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Abstract

The properties of Ta barrier films treated with various plasma nitridations have been investigated by Cu/barrier/Si. An amorphous
layer is formed on Ta barrier film after plasma treatments. The thickness of the amorphous layer is about 3 nm. Plasma treated Ta films
possess better barrier performance than sputtered Ta and TaN films. It is attributed to the formation of a new amorphous layer on Ta
surface after the plasma treatment. Cu/Ta(N,H)/Ta (10 nm)/Si remained stable after annealing at 750 °C. Ta(N,H)/Ta possesses the best
thermal stability and excellent electrical properties. Cu/Ta/n"—p and Cu/Ta(N,0)/Ta/n*—p diodes resulted in large reverse-bias junction
leakage current after annealing at 500 °C and 600 °C, respectively. On the other hand, Ta(N,H)/Ta and Ta(N)/Ta diffusion barriers
improve the thermal stability of junction diodes to 650 °C. Ta(N,H)/Ta barrier film possesses lowest resistivity among Ta, Ta(N,0)/
Ta, and Ta(N)/Ta films. Hydrogen plays an important role in enhancement of barrier properties. It is believed that hydrogen not only
induces amorphization on Ta, but also eliminates the oxygen in the film. It is believed that the enhancement of ability against the copper

diffusion is due to the combined effects of the hydrogen reaction and nitridation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Copper is an attractive material for interconnection due
to its lower electrical resistivity and better electromigration
resistance compared to Al-based alloys. Cu is considered
for application in integrated circuits. However, it is well
known that copper diffuses quickly in Si and SiO, [1,2],
which causes degradation of transistor reliability by form-
ing particular impurity levels. Because of its ability to rap-
idly diffuse in silicon and degrade reliability, the
development of effective diffusion barrier materials is the
most important issue for the realization of Cu interconnec-
tion in Si-based integrated circuits [3,4]. Many materials
were used as a diffusion barrier in copper metallization tech-
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nique. Refractory metals and their nitrides had been inves-
tigated for such applications [5-12]. Among them, tantalum
and tantalum nitride have drawn the most attention owing
to their high thermal stability and resistance to form com-
pounds with copper. Previous studies have shown that
TaN is more desirable than Ta in terms of barrier effective-
ness. However, resistivity of tantalum nitride film is higher
than that of tantalum film [11,12]. Recently, multilayered
TiN/Ti and TaN/Ta barriers as the best barrier for copper
metallization were investigated by many researchers [13—
15]. As the technology node move to 0.18 um and below,
a thin barrier layer is necessary to lower the resistance of
the total line interconnect and/or via. It becomes probably
inappropriate to use a multilayered barrier thicker than
30 nm, and hence investigations of the thermal stability
and barrier properties of ultrathin barrier layers in the Cu
metallization system are important [13,14,16-20]. In paral-
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lel with the development of technology, the sizes of node
move to 0.18 um and below, a thin barrier layer is necessary
to lower the resistance of the total line interconnect and/or
via. It becomes inappropriate to use a barrier thicker than
30 nm, and hence investigations of the thermal stability
and barrier properties of ultra-thin barrier layers in the
Cu metallization system are crucial.

In the present research, the barrier properties and ther-
mal stability of ultra-thin Ta-based barrier layers (10 nm)
in the Cu metallization system were studied. Furthermore,
a new method to form nitrogen and oxygen incorporated
Ta films with low resistivity and high thermal stability were
investigated. N,, N,O and NHj plasmas were used to post-
treat the Ta barrier films. Properties of barrier films were
evaluated by material analyses and electrical
measurements.

