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a  b  s  t  r  a  c  t

This  study  investigated  the  properties  of 5  nm-thick  RuMo  film  as  a Cu  diffusion  barrier.  The sheet
resistance  variation  and  X-ray  diffraction  patterns  show  that  the  RuMo  alloy  film  has  excellent  barrier  per-
formance  and  that  it is  stable  upon  annealing  at 725 ◦C against  Cu.  The  transmission  electron  microscopy
micrograph  and diffraction  patterns  show  that  the  RuMo  film  is  an amorphous-like  structure,  whereas
vailable online 8 December 2011
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pure  Ru  film  is a  nano-crystalline  structure.  The  elements’  depth  profiles,  analyzed  by  X-ray  photoelec-
tron spectroscopy,  indicate  no  inter-diffusion  behavior  between  the  Cu  and  Si layer,  even  annealing  at
700 ◦C.  Lower  leakage  current  has  been  achieved  from  the  Cu/barrier/insulator/Si  test  structure  using
RuMo  film  as the  barrier  layer.  A 5 nm  ultrathin  RuMo  film  provided  two  orders  of  magnitude  improve-
ment  in  leakage  current  and  also  exhibited  a 175 ◦C  improvement  in  thermal  stability  than  that  of  the
pure  Ru  film.  It  is  a  potential  candidate  as  a seedless  Cu diffusion  barrier  for advanced  Cu  interconnects.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

With continuing shrinkage of integrated circuit (IC) dimensions,
he resistance–capacitance time delay (R–C delay) of the back end
f line (BEoL) interconnection became a major contribution to the
otal time delay in integrated circuits (ICs) [1,2]. Replacing tradi-
ional Al and dense oxide with Cu and porous low k material has
een successfully integrated in advanced metallization for a lower
–C delay time [3].  However, Cu has a higher diffusion coefficient

n the dielectric and reacts easily with Si at temperatures above
00 ◦C [4],  which could cause early failure of the integrated cir-
uits. Therefore, a liner as a diffusion barrier, inserted between Cu
nd the dielectric, is necessary for effectively halting Cu penetration
nto the dielectric.

Ta/TaN is a commonly used Cu diffusion barrier due to its
nsolubility in Cu and high barrier capability against Cu diffusion
5,6]. Unfortunately, in the more advanced IC generations, such as
ub-32 nm technology, a thinner barrier is necessary, because the
olume ratio of the diffusion barrier to the whole conducting line
ill be too high if barrier thickness is not scaled down accordingly.

owever, thinning Ta/TaN layer, which exhibits high resistivity,
annot meet the requirement for more advanced Cu metallization
7].
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Ruthenium, a transitional metal, has a bulk electrical resistiv-
ity of 7.1 ��-cm that is lower than that of Ta (13.6 ��-cm). The
Ru–Cu phase diagram shows negligible solid solubility between the
elements [8].  Moreover, Ru can directly plate a Cu film without a
Cu seed layer, which reduces a process step. The process also relax
seed/barrier combined thickness requirement and is an attractive
integrated process [9].  Therefore, pure Ru film has been investi-
gated as a potential candidate for a seedless Cu diffusion barrier for
future generations [10,11]. However, pure Ru film exhibits a colum-
nar grain structure; the vertical grain boundaries provide Cu with
the high diffusion paths, which lead to early failure of the Ru barrier
[11]. Recently, the improvement of Ru barrier-performance against
Cu has been widely studied [12–14].  Adding extra elements, such as
N, P, and Ta as impurities in the lattice matrix of Ru film is a way to
enhance Cu diffusion barrier properties [12,14,15].  Damayanti et al.
indicated that the dissolved N in Ru film can modify crystalline Ru
film trending to an amorphous microstructure [12]. The elements
added into Ru film could not only be stuffed at the grain bound-
aries but also alter the microstructure or amorphize the Ru film. As
a result, it can obviously improve barrier performance against Cu
diffusion.

