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ABSTRACT

To understand the role of Cu film texture in grgmowth at room temperature
(RT) in relation to twin boundary formation, Curit were deposited on various barrier
materials, and Cu film texture was investigated>syay diffraction. The Cu grain
growth was rapid on the barrierless & substrate, and very slow on the Ta barrier
due to strong (111) texture. The growth rate anel dkerage grain diameter after
keeping at RT up to ~60 days were maximized a{200), peak to (222), peak area
ratio of ~1.0, where the {111}, {100}, and {511} gins coexisted. Such coexistence of
three or more orientations of grains is essentiafdcilitating Cu grain growth at RT.
Similarly, average twin boundary (TB) density waaximized when Cu grain growth
was facilitated. The TB formation in nano-sized @ains was not controlled by grain
size, but caused by grain growth. The TBs couldabeealing twins caused by
irregularities in stacking sequence during reldyiviast grain growth. The Cu film
texture is concluded to be determined at the ebhdginning of deposition, and
wettability of various barrier materials to the @Gms plays a key role in determining

the film texture.
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1. Introduction

As the widths of Cu wires reduce to a deep subeanigcale in ultra-large scale
integrated (ULSI) devices, a large resistance-atgnace delay is becoming a critical
material-related issue [1]. One of the primary dastfor the increase in electrical
resistivity of the Cu wires is the existence ofefi@u grains. Thus, understanding the
mechanism of grain growth in Cu films is esserfbalreducing the resistivity increase.
In the past two decades there have been many igagshs on grain growth in Cu thin
films, and both Cu grain growth and Cu texture wezported to be affected by
diffusion-barrier materials [2-10]: Strong (111)xtiere was observed in Cu films
deposited on barriers such as Ta and Ti; in contsamsne (100)-oriented grains in
addition to (111)-oriented grains were observe@unfilms on W and barrierless SIO
The strong (111) texture suppressed Cu grain grawththat containing (100)-oriented
grains among the (111) grains facilitated Cu ggaowth.

On the other hand, many twin boundaries (TBs) vadagerved in Cu films. TBs
with nano-sized spaces inside Cu grains are knawimdrease mechanical strength
without ductility degradation, and to have littlecieasing effect on resistivity [11, 12].
Since TBs are homogeneous, electrical resistivibBsSIBs are about one order of
magnitude lower than those of high-angle grain lgauies [13]. TBs are also expected
to increase electro-migration (EM) resistance wimert oriented in parallel to Cu
interconnects [14, 15]. Thus, TBs are believed ® useful for nano-sized Cu
interconnects in ULSI devices. However, TBs arevkm®o form easily in Cu grains not
only in films, but in bulk due to their relativelpw stacking fault energy. There are
three possible types of TB formation: growth twjd4, 12, 16, 17], annealing twins

[18-21], and deformation twins [22-25]. Growth twirand annealing twins easily



formed when deposition rates of Cu films and/omdlorates of Cu grains were fast
(i.e., TB formation is the result of irregularitissstacking sequence). Furthermore, TBs
of the growth twins are usually oriented in padaitea film surface, and thus they are
expected not to be useful for enhancing EM restsgtaHence, we focused on annealing
twins, which we assumed probably correlates withgrain growth mentioned above.

In this study, Cu films were deposited on varioasrier materials, and Cu film
texture was investigated by X-ray diffraction (XROhe texture was evaluated by the
area ratio of a (200) peak to a (222) peak. To elucidate the degree to which Cu
growth is facilitated in a specific range of théiaaCu grain growth was traced as a
function of time kept at room temperature (RT) aa$ systematically characterized by
the ratio. The Cu grain growth was representedelsistivity decrease in the Cu films.
Simultaneously, to make correlation between thdorBation and the Cu grain growth
clear, the TBs were observed in Cu films by scagpnon microscopy (SIM) and
transmission electron microscopy (TEM) after kegpat RT. Finally, to explain Cu
film texture variation with barrier materials, thesttability of various barrier films to
deposited Cu films about 10 nm in thickness and tthaures of the films were

investigated.