2. Experimental details

The Cu/Ta/n"—p, Cu/TaN/n"—p, Cu/Ta(N)/Ta/n"—p,
Cu/Ta(N,0)/Ta/n"—p, and Cu/Ta(N,H)/Ta/n"—p junction
diodes were fabricated for barrier capability of Ta and Ta
with various plasma treatment. The substrates used in the
present experiments were 6-in., p-type (100) oriented Si
wafers with nominal resistivity of 5-10 Q-cm. The Si wafers
were cleaned in a dilute HF solution (HF:H,O = 1:50) for
10 min, and rinsed in de-ionized water. After RCA standard
cleaning, the wafers were thermally oxidized at 1050 °C in
steam atmosphere to grow a 500 nm oxide layer. Diffusion
regions with areas 500 x 500 um? and 1000 x 1000 um?* were
defined on the oxide-covered wafers using the conventional
photolithographic technique. The n"—p junctions with junc-
tion depths of 0.3 um were formed by BF; implantation at
40 keV to a dose of 5x 10 cm~? followed by furnace
annealing at 900 °C for 30 min in N, ambient. After the
junctions were formed, the wafers were prepared for depo-
sition of Ta and TaN barrier layer. Ta and TaN films were
deposited with a 6-in. diameter Ta target in an Ar and
Ar + N, atmosphere by a magnetron sputtering system,
respectively. The sputtering system was evacuated using a
dry pumping system to reach a base pressure of
6.67 x 107> Pa. The sputtering pressure and power were
0.8 Pa and 500 W, respectively. Some wafers were further
received ex-situ N», N,O and NHj; plasma treatments in a
plasma enhanced chemical vapor deposition (PECVD) sys-
tem after deposition of Ta films. In addition, TaN (10 nm)
films were also deposited by reactive sputtering for compar-
ison. They were prepared using optimum conditions in pre-
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vious investigations, provided a better barrier capability
against Cu diffusion [11]. For the purpose of easy identifica-
tion, the sputtered tantalum, tantalum nitride, N,, N,O and
NHj; plasma treated tantalum films were denoted as Ta,
TaN, Ta(N)/Ta, Ta(N,0)/Ta and Ta(N,H)/Ta, respec-
tively. Copper films with a thickness of 300 nm were depos-
ited on the barrier metal using the same sputtering system.
During sputtering, gas pressure was maintained at 0.8 Pa
with a power selected at 1500 W. Finally, Cu patterns were
defined and etched using dilute (5 vol%) HNO3;, while Ta,
TaN and Ta with plasma treatment were etched using
SF¢/N, plasma for the preparation of Cu/Ta/n"—p, Cu/
TaN/n"—p, and Cu/plasma treated Ta/n"—p. The schematic
cross sections of these differently metallized n"—p junction
diodes are illustrated in Fig. 1. To evaluate the thermal sta-
bility, Cu/Ta/Si, Cu/TaN/Si, Cu/Ta(N)/Ta/Si, Cu/
Ta(N,0)/Ta/Si, and Cu/Ta(N,H)/Ta/Si were annealed in
vacuum from 500 °C to 800 °C for 1 h. The vacuum level
is 1.33 Pa. Surface morphologies of the barrier films were
analyzed by a Nanoscope III atomic force microscope
(AFM) with a Si probe. AFM probe was scanned over an
area of 5x 5 um? with 512 scans at 1 Hz scanning rate in
tapping mode. Sheet resistance measurements were taken
using a four-point probe system. The compositions of the
films were analyzed by X-ray photoemission spectroscopy
(XPS) with a monochcromatic Mg Ka source. The X-ray
power was 250 W (15 kV at 16.7 mA). The XPS energy scale
was calibrated by setting the binding energy of Ay, line
on clean silver to exactly 368.3 eV referenced to the Femi
level. The angle of incidence of the X-ray beam with the
specimen normal was 45°. High-resolution scans were run
for Ta and N using an X-ray beam with about a 15 nm
diam. In addition, X-ray photoelectron spectroscopy
(XPS) using monochromatized Mg Ko radiation was per-
formed to identify the chemical states of tantalum films with
various plasma treatments. Auger electron microscopy
(AES) using the primary electron energy of 5 keV and mod-
ulation voltage of 4 V. The sputter etching of the sample
surface by 3 keV Ar ion was made before obtained an
AES spectrum. In order to realize the capability of barrier
layer against copper diffusion, grazing incidence X-ray dif-
fractometry (GIXRD) was carried out for phase identifica-
tion. The incident angle of X-ray was fixed at three degrees.
X-ray diffractometer with Cu Ko radiation operated at
50 kV and 250 mA. Microstructure variations were investi-
gated by transmission electron microscopy (TEM). Plan-
view TEM samples were prepared electron transparency
by mechanical thinning followed by ion milling in a preci-
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Fig. 1. Schematic diagram of Cu/barrier/n"—p junction diodes used in this study.
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sion ion polishing system (PIPS). A Hitachi H9000ONAR
TEM system operating at an acceleration voltage of
300 kV was used for observation of TEM and HRTEM
images and nanoprobe electron diffraction. The Rutherfold
backscattering spectroscopy (RBS) was carried out by using
2 MeV He?" beam with backscattered angle of 20°. The ele-
mental compositions of the Ta and Ta with plasma treat-
ments were obtained from RBS data using standard
RUMP analysis. For electrical analyses, Leakage current
of the diodes was measured by HP4145B semiconductor
parameter-analyzer at a reverse-bias of —5 V. After anneal-
ing at various temperatures for 1 h, the diode leakage cur-
rent was measured.