Mo shows no solid solutions with Cu [16]; it has a lower bulk
resistivity of only 5.18 ��-cm and has a high melting point (melt-
ing point of Mo  is 2623 ◦C). Mo  film as a barrier layer also exhibits
a good electromigration performance [17]. In this study, a small

amount of Mo  was  added to the Ru film and RuMo alloy film as a
Cu diffusion barrier has been investigated. The film properties of
RuMo alloy film, including its thermal stability, Cu diffusion barrier
performance, and film micro-structure are discussed.

dx.doi.org/10.1016/j.jallcom.2011.11.144
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
The atomic compositions, sputtering conditions and failure temperatures of RuMo alloy and pure Ru films. Film composition was measured by XPS.

Films Sputter conditions Composition Failure temperature (◦C)

Ru target power (W)  by DC power Mo  target power (W)  by RF power Ru (at.%) Mo (at.%) O (at.%)
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that the as-deposited Ru film is a nano-crystalline structure. The
Ru peaks drastically increase when the annealing temperature is
elevated to 550 ◦C, which can be contributed to grains growth
and re-crystallization of the Ru film. The grain boundaries in the
Ru 40 – 

RuMo I 40 10 

RuMo  II 40 40

. Experimental

A 4-in. p-type Si wafer was used as substrate. Before the barrier and Cu film
eposition, the Si substrate was cleaned by diluted buffered HF solution. Next, a

 nm thick RuMo film is deposited on the Si substrate by a three-gun co-sputtering
ystem, with a working pressure of 1.2 × 10−2 Torr and a 99.9995% purity level of Ar
as flow at 8 sccm. The base pressure of the sputter chamber is below 1 × 10−5 Torr.
he sputtering power of the Ru target was set to direct current (DC) 40 W,  whereas
he power of the Mo  target was varied from 10 to 40 W with radio frequency (RF) to
djust the composition of the RuMo films. All target diameters were 2 in. and purities
ere above 99.95%. A 100 nm thick Cu film is then deposited in situ on the 5 nm RuMo
lm/Si substrate by DC power at 80 W.  To evaluate the microstructure of the barrier
lms, the 5 nm thick RuMo and Ru films are deposited separately on Si substrates for

urther analysis. Microstructure and thermal stability of the studied films were eval-
ated by thermal annealing using a rapid thermal annealing (RTA) system (ULVAC,
odel: MILA-5000) in a vacuum level of 1 × 10−5 Torr. The four-point probe instru-
ent was  used to measure sheet resistance variation. The gazing incident of X-ray

iffractometer (GIXRD, Rigaku, D/MAX2500) with a CuK� (� = 0.15406 nm)  radiation
ource was applied to analyze the film’s microstructure and phase transformation.
he  X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe) was employed
o  analyze atomic composition and the depth profile for Ru and RuMo film. The high
esolution transitional electron microscopy (HRTEM, JEOL, JEM-2100F) was used
o  observe microstructure and thickness of barrier films. The Cu/barrier/TEOS/Si
tacked films, as a metal-isolator-semiconductor (MIS) structure, were used for the
easurements of leakage current densities with a Keithley 2400.

. Results and discussion

Barrier performance of the 5 nm-thick RuMo and pure Ru
lm were preliminarily evaluated by thermal annealing using a
u/barrier/Si structure. The atomic compositions and failure tem-
erature of the barrier films are summarized in Table 1. The atomic
omposition of Ru and RuMo alloy films were evaluated by XPS
nalyses and the failure temperature was defined as the anneal-
ng temperature that its sheet resistance increased by at least one
rder of magnitude. The oxygen content in the barrier films are
ossibly resulted from the residual oxygen of the process chamber.
he higher oxygen content of the RuMo II film could be attributed
o the high oxygen affinity of Mo  [18]. The RuMo film with lower

o content (RuMo I) exhibits the best thermal stability. Therefore,
he RuMo I film (the acronym RuMo will be used hereafter) was
hosen for further investigations.