2. Experimental Procedure

About 250 nm-thick Cu-film deposition followed wvaus types of barrier
deposition on SigJSi substrates in a radio frequency magnetron epayistemBarrier
samples were a 150 nm-thick Ta or TaN layer, layers composed of 75 nm-thick Ta and 75
nm-thick TaN as Ta/TaN or TaN/Ta, a 100 nm-thick Ti or TiN layer, and 50 nm-thick Ti

and TiN as Ti/TiN or TiN/Ti. The Cu films were also deposited on barrierlesssates



of SiOy/Si and (1R0)-oriented sapphire. Prior to film depositione thubstrates were
ultrasonically cleaned with acetone and isopropgblaol. Additionally, the sapphire
substrate was cleaned with buffered hydrofluoricd.adhe base pressure prior to
deposition was approximatelyx110° Pa. The sputtering power was kept at 300 W. The
working pressure for pure metal (Cu, Ta, Ti) depasiand for metal nitride (TaN, TiN)
deposition was about 1 Pa and 0.5 Pa, respectielyas and Ar/N mixed gases were
used for the pure metal depositions and for theahmetride depositions, respectively.
The substrate holder was placed 100 mm above tpettdhe purity of the Cu, Ta, and
Ti targets was 99.99 %.

The resistivity and the texture of the Cu films weneasured by van der Pauw
method and XRD method, respectively. The (111) @ifiD) textures in the Cu films
were evaluated by a conventio®a0 scan. The texture was represented by area ratio
(a) of the (200g, peak to the (222) peak in thed-28 spectra, which was estimated by
peak fitting using two pseudo-Voigt functions cepending to k; and Ky2 peaks and
the background [26]. The (5XL)peak is out of range oB2an the8-20 scan using the
Cu Ky-ray, and thus the (511) texture was evaluated Bysean, where @was set to
50.5°, for example, as the angle corresponding (@f0),, and® was changed in the
range between 0° and 50°. When [511] is perperalidol the Cu film surface, two
peaks were observed to be symmetric about 25°.dglicrctures such as grain size and
TBs in Cu films kept up to about 270 days at RTenabserved by SIM and TEM. For
plan-view TEM observation, specimens with thinnedvd Ta barrier layers or Cu
films were made as Cu/5 nm-thick Ta/2i8i or 20 nm-thick Cu/SielSi. Wettability of
various barrier materials to the Cu films was inigaded by atomic force microscope

(AFM) using about 10 nm-thick Cu films.



3. Results and Discussion
3.1. Room Temperature Grain Growth Depended on FilnTexture

Figures 1(a) and 1(b) show portions of XRD speetraund the (20@), and
(222), peaks in thé-20 scan, respectively, for the barrierless CusSS@mple kept at
RT. Both (2003, and (222}, peak areas increased with increasing keeping tirhe.
peak areas estimated by peak fitting are depidedfanction of keeping time in Figure
1(c). The estimated values for both (2Qnd (222}, peak areas increased rapidly at
the beginning of grain growth, and their increaslesved down drastically after about
one day. Similarly, both peak areas increased witheasing keeping time in all the
samples, but the (20f)) peak was not observed in the Cu/Ta and Cu/Ti sssngden
after keeping at RT for 150 days or more. Thus, @GwéTa and Cu/Ti samples had
strong (111) texture.

The degree of texture of the samples was exprdsgdle area ratiod) of the
(200)x, peak to the (222), peak in theb-20 spectra, as mentioned before. Thealues
for six samples, Cu/Ta, Cu/Ta/TaN, Cu/sapphire, S&y, Cu/TaN/Ta, and Cu/TaN,
are depicted as a function of the keeping time.(E)g Those for the as-deposited Cu
samples (left-most circles in each plot of Fig.Vv&ried with the barrier materials,
indicating that the Cu film texture was determirgdthe barrier material. Thee values
for the Cu/Ta/TaN, Cu/TaN/Ta, and Cu/TaN samplesabsed with the keeping time,
while those for the barrierless Cu/sapphire andSi€y/ samples increased with the
keeping time. The values settled to specific values after sufficlee¢ping time in all
the samples, different values for each sample tii®1Cu/Ta sample, the value (= 0)

did not change at all.



