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ABSTRACT: An ultrathin layer is investigated for its
potential application of replacing conventional diffusion
barriers and promoting interface adhesion for nanoelectric
circuits with porous ultralow dielectrics. The porous ultralow
dielectric (k ~ 2.5) substrate is silanized by 3-amino-
propyltrimethoxysilane (APTMS) to form the nanoadhesive
layer by performing oxygen plasma modification and tailoring
the silanization conditions appropriately. The high primary
amine content is obtained in favor of strong interaction
between amino groups and copper. And the results of leakage
current measurements of metal-oxide-semiconductor capacitor
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structure demonstrate that the aminosilanization nanoadhesive layer can block copper diffusion effectively and guarantee the
performance of devices. Furthermore, the results of four-point bending tests indicate that the nanoadhesive layer with monolayer
structure can provide the satisfactory interface toughness up to 6.7 + 0.5 J/m” for Cu/ultralow-k interface. Additionally, an
annealing-enhanced interface toughness effect occurs because of the formation of Cu—N bonding and siloxane bridges below 500
°C. However, the interface is weakened on account of the oxidization of amines and copper as well as the breaking of Cu—N
bonding above 500 °C. It is also found that APTMS nanoadhesive layer with multilayer structure provides relatively low interface
toughness compared with monolayer structure, which is mainly correlated to the breaking of interlayer hydrogen bonding.
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Bl INTRODUCTION

Low dielectric permittivity (k) insulators have been introduced
into nanoelectric devices such as integrated circuits,"”? high-
frequency electronic devices,® communication, and packages.*
The ultralow-k value (~2.5) can be obtained when nanopores
are formed in the carbon-doped silica or SiCOH films that can
maintain the reliability after postdeposition curing." However,
copper ions can generate and transport readily across the Cu/
dielectric interface to cause the performance degradation of
nanoelectric devices.” Conventional solution is to deposit an
ultrathin and conformal noble metal or its nitride layer as an
intermediary layer in order to inhibit copper diffusion
efficiently. Although the conventional method is effective in
most applications, it may not be applicable in the future
nanoelectric circuits because such a separate layer (thicker than
S nm) cannot be a suitable option for nanoscale features (e.g,
~45 nm).® And even International Technology Roadmap for
Semiconductors (ITRS) forecasts that the thickness of diffusion
barrier will be less than 1 nm by 2021.7 Therefore, it is
extremely necessary and valuable to develop new barrier
materials and methods to meet this requirement. Recent
investigations have reported molecular nanolayers (MNLs)
based on self-assembly with carboxyl-,® mercapto-,g_11 or
amino-*">""* functional groups and these studies highlight the
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fact that the functionalized silane layer can hamper copper
diffusion because of the interaction between copper and
functional groups. Caro et al. further found that NH,-self-
assembled monolayer (NH,—SAM) derived from 3-amino-
propyltrimethoxysilane is the most promising for Cu diffusion
barrier application among a wide variety of silanes with different
chain lengths (3—21) and terminal groups (such as CH;, Br,
CN, NH,, C;H,N, and SH)."*

Stabilizing and enhancing the adhesion of solid—solid
interface with molecule-scale adhesive has been investigated
systematically.'® However, there is a big problem with
heterointerface adhesion, especially the weakly bonded metal/
ceramics and metal/organics interfaces, where interface failures
(delamination and cracking) would occur easily during the
nanofabrication of circuits. Although a ring-opening-induced
toughening method without an additional layer is proposed
wonderfully,16718 it is only limited to some specific organic
substrates and it is also predicted that the blocking properties
against copper diffusion could not be improved significantly. In
contrast, enhancing Cu/dielectric interface with a nanoscale
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Figure 1. Schematic illustration of the damascene architecture nanofabricat

ed by using 3-aminopropyltrimethoxysilane as a nano-adhesive layer.

Damascene architecture is a patterned structure which means inlaying copper within the dielectric trenches to form a metal interconnect in

nanoelectric circuits.

Scheme 1. Scheme of the Preparation Process and Interface Adhesion Measurements of the APTMS Silanization Nanoadhesive
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adhesive based on self-assembly or silanization still provides a
more attractive alternative and has wider applications.
Furthermore, besides excellent heterointerface adhesion,
which could match the conventional TaN/Ta sytem,”"? it is
observed that integrating well-bonded self-assembled MNLs
can also provide up to a 4-fold increase in the interface thermal
conductance, which has great significance for the thermal
reliability of microprocessors and other nanoelectric devices."