Fig. 1 shows the sheet resistance variations of the as-deposited
nd post-annealed Cu/Ru/Si and Cu/RuMo/Si structures. Both sheet
esistances decrease initially with an increasing annealing temper-
ture up to 500 ◦C. The decrease in resistances could be ascribed to
rain growth and decreasing defect density of Cu film [19,20]. For
he Cu/5 nm Ru/Si sample, the increase of sheet resistance starts
fter annealing at 550 ◦C, and it increases acutely after annealing
t 575 ◦C. The obvious increase of sheet resistance could be consid-
red the signature of Cu3Si formation [21]. The forming of Cu3Si is
aused by failure of the Ru barrier. In contrast, the sheet resistance
f the Cu/RuMo/Si stacked films maintains a low value even after

 700 ◦C anneal, indicating that the 5 nm RuMo film reveals high
hermal stability. By further increasing the annealing temperature,
he sheet resistance drastically increases at 750 ◦C anneal. How-
ver, the 5 nm RuMo film demonstrated a higher thermal stability

han that of pure Ru against Cu diffusion by about 175 ◦C.

The XRD patterns of Cu/Ru/Si and Cu/RuMo/Si structures with
nd without annealing are shown in Fig. 2a and b, respectively.
he 2� diffraction peaks found at 43.3◦, 50.6◦ and 74.3◦ correspond
92.6 – 7.4 575
92.8 3.1 4.1 750
33.9 46.3 19.8 600

to Cu(1 1 1), Cu(2 0 0) and Cu(2 2 0), respectively. The peaks of Cu
become sharper with elevated annealing temperature. This sharp-
ening of Cu peaks can be ascribed to the grain growth of the Cu
film, which is in agreement with descended sheet resistance of the
annealed Cu/barrier/Si (Fig. 1) [22]. Fig. 2a presents the XRD spectra
of the Cu/Ru/Si structure with various annealing temperatures. No
obvious peak besides Cu can be observed before 550 ◦C annealing; it
suggests that the 5 nm Ru film is stable up to 550 ◦C. However, small
Cu3Si peak appeared after annealing at 575 ◦C, and then becomes
visibly sharper. No Cu peak can be observed after annealing at
600 ◦C. The appearance of Cu3Si suggests that an interaction of Cu
and Si occurred in Cu/Ru/Si stacked films, and the Ru barrier fails to
block Cu diffusion effectively. The results also agree with the finding
of sharply raised sheet resistance (Fig. 1). In comparison, the XRD
spectra of Cu/RuMo/Si samples with various annealing tempera-
tures are shown in Fig. 2b. No obvious Cu3Si diffraction peak can be
detected even after annealing at 725 ◦C. It suggests that the 5 nm
RuMo alloy film can effectively block Cu diffusion and therefore
prevent the reaction between Cu and Si at 725 ◦C. After anneal-
ing at 750 ◦C, the absence of Cu peaks and the appearance of Cu3Si
peaks suggest that massive Cu atoms penetrate through the RuMo
layer and react with Si. Nonetheless, the 5 nm RuMo layer can pro-
hibit massive diffusion of Cu into the Si substrate up to 725 ◦C, and
with an improvement of more than 175 ◦C in thermal stability over
a pure Ru film.

Further investigations of the film’s properties of pure Ru and
the RuMo film deposited on Si were performed by GIXRD with-
out Cu capping. The diffraction patterns of pure Ru and RuMo
film after various annealing are shown in Fig. 3a and b, respec-
tively. The 2� values at 38.385, 42.19 and 44.021◦ correspond to
Ru(1 0 0), Ru(0 0 2) and Ru(1 0 1) peaks, respectively. In Fig. 3a,
small but present Ru peaks of the as-deposited sample suggest
Fig. 1. Sheet resistances of the Cu/5 nm barrier/Si structures after annealing at var-
ious  temperatures.
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Fig. 3. XRD patterns of the 5 nm-thick (a) pure Ru and (b) RuMo deposited on a Si
ig. 2. X-ray diffraction spectra of the (a) Cu/5 nm Ru/Si and (b) Cu/5 nm RuMo/Si
tacked film annealing at various temperatures.

ano-crystalline Ru film provide many fast diffusion paths for Cu
o penetrate the barrier layer, which significantly degrade the bar-
ier performance. Furthermore, after annealing at 600 ◦C, the Ru2Si3
eaks emerge and can be clearly observed in the XRD spectra. The
ormation of Ru2Si3 suggests that the Ru film reacts with the under-
ying Si layer during the annealing. Arunagiri et al. [10] indicated
hat the poor barrier performance of pure Ru is attributed to its
olumnar microstructure for the as-deposited film and the low
ctivation energy of forming Ru2Si3 upon annealing. The relatively
enser Ru film could transform to a less dense Ru2Si3 with ther-
al  annealing [23]. The less dense Ru2Si3 structure provides rough

nterface and even faster diffusion paths to accelerate copper’s pen-
tration [10,24,25].

