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Abstract

˚This work studied the thin film properties of 200 A Ta and Ta–N films reactively sputtered on the CurSiO rSi substrates. The2

nitrogen atomic concentration in the Ta–N film was found to saturate at about 30%. Excessive sputtering gas flow, especially the N gas,2

caused surface damage to the sputter deposited films. Thermal annealing in N ambient at temperatures up to 7008C did not change the2

atomic concentrations and the chemical states of Ta and N in the Ta and Ta–N films. The thermal annealing resulted in the grain growth
and the healing of sputter damage, but it also induced new defects in the Ta–N films due to thermal stress. This presents a reliability
problem in process application involving high temperature thermal cycle. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž . Ž .Tantalum Ta and Tantalum nitrides Ta–N have been
Ž .used as diffusion barriers in copper Cu metallization

against interaction between Cu and the underlying sub-
w xstrates 1–5 , and they have been recognized as excellent

barriers for the prevention of Cu-diffusion. The damascene
Ž .scheme of Cu chemical–mechanical polishing CMP pro-

w xcess uses Ta liners to passivate the interlaced Cu layers 6 .
Ta and Ta–N are attractive in many applications because
of their good electrical conductivity, high melting point,

w xand chemical inertness 7–9 . They belong to the class of
w xdense interstitial compound 2 and are expected to be low

reactive with Cu. Many methods have been reported for
the deposition of Ta and Ta–N films, for example, reactive

w x Ž .sputtering 2–5,10 , ion beam assisted deposition IBAD
w x w x11 , and E-beam evaporation 12–15 of Ta–N on silicon
w x w x w x2–5,10–15 , carbon 10 , stainless steel 11 , and silicide
w x13,14 substrates. In this work, we investigated the thin

˚film properties of 200 A Ta and Ta–N films reactively
sputtered on Cu substrate. This is the beginning phase of
study for the passivation capability of Ta and Ta–N films

) Corresponding author.

against Cu oxidation in the TarCurSiO rSi and Ta–2

NrCurSiO rSi structures.2

2. Experimental details

The substrates used for the deposition of Ta and Ta–N
films were p-type, boron-doped Si wafers with nominal
resistivity of 17–55 V cm. After initial RCA cleaning, the
Si wafers were thermally oxidized at 10508C in steam

˚ ˚atmosphere to grow a 5000 A SiO . A Cu film of 2000 A2

thickness was sputter deposited on the oxide layer. This
˚was followed by a 200 A Ta or Ta–N film deposition on

the Cu layer. The Ta film was sputter deposited using a
pure Ta target in Ar ambient, while the Ta–N films were
deposited by reactive sputtering using the same Ta target
in a gas mixture of Ar and N with various flow rates. The2

base pressure of the sputtering chamber was 5=10y7

Torr, and films were sputtered at a pressure of 7.8 mTorr.
Table 1 summarizes the sputtering conditions for the Ta
and Ta–N films. After the film deposition, wafers were
diced into 1.5=1.5 cm2 pieces for further treatment. The
diced samples were thermally annealed in flowing N for2

30 min at a temperature ranging from 100 to 7008C.
Electrical measurement and material analysis were used to
study the film properties. Sheet resistance was measured

Ž .using a 4-point probe. Scanning electron microscope SEM
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Table 1
Sputtering conditions for Ta and Ta–N films

Sample identification A B C D E

Ž . Ž . Ž . Ž . Ž . Ž .ArrN flow rates sccm 12r0 58.5r1.5 12r3 12r5 12r122
Ž .Volume fraction of N in sputtering gas % 0 2.5 20 29 502

˚Ž .Deposition rate Ars 0.3 0.45 0.3 0.3 0.17

was used to investigate surface morphology. Auger elec-
Ž .tron spectroscopy AES was used for depth profile analy-

Ž .sis. X-ray photoelectron spectroscopy XPS was used for
chemical states analysis.