Amine-terminated interface/surface has been widely inves-
tigated to improve the adhesion in many fields of micro- and
nanofabrication.'”*° Tt is reported that the system Cu/NH,—
SAM/silica can toughen the interface almost up to an equal
value of conventional TaN/Ta system and show no evidence of
copper penetration into silica."> Accordingly, Figure 1 displays
the schematic illustration of damascene architecture nano-
fabricated by using 3-aminopropyltrimethoxysilane as a nano-
adhesive layer in nanoelectric circuits with interlayer dielectrics.
In this situation, the fracture failure can occur at three different
interfaces, i.e., (i) the interface between the alkoxysilane layer
and ultralow-k substrate, (ii) the interlayer of the silane film if
the polycondensation of multilayer takes place, and (iii) the
bonding interface between amino groups and copper. In the
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first case, in order to enhance the attachment of the
alkoxysilane layer on the substrate, considering the hydro-
phobic nature of porous ultralow-k film, which is composed of
Si—CH; groups oriented outward after curing treatment to
suppress the moisture damage of dielectrics, it is demonstrated
that oxygen plasma exposure is an effective method to induce
—CH; abstraction and other chemical changes to form Si—OH
groups via a diffusion-dominated mechanism which is widely
used in the organosilicate materials.””** In the second case,
both of the morphology and the structure of the silanization
film are closely related to its coverage and continuity of a
barrier against copper diffusion and an adhesion promoter.
During the silanization process of alkoxysilane film, the silane
precursor is hydrolyzed by a little amount of water contained as
a medium, and then attaches to the surface of the hydroxyl
substrate covalently. Alternatively, the polycondension reaction
leads to the adsorption of a thick layer and its thickness
increment.'> So, it is very important to tailor the deposition
conditions and control the growth of nanoadhesive layers. In
the third case, it is well-known that aminosilanization films have
been widely utilized in the immobilization of proteins,
DNAs>* and adhesion promotion.>>*® At the interface between
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amino groups and copper, it is necessary to obtain sufficient
primary amines on the surface, because these reactive amino
moieties can serve as a platform to interact with neighbor
molecules and/or atoms. Under the condition of sufficient
nucleation sites, copper atoms could attach and be anchored,
and thus the adhesion promotion would be achieved.

However, so far, little work has been reported on the
deposition of aminosilanization layer on hydrophobic ultralow
dielectric film with nanopores, and little is known about the
availability and adhesion properties of aminosilanization film as
a nanoadhesive layer for the porous ultralow-k film/copper
interface. Therefore, the purpose of the present paper is to
explore the validity to obtain one kind of aminosilanization
nanoadhesive layer which can block copper diffusion and
promote interface adhesion in nanoelectric circuits.

B EXPERIMENTAL DETAILS

Silicon wafers (12 in.) with S00 nm thick porous SICOH ultralow
dielectric thin films (Black Diamond II) were purchased from LAM
Corporation, which were prepared by plasma-enhanced chemical
vapor deposition (PECVD). The ultralow dielectric (k &~ 2.5) thin film
has the porosity of about 25% and the average pore size of less than 1
nm. The specimens were cut from the wafer by the size of 10 mm X 20
mm for aminosilanization.

The process including the preparation and adhesion measurements
of the APTMS aminosilanization film is shown in Scheme 1. The
surface of the dielectric material was modified first by the pure oxygen
plasma treatment to bring about hydroxyls on the substrate surface.
The resulting material consists of a partially oxidized zone toward the
surface and a nonmodified zone toward the silicon substrate. The film
was etched using PlasmaLab 80 Plus (Oxford Instruments). The
reactor chamber was evacuated to 25 Pa with a mechanical vacuum
pump and then purged with etching gas for 1 min. The flow rate of
oxygen was set to 30 sccm. The pressure was held constant in the
range from 15 to 750 mTorr. The plasma was ignited at 100 W for 1
min. When the plasma was extinguished, the gas continued flowing for
an additional 2 min, the reactor was held under the pressure of 187
mTorr, and then opened to the atmosphere. In order to investigate the
chemical nature of the prepared surface, Fourier transform infrared
(FTIR) absorption spectroscopy was employed on Thermo Fisher
Scientific nioclet 6700 in transmission mode. And the thickness
measurement of the thin film was performed by an Optrel Multiskop
Ellipsometry.

In the experiment, 3-aminopropyltrimethoxysilane (APTMS) and
other agents were supplied by Sigma Aldrich. The ultralow-k substrate
etched by oxygen plasma was immersed in the solution of APTMS
using anhydrous toluene as solvent with different concentrations, i.e.,
3, 5, and 10 mM, for different time from half an hour to 12 h,
respectively. And then the deposited film was rinsed rigorously several
times with pure toluene, a mixture of toluene and methanol (1:1 in
volume), and pure methanol subsequently. Finally, the wafer was dried
with nitrogen flow. The prepared samples were stored under a vacuum
(~0.1 Pa) if not used immediately. MFP-3D AFM was used to observe
the surface morphology with AC240 silicon tip in the tapping mode.

The macroscopic order and the chemical composition of the
prepared aminosilanization film were routinely analyzed using an X-ray
photoelectron (XPS) instrument and a water contact angle (WCA)
measurement. XPS analysis was carried out by ESCALAB 250Xi with
an Al Ka probe beam. The copper film was deposited on the coupons
by PVD using RF (~70 nm) and DC magnetron sputtering (~1000
nm) subsequently.