Since the peak-area increase with keeping timecatels the growth of each
(200)y or (222}, grain, the resistivity measurement was the motatda method to
understand average grain growth of the samplesistréty increase of the present
pure-Cu films was explained mainly by grain bougdacattering. Figure 3 shows
resistivity for the six samples as a function o eeping time. The resistivity of the
as-deposited Cu films varied with the barrier matey indicating the as-deposited Cu
grain size was dependent on the barrier materia¢ fEsistivity decreased with the
keeping time for all the samples (i.e., Cu graiovgh), and the resistivity decrease for
each sample showed a similar trend toadth&lue change (Fig. 2). Thus, the decrease in
resistivity for the Cu/Ta/TaN, Cu/TaN/Ta, and CWMTaamples is caused mainly by
(111) grain growth, and that for the barrierlesgs@pphire and Cu/SiOsamples is
caused by (100) grain growth. This suggests thefiepgntial orientation of grains for
growth is controlled by the barrier materials. Thsistivity reached the minimum value
after sufficient keeping time in all the samplasg dhe minimum resistivity values were
different for each sample. For example, the lovaest the highest values were observed
for the Cu/TaN/Ta and Cu/Ta/TaN samples, respdgtive

The resistivity decrease amdvalue change with the keeping time showed similar
trends, and this suggests that grain growth wasraltmd by the film texture. While
slight amount of {511} grains were reported to éxis addition to {111} and {100}
grains in EBSD observation of Cu films [27-30], arttinately the (51%), peak is out
of range of B in theB8-28 scan using the Cu Kray, and thus the (511) texture was
evaluated byd scan, as mentioned before. Typical XRD spectréhefd scan (B =
50.5°) for ten samples after keeping at RT for a0 or more days are shown in

Figure 4. The XRD spectra seemed to be divided thtee groups: (i) two (208)



peaks symmetric abo@x = 25° (Fig. 4(a)), (ii) three (208) peaks consisting of two
peaks symmetric abo@t= 25° in addition to a peak 8t= 25° (Fig. 4(b), and (iii) a
single (200y, peak a® = 25° (Fig. 4(c)). The two peaks symmetric ab@at 25° and
the peak ab = 25° correspond to {511} and {100} grains, resippsly. The figure
suggests a correlation between {511} grains and)Iffains: the volume fraction of
{511} grains increased with decreasing fractio{1d0} grains, thereby decreasing the
a value. Thus, the Cu film textures were divideaittiree groups, consisting of {111}
and {511} mixed grains, {111}, {511}, and {100} med grains, and {111} and {100}
mixed grains, and the Cu film texture trend camdpesented by thee value. Note that
{111} grains were a main component in all Cu films.

Based on these results, the relationship amongtiketsi, Cu film texture, and
keeping time at RT was summarized in Figure 5. Vagical and horizontal axes
represent the resistivity of the Cu films and thevalue (i.e., Cu film texture),
respectively. The keeping time change is repreddmyethe symbol change as shown in
the inset scale. The resistivity of the as-depdstie films, around keeping time of
30-50 minutes, varied with theevalue, indicating the average grain size of asadited
Cu films depended on the Cu film texture (i.e., rlear material), and the initial
resistivity was the lowest at ~ 0 (Cu/Ta). On the other hand, the resistiviguetion
rate (i.e., grain growth rate) exhibited the maximwalue at the specific value of ~1.0
(Cu/sapphire) due to (100) abnormal grain growthe Tesistivity reached the lowest
value of ~2.0uQcm at the similar specifia value of ~1.0 (Cu/TaN/Ta) due to (111)
abnormal grain growth. These observations indittzdie Cu grain growth at RT was not
dependent on the initial grain size, but was featéid around tha value of ~1.0. This

suggests that the driving force for the grain growtnot mainly grain boundary energy



reduction, which is the driving force for normalagr growth, but minimization of
crystallographically dependent energies [31]. A dhvalue of ~1.0, the {111}, {100},
and {511} grains coexisted, and such coexistendlrek or more orientations of grains
is essential for facilitating Cu grain growth at Rither than preference for the (111) or

(100) grain growth.