3. Results and discussion

Fig. 2 shows the X-ray diffraction spectra of Ta(N,H)/
Ta film. The intensity and shape of reflections indicate
microstructure variations of Ta films. As-deposited Ta
films grow predominantly in becc-Ta phase and are
apparently polycrystalline. The increase of nitrogen con-
centration after 5-min plasma treatment results in intensifi-
cation and the shape of reflections of -Ta(N) phase with
tetragonal structure decrease obviously. By further
30-min plasma treatment, the broadening of the peak is
obvious, but the crystalline structure is preserved. Ta(N)/
Ta and Ta(N,0)/Ta films have the same results by GIXRD
analysis. To further determine the structure variations of
the barrier films with various plasma treatments, the films
were analyzed using plan-view TEM. Fig. 3 shows series
of bright field images (BF) and selected area diffraction pat-
terns (SADP) of the Ta films following various NHj;
plasma treatment time. The BF image and SADP of the
Ta film clearly show that the film is bce-Ta with grain size
20-30 nm, as shown in Fig. 3(a). Based on the results, it is
concluded that as-deposited Ta film with bee structure and
(110) texture. Fig. 3(b) shows the BF image and SADP of
the Ta(N,H)/Ta film after 5-min plasma treatment. It
clearly shows that the films contains $-Ta(N) and bcc-Ta
phases and the grain size of the this film is similar to as-
deposited Ta film. Fig. 3(c) shows both the TEM image
and SADP of Ta(N,H)/Ta film after 30-plasma treatment.
It is obvious that the film forms an amorphous-like struc-

(110)

Ta

Ta(N,H)/Ta (5 min)
Ta(N,H)/Ta (30 min)

26 28 30 32 34 36 38 40 42 44 46 48 50
20 (degree)

Relative Intensity (Arb. Unit)

Fig. 2. GIXRD spectra of Ta films with NH; plasma treatment.