Metal-oxide-semiconductor (MOS) capacitor structures were
fabricated by sputter-depositing S500-nm-thick, I1-mm-diameter Cu
dots through a shadow mask. We carried out the leakage current
measurements using a HP 4278A I—V meter on these MOS capacitors
under the electric field with the bias voltage up to a 2 MV/cm.

The adhesion of the film stacks was also measured by four-point
bending (FPB) tests on DTS delamination system. Fracture energy
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(interface toughness) measurements were carried out at a 0.1 ym/s
strain rate with 10 X 50 mm? symmetric Cu/APTMS/ultralow-k/Si
coupons. The samples were annealed in a RTP system from 200 to
600 °C for 20 min before the adhesion measurements. The Epotek
ND353 epoxy resin used here was cured for 12 h at S0 °C.The dice
and notch processes were carried out with the same 10-ym width.
Before the FPB tests, the specimens were annealed for 30 min at 70 °C
in order to remove the absorbed moisture. Afterward, XPS analysis on
each side of the fractured interface gives the evidence to analyze the
failing interface.

B RESULTS AND DISCUSSION

Surface Modification by Oxygen Plasma Treatment.
The ultralow dielectric film used in our experiments is
hydrophobic with the water contact angle (WCA) of about
100.4° because of the generation of alkyl groups and pore
sealing after ultraviolet (UV) curing treatment.' The WCA and
the surface roughness of the ultralow dielectric materials before
and after pure oxygen plasma surface modification are shown in
Figure 2. The results show that WCA decreases with the
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Figure 2. Water contact angle and roughness of the sample surfaces
before and after oxygen plasma treatment under different oxygen
pressures. The AFM image is on a 500 nm scale.

increment of oxygen pressure and the lowest contact angle
(WCA~15°) can be obtained under the oxygen pressure of 750
mTorr. Furthermore, to detect the chemical states, we used
FTIR spectra of the ultralow-k film after the oxygen plasma
modification under different oxygen pressure as shown in
Figure 3. It is evident that larger pressure can enhance the
intensity of shakeup peak with wave numbers from 3600 to
3100 cm™, corresponding to Si—OH bonds,® which would be
helpful for the attachment of methyl groups of APTMS
molecules to the ultralow dielectric substrate. The hydrox-
ylation reaction of the pure oxygen plasma treatment is given as
follows,

=Si — CH; + 40 - = Si — OH + CO, + H,0 (1)

)

where =Si denotes Si bonded by three lattice O. It is also
proposed that some portion of Si—OH would further react by
the reaction 2. Thus, the reaction would evolve H,O and CO,.
Note that the only reaction that changes the structure is at the
site of the original Si—CH,.*” It was reported that gas plasma
exposure not only could introduce hydroxyls into the surface of

2=8i-0H—->=8i-0-S8i=+H,0
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Figure 3. FTIR spectra of the ultralow-k thin film before and after
oxygen plasma treatment under different oxygen pressures.

substrates but also would usually roughen the smooth surface of
polymers.zs’29 However, in our experiment, it is amazing that
although the surface is roughened up to R, = 0.50 nm under the
oxygen pressure of 15 mTorr, smoother surface is obtained by
increasing the oxygen pressure, and even the roughness goes
down to 0.30 nm, which is a little smaller than that of the
original ultralow-k film (R, = 0.35 nm). Considering that the
mechanism of plasma reaction is fairly complex, it seems that
the free radicals strongly modify the chemical bonds of Si—CHj
and the active oxygen-ion bombardment is not dominant effect
under the high pressure during pure oxygen plasma exposure in
our experiment. Above all, the smooth and hydrophilic surface
with a great amount of hydroxyls gives help to the deposition
and growth of the APTMS silanization layer.

Deposition Parameters Affecting APTMS Silanization
on Ultralow-k Film. The silanization process developed to
attach the APTMS molecules to the ultralow-k substrate
involves the hydroxylation by oxygen plasma treatment
followed by the immersion in solution phase as shown in
Schemel.

The high-resolution XPS spectra of Cls and Nls for the
different samples are shown in Figure 4. In the Cls core level
XPS spectra, before APTMS deposition, an overwhelming peak
centered at around 284.6 €V is principally attributed to C—Si or
C—C bondings.” Tt is seen that after the oxygen plasma
exposure, there is an extra C—O component at higher binding
energy of 286.2 eV,” and carbonyl carbon (COO) peak with a
wider binding energy range from 288 to 290 eV,*°732 which is
ascribed to the incomplete hydroxylation reaction of alkyl
groups at the ultralow-k surface. During silanization, APTMS
molecules could be hydrolyzed at the methoxy end groups, and
then condense with the surface hydroxyls to produce siloxanes
(Si—O=Si). Besides the presence of C—C or C—Si component
at lower binding energy, C—N component at the higher binding
energy (286.1 eV) which might originate from the C atoms
bonded to the N atoms (C-NH,)**** is identified after APTMS
silanization.

