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Tantalum(Ta) and tantalum nitride filmg§Ta,N and TaN of about 50 nm thickness were reactively
sputter deposited ontd 00 Si substrate by using dc magnetron sputtering and their diffusion barrier
properties in between Cu and Si were investigated by using sheet resistance measurement, x-ray
diffraction, Auger electron spectroscopy, and Secco etching. With increasing amounts of nitrogen in
the sputtering gas, the phases in the as-deposited film have been identified as a migtlieeasfd

bce-Ta, bee-Ta, amorphous )N, and crystalline fcc-TaN. Diffusion barrier tests indicate that there

are two competing mechanisms for the barrier failure; one is the migration of Cu into the Si
substrate and another is the interfacial reaction between the barrier layer and the Si substrate. For
instance, we identified that elemental Ta barrier failure occurs initially by the diffusion of Cu into
the Si substrate through the barrier layer at 500 °C. On the other hand, fNeb@aier fails at

700 °C by the interfacial reaction between,Maand Si substrate instead of the migration of Cu into

the Si substrate. For the case of TaN, the barrier failure occurs by the migration of Cu into the Si
substrate at 750 °C. It is also demonstrated that the diffusion barrier property is enhanced as the
nitrogen concentration in the film is increased. 96 American Vacuum Society.

[. INTRODUCTION In particular, we note that the barrier failure temperature is
) . uite different depending on the method to identify the bar-
Copper has drawn much attention as a new mterconne(ﬂer failure. In addition, we note that there are only few re-
material for deep submicron integrated circuil€s) as a s describing the barrier properties of tantalum nitrides
replacement for Al and its alloys. The major motivation for ¢ ;. as TaN and TaN. Hollowayet al® reported that 50-
this replacement is due to the lower resistivity and superiof, ., thick TaN was stable up to 650 °C, thus indicating that
electromigration and stress migration resistance of Cu age parrier property was improved by about 100 °C com-
compared to Al and its alloys? However, in order to suc- pared to that of pure Ta film. However, as far as we are

cessfully integrate Cu metallization into ICs, some problems, - e of, the effectiveness of TaN as a diffusion barrier be-
associated with the transition to Cu such as lack of an anisqy,een cu and Si has not been reported so far.

tropic etching, oxidation, corrosion, and poor adhesion 10 | his article, we would like to systematically investigate
most of the dielectric layers should be resolved. In particularhe gitfusion barrier properties of Ta and its nitrides, both
the diffusion of Cu into either Si and SjJayers 'shoulc!ébe Ta,N and TaN, for Cu metallization and identify the barrier
retarded by employing a suitable diffusion barrier Ia_ﬁ/ I failure mechanism in each cases. In order to do this, we first

Indeed, there has been a considerable effort to identify g.5ctively sputter deposited the films at varioug¥ ratios

suitable diffusion barrier layer for Cu metallization. Materi- 5.4 identified the phases and microstructure of the as-

) . . “8ypn7 9 Tivas 10 i 11 Ting 12,13
als |n\5/est|galt4ed include 11)% W, TIW, T TiSI,, T"}'\IT deposited film. Then, the barrier properties of the TaN[a
Ta,N,> W,N,™ Nig ¢Nbg 4> and amorphous Ta—Si—NThe and TaN films were tested.

results of these efforts has been well summarized recently by
Wang® Among these materials, tantalum has been exten-
sively investigated as a diffusion barrier for Cu since it not!" EXPERIMENTS
only shows relatively high melting temperature but is also Tantalum and tantalum nitride films of about 50 nm thick-
known to be thermodynamically stable with respect to'€u. ness were deposited ontd00) Si substrates by using dc
For instance, Hollowayet al® and Cataniaet al® investi- magnetron sputtering at various,/Nr gas ratios. Si wafers
gated the barrier properties of sputter deposited 50-nm-thiclvere cleaned in 10:1 diluted HF solution and rinsed in deion-
Ta layer and identified that the layer was stable up to 550zed water before loading into the chamber. During deposi-
and 650 °C, respectively. In contrast, ChApnbserved inter- tion, the operating pressure was maintained at 10 mTorr and
mixing of Cu and Si through the Ta barrier layer even atthe substrates were water cooled. The phases and microstruc-
300 °C by Rutherford backscattering spectrosc®BS). In  tures of the as-deposited films were investigated by x-ray
addition, Kolawaet al® identified that the junctions covered diffractometry (XRD) and plan-view transmission electron
with a 180-nm-thick Ta barrier layer and Cu failed after an-microscopy(plan-view TEM operated at 200 kV and the
nealing at 500 °C for 30 min. Thus, it appears that there stilhitrogen content of the as-deposited films was obtained by
is a controversy about the barrier failure temperature of Tausing RBS and Auger electron spectroscdpiS).