3. Results and discussion

Ž .Fig. 1 shows the atomic concentrations at.% of nitro-
gen in the sputter deposited films vs. N volume fraction2

in the sputtering gas, as determined from the AES analysis.
No nitrogen was detected for samples A and B. The
nitrogen at.% was found to be 23.5% for sample C, and
increased to 30.5% for sample D. However, no further
increase of nitrogen at.% was found for sample E, which
was deposited in an ArrN gas mixture with 50% volume2

fraction of N . The nitrogen at.% in Ta–N saturated at2

about 30%. The chemical states of tantalum and nitrogen
in these films were determined using XPS under Mg–K a

Ž . ŽX-ray irradiation by taking C1s 285 eV and Cu 2p 932.7
.eV as energy references. Fig. 2 shows the binding energy

spectra of Ta 4f and N1s photoelectrons. For sample A7r2

and sample B, the binding energy of Ta 4f photoelec-7r2

trons was determined to be 22.8 eV, while no nitrogen
signal was found. For the N-doped sample C and sample
D, the binding energy of Ta 4f photoelectrons shifted to7r2

23.5 eV, and N1s signal was found at 398.2 eV. The
binding energies of Ta 4f photoelectrons of stoichio-7r2

w xmetric bcc Ta and fcc Ta–N compounds are 21.9 16 and
w x22.6 11 eV, respectively. It was reported that the Ta film

sputter deposited in Ar ambient belonged to tetragonal Ta,
while the reactively sputtered Ta–N film belonged to

Ž .Fig. 1. Atomic concentrations at.% of nitrogen in sputter deposited Ta
and Ta–N films vs. N volume fraction in the sputtering gas.2

Ž . Ž .Fig. 2. XPS spectra of a Ta 4f and b N1s photoelectrons for the Ta7r2
Ž .and Ta–N films samples A, B, C, and D .

Fig. 3. Resistivity of the as-deposited Ta and Ta–N films vs. N volume2
Ž .fraction in the sputtering gas mixture ArrN . The gas flow rates2

Ž .ArrN , in unit of sccm are indicated for each sample.2
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w xeither hexagonal TaN or hexagonal Ta N structure 17 .2

The discrepancy in binding energies of the Ta 4f photo-7r2

electrons is presumably due to structure difference.
The resistivity and the surface morphology of the as-de-

posited films are shown in Figs. 3 and 4, respectively. It
can be seen that the film resistivity, surface morphology,
and sputtering gas mixture are closely related. Comparison

between samples A and B shows that high Ar flow rate in
the sputtering gas resulted in higher sputtering rate and

Ž .cracked surface Fig. 4b ; thus sample B is slightly more
resistive than sample A. Samples C and D were deposited
in ArrN gas mixture with the same flow rate of Ar but2

different flow rate of N . They had the same sputtering2

rate, but the higher N content in the sputtering gas2

Ž . Ž . Ž . Ž .Fig. 4. SEM micrographs showing surface morphology of the as-deposited Ta and Ta–N films: a sample A, b sample B, c sample C, d sample D,
Ž .and e sample E.
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Fig. 5. Sheet resistance change vs. N annealing temperature for sample2

C.

Ž .resulted in voided surface Fig. 4d and higher resistivity
of sample D. As the N volume fraction increased further2

for the deposition of sample E, the sputtering rate dramati-
cally reduced and the surface became seriously damaged
Ž .Fig. 4e ; thus, sample E has a much higher resistivity.