Fig. 3. Plan-view TEM micrographs and selected area diffraction patterns
of Ta film with NH; plasma treatments; (a) without treatment, (b) 5 min,
(c) 30 min.
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ture. The small nitrogen addition would result in the phase
transformation from bcc-Ta to bet-Ta(N). Moreover, it is
quite well established that sputtered Ta films with N, C,
or O impurities tend to form tetragonal structures due to
the incorporation of impurities into interstitial potions
[11]. An amorphous-like layer is formed after 30-min
plasma treatment and the nitrogen content is about 42
at.%, detecting by RBS. Ta,N phase was formed as nitro-
gen concentration is between about 20 and 50 at.%, but
an amorphous component also appears in the this nitrogen
range [12]. Furthermore, it is obvious that as plasma trea-
ted time increases, the peak shapes become broad gradually
for the (110) peak corresponding to bet-Ta(N) phase. The
phenomenon indicates lattice distortion and /or develop-
ment of an amorphous-like Ta(N) thin film after plasma
treatments. Fig. 4 shows N 1s X-ray photoelectron spectra
of Ta films after various plasma treatments of 30 min.
Chemical bonding states corresponding to nitrogen are
observed duration of N, and NHj plasma treatment, as
shown in Fig. 4. The position of the N 1s level is clearly
shifting corresponded to N Is (398.1¢V) after N, and
NH; plasma treatments. The peak at ~401 eV is ascribed
to the nitrogen atoms or molecules present in interstitial
sites. This kind of nitrogen is also detected in tungsten
nitride film prepared by the reduction of WF¢ and N, gas
[10]. As the N, plasma treatment time increased up to
30 min, the emission peak at ~401 eV is dominated in the
N 1s spectrum. These results indicate that some N atoms
do not form strong covalent or ionic bonds with Ta atoms
during the plasma nitridation of Ta film. Some of the intro-
duced N atoms segregate at the interstitial sites and grain
boundaries in the tantalum film as impurities. Similar
results were observed in preparing chemical vapor depos-
ited tungsten nitride film [13]. It is believed that Ta-N
bonding is formed after nitrogen-containing plasma treat-
ments. However, N 1s peak is not distinctly observed obvi-
ously in Ta(N,O) barrier film after N,O plasma treatment.
On the other hand, tantalum and oxygen bonding was
obviously detected in Ta(N,O) film by XPS analysis, and
the position of the O 1s level is located at ~534 eV, shown

N 1s=398.1eV
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Fig. 4. N 1s XPS spectra of Ta films after various plasma treatments for
30 min.
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Fig. 5. O 1s XPS spectrum of Ta films before and after N,O plasma
treatment.

in Fig. 5. It is clearly shifted corresponding to O 1s
(531 eV). It is believed that Ta—O bonding is formed after
bombardment of the oxygen ions and radicals. In order
to understand the nitridation and oxygen effect, distribu-
tion of oxygen and nitrogen were analyzed by Auger elec-
tron spectroscopy. The spectra obtained are presented in
Fig. 6. Fig. 6(a) shows the oxygen content was detected
on the surface of tantalum film and nitrogen content was
not observed on as-deposited Ta film. It is interpreted that
a thin tantalum oxide was formed on tantalum surface. The
depth profile of the Ta(N)/Ta film (Fig. 6(b)) shows that
nitrogen has diffused into tantalum surface and the compo-
sition is Ta, oN; as confirmed by RBS analysis. Fig. 6(c)
shows the variation of oxygen—nitrogen profiles on
Ta(N,O) film after N,O plasma treatment. It shows that
the tantalum reaction proceeds through surface oxidation.
It seems that oxidation occurs mainly at the beginning of
the treatment; oxygen is thought to be incorporated during
plasma treatment. For short plasma treated duration, oxi-
dation of tantalum predominates through rapid oxygen dif-
fusion into the film. As plasma treated duration is long
enough, nitrogen starts to react with the partially oxidized
tantalum at the surface; nitrogen is incorporated into the
oxidized region whereas oxygen is rejected. However, the
oxygen species was also bombarded on tantalum film in
N>O plasma treatment. In the deeper part of the film,
and up to the interface, the metal is oxidized. In
Fig. 6(d), in the deeper surface region the nitrogen content
is higher whereas oxygen content is a little after tantalum
film with NH; plasma treatment. This can be interpreted
by a reaction of nitriding species with oxidized tantalum
that results in an exchange between nitrogen and oxygen
in surface and hydrogen play an important role in the reac-
tion. Normalized resistivity of 10 nm Ta(N)/Ta, Ta(N,H)/
Ta and Ta(N,0)/Ta films before and after plasma treat-
ments was shown in Fig. 7. As plasma treated duration
increases from 5 to 15 min, the resistivity decreases initially
and then increases ultimately. However, resistivity of 30-
min plasma treated tantalum film does not increase further.
It is believed that densification effects could occur due to
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Fig. 6. AES profiles of plasma treated Ta film; (a) Ta, (b) Ta(N)/Ta, (c)
Ta(N,0)/Ta, (d) Ta(N,H)/Ta.
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Fig. 8. Cross-sectional TEM micrograph of Ta(N,H)/Ta/Si.