After the attachment of APTMS molecules to the substrate,
amino groups would be oriented outward which are detectable
as shown in Nls core level spectrum. The peak at 398.8 eV
corresponds to the primary amine (the primary amine content
is established as the percentage of —NH, component in the
XPS Nls spectrum). Nevertheless, some amino groups may

6100

C1is C-NIC-0
C-SilC-C
—
> |(c
5 (c)
s
2 c-Silc-C
(1]
c
o
-
=
= c-sirc-¢
(@)
Zé2 250 Zéﬂ Zéﬁ 22;4 2é2 280
Binding Energy (eV)
N1s
3
8
2 | H-bonded N Primary Amine
o
f =
Q
-
£
T ! T T T T
404 402 400 388 388 284

Binding Energy (eV)

Figure 4. XPS Cls spectra (on the top) for (a) as received, (b) after
oxygen plasma exposure, and (c) after APTMS silanization. And XPS
N1s spectrum (on the bottom) after APTMS silanization.

also undergo hydrogen bonding with each other or hydroxyls of
the substrate, which is demonstrated by the presence of the
shoulder at 400.7 eV.>>*

Scheme 2 displays APTMS hydrolysis followed by
condensation reaction in solution phase and APTMS attach-
ment on hydroxyl-terminated ultralow-k surface. At the
beginning of ATPMS silanization in solution phase, the
hydrolysis could drive the attachment of ATPMS molecules
to the hydroxyl-terminated substrate. This process depends on
the amount of water which would absorb on the substrate as
reaction medium or catalysis in the system. But overabundance
of water will cause the excess polymerization in solution phase
and yield polycondensed layers on the substrate, whereas the
deficiency of water will result in the formation of incomplete
monolayer.’® Alternatively, during the hydrolysis of APTMS
molecules, a dimerization reaction may occur eventually leading
to the formation of oligomers which can be absorbed at the
substrate to form a thick polycondensed layer ultimately. To
minimize this phenomenon, we should use the low
concentration of ATPMS and tailor it precisely and
appropriately. After the formation of well-organized APTMS
monolayers through covalent bonding, the bilayer could be
formed through hydrogen bonding. And then a self-replicating
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Scheme 2. Schematic Illustration of (a) APTMS Hydrolysis Followed by Condensation Reaction in Solution Phase and (b)
APTMS Attachment on Hydroxyl-Terminated Ultralow-k Surface
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reaction takes place and the APTMS multilayers would be
formed.*®

All the attachment kinetics and reaction processes above are
closely related to the deposition parameters such as solute
concentration, deposition time, water content, and temperature.
Next, we will investigate the effects of these parameters on the
attachment kinetics of APTMS silanization.

ATPMS Concentration. The effects of APTMS concen-
tration on the deposition of aminosilanization films were
investigated by immersion for 2 h. AFM images and the surface
roughness are shown in Figure 5. It is seen that when the
concentration is 3, 5, and 10 mM, the surface roughness R, is
0.63, 0.94, and 2.42 nm, respectively. It indicates that higher
concentration cannot contribute to the formation of uniform
films with smooth topography. When the lower APTMS
concentration is utilized, the ATPMS molecules opt to
assemble mainly in the form of monomers, dimers in the
bulk solution. However, when the concentration is higher,
APTMS molecules will exhibit less orientation or disordered
growth and aggregate to form large oligomers in the solution
before the attachment to the hydroxyl-terminated ultralow-k
substrate. Meanwhile, it is observed that when the APTMS
concentration is 3, 5, and 10 mM, the primary amine content is
69.9, 43.4, and 21.1%, respectively. The lower concentration
can yield the higher content of primary amines. As discussed
above, higher APTMS concentration in the solvent means that
the amino groups will undergo more interaction with each
other, are more likely to aggregate into large oligomers through
hydrogen bonding and as a result, many primary amines may be
lost.

Water as the Deposition Medium. Figure 6 shows the AFM
images of APTMS deposited on the ultralow dielectric substrate
with different water contents, which are 0.1 and 1 wt % water as
medium or catalyst, and without water controlled by anhydrous
MgSO, powder, respectively. It is clear that anhydrous
environment means that water is not located at the hydroxyl
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surface when APTMS clusters are absorbed, uncontrolled and
disordered growth would occur and the surface becomes
significantly rough (R, = 641 nm). A trace amount of water
(0.1 wt %) is favorable for obtaining a smooth topography with
the roughness of 0.39 nm. However, the water content should
not be overabundant leading to the adsorption of a thick
polycondensed layer on the substrate as mentioned pre-
viously.>® The higher water content of 1% results in the rougher
morphology (R, = 2.84 nm) because APTMS molecules may
polymerize rapidly to form large oligomers in the solution and
finally deposit on the substrate surface. Therefore, a trace
amount of water (~0.1 wt %) is required as the medium or
catalyst for the uniform deposition of the APTMS silane on the
ultralow-k substrate, which is similar to the silica substrate.”

