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Investigation of Copper Agglomeration
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In this work, the agglomeration behavior of copper thin films after high temperature annealing was investigd®&D 6u50

nm)/Ta (10 nm, or no T@TaN (50 nm/Ta (10 nm) layers were deposited onto Si@270 nm/Si substrates by magnetron
sputtering. All samples were annealed in vacuum at temperatures ranging from 400 to 800°C. The sheet resistance, phases, surface
morphology, elemental depth profiles, and chemical binding states were investigated by four-poiné{2®beray diffraction,

scanning electron microscog$EM), Auger electron spectroscopy, and X-ray photoelectron spectrogéd). Experimental

results revealed that 50 nm thick copper films deposited directly onto TaN agglomerated after annealing at 600°C. No copper
agglomeration was observed for 200 nm thick copper films even after annealing at 800°C. It is also observed that copper
agglomeration was prevented while a Ta layer was interposed between Cu and TaN. SEM and XPS results showed that, with a Ta
interposed interlayer, copper grain growth was slowed down and Ta out-diffused to the copper surface to foynagerathe

slow grain growth rate of copper and forming of Ta€ap layer are believed to be the main reasons for preventing copper
agglomeration.
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With the development of ultralarge-scale integratih.SI) cir- Experimental
cuits, low resistivity and good electromigration resistance have be- (100 oriented n-type silicon wafers were used as substrates in
come critical requirements for interconnect material. Compared t0gyperiments. After cleaning, the wafers were thermally oxidized at
the conventional Al-based interconnect, copper has lower resistivity) g5goc in oxygen atmosphere to grow a 270 nm thick,S&yer.

(AI:' 2.7 MSZZ cm, Cu: 1.7pQ cm) and better glectromlgratlon TaN (50 nm/Ta (10 nm layers were deposited onto the Si3i
resistance:> However, copper also has several disadvantages SUC pstrates and followed by a Cu filf800 or 50 nm, with or with-

as fast diffusion into Siand SiQ,* and poor adhesidnto most  out a 10 nm thick Ta interlayer. The stacking sequences of the de-
dielectric materials. Therefore, choosing a suitable diffusion barrier/posited films are Cy200 or 50 nnWTa (10 nm, with or without/
adhesion promoter becomes an increasingly important issue. RefracgaN (50 nm)/Ta (10 nm)/SiO, (270 nm/Si. The base pressure of the
tOI’y metal§'8 and their nitride s11 are I’ecognized as attraCtive d|f' Sputtering Chamber was 2% 10_6 Torr. The Working pressure was
fusion barrier materials due to their thermal stability and electrical set gt 4x 103 Torr for Cu deposition, and % 102 Torr for Ta
property. Among them, tantalum and its nitrides attract more attenand TaN deposition. The multilayer structure was deposited sequen-
tion because of their low resistivity and inactivity to coppel’ tially without breaking the vacuum and a negative dc bias of 100 V
Besides, tantalum and its nitrides have excellent adhesion to Si anglas applied to the substrate. All samples were subsequently an-
Si0O,. Hence, the material may serve as both diffusion barrier andnealed at various temperatures ranging from 400 to 800°C, at a
adhesion promoter to dielectric layers of copper interconnection. pressure of 3< 10° Torr for 30 min.

However, it is observed that after high temperature annealing, Regarding to the sample characterization, sheet resistance was
copper films on TaN barrier may exhibit agglomeratforCopper measured by four-point prob@-26 X-ray diffraction (XRD, 6-26,
agglomeration was also observed for copper films on other barrieRigaku D-Max-IV) was used for identifying the phases of multilay-
materials, such as TiRITi-Si-N,** TiB,, > WC,1® and MoN?° after ers. Scanning electron microscoEM, Philips XL-40FEG was
high temperature annealing. Although copper agglomeration hagmployed to observe the morphological evolution of the sample sur-
been reported in the literatures, most of them mainly concern thefaces after annealing. Compositional depth profiles were measured
interfacial reaction between copper and diffusion barriers. In thesé®y Auger electron spectroscofAES, VG Microlab 310D, and
studies, the cause for agglomeration of copper thin films was simX-7@y photoelectron spectroscopXPS, VG ESCA-210 was ap-
plified to the high copper/barrier interface energy or low barrier plied to examine chemical bonding states of the sample surfaces