the bombardments of energetic ions and radicals. The
improvement in the density of the film would result in
the enhancement in conductivity of the film. Fig. 8 shows
that the cross-sectional TEM images of Ta film with 30-
min NHj plasma treatment. The thickness of the amor-
phous layer is above 3 nm. The development of an amor-
phous-like Ta(N,H) layer on the film surface was
observed. However, there is also something below the Ta
layer with similar appearance. Further, based on the AES
result, as shown in Fig. 6(d), this could be native oxygen
containing layer. The formation of the amorphous-like
layer would increase the resistivity due to increasing scat-
tering effects. It is believed that the variation in resistivity
is due to the combined effects as mentioned above. The
densification effects are the dominant factor in the early
plasma treatment, and resistivity would increase corre-
sponding to the development of the amorphous layer after
increasing plasma treatments. In order to realize the densi-
fication effects after plasma treatments, densities of Ta
films following various plasma treatments are evaluated
by RBS and shown in Fig. 9. The theoretical densities (bulk
densities) of Ta and TaN are also shown in Fig. 9. The den-
sity of Ta(N,0)/Ta film is 5.82 g/cm®. It appears to be
much lower than that of bulk TaN(16.3 g/cm®) and Ta
(16.6 g/cm®). The densities of Ta(N)/Ta and Ta(N,H)/Ta
films are 14.7 g/ecm® and 15.93 g/em’®, respectively. It is
pointed out that the densification of the amorphous-like
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Fig. 9. Density of Ta and TaN with and without various plasma
treatments.

films formed on Ta surface is quite different from that of
bulk TaN. In other words, the existence of excess light ele-
ments results in much lower gram densities relative to that
of bulk TaN and Ta. Ta(N,0)/Ta film has lower effective
resistivity and low density (~160.2 uQ-cm, 5.82 g/cm?)
than the as-deposited Ta film (~178 pQ-cm, 16.29 g/cm?).
On the other hand, the films treated by N, and NH; plasma
treatment also have low resistivity of the films
(~163.76 nQ-cm, 149.52 nQ-cm) and film densities increase
(Ta(N)/Ta = 14.7 g/cm® and Ta(N,H)/Ta = 15.93 g/cm®).
Based on the above investigation, the amorphous-like layer
induced by plasma treatment possesses lower resistivity and
high density and the Ta(N,H)/Ta film possesses highest
densification effect than any other post-treatments. It is
due to the fact that NH; gas has lower decomposition
energy and tends to decompose into hydrogen and nitrogen
ions, which interact with Ta films. Fig. 10 shows surface
roughness of Ta films with and without plasma treatment.
It can be seen that the longer durations of plasma treat-
ments are, the smoother the surface roughness are. It
revealed that energetic radical and/or ion reactions could
resputter the tantalum film and make the film smoother.
Resultant roughness is consistent with the GIXRD and
TEM results. That is, the microstructures of Ta films trans-
forms from columnar polycrystal to nanocrystal after
plasma treatments. Ta(N,0)/Ta film has largest surface
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Fig. 10. Surface roughness of Ta thin films as a function of plasma
treatment time.
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Fig. 11. Correlation between surface roughness and grain size of Cu film.

roughness than any other treated films. It revealed that
ion bombardment effect of oxygen ions and radicals is
stronger than that of nitrogen. Preferred orientations of
the Cu films on the plasma treated barrier layers were dem-
onstrated by GIXRD analysis. Fig. 11 shows the surface
roughness of Cu films after deposited on Ta film with var-
ious plasma treatments. It is obvious that deposited Cu film
on Ta(N,O) film possesses higher surface roughness and
smaller grain sizes. It revealed that heavier oxygen ions
bombarded on Ta surface and induced a rougher surface.
There are more nucleation sites, thereby resulting forma-
tion of small grains. This phenomenon is also observed in
electroplated Cu interconnection [14].