3.2. Twin Boundary Formation Caused by Grain Growth

Nano-sized Cu films are known to have TBs regasdlet film preparation
technigues such as sputtering and electroplatisgn@&ntioned in the Introduction, the
TBs are believed to be useful for nano-sized Cera@nnects due to increase of
electro-migration resistance [14, 15]. A part of idBmation is believed to be related
with the grain growth [18-20], and thus SIM obséawas carried out in this study to
investigate TB formation during the grain growthigdfe 6 shows typical SIM
plan-view images of the Cu/TaN samples after keppinRT for 14, 51, 192, and 263
days. After 14 days, the Cu film still consisted aofarge amount of fine grains and
relatively small amount of coarse grains. This ®sgg that RT grain growth was
relatively slow in this sample. As the keeping tinmereased, the size difference
between the coarse and fine grains increased, amwdirgs of coarse and fine grains
increased and decreased, respectively. These alisey indicate that such Cu grain
growth pertains particularly to abnormal grain glowFurther grain growth was not
observed after 192 days, and the grain growth weeved to be saturated at the
keeping time between 51 and 192 days. The tendefhtdye RT grain growth in the
Cu/TaN sample is consistent with the resistivitduetion tendency (Fig. 5), and the

resistivity reached the minimum value after abdutdd@ys. On the other hand, TBs were



not obviously observed in the fine grains, but walbserved in the coarse grains. This
suggests that the TB formation in nano-sized Cingnaas caused by the grain growth.

Based on similar SIM observations for all the saapaverage grain diameter and
TB density were evaluated and plotted as a funatiothea value in Figures 7(a) and
7(b), respectively. The average grain diameter alasut 100~200 nm over a wide
range ofa values, and found to be maximized at about 50dmennarrow range with
the a value of ~1.0 (Fig. 7(a)). This is consistent witle minimum resistivity in a
similar a range (Fig. 5). Similar trend was found in theteh between the average TB
density and the value (Fig. 7(b)), and the TB density was maxidiae~4.6 x 1dm*
at thea value of ~1.0. This suggests that the TB densityreiased with increasing
average grain diameter, and thus the average nuofd@s in a grain was plotted as a
function of average grain diameter in Fig. 8. ThRerage number of TBs in a grain was
estimated by the product of the average TB dersity the average grain diameter. A
linear relationship was obtained between these egalland the linear function
intersected the horizontal axis at about 130 nms $hggests that the TB number in a
grain is proportional to grain size, and TBs might be formed in grains smaller than a
certain size (~130 nm).

To confirm grain-size dependence on the TB forrmti@EM plan-view
observation was carried out for the Cu/5 nm-thick/SIQ/Si and 20 nm-thick
Cu/SiG/Si samples. A little grain growth in the Cu films the Ta barrier due to strong
(111) texture is expected to have a fine microstme;c while facilitating Cu grain
growth on the barrierless Si3i substrate is expected to have relatively laygans.
For easy plan-view observation, thickness of thébdmier in a TEM specimen was

reduced to 5 nm for the Cu/5 nm-thick Ta/g8&) sample. To reduce the Cu grain size