Deposition Time. By using 3 mM solution in toluene with
0.1 wt % water content at room temperature (RT), the content
of primary amines varies with deposition times as shown in
Figure 7. It is found that the immersion for about 6 h can
provide the highest primary amine content. In the solution,
there is a competition between the amino groups and the
methoxy groups of APTMS molecules that could interact with
the hydroxyl-terminated substrate. When the immersion time is
short, more methoxy groups predominately attach the substrate
with hydrogen bonding interaction which causes the amino
groups outward indicated by the increase of primary amine
contents. However, APTMS molecules assemble mainly in the
form of oligomers in the solution accompanying with the loss
of amino groups when increasing the immersion time. After
silanization, the uniform surface becomes a little more
hydrophobic (WCA =~ 25°) compared with that of the oxygen
plasma treated sample, which can prevent further moisture
uptake.

Moreover, the thickness of the ultrathin films was also
measured by ellipsometry as illustrated in Figure 7. By
controlling the deposition conditions, the APTMS silane
films, deposited for half an hour and 2 h with the thickness

dx.doi.org/10.1021/am4009192 | ACS Appl. Mater. Interfaces 2013, 5, 6097—6107
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00 00

Figure 5. AFM images of the APTMS deposited on the ultralow-k film
with different concentrations: (a) 3 mM, R, = 0.63 nm; (b) S mM, R,
= 0.94 nm; (c) 10 mM, R, = 2.42 nm.

of about 1.5 + 0.3 and 3.4 + 0.5 nm, respectively, were chosen
because these films could meet the demands of sub-5 nm
thickness as a diffusion barrier in nanoelectric circuits. Chauhan
et al reported that the thickness of the grafted APTMS layer
was 7 A which was nearly equal to the theoretical length of
APTMS molecule.’® But it was also reported that the
experimental value of ellipsometry measurement for a uniform
self-assembled monolayer is about 1.3 nm on silica.’” The
difference could arise from several factors, e.g., different
solution concentrations, different conditions of the substrate
surface, different head groups of silane molecules, and different
ambient conditions when APTMS silanization reaction takes
place. Therefore, it could be concluded that the amino-
silanization films deposited for half an hour and 2 h would
probably exhibit monolayer and multilayer structure, respec-
tively. Moreover, it must be noted that, because the uniform
and defect-free deposition of silanization films are required to
avoid the partial-monolayer structure, to a certain extent, it is
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Figure 6. AFM images of APTMS silanization on ultralow-k substrate
with different water contents: (a) without water, R, = 6.41 nm; (b)
with 0.1 wt % water content, R, = 0.39 nm; (c) with lwt % water
content, R, = 2.84 nm.
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Figure 7. Primary amine content and thickness as function of
deposition time.

inevitable to obtain multilayer-structure in order to guarantee
the blocking properties against copper diffusion.
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Curing Temperature. Postdeposition curing can not only
remove the residual solvent but also affect the chemical states of
the surface of APTMS silanization film. The samples that are
deposited for 0.5 h in 3 mM solution were prepared for thermal
curing at different temperatures for 10 min in the air. The
chemical bonding states of the APTMS films before and after
curing were examined using XPS as shown in Figure 8. It can be

Primary Amine

- 77.5%
=
. C
s (c)
:'? Primary Amine
2 69.8%
g |(b)
=
Primary Amine
(a) 52.3%
T T T T T
404 402 400 398 396 394

Binding Energy (eV)

Figure 8. XPS N1ls spectra and primary amine contents at different
postdeposition curing temperatures: (a) RT, (b) 100 °C, (c) 150 °C.

observed that when the films are cured at the temperatures
below 150 °C, the shoulder of the H-bonded N shrinks which
confirms that there is a conversion from the H-bonded amines
to the primary amines which leads to the increase of the
primary amine content from 52.3% to 77.5% resulting from
thermal-induced breakup of hydrogen bonds between amino
groups and hydroxyls of ultralow-k substrate. However, the
curing temperature should not be too high above 250 °C,
otherwise a large number of amines will react with CO, in the
ambient atmosphere and thus some primary amine groups
would be lost significantly to form —NHCOOH groups that are
thermally sensible and can decompose to amines and CO,
upon excessive heating finally.”*