surface energy, so that the copper films will become agglomerated tg't€r annealing.
expose the underneath barrier layer.
To avoid the copper agglomeration, it has been reported that Results and Discussion
copper became less agglomerated when deposited on Ta barrier than The pasic multilayer structure in this study was
on TaN'’ However, the thermal stability of pure Ta is not so good as Cu/TaN/Ta/SiQ/Si. The Ta layer between TaN and Si€erved as
TaN for acting as a diffusion barriét.In order to modify the surface 4 glue layer to ensure a good adhesion. The Cu film thickness was
of TaN but keep it as the main barrier layer, we interposed a thin Taget to be 200 or 50 nm. Another Ta layer would, or would not, be
(10 nm interlayer between copper and TaN and the effect of the Tajnterposed between Cu and TaN to modify the interface. Therefore,
interlayer on copper agglomeration was investigated. In addition, theoyr different structures, C(200 nm/TaN/Ta/SiG/Si, Cu (50 nm/
influence of the copper film thickness on agglomeration was studiedraN/Ta/SiQ/Si, Cu (200 nm)/Ta/TaN/Ta/SiQ/Si, and Cu(50 nm/
also because it has been shown that copper films were less likely t§a/TaN/Ta/SiQ/Si, were explored in the experiments. Figure 1
agglomerate when they were relatively thi¢kThe Cu, Ta, and TaN  shows the variation of sheet resistance with annealing temperature
layers were deposited on Si@overed Si substrates to simulate the for the four structures. It was observed that the sheet resistance of
interconnection system. The multilayer structures were annealed ahe structures with thick coppéR00 nm) remains stable after an-
various temperatures to examine the agglomeration behavior of copaealing up to 800°C. However, the sheet resistance ofSDunm)/
per films. TaN/Ta/SiQ/Si increased abruptly after annealing at 600°C, and the
sheet resistance continuously increased with increasing temperature.
On the other hand, with a 10 nm thick Ta layer interposed between
* Electrochemical Society Active Member. the 50 nm thick Cu and TaN, the sheet resistance remains low after
2 E-mail: jenschen@mail.ncku.edu.tw annealing up to 700°C and then increased slightly after annealing at

Downloaded 06 Oct 2008 to 140.116.208.51. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Socigtys0 (12) G826-G830(2003 G827

50
—=— Cu(200nm)/Ta/TaN/Ta/SiO, *TaN(111) Si(400)
[ —o—cuEonmyTaTaNTaisio, A vTa(110) Cu(111)
o 40 | —2— Cu(50nm)TaN/Ta/SiO, ® TaN(200)
0 —A— Cu(200nm)/TaN/T&/SiO,
S| -
g o 5
©
5 | A > ' L o AN 800G
% 20 A g K * 700°Q
o | )
=) I A § y,
-— [
2 10} =
< M L
7ol :Jﬁjat
of @ &—8—a—a—0 M
I v as-dep
Il 2 2 2 A P '] 2 I3
0 200 400 600 800 S el
20 30 40 60 70 80

. 50
Annealing temperature(°C) 20 (deg.)
Figure 1. Sheet re_sista_nce as a function of annee}ling_temperature for Curigure 3. X-ray diffraction spectra of C{50 nm)/Ta/TaN/Ta/SiQ/Si struc-
(200 nm/TaN/Ta/SiQ/Si, Cu (200 nm/Ta/TaN/Ta/SiQ/Si, Cu (50 nm/ ture, as deposited and after annealing at various temperatures.
TaN/Ta/SiQ/Si, and Cu(50 nm)/Ta/TaN/Ta/SiQ/Si structures.

peak disappeared after annealing at 600°C or higher temperatures.

