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To optimize the performance of copper diffusion barriers, we deposited TaNx thin films through radio fre-
quency (RF) sputtering at various flow ratios of the reactive gases NH3 and Ar. The composition of the film
changed from Ta2N to TaN, as evidenced from deposition rates and N-to-Ta ratios, when we increased the
NH3-to-Ar flow ratio from 0.075 to 0.3. Furthermore, the structure of the TaNx thin film transformed from
body-centered cubic (BCC) to face-centered cubic (FCC) to nanocrystalline upon increasing the NH3-to-Ar
flow rate, as revealed by the three steps in the rate of formation of the TaNx films during the sputtering
process. When incorporated in Cu/TaNx/n+np+ diodes, the thermal stability of the TaNx thin film—mea-
sured in terms of the leakage current remaining below 3 lA—increased from 450 to 550 �C upon increas-
ing the NH3-to-Ar flow ratio from 0.075 to 0.3. It appears that the NH3-to-Ar flow ratio influences the
properties of TaNx films predominantly through modification of the crystal structure.

� 2008 Published by Elsevier B.V.
1. Introduction

Copper metal is the material of choice for ultralarge scale inte-
gration because of its lower bulk resistivity (1.62 lX cm), higher
melting point (1084 �C), and improved electromigration resistance
and stress-voiding resistance relative to those of aluminum and
aluminum alloys (e.g., Al–Si and Al–Si–Cu) [1,2]. Copper has also
emerged as an alternative interconnect material to replace Al and
its alloys in deep submicrometer integrated circuits [3]. Because
copper diffuses rapidly into SiO2 or Si, and even reacts with Si at
ca. 200 �C [4], effective diffusion barriers are needed between the
Cu components and the SiO2 and Si substrates of microelectronic
devices. The solubility of Ta in Cu (and vice versa) is very low in
the solid state [5] and silicide formation occurs only at relatively
high temperatures [6]; thus, Ta-based layers are suitable diffusion
barriers for Cu metallization [7,8]. Many diffusion barriers for cop-
per metallization have been reported, including transition metal
barriers (Ta, W), transition metal nitrides (TiN, TaN, WN) [9], and
a transition metal boride (TiB2) [10]. Amorphous ternary diffusion
barriers, such as (Ti, Ta)SiN [11,12], are especially attractive be-
cause of their high thermal stability when in contact with copper
layers.

Three structures have been observed for thin Ta films: thermo-
dynamically stable body-centered cubic (BCC) a-Ta [13], metasta-
ble tetragonal b-Ta [14], and, more rarely, a face-centered cubic
(FCC) phase [15]. Depending on the deposition parameters, a
Elsevier B.V.

: +886 2 27376544.
n).
deposited Ta layer might consist of one or a mixture of these three
phases [15]. The parameters determining the phase transformation
are the annealing temperature and time [16,17], the annealing
ambience, the substrate material, and the film thickness [18]. Ta
adheres strongly to Cu [19], but only moderately to SiO2 [20].
The feasibility of growing TaN thin films has been investigated
extensively, particularly in terms of controlling the phase and
microstructure of the TaN films to tightly control their barrier
properties [21,22]. Investigations into the properties of single-layer
TaN barriers have indicated that cubic TaN barriers normally exhi-
bit the highest chemical inertness and thermal stability [23–25].
Because of the polycrystalline structure of Ta, grain boundary dif-
fusion of Cu atoms becomes relevant at elevated temperatures
[26]. One way to improve the thermal stability of Ta barrier layers
is the addition of N atoms during the deposition process. Several
reports describe how the phase composition and microstructure
of as-deposited TaN films depend on the N content [27,28].