In order to identify the barrier properties, 300-nm-thick
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Fic. 1. The electrical resistivity and the nitrogen content of the films depos-':'G 2. XRD patterns of the as-deposited Ta—N films deposited at various
ited at various MAr gas ratios. N,/Ar flow ratios. The numbers inside of the parentheses indicated the ni-

trogen content in the film measured by RBS.

breaking the vacuum and the samples were annealed for one

hour at the temperatures ranging from 400 to 750 °C in hyphasés) and the microstructure of the films have been inves-
drogen ambient. Sheet resistance of the samples were meigated by using XRD and plan-view TEM. First, Fig. 2
sured both before and after annealing by four-point probe tghows the XRD patterns of Ta—N films containing various
survey the overall reaction involving Cu. XRD and AES amount of nitrogen. The XRD peaks of the pure Ta film can
were used for the analysis of reaction product phases and tth¢ indexed ag002 and (004 of 3-Ta except the one ap-
interdiffusion of the elements across the interface, respedPearing at 38°, which can also be indexed2@2) of 5-Ta or
tively. Finally, Secco etching of the substrates was per{110 of bcc-Ta. Thus, it is not clear from XRD whether the
formed to identify the Cu penetration into the Si substratefilm only containsg-Ta or is a mixture of bce-Ta ang-Ta.
after removing both Cu and barrier layers by wet-chemicallhe XRD pattern of TeN) film deposited with 3% partial N
solution?®19 The wet-chemicals used in this experiment areshows only one peak at 38°, which can be ascribed to either
HNO;:H,0=1:20 for Cu, HF:HO=1:10 for Ta, and (110 of bcc-Ta or(202) of g-Ta. These results indicate that
H,SO,:HF=9:1 for both TaN and TaN. The Si substrates the addition of a small amount of Nn the sputtering gas
were then Secco etched and examined by using optical mpither induce a phase transformation fr@hTa to bce-Ta or

croscopy. induce the texture of thg-Ta film to change. For the films
with higher nitrogen content, it is difficult to identify the
ll. EXPERIMENTAL RESULTS AND DISCUSSION phasés) of the film by using XRD since only one or two

weak and broad peaks appear.

To further determine the phdasg in the as-deposited
films, the films were analyzed using plan-view TEM. Figure

Both electrical resistivity and nitrogen content of the films 3 shows a series of bright field images and selected area
deposited at various JNAr gas ratios are shown in Fig. 1. It diffraction (SAD) patterns of the as-deposited films with dif-
shows that the nitrogen content in the film is gradually in-ferent amounts of nitrogen contents in the film. First, the
creased as the partial flow of nitrogen in the sputtering gas ibright field image and SAD of the pure Ta film clearly show
increased. The resistivity of the as-deposited film, howeverthat the film is composed of a mixture gfTa and bcc-Ta,
shows several interesting features. It first shows that the eleavith a grain size of about 20 to 30 nRig. 3(@)]. Thus, from
trical resistivity of the pure Ta film is about 15X cm and  the results of XRD and TEM, we can conclude that the pure
is initially decreased to about 8@ cm as small amount of Ta film consists of a mixture g8-Ta and bcc-Ta. Moreover,
nitrogen is added to the sputtering gas. Then, the value of thilne 8-Ta phase in the film is observed to form a str¢0g2
resistivity gradually increased up to about 220 cm as the texture, while the bcc-Ta phase in the film formq14.0
nitrogen content in the film is increased to about 24 at. %. Irtexture. Figure &) shows the bright field image and SAD
between the nitrogen content of about 24 to 48 at. %, th@attern of the films deposited with 3% of, M the sputtering
resistivity of the film is only slightly increased from about gas. The SAD pattern of this sample clearly shows that the
220 to about 26Qu() cm. Finally, when further nitrogen is film only contains bcc-Ta and the bright field image shows
incorporated, the resistivity of the film drastically increased.that the grain size of this film is similar to that of pure Ta
The oxygen concentrations of pure Ta film, 24 at. % N con-ilm. Figure 3c) shows both the TEM image and SAD pat-
tained film, and 48 at. % N contained film are almost thetern of the Ta—N film with 33 at. % of nitrogen in the film
same. All the films contain about 1-2 at. % oxygen. which shows that the film forms an amorphous phase. Fi-