800°C. In order to understand the difference in the sheet resistancghe shift of TaN111) and T4110) peaks might be attributed to the
variation for these four systems, material characteristics of thesenixing of Ta/TaN/Ta layers, which results in the change of lattice
samples were examined as follows. parameters for TaN and Ta. No new phase is detected after annealing

Figure 2 presents the-20 XRD spectra of CUS0 nm/TaN/Ta/ at 800°C. The characteristic XRD peaks of (200 nm)/TaN/Ta/
Si0,/Si samples, as deposited and after annealing at various temsio,/Si and Cu(200 nm/Ta/TaN/Ta/SIQ/Si systems, before and
peratures. The as-deposited sample exhibits(Tal), Cu111), and  after various temperature annealing, are very similar to their parallel
Cu(200 diffraction peaks. After annealing, the A1l peak be-  samples with thin copper thicknes§0 nm. The shift of the
came sharper, which implies grain growth of copper upon annealingran(111) peak and disappearance of(Ta0) peak are also found in
and the Tak200 diffraction peak was observed after annealing at the Cu(200 nm/Ta/TaN/Ta/SiQ/Si system. XRD results also reveal
600°C. Also, TaN111) peaks of the annealed samples shifts to the \h4; the Cu/Tawith or without/TaN/Ta/SiQ/Si structures remains

right slightly. It may be attribute to the mixing of TaN/Ta layers, {hermally stable. The reaction products in Cu-Si metallization
which results in the reduction of lattice parameter for the TaN phasesystemswvzosuch as CySi and TaSj, were not found in the current

No new phases were formed in this system even after annealing a§ystems.
800°C. Figure 3 shows the XRD spectra of (0 nm/Ta/TaN/Ta/ In order to confirm that shift of Tafd11) and T4110) peaks is

SiO,/Si system, before and after annealing. In contrast to the previge 1o the mixing of the Ta/TaN/Ta layers, the compositional depth
ous case, the as-deposited sample exhibitd Ol TaN(111), and  profiles were examined by using AES. Figure 4 shows the AES

Ta(110 peaks. The intensity of Qil)) peak also increased with o profiles of CUS0 nm/Ta/TaN/Ta/SiQ/Si system as depos-
increasing annealing temperature, and a (B4) peak became Vis-  jioq "anq after annealing at 700°C. It can be seen that for the as-
ible after annealing at 700°C. It is also noticed that the (T4 deposited samples, the Ta concentration was higher near by the Cu
pe_ak gradually shifted to the r_|ght and the(ITE) pe;’:tk gradually and SiQ layers(Fig. 4a, which corresponds to the Cu/Ta/TaN/Ta/
shifted to the left after annealing at 400 and 500°C. ThelTa SiO,/Si layer structure. However, in Fig. 4b, the Ta concentration
was almost a constant over the depth, indicating that the Ta/TaN/Ta
structure was substituted by a single layer with uniform concentra-
*TaN(111) Si(400) tion of Ta. The reosult reveals that the Ta/TaN/Ta layer will mix after
* TaN(200) annealing at 700°C, and.also confirms the merging of(Taly and
Ta(110 peaks observed in XRD spectra.
Figure 5 presents the SEM micrographs of samples with(&0n
nm) copper layers after annealing at 600°C. Agglomerated copper
islands were observed on the surface of 600°C annealed5Cu
nm)/TaN/Ta/SiQ/Si structure(Fig. 53. On the contrary, the surface
of Cu (50 nm/Ta/TaN/Ta/SiQ/Si remained continuous after anneal-
ing at 600°C(Fig. 5b. However, the copper surface was covered
with fine particules so that the copper grains were difficult to iden-
tify. The surface morphology of thick Cu system remains continuous
upon annealing, either with or without the Ta interlagisrshown in
Fig. 6). From the XRD and SEM analyses, we realize that the Cu/Ta
(with or without/TaN/Ta/SiQ/Si structures remained chemically
stable upon annealing. The abrupt increase of sheet resistance in Cu
. . - (50 nm/TaN/Ta/SiQ/Si system after annealing at 600°C is mainly
50 60 70 80 due to the agglomeration of copper film. Sheet resistance values of
26 (deg.) the other three systems stay about the same upon annealing because
the copper films remain continuous. To understand why the inter-
Figure 2. X-ray diffraction spectra of C(¢50 nm)/TaN/Ta/SiQ/Si structure, ~ posed Ta layer may prevent the copper agglomeration, further char-
as deposited and after annealing at various temperatures. acterizations are shown as follows.
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Figure 4. AES depth profiles of CU50 nm/Ta/TaN/Ta/SiQ/Si system(a)

as deposited(b) after annealing at 700°C.

Figure 5. SEM micrographs ofa) Cu (50 nm/TaN/Ta/SiQ/Si, and(b) Cu
(50 nm/Ta/TaN/Ta/SiQ/Si samples after annealing at 600°C.
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Figure 6. SEM micrographs ofa) Cu (200 nm/TaN/Ta/SiQ/Si, and(b) Cu
(200 nm/Ta/TaN/Ta/SiQ/Si samples after annealing at 700°C.