In this study we aimed to elucidate the properties of TaNx bar-
riers deposited onto SiO2 and to compare them with those of TaNx

films deposited using mixtures of NH3 and argon gases. We have
used glancing angle X-ray diffraction (XRD) measurements and
transmission electron microscopy (TEM) investigations to deter-
mine the structural and compositional changes in the layer stacks
and X-ray photoelectron spectroscopy (XPS) to measure Cu silicide
formation and to monitor changes in the concentrations of all
atoms. Although there is a growing interest in graded Ta–TaN bar-
rier layer stacks, little is known about their microstructures and
thermal stabilities when incorporated in Cu/TaNx/n+np+ diode sys-
tems. Thus, we fabricated Cu/TaNx/n+np+ diodes and measured
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Fig. 2. Deposition rates and N-to-Ta ratios of TaNx thin films plotted with respect to
the NH3-to-Ar flow ratio, after annealing at 600 �C for 10 min.
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their leakage currents to determine the thermal stabilities of the
TaNx diffusion barriers after rapid thermal annealing (RTA) [29].

2. Experimental

For studies of graded Ta–TaN diffusion barriers, 4-in. thermally
oxidized n-type silicon wafers having {111} planes of a thickness
of 525 ± 25 lm were utilized as substrates. Thermal oxidation
was performed at a temperature of 1000 �C for 120 min in an oxy-
gen ambient to grow 140-nm-thick SiO2 films. The wafers were cut
into squares (1 � 1 cm) and then standard Radio Corporation of
America (RCA) [30] cleaning was performed prior to loading the
wafers into the load-lock. The TaNx thin films were deposited
through radio frequency (RF) reactive sputtering, using a mixture
of NH3 and Ar as the reactive gases under an RF power of 300 W.
The base pressure in the physical vapor deposition (PVD) chamber
was 3 � 10�5 Pa and the target-to-substrate distance was 150 mm.

To vary the nitrogen content in the sputter chamber, the NH3-
to-Ar flow ratios were chosen to be 0.075, 0.100, 0.125, 0.150,
0.175, 0.200, 0.225, and 0.300 under a sputtering pressure of
4.0 Pa. The thickness of each barrier was controlled precisely at
25 nm. All samples were then annealed under a pressure of 10
�4 Pa at 650 �C for 3 h. Glancing angle XRD measurements [angle
of incidence (x) = 2�] were performed at room temperature in
the parallel beam geometry with Cu Ka radiation (k = 15.418 nm)
and thin film equipment. The registered diffraction angle (2h) ran-
ged from 20� to 95� with a step size (D2h) of 0.05� and a measuring
time of 40 s/step. To identify the phase of the deposited films and
the crystal structure morphology, TEM investigations were per-
formed using a JEOL 120EX microscope. The deposition rates and
roughnesses of the TaNx thin films were measured using cross-sec-
tional TEM and atomic force microscope (AFM), respectively. XPS
was used to analyze the N and Ta contents in the TaN films; the
N-to-Ta ratio was estimated from these data.

The thermal failure of the TaNx thin films in Cu/TaNx/n+np+

diodes was tested in terms of the leakage current (Fig. 1). The
thicknesses of n+, n, and p+ layers in the n+np+ diode (purchased
from general semiconductor) were 20, 18, and 490 lm, respec-
tively. Low-temperature oxide (LTO), glass, and medium-tempera-
ture oxide (MTO), having thicknesses of ca. 500, 800, and 700 nm,
respectively, were utilized to isolate each diode. TaNx barrier films
having thicknesses of 25 nm were deposited onto the n+np+ sur-
faces at NH3-to-Ar flow ratios of 0.075, 0.175, and 0.3 in the sput-
tering chamber. Next, copper films (thickness: 60 nm) were
deposited on the TaNx films through RF reactive sputtering with ar-
gon under a pressure of 3 � 10�5 Pa. The as-deposited Cu/TaNx/
n+np+ diodes were then subjected to RTA in a rapid thermal vac-
uum annealer for 10 min under an argon ambient at temperatures
ranging from 450 to 650 �C (accuracy: ±1 �C). A forward voltage
N+ (20 m)

N (18 m)

P+ (490 m )

Cu (60 nm) TaNx (25 nm)

LTO (500 nm)

Glass (800 nm)

MTO (700 nm)

Fig. 1. Structure of Cu/TaNx (25 nm)/n+np+ diodes used for measurement of the
leakage current at various temperatures.
was applied to the Cu/TaNx/n+np+ diode, with the negative termi-
nal connected to the copper electrode and the positive terminal ap-
plied to the p+ layer electrode. The I–V curves were recorded to
monitor the current passing through the diode (from p+ to the cop-
per electrode), which placed on a hotplate to vary the temperature
from room temperature to 650 �C as the forward voltage (�5 V)
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Fig. 3. XRD spectra of TaNx thin films deposited at NH3-to-Ar flow ratios of (a)
0.075, (b) 0.1, (c) 0.125, (d) 0.15, (e) 0.175, (f) 0.2, (g) 0.225, (h) 0.25, and (i) 0.3, after
annealing at 600 �C for 10 min.