Blocking Properties against Copper Diffusion. Ex-
cellent blocking properties against copper diffusion of ATPMS
monolayer deposited on silicon and silica have been confirmed
by sheet resistance'* and direct observation through trans-
mission electron microscopy." In our experiment, the leakage
current measurements of MOS structure with APTMS
silanization layer on the ultralow dielectric substrate after
annealing at 200 °C were carried out under different voltages.
The results are shown in Figure 9. For the APTMS silanized
sample with monolayer structure as a nanoadhesive layer, the
leakage current is reduced significantly compared with that of
the sample without the aminosilanization layers. It is evident
that aminosilanization layer can effectively block the diffusion of
copper atoms or ions into the porous ultralow-k film and avoid
dielectric breakdown. The reduction in leakage current may be
attributed to the formation of Cu—N bonds which plays an
important role in diffusion barrier. It is also revealed that
copper attached aminosilanization films through a probable
bonding (covalent or chelative bonding interaction) could
hamper the transportation of Cu ions into the porous ultralow-
k film®*® In addition, APTMS molecules with a smaller
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Figure 9. Leakage current measurements of MOS structure with and
without APTMS monolayer as a nanoadhesive layer.

molecular length (~0.7 nm) compared with the pore size (~1
nm) of the ultralow-k film, would provide the role of sealing
pores partially. Regarding the temperature effects on the
reliability of aminosilanization layers in the application of
devices, Mikami et al. reported that an estimated lifetime was
longer than ten years at the device operation temperature of
120 °C.*® Although these results were based on Cu/silica
interconnect, the reliability of APTMS silanization layer for
ultralow-k substrate is expectable, which will be explored in our
future work.

Adhesion Properties for Cu/Nanoadhesive Layer/
Ultralow-k Film System. To determine the fracture interface
between the Cu film and the ultralow-k substrate, we performed
four-point bending (FPB) tests in our investigation. As is well-
known, four-point bending test is a standard method to
quantitatively measure G, i.e., the interface adhesion toughness,
which is commonly characterized by the critical strain energy
release rate defined as eq 3

co 21(1 — )M

4B 3)
where the bending moment M = PL/2, with P being the load
and L the space between the inner and the outer loading lines,
b is the beam width, h is the half thickness, and E and #n are the
elastic modulus and Poisson’s ratio of the bulk substrate,
respectively.*”

The experimental results of the interface toughness measure-
ments at different temperatures are shown in Figure 10. It is so
amazing that the hydroxylation of ultralow-k substrate after
pure oxygen plasma surface modification can provide the strong
bonding between the methoxyl groups of APTMS and
hydroxyls of ultralow-k substrate surface after silanization
reaction. It can be seen that the interface is toughened with the
increment of annealing temperature below 400 °C, which
demonstrates an annealing-enhanced effect for the Cu/
APTMS/ultralow-k/Si film stacks. The strongest interface
toughness can reach about 6.7 + 0.5 _]/m2 at 400 °C for the
APTMS monolayer as nanoadhesive layer and 5.4 + 0.4 J/m? at
400 °C for the APTMS multilayer as nanoadhesive layer,
whereas the toughness can reach 2.6 + 0.2 and 2.2 + 0.2 J/m?
at the room temperature (RT) for the monolayer and the
multilayer structure, respectively. In contrast, without APTMS
as adhesive, the stacks exhibit an average interface toughness of
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Figure 10. Interface toughness values G, (J/m?) at different
temperatures: (a) Cu/ultralow-k/Si film stacks; (b) Cu/APTMS/
ultralow-k/Si film stacks with APTMS multilayer as nanoadhesive
layer; (c) Cu/APTMS/ultralow-k/Si film stacks with APTMS
monolayer as nanoadhesive layer.

G. ~ 2.2 + 0.3 J/m” and no observable change of the interface
toughness appears during annealing process.

It is well-known that there is a critical interface adhesion
energy (ie., about S J/m?) that could prevent interface from
delamination and crack during the fabrication of nanoelectric
circuits.” In our work, the APTMS silanization nanoadhesive
layer provides the satisfactory adhesion strength up to 6.7 + 0.5
J/m?, which is close to that of commercial TaN/Ta system (7.5
J/m?)."® Therefore, it can be expected that the damascene
structure using APTMS silanization nanoadhesive layer as
shown in Figure 1 could survive from mechanical damage
during nanofabrication, and such a nanoadhesive layer could
have the potential application in the next generation of
nanoelectric circuits.

Moreover, at the temperatures below 500 °C, annealing-
induced interface toughness is observed in accordance with
those of Cu/MPTMS/SiO,/Si and Cu/APTMS/SiO,/Si film
stack system. In the Cu/MPTMS/SiO,/Si system, it was
explained that the adhesion enhancement of interface was
mainly attributed to irreversible MPTMS dehydration.” And in
the Cu/APTMS/SiO,/Si film stack system, with the similar
molecular blackbone, the formations of both Cu—N bonds and
siloxane bridges due to the dehydration of Si—OH made a great
contribution to the enhancement of interface toughness up to
600 °C."

However, above 500 °C, in our experiment, it should be paid
close attention to the phenomenon that an annealing-induced
weakening of interface adhesion for the samples takes place,
which means that there might be another failure mechanism for
the Cu/APTMS/ultralow-k/Si film stack system at the high
temperatures.