Fig. 12 shows the variations in sheet resistance of Cu/
barrier/Si after annealing at various temperatures. The var-
iation in the sheet resistance is designated as the ratio of
(R-Ry) to Ry, which Ry and R denote the sheet resistance
of as-deposited sample and R is the sheet resistance of
the annealed sample, respectively. The result reflects inter-
actions between layers. It is noted that the sheet resistance
initially decreases by even annealing at 500 °C, which
apparently is caused by a decrease in defect density and
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70 F — ® — TaN
" --#A---Ta(N,0)/Ta
| —%— Ta(N,H)/Ta *
. 50 - —@— Ta(N)/Ta
gm 40 |
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< 30|
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400 450 500 550 600 650 700 750 800
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Fig. 12. Variation of sheet resistance for Cu/barriers/Si as a function of
annealing temperature.
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grain growth in the Cu film. The sheet resistance of the Cu/
Ta/Si film increased slightly upon annealing at 600 °C.
However, after annealing at 625 °C, the appearance of
the sample becomes gray and the sheet resistance of the
sample drastically increases, indicating that a significant
reaction has now occurred between the layers. A similar
behavior was observed at 625 °C, 650 °C and 750 °C for
Cu/TaN/Si Cu/Ta(N,0)/Ta/Si and Cu/Ta(N)/Ta/Si,
respectively, while the observations for the Cu/Ta(N,H)/

Ta/Si samples were unremarkable even after annealing at
750 °C. The result confirms no compound formation
between Cu and Si. It is obvious that Ta barrier films with
post-treatment possesses higher thermal stability than as-
sputtered Ta and TaN barrier film and NH; plasma treated
Ta barrier film possesses the best thermal stability. Fig. 13
shows XRD spectra of Cu/barrier/Si without and with var-
ious plasma treatments by various annealing temperatures.
Fig. 13(a) shows the XRD spectra for Cu/Ta/Si samples
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subjected to annealing at various temperatures. Strong
Cu(111) and weak Cu(200) peaks were observed in all
annealed samples, indicating that the Cu had preferential
(111) crystal orientation. It had been reported that Cu
with high (111) texture provided higher electromigration
resistance [2]. For the Cu/Ta/Si sample annealed at
550 °C, TaSi, and CusSi phases were detected, indicating
the failure of the Ta barrier layer. The high-resistivity
CusSi formation and related Cu decrease resulted in the

a 100
C— as-sputtered
80 | annealed at 450°C
< K253 annealed at 650°C
&
& 60|
]
-
=
-]
2 40t
5]
A~
20
0 ! . ! ! ! % !
10" 10" 10° 10® 107 10°¢ 10° 10* 10° 10?2
. 2
Leakage Current Density (A/cm’)
C 100
[ as-sputtered
550°C
. 80 &3 600 °C
S E= 625°C
N’
& 60t
3
~—
=
5]
g 40F
%)
&
20
o L 2 = =
10" 107 10° 10® 107 10°® 105 10* 10° 102
Leakage Current Density (A/ent)
e 100
% C— as-sputtered
g 500°C
~ 810 e ssec
Q) /:0: o
S X |[=e0n°c
x
g 60 | P
0 /z*
< X
~ X
= x
3 u
1> %%
o4 |
o x
& x
/z*
X
=
2of |1
X
X
%
g:.:
o L é{‘ 1 1 1 1 1 1
107" 1070 10° 108 107 10° 10% 10 10% 102