In order to clearly understand the relationship between theally, Fig. 3d) is the bright field image and SAD of the TaN
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Fic. 3. Plan-view TEM micrographs and selected area diffraction patterns of the as-deposite¢gjilpuse-Ta;(b) Ta(N); (c) TaN; and(d) TaN.

grains having sizes of a few nm. Interplanar spacings deriveturn our attention to the diffusion barrier properties of each
from the SAD pattern agree with those of TaN. of these films. Figure 4 shows the variation of the sheet
If one reviews the results of resistivity and phase identi-resistance of the samples upon annealing. The data mainly
fication, the initial decrease of the resistivity from about 150show changes in the thickness or resistivity of the unreacted
©Q cm to about 80u() cm with small N, addition can be Cu layer, since the sheet resistance of the barrier layer and
ascribed to the phase transformation frghTa to bcc-Ta. reaction products are expected to be much larger than that of
Indeed, it has been well known the typical reported resistiv-Cu. We first note that the sheet resistance of the film stack
ities of B-Ta are about 18@. cm, and for bcc-Ta about 40 initially drops by annealing which apparently is caused by a
1Q cm2%2 Although it is not clear yet why this phase trans- decrease in defect density and grain growth in the Cu film.
formation occurs by the addition of small amounts of nitro- The sheet resistance of the Cu/Ta/Si film increased slightly
gen in the sputtering gas, similar behavior has been reported
by others®29-25|t is also interesting to note that an amor-
phous phase is formed at about 33 at. % nitrogen content
[Fig. 3(©)]. Reidet al?® reported the formation of a mixture R B p—
of amorphous and crystalline I phase close to this com- —O— CulTa,N/Si
position. In contrast, Hollowagt al® reported the formation 0.3L —8—CuTaN/si
of a crystalline TaN phase. The formation of a mixture of
amorphous and crystalline T phase is also observed in

our case. Therefore, at somewhat smaller concentration of 0.2
nitrogen, it appears that the formation of amorphous, crystal-
line, or mixtures of amorphous and crystalline,Nigphase is 01

all possible. It is believed that small variations of N content
or the sputtering parameters can explain the different obser-

vations. 0.0~ . \ , . \ \
as-dep500 550 600 650 700 750

Annealing Temperature (°C)

Sheet Resistance (Q/0)

B. Barrier properties

Having discussed the evolution of microstructure andr, 4. sheet resistance variation of the Cu/Ta/Si, Cu/amorphoyl¥/Sa
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Fic. 5. XRD patterns of the Cu/Ta/Si sample after annealing at variousFic. 7. XRD patterns of the Cu/crystalline fcc-TaN/Si sample as a function

temperatures(a) as-deposited(b) 600 °C; and(c) 650 °C.

of annealing temperaturéa) as-deposited(b) 650 °C; and(c) 750 °C.

upon annealing at 600 °C. However, after annealing atontroversy on the role of Cu in crystallization process of
650 °C, the color of the sample is observed to change fronsome amorphous films. For instance, Reidal?® suggested
Cu color to gray, and the sheet resistance of the sample cahat Cu reduces the crystallization temperature of some
be observed to drastically increase, which indicates that amorphous films. However, Thomas al?® reported that a

significant reaction has now occurred in between the layers.
A similar behavior occurs at 700 °C for CuLNISi samples
while no such behavior occurs for the Cu/TaN/Si samples
even after annealing at 750 °C.

Figure 5 shows the XRD results of the Cu/Ta/Si sample
after annealing. It clearly shows the formation of ;Suat
600 °C and the formation of GBi and TaSj at 650 °C.
These results are similar to those of Hollowayal® who
also identified the abrupt increase of the sheet resistance with
the formation of CgSi and TaSi. XRD results of
Cu/TgN/Si samplegFig. 6) show that the crystallization of
amorphous TaN film occurs at about 500 °C, and the forma-
tion of CuSi and TaSi after annealing at 700 and 750 °C,
respectively. The crystallization temperature of amorphous
Ta,N reported herd500 °Q appears to be a little bit lower
than that of Sunet al,?” who reported that a mixture of
amorphous and crystalline I film crystallized after an-
nealing at 600 °C for 65 min. It appears that there is still a

Intensity (arb.units)

24(deg.)

Fic. 6. XRD patterns of the Cu/amorphous,N&Si sample after annealing
at various temperature$a) as-deposited(b) 500 °C; (c) 700 °C; and(d)
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