Agglomeration of polycrystalline thin films were modeled into
a three-step proce$$22grain growth, formation of intergrain voids,
and finally formation of agglomerated islands. Figure 7 shows the
SEM micrographs of Cy50 nm)/TaN/Ta/SiQ/Si and Cu(50 nm)/
Ta/TaN/Ta/SiQ/Si systems after annealing at 800°C. Comparing
with the micrograph of the 600°C annealed GO nm)/TaN/Ta/
SiO,/Si sample(Fig. 53, it can be seen that the slightly connected
islands in Fig. 5a became fully isolated islands upon annealing at
800°C (Fig. 79. The surface of the C(60 nm)/Ta/TaN/Ta/SiQ/Si
system changed from a continuous layer after annealing at 600°C
(Fig. 5b), to a surface with scattered voids after annealing at 800°C

Figure 7. SEM micrographs of théa) Cu (50 nm/TaN/Ta/SiQ/Si, and(b)
Cu (50 nm/Ta/TaN/Ta/SiQ/Si samples after annealing at 800°C.
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in the XPS spectrunFig. 8h. The peaks are at the position of 27.4
and 25.5 eV, which close to the binding energies oj4dnd 4%,
levels of Ta in TaOg.?

Therefore, in a system with a Ta layer interposed between Cu
and TaN, Ta will diffuse to the copper surface to form a tantalum-
oxide (TaQ) layer after annealing. However, no outdiffusion of Ta
was observed for the system without a Ta interlayer. The outdiffu-
sion of Ta can be attributed to the high affinity of Ta to oxygen;
therefore, atoms in the Ta layer will outdiffuse to react with the
residual oxygen in the vacuum furnace during high temperature an-
nealing. On the other hand, because TaN is a thermally stable com-
pound, no outdiffusion of Ta atoms was observed when copper was
deposited on TaN.

From the experimental results shown above, it is observed that
copper agglomeration will be retarded significantly while a Ta inter-
layer is interposed between Cu and TaN. The effect of adding a Ta
interlayer on preventing copper agglomeration can be attributed to
two factors. First, from XPS analysis, it was found that after high
temperature annealing, Ta will outdiffuse to the copper surface to
form a TaQ layer. The TaQ may serve as a cap layer and restrict
both the mass transportation in copper surface and the movement of
copper grain boundariéé Therefore, grain growth of copper will be
delayed by the formation of the Ta@ap layer. Second, on the way
of diffusing to the copper surface, Ta atoms will move along the
copper grain boundaries and they will become the impurities stuff-
ing along the grain boundaries. As a result, the movement of copper
grain boundaries will be restricted and the grain growth rate of cop-
per is reduced. Due to the reduction of grain growth, copper ag-
glomeration will be prevented with a Ta interlayer.

An additional factor for preventing copper agglomeration via the
interposed Ta layer may be due to different interactions between
Cu-Ta and Cu-nitride. Ekstrort al?® had reported that the growth
of Cu on clean W surface followed the layer-by-layer model, but
island growth was observed for Cu on a nitrided W surface. The
authors concluded that Cu-W interaction is thermodynamically more
favorable than Cu-nitride interaction. Analogously, in our experi-
ment, the interposed Ta layer may promote a strong Cu-Ta interac-
tion, while the Cu-TaN interaction may be rather weak. Conse-
quently, the Ta interlayer can prevent the agglomeration of copper.
However, it had been reported that using copper &flapd choos-
ing different barrier materials(for example, TaSik'% also
have the similar consequence in suppressing copper agglomeration.
Therefore, interposing a Ta interlayer may not be the only way to
improve the copper morphology.

Furthermore, no agglomeration was observed for tk&30 nm
(Fig. 7b. The micrographs reveal that the agglomeration of coppercopper films, either on TaN or on Ta, after annealing up to 700°C
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Figure 8. XPS spectra of Ta 4f core levels for the as-deposited and 500°C
annealed samples ¢d) Cu (50 nm)/TaN/Ta/SiQ/Si, and(b) Cu (50 nm)/Ta/
TaN/Ta/SiQ/Si systems.

thin film was delayed when a Ta interlayer is interposed between CyFig. 6) and 800°Q(SEM not showh Comparison of agglomeration

and TaN.