Leakage Current Density (A/cmz)

great increase of sheet resistance as shown in Fig. 12.
XRD results for Cu/Ta(N)/Ta/Si samples show that the
crystallization of amorphous-like Ta(N) layer occurs after
annealing at 600 °C. As shown in Fig. 13(b), Ta,N and
TaSi, phases were detected after annealing at temperatures,
600 °C and 700 °C, respectively. After annealing at 750 °C
for 1 h, peaks of Cu;Si were detected. In respect of the for-
mation of tantalum silicide, the formation temperature of
the sample with Ta(N)/Ta barrier was higher than that of
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Fig. 14. n"—p Diode leakage current density distribution of the (a) Cu/Ta(10 nm)/Si, (b) Cu/Ta(N)/Ta(10 nm)/Si, (c) Cu/Ta(N,H)/Ta(10 nm)/Si with 5-
min plasma treatment, and (d) Cu/Ta(N,H)/Ta (10 nm)/Si with 30-min plasma treatment, (¢) Cu/Ta(N,0)/Ta (10 nm)/Si with 5-min plasma treatment,

and (f) Cu/Ta(N,0)/Ta(10 nm)/Si with 30-min plasma treatment.
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the sample with Ta barrier. In other words, nitrogen
plasma treatment will restrain formation of tantalum sili-
cide. Similar results were found for Cu/Ta(N,0)/Ta/Si
annealed at 650 °C, as shown in Fig. 13(c). It is obvious
that the Ta with N, plasma treatment possesses better ther-
mal stability than N,O plasma treatment. Fig. 13(d) shows
the XRD spectra of Cu/Ta(N,H)/Ta/Si with NH; plasma
treatment for 5 min before and after annealing at tempera-
tures, 550 °C, 635 °C and 650 °C for 1 h. Strong Cu(111)
and weak Cu(200) peaks are also observed in the as-depos-
ited samples, which indicates that the Cu has preferential
(111) crystal orientations. After annealing at 635 °C, the
tantalum silicides and Ta,N were formed. It reveals that
intermixing of Ta and Si between Ta and Si interface and
amorphous-like Ta(N,H) was formed in crystalline Ta,N
phase. After annealing at 650 °C for 1 h, the copper sili-
cides were formed and grain growth of Ta silicides and
Ta,N was observed. It reveals intermixing of Cu and Si
occurs through the Ta(N,H)/Ta barrier film at 650 °C.
The XRD spectra of Cu/Ta(N,H)/Ta/Si with NH; plasma
treatment for 30 min are shown in Fig. 13(e). The post-
treated Ta film has a polycrystalline structure after anneal-
ing at 700 °C, and grain growth is observed after annealing
at high temperatures. The post-treated Ta film on a graph-
ite substrate showed composition of TaggN3, as demon-
strated by RBS analyses, which agrees well with the
coexistence of Ta,N. Crystal growth of Cu is observed in
the annealed samples and no copper silicide forms at tem-
peratures up to 700 °C. After annealing at 750 °C for 1 h,
peaks of CuzSi were detected. Moreover, incorporating
extra interstitial nitrogen into its structural stability against
crystallization, presumably the rearrangement of the lattice
atoms. As incorporation of nitrogen into Ta barrier layers
can increase the crystallization temperature, the effective-
ness against Cu diffusion of the ultra-thin Ta barrier film
can be greatly improved by increasing nitrogen content in
plasma treatment.