Fig. 4. Bright-field cross-sectional TEM images and diffraction patterns of TaNx thin films deposited at NH3-to-Ar flow ratios of (a) 0.075, (b) 0.175, and (c) 0.3, after annealing
at 600 �C for 10 min.
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was applied on the diode. To evaluate the thermal properties, the
leakage currents of the Cu/TaNx/n+np+ diodes were measured using
a Sony Tektronix 370A instrument operated at an applied potential
of �5 V under temperatures ranging from 450 to 650 �C.
3. Results and discussion

3.1. Deposition rate and composition of the TaNx film

Fig. 2 displays the deposition rates of the TaNx thin films and the
N-to-Ta ratios as estimated from XPS data of the TaNx films pre-
pared at various NH3-to-Ar flow ratios. The initial deposition rate
of the TaNx thin films was ca. 50 nm/min when the NH3-to-Ar flow
ratio ranged from 0.075 to 0.15, but it decreased rapidly [31] when
the flow ratio increased from 0.175 to 0.25. In addition, the N-to-Ta
ratio increased from 0.4 to 0.56 when the NH3-to-Ar flow ratio in-
creased from 0.075 to 0.1. The observation suggests that a compos-
ite of Ta and Ta2N formed in the thin films when the N-to-Ta ratio
was less than 0.5. We ascribe the increasing N-to-Ta ratio to the
diffusion of elemental N—arising from the mixed NH3 and Ar
gases—into the vacancies around the Ta structure. The rapidly
decreasing rate of deposition as the NH3-to-Ar flow ratio increased
from 0.15 to 0.2 suggested that the composition of the thin film
transformed from Ta2N to TaN, corresponding to an increase in
the N-to-Ta ratio from 0.86 to 1.11. We believe that vacancies
around the Ta atoms were occupied gradually by N atoms, which
induced the transformation from Ta2N to TaN and led to the de-
crease in the deposition rate. The TaN thin film formed gradually
when the NH3-to-Ar flow ratio was greater than 0.125. The deposi-



Fig. 5. Bright-field plan-view TEM images of TaNx thin films deposited at NH3-to-Ar
flow ratios of (a) 0.075, (b) 0.175, and (c) 0.3, after annealing at 600 �C for 10 min.
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tion rate decreased gradually, reaching 25 nm/min when flow ratio
increased from 0.2 to 0.3, due to the formation of the TaN thin film.
The N-to-Ta ratio was greater than one when the NH3-to-Ar flow
ratios ranged from 0.2 to 0.3 because the interstitial regions around
the TaN structure became occupied by N atoms. In addition, the
N-to-Ta ratio in the TaNx films reached an approximate constant
value of 1.28 when the NH3-to-Ar flow ratio reached 0.3; in this
case, the occupation of N atoms in the interstitial regions around
the TaN structure approached saturation. These observations sug-
gest that multi-phase mixed-composite Ta and Ta2N films were
formed at low NH3-to-Ar flow ratios (0.075–0.1), whereas TaN
films were formed at high flow ratios (0.125–0.2).
3.2. Structure and morphology of the TaNx films