In comparison, no obvious peak can be observed in Fig. 3b for the
s-deposited RuMo film. It implies that the as-deposited RuMo film
ould be an amorphous-like microstructure. Even after annealing
t 600 ◦C, only weak, broad Ru peaks can be detected. A non-
bvious Ru peak suggests that the RuMo film likely remains as an
morphous-like microstructure. A barrier lack of grain boundaries

eans that there is less easy diffusion path for Cu to penetrate. As

he annealing temperature raises to 700 ◦C, the Ru peaks emerge,
hich implies that Ru in the RuMo film starts to re-crystallize. At

his annealing temperature, no Ru2Si3 peak exists, suggesting that
substrate with various annealing temperatures.

the RuMo alloy is more thermally stable than the pure Ru film. The
significant improvement in Cu barrier performance of the RuMo
film is mainly attributed to the amorphous-like microstructure.
The added Mo  disturbed or hindered the ability of Ru to form a
nanocrystalline structure in the RuMo film. As the annealing tem-
perature raise to 750 ◦C, weak Ru2Si3 peaks and no Ru peak were
found, implies that an interaction between Ru and Si has occurred.

The inter-diffusion behavior of each layer was observed by the
XPS depth profiling after annealing. Fig. 4a shows the element’s
depth profiles of the post 600 ◦C annealed Cu/RuMo/Si sample. The
Cu signal drops imminently before the RuMo layer and no Cu sig-
nal appears in the Si layer. Those individual instances, with clear
interfacial layers, suggest that RuMo film blocks the diffusion of
Cu into the Si layer. After annealing at 700 ◦C (Fig. 4b), the sig-
nal of Ru becomes broader, indicating that Ru tends to diffuse into
the Cu and Si layers at higher annealing temperature. However,
Cu signal is not present in the Si layer suggests that the RuMo
film can effectively block mass Cu penetration into Si at 700 ◦C.
Fig. 4c shows the 600 ◦C post-annealed Cu/Ru/Si structure, where
no interface can be recognized from the Cu/Ru/Si stacked layers.

The Cu atoms penetrate through the pure Ru barrier and deeply
diffuse into the Si layer. Obviously, the inter-diffusion between Cu
and Si indicates that the pure Ru film failed as a barrier against Cu
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Fig. 4. XPS depth profiling of (a) the Cu/RuMo/Si stacked films after annealing at
600 ◦C and (b) the Cu/RuMo/Si stacked films after annealing at 700 ◦C and (c) the
Cu/Ru/Si stacked films after annealing at 600 ◦C. All barrier films are 5 nm thick.
Fig. 5. The cross-sectional TEM micrograph of (a) Cu/RuMo/Si stacked films, the
inserted image is FTED patterns of RuMo layer, and (b) Cu/Ru/Si stacked films. Both
samples received 1 min  of 600 ◦C annealing.

diffusion at an annealing temperature of 600 ◦C. The Cu could dif-
fuse into Si via grain boundaries of the Ru layer. Unlike Ru, lack
of grain boundaries of the RuMo film can impressively enhance
barrier performance against Cu diffusion, even at an annealing tem-
perature of 700 ◦C. An obvious improvement of thermal stability
was  obtained by adding a small amount of Mo  to the Ru film. Cu
can be easily oxidized at atmosphere. The XPS depth profiles of all
samples in Fig. 4 indicate similar amount of oxygen content at sur-
faces (∼45 at.%). The high oxygen content at all sample’s surfaces
could be caused by exposure of samples in air before the analyses