For the Cu/barrier/junction metallization, it is known
that the leakage of diodes is more sensitive to the barrier
degradation than the sheet resistance of Cu films [11].
Fig. 14 illustrates the statistical distribution of leakage cur-
rent density for Cu/Ta/n*—p, Cu/Ta(N)/Ta/n"—p, Cu/
Ta(N,0)/Ta/n*—p, and Cu/Ta(N,H)/Ta/n"—p junction
diodes with various plasma treatment annealed at various
temperatures. The Cu/Ta/n"—p junction diodes remain sta-
ble under thermal annealing at temperature up to 475 °C,
but suffer degradation in electrical characteristics at
500 °C, as shown in Fig. 14(a). For the Ta films with 30-
min N, plasma treatment (Ta(N)/Ta), the negligible differ-
ence in leakage current between the devices of annealed at
450 °C and the as-deposited devices was observed in this
study, as shown in Fig. 14(b). The devices remain stable
in junction leakage even annealing at 650 °C. Figs. 14(c)
and (d) illustrate the statistical distribution of leakage cur-
rent density for the Cu/Ta/n"—p junction diodes with NH;
plasma treatment of various durations. Fig. 14(c) shows the
leakage current density of Cu/Ta/n"—p junction diodes

with 5-min NH; plasma treatment. It shows that the
devices remain stable after annealing at temperature up
to 600°C. If we define a degradation criterion with
1077 A/em?, the barrier properties of the Ta(N,H)/Ta (5-
min NH; plasma treatment) films are not satisfactory
below 625 °C for annealing of Cu/Ta(N,H)/Ta/Si metalli-
zation system. As compared to the leakage current distri-
bution, the devices with 30-min N, plasma treatment
possess better capability against Cu diffusion than those
of 5-min NHj; plasma treatment. For the Ta films with
30-min NH; plasma treatment, the device performance is
further improved in leakage current as shown in
Fig. 14(d). As compared to the junction diodes with
Ta(N)/Ta barriers, the Ta(N,H)/Ta films yield better bar-
rier capability against the Cu diffusion. It is distributed that
NH; has lower decomposition energy, and it tends to
decompose into hydrogen and nitrogen ions, which interact
with Ta films. The higher amount of nitrogen ions and
radicals will be stuffed into grain boundaries and induce
the nitridation effect against copper atoms diffusion into
n*—p junction. Figs. 14(e) and (f) illustrate the statistical
distribution of leakage current density for the Cu/
Ta(N,0)/Ta/n"—p junction diodes annealed at various tem-
peratures. Cu/Ta/n"—p junction diodes with 5-min N,O
plasma treatment remain stable under thermal annealing
at temperature up to 550 °C, but suffer degradation in elec-
trical characteristics at 600 °C, as shown in Fig. 14(c). Sim-
ilar results were obtained when the electrical characteristics
of Cu/Ta/n"—p junction diodes was treated with 30-min
N,O plasma treatment. It is seen that the N,O plasma trea-
ted Ta films improve the electrical characteristics of sput-
tered Ta. However, as compared with N, and NHj;
plasma treated Ta films, Ta barrier with NH; plasma treat-
ment possesses the best barrier capability against the Cu
diffusion than the others.

4. Conclusion

In the present study, the barrier capability of the reac-
tively sputtered Ta film and Ta film with plasma treatment
against Cu diffusion was investigated. It is found that as-
deposited Ta film acts an effective barrier against Cu diffu-
sion at a temperature up to 475 °C. However, when Cu/
Ta/n*—p junction diodes were annealed up to 500 °C, the
devices all failed by the junction leakage evaluation. On
the other hand, plasma treated Ta films as diffusion barriers
will further improve the thermal stability of Cu/Ta/n"—p
junction diodes to 650 °C. The plasma treatments provide
a new method of forming nitrogen incorporated Ta films
with low resistivity, small grain sizes, and high thermal sta-
bility. It is attributed to nanocrystallization and stuffing
effect due to plasma treatment. NH3 plasma treated Ta film
possesses the best thermal stability than all the others.
Excited species produced in the plasma enhanced the nitrid-
ation reaction and the oxygen/nitrogen exchange, which
allows complete nitridation of the thin layer on tantalum
film. Hydrogen species produced in the NH; plasma are
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thought to play a major role in the enhancement of eliminat-
ing oxygen contents from the film. Furthermore, by plasma
nitridation, the enhancement of the barrier performance will
be able to alleviate copper diffusion into Si substrate.
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