To determine the fracture interfaces, we first performed the
survey scanning XPS detection of fracture surfaces. For the
APTMS monolayer as a nanoadhesive layer, on the copper
fracture surface, the survey XPS spectra show the peaks of C
and O with a weak N signal besides the prominent signal of Cu
substrate, while on the ultralow-k fracture surface, the survey
XPS spectra show the obvious presence of O, N and C with
almost no detectable trace of Cu. And, for the APTMS
multilayer as a nanoadhesive layer, on the ultralow-k fracture
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surface, there is almost no difference in the detected elements
from the APTMS monolayer condition. However, on the
copper fracture surface, the survey spectra display that the
elements of C, O, Cu, N, and Si are detected clearly and the
intensity of N peak is much stronger than that of the APTMS
monolayer.

It is mentioned previously that the APTMS molecules would
penetrate into the pores of the ultralow-k substrate and the role
of sealing pores is achieved because they have molecular
diameter of about 0.7 nm, which is smaller than the pore size
(~1 nm) of the ultralow-k films, which is proved by the no
observable change of Iy/I ratio from angle resolution XPS
(ARXPS) analysis of ultralow-k fracture surface (not shown
here). These results are also in agreement with the silanization
results of mesoporous silica films.*’

The XPS N1s, Si2p;,,, and Cu2p;,, core level spectra from
the Cu fracture surfaces for APTMS monolayer as nano-
adhesive layer are shown in Figure 11. At the room temperature
and 400 °C, the Nls peak consists of two components, i.e.,
primary amine and amide-N components appearing at 398.8
eV> and 400.1 eV,*>*' respectively. It is also observed that
annealing can result in the loss of primary amine contents and
the increment of amide-N contents indicating that there is a
thermodynamic transformation. However, the excessive heat
treatment up to 600 °C causes the oxidization of amino groups
which can be concluded by the presence of additional distinct
pea}fz assigned to nitro groups at the range from 405 to 410
eV.

In the Si2p spectra for the Cu fracture surfaces, it is seen that
the peak at around 102.2 eV corresponding to C(H)—Si—0,
groupsm’43 is present, suggesting the fracture occurs at the
APTMS/ultralow-k interface. In contrast, this signal of Si 2p
disappears completely when the temperature is elevated up to
600 °C, suggesting that the interface failure tends to occur at
the Cu/APTMS interface.

In the Cu2p XPS core level spectrum for the Cu fracture
surfaces, at the room temperature and 400 °C, the peak at
934.2 eV assigned to Cu(II) peak along with a shakeup peak at
much higher binding energies (939—944 eV)** attributed to
the formation of Cu—N bonding from Cu/APTMS interface
appears besides the presence of the bulk Cu(0) peak at the
lower binding energy of 932.4 eV.¥ It is notable that the
intensity ratio of Ic,n/Icy(o) decreases and the shakeup peak
shrinks at the temperature of 400 °C indicating that annealing
hampers the formation of Cu—N bonding. When the
temperature is elevated up to 600 °C, the shakeup peak
shrinks dramatically and almost disappears. The Cu2p;/, main
peak broadens and extends over a wide energy range from 931
to 935 eV. The deconvolution of this peak is done with several
components as shown in the inset picture of Cu2p;, XPS
spectrum, i.e., Cu(0) subband centered at 932.4 eV, Cu(II)
component from CuO at 933.6 eV** and Cu(Il) component
from CuN at 934.2 eV. Admittedly, the amount of CuO is
definitely overestimated because of the additional oxidization
during the transferring from the air to the XPS chamber, and
thus in our experiment the samples are carefully kept in the
vacuum and etched slightly before XPS detections.

According to all the analysis of XPS spectra for the fracture
surfaces, it makes sense that the fissure occurs at the APTMS/
ultralow-k interface below 500 °C. It is known that the amount
of oxygen is located at or near the amino groups in amine-
terminated self-assembled monolayers detected by XPS, which
is explained by the hypotheses of the oxidization of nitrogen
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Figure 11. N1s, Si2p;,, and Cu2p;,, XPS spectra of the Cu fracture
surfaces for APTMS monolayer as nanoadhesive layer: (a) RT; (b)
400 °C; (c) 600 °C. The deposited copper is mainly in the metallic
state. Inset: Zoom on the Cu2pj;), region at the range from 928 to 938
eV for the Cu fracture surface at 600 °C.

and carbon species and the coverage of oxygen containing
coadsorbates.**™** The presence of oxygen can catalyze the
dissociation reaction of —NH, to —NH, which is nearly
thermally neutral or endothermic (AE[NH,(a) + O(a) —
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NH(a) + OH(a)]) +6 kJ/mol) by thermodynamic
calculation.*” At the Cu/APTMS interface, the reaction
between Cu and N atoms takes place in the formation of
interfacial complexes due to the donor—acceptor interaction
which is strongly confirmed by the detection of Cu2p XPS
spectra in Figure 11. Annealing at the elevated temperature
from 200 to 400 °C can offer the energy contribution or the
driving force to facilitate the loss of hydrogen atoms from
amine groups, and thus the consecutive reaction between Cu
and N atoms becomes thermodynamically favorable which
could make a great contribution to toughening the Cu/APTMS
interface. Meanwhile, the dehydroxylation between APTMS
and hydroxyls on the ultralow-k substrate, which can form
strain-relaxed siloxane bridges (Si—O—Si), can also toughen the
interface above 300 °C.” Therefore, both of the formations of
siloxane bridges and Cu—N bonding are critical to toughen the
interface below 500 °C.