10



after grain growth, the Cu film thickness was reztliby a factor of about ten for the 20
nm-thick Cu/SiQ/Si samples. The TEM plan-view images of both sasmple shown in
Figures 9(a) and 9(b). The Cu/5 nm-thick Ta/$8sample consisted of Cu grains with
average grain diameter of ~80 nm, and the Cu gt@meter was distributed in the
range between ~50 nm and ~300 nm (Fig. 9(a)). Tthese were some grains larger
than 130 nm in diameter; however, TB was hardlyeoled in all grains regardless of
diameter. In contrast, the 20 nm-thick Cu/8%) sample consisted of relatively small
grains about 50 nm in diameter (Fig. 9(b)). ThefédBnation was observed in some of
those grains smaller than 130 nm in diameter. TH& observation results indicate
that the TB formation in nano-sized Cu grains was controlled by grain size, but
caused by grain growth. The TBs would not formhia Cu fiims with slow growth rate
such as Cu/Ta samples due to the strong (111)reexttnile TBs could form in Cu films
in which grain growth facilitates. The TBs could l@nealing twins caused by
irregularities in stacking sequence during reldyivéast grain growth. Partial
dislocations in the TBs can be moved by internasst in the grains, and such plastic
deformation leads to reduction of elastic strairergp in the grains. Therefore,
increasing a number of TBs with grain growth is ested to make strain energy

relaxation easier.

3.3. Barrier-Material Effect on Determining Cu Film Texture (10 nm-Thick Films)

To clarify how and when the texture of the 250 rimek Cu films was determined,
texture of the 10 nm-thick Cu films was investightesing XRD. The texture was
similar to that of the 250 nm-thick Cu films (ndtasvn). This indicates that the texture

of the Cu films was not produced during grain gtowbut was made at the early
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beginning of deposition. Typical AFM images of fhe films for the Cu/Ta, Cu/Ta/TaN,
Cu/TaN/Ta, Cu/SiQ and Cu/TaN samples after keeping at RT for ad@udays are
shown in Figure 10. The lateral Cu layer growth vedsserved in the Cu/Ta and
Cu/Ta/TaN samples, while Cu agglomeration was eksein Cu/TaN/Ta, Cu/Si§)and
Cu/TaN samples, and morphology of Cu islands beczmaese as the value became
larger. This suggests that wettability of the vasidarriers to Cu films plays a key role
in determining the texture. The good wettability daaa continuous Cu film on the
barrier, leading to strong (111) texture.

The (111) texture is reported to be preferentiathim Cu films, but the (100)
texture becomes major in thick Cu films [8-10, 32]. However, there has not been any
report in which correlation between the Cu filmttee and the wettability of various
barrier materials was mentioned. In the presemlysthe texture of Cu films on various
barrier materials seemed to be determined at thg baginning of deposition, and
wettability of the barrier materials to the Cu findetermined the texture. Thus,
nucleation rates of the (1kl)and (10Q}, grains were calculated as a function of a
contact angle, based on thermodynamics during pdlysapor deposition [34], and a
ratio of calculated nucleation rates between @lanhd (1003, grains as a function of
the contact angle is shown in Figure 11. In thewdation, surface energieg,) of the
(111x, and (100y, grains were, respectively, 1.952 and 2.166 2J[86], and
temperature was 300 K. The chemical free-energynghaer unit volumeAG,) was
not obvious, and in the range betweenx-10° J/n? and -1x 10'° J/n?. The elastic
strain energy introduced in the Cu films was igulof@ simplicity in calculation. The
nucleation rate of the (11d)grains was higher than that of the (1f)0jrains in the

small contact angles (high wettability) in aNG,. This is consistent with the

12



experimental results, and thus such correlationvéen the Cu film texture and the
wettability of various barrier materials can be lexped by thermodynamics during
physical vapor deposition. Such Cu film texturenatleation affects the grain growth,

which follows the nucleation.