In the sputtering process, sputter deposition and sputter
w xetching occur simultaneously 18 . Both energetic Ar and

N plasma contributed to the sputter deposition and to the2

sputter etching. By keeping the same deposition pressure,
i.e., 7.8 mTorr, for all the samples deposited, we assume
that large Ar flow caused surface damage of sample B
Ž .Fig. 4b . Nitrogen in the sputtering gas mixture not only
introduced nitrogen into Ta films but also caused excessive
energetic nitrogen particles to impinge upon the deposited
Ta–N surface. With more than 30% volume fraction of N2

Ž .in the sputtering gas sample E , sputter etching took
predominance, resulting in decrease of Ta–N deposition
rate and saturation of nitrogen at.% in the deposited Ta–N

Ž .films Fig. 1 . The similar trend in the saturation of
w xnitrogen content was reported 10 . We assume that the

sputter etching due to excessive energetic N plasma in the2

sputtering gas mixture was responsible for the nitrogen
at.% saturation in the deposited Ta–N films. In addition,
the impinging energetic N plasma also caused surface2

damage as shown in Fig. 4e.

Ž .Fig. 6. SEM micrographs showing surface morphology of Ta and Ta–N films for the samples thermally annealed at 7008C in N ambient: a sample A,2
Ž . Ž . Ž .b sample C, c sample D, and d sample E.
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Fig. 5 shows the sheet resistance change vs. annealing
temperature for the thermally N annealed sample C. The2

similar trend showing decreasing sheet resistance with
increasing annealing temperature was obtained for the
other samples. The reduction of sheet resistance was pre-
sumably due to grain growth and sputter damage healing
of the Ta–N film by thermal annealing. Fig. 6 shows the
surface morphology of Ta–N films after the Ta–
NrCurSiO rSi structure was thermally annealed at 7008C2

in N ambient. Compared to the as-deposited films shown2

in Fig. 4, new defects were found on the surface of the
thermally annealed samples; these include voids for all
thermally stressed samples, flaking due to agglomeration

Ž .of Ta grains for sample A Fig. 6a , and cluster observed
Ž .on sample E Fig. 6d . Surface morphology of sample B

looks the same as that of sample A. Film stress may be
created because of accommodating of thin Ta or Ta–N
film’s surface tension during the thermal heating and
cooling contours and the difference of grain growth rates

w xbetween the films and the underlying Cu layers 18 . To
relieve this thermal stress, voids were formed, as shown in
Fig. 6. The cluster on sample E was presumed to be a kind
of copper oxide cluster, because there was residual oxygen
in the annealing ambient and the surface of the as-de-

Ž .posited sample E was seriously damaged Fig. 4e .
The thermal annealing did not result in detectable change

of nitrogen at.% in the Ta–N films and chemical states of
Ta and N in the Ta and Ta–N films. The binding energies
of the Ta 4f and N1s photoelectrons remained the same7r2

as those shown in Fig. 2. Moreover, the elemental depth
profiles for the 7008C annealed sample C and sample D, as
determined by AES and XPS analysis, showed negligible
change as compared to those of the as-deposited sample C
and sample D, respectively. This implies that there was
negligible interaction between Cu and Ta as well as Cu
and Ta–N. Nevertheless, the thermal stress degraded sur-
face morphology of the Ta and Ta–N layers.

4. Conclusions

Sputtered Ta and reactively sputtered Ta–N films de-
posited on CurSiO rSi substrates were studied. High2

flow rate of Ar sputtering gas led to faster sputtering rate
as well as cracked Ta films. Moreover, high flow rate of
N in the sputtering gas mixture introduced excessive2

energetic N plasma, resulting in reduced deposition rate2

as well as damaged and higher resistive Ta–N films. The
nitrogen atomic concentration in the Ta–N film saturated
at about 30%. We assume that the saturation of nitrogen
at.% in the Ta–N film is a consequence of sputter etching
due to excessive energetic N plasma. The nitrogen at.%2

and the chemical states of Ta and N for all samples did not
change after thermal annealing at temperatures up to 7008C
in N ambient. Thermal annealing of the Ta–2

NrCurSiO rSi structures resulted in reduced sheet resis-2

tance due to grain growth and sputter damage healing of
the films; however, new defects were created due to the
thermal stress, presenting a reliability problem in process
application.
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