[26–28]. Based on (a) all samples have native Cu oxide(s) formed
at the surfaces, (b) the sheet resistance (Fig. 1) of 600 ◦C annealed
Cu/Ru/Si sample is approximately two-order of magnitudes higher
than that of Cu/RuMo/Si sample, and (c) Cu3Si was  formed at 600 ◦C
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ig. 6. Leakage current densities of the Cu/barrier/TEOS/Si structures as-deposited
nd  after a 1-min annealing at 500 ◦C and 700 ◦C.

or Cu/Ru/Si sample (Fig. 2a). Therefore, the formation of Cu3Si
hould be the root cause responsible for the increasing in film resis-
ivity and the surface native Cu oxide has no significant contribution
o overall film’s resistivity.

Fig. 5a and b shows the cross-sectional micrographs of the
tacked Cu/RuMo/Si and Cu/Ru/Si structures that have undergone
nnealing at 600 ◦C, respectively. Fig. 5a indicates the RuMo barrier
ayer is about 5 nm thick, and ∼2 nm thick native oxide remains at
he interface between RuMo and Si layers. The insert image shows
ourier transformed electron diffraction (FTED) patterns from the
EM image of the RuMo film. The FTED image suggests that the 5 nm
uMo film is a non-crystalline microstructure even after 600 ◦C
nnealing, which agrees with the lack of clear diffraction peak
hown in Fig. 3b. Moreover, the RuMo layer exhibits uniformly and
as a clear interface between Cu and Si after annealing at 600 ◦C.
his further confirms that the 5 nm RuMo film is a good Cu bar-
ier with high thermal stability. Fig. 5b shows the cross-sectional
EM micrograph of the Cu/Ru/Si structure after annealing at 600 ◦C.

 distinct triangular structure was found. According to the XRD
atterns (Fig. 2a) and acutely ascendant sheet resistance (Fig. 1),
his triangular film could be considered as part of the formation
f Cu3Si [29,30]. The forming Cu3Si in the Cu/Ru/Si stacked films
mplies that Cu atoms already penetrated through the Ru barrier
nd reacted with Si. In contrast, the 5 nm RuMo film is intact and
eveals a robust Cu diffusion barrier.

The leakage currents were evaluated by the Cu/5 nm bar-
ier/TEOS/Si MIS  structure. The results are shown in Fig. 6. The
ample with a pure Ru barrier exhibits a high leakage current after
nnealing at 600 ◦C. The high leakage current of the Ru sample after
nnealing is attributed to the out-diffusion of Cu into the dielec-
ric film through a poor Ru barrier layer [31]. The leakage current

easured from the 5 nm RuMo barrier sample is two orders of mag-
itude lower than that of the pure 5 nm Ru sample, even with a
igher annealing temperature at 700 ◦C. The low leakage current
ensity suggests that the RuMo film is a good candidate as a diffu-
ion barrier against Cu.

. Conclusions
A distinguished Cu barrier performance of a 5 nm-thick RuMo
lm has been demonstrated. The results of sheet resistance, GIXRD,
PS element’s depth profiles and TEM micrograph indicate that a

[

[
[
[
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5 nm-thick RuMo film is thermally stable up to 725 ◦C. Whereas,
the Cu barrier function of a pure Ru film fails at a lower anneal-
ing temperature of 575 ◦C. Small amounts of Mo  added into the
Ru film can drastically improve the barrier performance by about
175 ◦C. The diffraction patterns of post-annealed RuMo film sug-
gest that RuMo film preserves its amorphous-like microstructure
after 600 ◦C annealing. The inter-diffusion behaviors between Cu
and Si can be delayed to beyond 700 ◦C by inserting an ultrathin
5 nm RuMo barrier in between. The TEM micrograph shows that the
5 nm RuMo film reveals a uniform and glassy-like microstructure
after being annealed at 600 ◦C, which suggests that the 5 nm RuMo
film is a robust Cu barrier. The leakage current density of a MIS
structure using a 5 nm RuMo barrier film shows an improvement
of more than two  orders of magnitude over that of pure Ru film.
The RuMo film could be a potential seedless Cu diffusion barrier for
advanced Cu metallization.
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