Figure 6 shows the SEM micrographs of @00 nm)/TaN/Ta/
SiO,/Si and Cu(200 nm)/Ta/TaN/Ta/SiQ/Si systems after anneal-
ing at 700°C. The copper layer of both systefwith or without the

behavior for thin-and-thick films has also been reported for(Tau
and 30 nm on SiG,,*® and Pd(5 and 50 nmon Si0,.?” Both
studies agree that thick films are less easy to agglomerate than thin
films after the same heat-treatment. The connection between film

Ta interlayey remain nicely connected after annealing. The averagethickness and agglomeration is often related to the model proposed

grain size of copper in the 700°C annealed 00 nm)/TaN/Ta/
SiO,/Si system was about 1{8m. However, the average grain size
of copper in the 700°C annealed Q200 nm)/Ta/TaN/Ta/SiQ/Si
was 0.8um. It is obvious that grain growth of copper on a Ta layer

by Miller et al?* and Rhaet al??> Based on the minimization of
overall surface, interface and grain boundary energies, this model
predicts that a polycrystalline film will break up into islands when
the D/t (D: grain size;t: film thicknes$ ratio exceeds a critical

between Cu anq TaN system is' retarded significantly. Consequent!walue. However, in practice, agglomeration always starts with the
the agglomeration of copper film becomes delayed, as shown irformation of voids at some local sitggrain boundary vertices,

Fig. 7.

In addition to the delay of copper agglomeration, the surface of
the 600°C annealed Cu50 nm/Ta/TaN/Ta/SiQ/Si structure
showed fine particlegFig. 5b, which resembles reaction products.
Figure 8 shows the XPS spectra of Ta 4f core levels for th¢30u
nm)/TaN/Ta/SiQ/Si and Cu(50 nm)/Ta/TaN/Ta/SiQ/Si systems, as
deposited and after annealing at 500°C. No Ta signal was detecte|
on the surfaces of as-deposited and 500°C anneale(GCunm)/
TaN/Ta/SiQ/Si (Fig. 83. For the Cu(50 nm)/Ta/TaN/Ta/SiQ/Si

where three grains meebut is not a global process for all grains.
Figure 9 shows the SEM micrograph of the 500°C annealed Cu
(50 nm/TaN/Ta/SiQ/Si sample. The Cu film stayed mostly continu-
ous but with voids scattered on the surface. The average Cu grain
size was about 0.2um, resulting aD/t ratio of 4. The Cu film
became agglomerated in the next heating st&§e°C, see Fig. Ha
dut the Cu islands were still connected. One needs to anneal the
sample at higher temperature to obtain the fully isolated islands
(800°C, see Fig. 7a On the other hand, the 700°C annealed Cu

system, there was also no Ta signal detected on the as-deposit¢d00 nm/TaN sample showed a continuous surface with no void,
sample. However, after annealing at 500°C, two peaks were detecteand the average Cu grain size was aboutulr8(see Fig. 6a which
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directly on TaN. Once a thin Ta layer is interposed between Cu and
TaN, Ta atoms outdiffuse to the Cu surface and form a,Te&p
layer. The TaQ cap layer and Ta atoms diffusing along the Cu grain
boundaries will retard the grain growth of copper. Consequently, the
agglomeration of copper is prevented. With a thi@0 nm Cu

film, agglomeration is not observed in either Cu/TaN or Cu/Ta/TaN
system even if annealed at 800°C. The absence of agglomeration for
thick Cu films may be attributed to the lower nucleation rate of

1 um

Figure 9. SEM micrograph of CY50 nm/TaN/Ta/SiGQ/Si sample after an-
nealing at 500°C.

voids, as compared to the thinner Cu films.
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Miller/Rha model thus may be too simplified for practical situations.
Following our observation, we believe that agglomeration should
be analogized to “phase transformation.” It starts with the nucle- 1.
ation of voids at some grain boundary vertices and followed by 2
growth of voids, which gradually leads to the agglomerated islands.
Based on the classic phase transformation theory, the nucleation ratg’
is determined by the concentration of nuclei of the critical size and
the collision frequency of ator(®r moleculeswith nuclei?®2°This 5.
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