4. Conclusions

Cu grain growth at RT was not dependent on ingrain size, but was affected by
Cu film texture ¢ value), which depended on barrier material. Thegtain growth
was rapid on the barrierless SI8i substrate, and very slow on the Ta barrier. The
growth rate and the average grain diameter aftepikg at RT were maximized at the
value of ~1.0. The Cu film textures were dividetbithree groups, consisting of {111}
and {511} mixed grains, {111}, {511}, and {100} med grains, and {111} and {100}
mixed grains, and the Cu film texture trend canrémesented by the value. The
{111} grains were a main component in all Cu filndd.thea value of ~1.0, the {111},
{100}, and {511} grains coexisted, and such coetiste of three or more orientations
of grains is essential for facilitating Cu grainogth at RT. Similarly, average TB
density was maximized at tleevalue of ~1.0. The relation also showed that trexage
number of TBs in a grain was in proportion to threrage grain diameter, suggesting a
critical grain size to form TBs (about 100 nm inamieter). However, the TEM
observation results indicate that the TB formationnano-sized Cu grains was not
controlled by grain size, but caused by grain ghowhe TBs would not form in the Cu
films with slow growth rate such as Cu/Ta samples tb the strong (111) texture, while
TBs could form in Cu films in which grain growthciéitates. The TBs could be

annealing twins caused by irregularities in stagldequence during relatively fast grain
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growth. The Cu film texture is concluded to be dmiaed at the early beginning of
deposition, and wettability of various barrier matls to the Cu films plays a key role

in determining the film texture.
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Figure legends
Fig. 1 Portions of XRD spectra around the (a) (20@hd (b) (222}, peaks in thé&-20
scan, respectively, for the barrierless CufSg&ample kept at RT. (c) Peak areas

increased for both peaks as a function of keeping.t

Fig. 2 Thea values for (a) Cu/Ta, (b) Cu/Ta/TaN, (c) Cu/sapmh{d) Cu/SiQ, (e)

Cu/TaN/Ta, and (f) Cu/TaN samples as a functiokeeping time.

Fig. 3 The resistivity of Cu films for (a) Cu/T&h)(Cu/Ta/TaN, (c) Cu/sapphire, (d)

Cu/SIiQ, (e) Cu/TaN/Ta, and (f) Cu/TaN samples as a fonabf keeping time.

Fig. 4 XRD 6 scan spectra for (a) Cu/Ta, Cu/Ti, and Cu/TiN/G) Cu/Ta/TaN,
Cu/TIITIN, Cu/sapphire, and Cu/TaN/Ta, and (c) GOLSCu/TaN, and Cu/TiN samples
after keeping at RT for about 200 or more daysthmb scan, B was set to 50.5°,
corresponding to (208), and6 was changed in the range between 0° and 50°. Aesing
peak at about 25° corresponds to {100} grains, awmal peaks symmetric about 25°

correspond to {511} grains.

Fig. 5 Resistivity reduction with increasing keepiime plotted as a function of tle
value (depending on barrier material) for six Cmpkes deposited on different barrier
materials. The sample types are indicated in tiperéi The change of keeping time is

represented by symbol change as shown in thescaéd.

Fig. 6 SIM plan-view images of the Cu/TaN sampkerakeeping at RT for (a) 14, (b)

51, (c) 192, and (d) 263 days.
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Fig. 7 (a) Average grain diametdd)(and (b) average twin boundary density glotted
as a function of the value. These data were obtained from nine Cu sss1w#posited
on different barrier materials after grain growdttled. Thea value for each sample is

shown next to the sample type in (b).

Fig. 8 Average number of twin boundari® (n a grain plotted as a function of average
grain diameter in the Cu fims deposited on théd#nt barrier materials. ThHé values
were estimated by the product of the average twimdary densityn) and the average

grain diameterd). Inset numbers are tloevalues.

Fig. 9 TEM plan-view images of the (a) Cu/5 nm+khia/SiGQ/Si and (b) 20 nm-thick

Cu/SiG/Si samples.

Fig. 10 AFM images of Cu films for (a) Cu/Ta, (bu/Qa/TaN, (c) Cu/TaN/TaN, (d)

Cu/SiG, and (e) Cu/TaN samples after keeping at RT fouaO days.

Fig. 11 Ratio of calculated nucleation rates betwgElL1), and (1003, grains as a
function of the contact angle) Surface energiegy of the (1113, and (100}, grains
[35], chemical free-energy change per unit volum&,j), and temperature used in the

calculations are shown in the figure.
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(e)Cu/TaN (a=3.70)



