can react
with the uncovered Si bonds, forming passivation layers either o
the surface or in the bulk. It is thought that a porous HSQ structu
is helpful for the diffusion of D2 radicals with small volume. Hence,
the trap density of HSQ films after D2 plasma treatment is decreased
indicating the reduction in the concentration of dangling bonds. I
addition, the passivation layers reduce the probability of reactio
with Cu and effectively reduce the diffusion paths of Cu penetratio
through HSQ. Therefore, the Cu content in HSQ after D2 plasma

rs Figure 10. Interface trap density of D2-treated HSQ in the Cu/HSQ/Si MIS
capacitors after thermal stress at 5008C for 30 min.
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treatment is much less than that in untreated HSQ, which also is 
sistent with our SIMS data as shown in Fig. 9.

Conclusions
Dielectric degradation of Cu/HSQ/Si structure was observed

elevated temperature stress due to copper penetration into HSQ
Even in absence of diffusion barrier layers, however, dielectric pr
erties of HSQ can be maintained by D2 plasma treatment. D2 plasma
treatment effectively passivates the dangling bonds exposed in
structure of HSQ film and reduces the trap’s content, suppressing
P-F conduction mechanism performed in leakage current beha
Furthermore,the passivation layer significantly blocks copper diffu
sion at the low-kHSQ/copper interface and effectively restores th
properties of a damaged film to a similar state as an as-cured H
film. The additional signal transmission delay produced from t
induction of high-resistivity or high-permittivity diffusion barriers
can be minimized when applying D2 plasma treatment associating
with rather thin barrier layer. Therefore, higher-performance ope
tion in Cu interconnect systems can be achieved.
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