However, in the presence of oxygen, the dissociation reaction
of -NH to nitrogen is exothermic (AE[NH(a) + O(a) — N(a)
+ OH(a)] —47 kJ/mol) according to thermodynamic
calculation results.*” So, excessive heating at the higher
temperature above 500 °C can suppress the transformation
from -NH to nitrogen and the formation of Cu—N bonding
thermodynamically. And the formed Cu—N bonds are prone to
breaking at such high temperatures. Besides, the oxidization
reaction of amino groups could also take place to produce nitro
compounds and the oxidization of Cu to form cupric oxide can
further deteriorate the interface, which is supported by the XPS
detection in Figure 11. In spite of the irreversible dehydration
at the APTMS/ultralow-k interface, i.e., the formation of strain-
relaxed siloxane bridges that do not revert to silanol groups
upon cooling,g’50 the Cu/APTMS interface is weakened
significantly due to the oxidization of amines and copper as
well as the breaking of Cu—N bonding. As a result, it is found
that the interface toughness for the Cu/APTMS/ultralow-k
system decreases when the temperature is elevated above 500
°C

The scheme of the fracture mechanism based on APTMS
monolayer as nanoadhesive layer between copper and porous
ultralow-k film is summarized in Figure 12.

When the APTMS multilayer acts as nanoadhesive layer,
which is formed because of vertical polymerization favored by
hydrogen bonding interaction with relatively low bonding
energy (10—40 kJ/ mol),*! although Cu—N bonding and
siloxane bridges give help to the interface enhancement during
annealing, hydrogen bonding among APTMS molecule
interlayers would not suffer from heating and be easily broken
so that the fracture opts to occur at the interlayer interface,
which is concluded by the presence of the intensive and
distinguishable N1s peak with amine components at both of the
Cu and ultralow-k fracture surfaces during annealing. As a
result, the APTMS multilayer nanoadhesive layer exhibits lower
macro interface toughness compared with the APTMS
monolayer nanoadhesive layer as shown in Figure 10. It
seems that ultrathin nanoadhesive layer (monolayer structure)
could provide stronger interface adhesion than thicker one
(multilayer or polycondensed layer) in the application of
nanoelectric circuits. And this phenomenon will be investigated
in our next work.

All the explanation above is mainly based on the chemical
bonding states. However, the experimentally measured fracture
toughness is influenced by a number of other factors such as
molecular stretching, lateral molecular interactions, plastic
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Figure 12. Scheme of the fracture mechanism based on APTMS monolayer as nanoadhesive layer between copper and porous ultralow-k film (red

dotted line denotes the fracture interface.).

energy dissipation in adjacent films, grain growth, and texture of
copper films.”*

In the next investigation, we will try to carry out the
deposition of ultrathin nanoadhesive layer on patterned wafers
with less than 32-nm-wide trenches and concentrate our
attention on the mechanism of bonding between copper and
amino groups.

B CONCLUSIONS

In this paper, the preparation process, block, and interface
adhesion properties of the APTMS silanization nanoadhesive
layer are investigated for nanoelectric circuits with porous
ultralow dielectric film. Oxygen plasma surface modification can
bring about a substantial amount of hydroxyl groups on the
ultralow-k film by increasing the oxygen pressure in the
chamber. It is found that the primary amine content can reach
up to 77.5% in favor of strong interaction between amino
groups and copper atoms. A uniform and continuous layer is
obtained by optimizing the deposition conditions. The leakage
current measurements of MOS structure indicate that the
aminosilanization layer can block copper diffusion effectively
and eliminate the degradation of devices. Moreover, the
APTMS silanization nanoadhesive layer provides a satisfactory
interface toughness up to 6.7 + 0.5 J/m? for Cu/dielectric
interface. An annealing-enhanced effect of interface adhesion is
observed due to the dehydration of APTMS with the hydroxyls
of substrate and Cu—N bonding below 500 °C. However,
above 500 °C, the interface is weakened, which is ascribed to
the oxidization reactions of amines and copper as well as the
breaking of Cu—N bonding. In addition, it is also found that
APTMS nanoadhesive layer with multilayer structure provides
lower interface toughness than that of monolayer structure,
which is mainly correlated to the breaking of interlayer
hydrogen bonding.
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