Fig. 3 displays the XRD spectra obtained from the TaNx thin
films deposited at the various NH3-to-Ar flow ratios. The broad
peak that appears at an angle of 38.7� when the NH3-to-Ar flow ra-
tio ranged from 0.075 to 0.1 corresponds to the (101) reflections of
hexagonal Ta2N. Thus, this broad peak reflects the presence of a
composite of Ta and Ta2N in BCC structures, where the N/Ta ratio
ranged from 0.4 to 0.56. The N-to-Ta ratio increased continuously
as the flow ratio increased from 0.075 to 0.1, revealing that the thin
films were composed mainly of Ta and Ta2N. When the NH3-to-Ar
flow ratio increased further (from 0.15 to 0.225), TaN predomi-
nated in the films, as evidenced by the lack of intense peaks for
Ta2N in the XRD spectra and the presence of sharp peaks at diffrac-
tion angles of 35.2�, 41.7�, and 60.9� corresponding to the (111),
(200), and (220) reflections, respectively, of TaN having an FCC
structure. Therefore, the polycrystalline structures transformed
from BCC at flow ratios from 0.075 to 0.1 to FCC at flow ratios from
0.125 to 0.225. The peaks corresponding to the FCC structure were
absent when the NH3-to-Ar flow ratio ranged from 0.25 to 0.3,
revealing that the TaN structure transformed from FCC to nano-
crystalline [32]. We suspect that the interstitials around the TaN
structure were occupied by N atoms that impeded the formation
of the FCC structure in the TaN films when NH3-to-Ar flow ratios
increased from 0.225 to 0.3, thereby inducing the formation of
nanocrystalline TaN films.

Fig. 4 displays bright-field cross-sectional TEM images and
transmission electron diffraction patterns taken from the surfaces
of TaNx films prepared at various NH3-to-Ar flow ratios. Series of
diffused concentric rings and sharp concentric rings represent
nanocrystal (amorphous) and polycrystalline structure, respec-
tively. The several spotted rings having larger radii and halo rings
having smaller radii (they contain only a few spots) correspond to
the interplanar spacings and interatomic distances, respectively, in
Fig. 4a and b, suggesting that the TaNx films possessed BCC and FCC
polycrystalline structures when the NH3-to-Ar flow ratios were
0.075 and 0.175, respectively. The halo rings correspond to slightly
longer interatomic distances and the spotted ones correspond to
shorter ones, relative to those of the polycrystalline structures.
The TaNx film in Fig. 4c exhibits only halo rings in its transmission
electron diffraction patterns because of its nanocrystalline struc-
ture. When the NH3-to-Ar flow ratio was 0.075, the Ta2N thin film
that formed had the BCC polycrystalline structure, as verified by
the ring pattern displayed in Fig. 4a and the bright-field cross-sec-
tional TEM images demonstrating a columnar-like structure. After
increasing the NH3-to-Ar flow ratio to 0.175, the Ta2N thin film
transformed into a TaN thin film having an FCC polycrystalline do-
main, as verified in Fig. 4b and by the bright-field cross-sectional
TEM image, which indicated a preferred (111) orientation, consis-
tent with the XRD spectrum in Fig. 3e [33]. When the NH3-to-Ar
flow ratio increased to 0.300, the TaN thin film possessed a lat-
tice-like nanocrystalline structure, as evidenced by the bright-field
cross-sectional TEM image in Fig. 4c, which corresponded to the
XRD dispersive peaks in Fig. 3i. Fig. 5 displays bright-field plan-
view TEM images of the TaNx thin films deposited at various
NH3-to-Ar flow ratios. The grain sizes decreased from 23.8 to
15.1 to 9.3 nm when the NH3-to-Ar flow ratios increased from
0.075 to 0.175 to 0.300. In addition, Fig. 6 displays the morphology
on the TaNx film surface when the NH3-to-Ar flow ratios increased
from 0.075 to 0.175 to 0.300. Table 1 summarizes the grain sizes



Fig. 6. AFM images of TaNx thin films deposited at NH3-to-Ar flow ratios of (a)
0.075, (b) 0.175, and (c) 0.3, after annealing at 600 �C for 10 min.

Table 1
Grain sizes and roughnesses, estimated from AFM images, for TaNx films prepared at
various flow ratios.

Reactive gas flow ratio (NH3/Ar) Grain size (nm) Surface roughness (nm)

0.075 23.8 5.3
0.175 15.1 3.7
0.300 9.3 1.8
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Fig. 7. Grain densities and resistivities of TaNx thin films deposited at various NH3-
to-Ar flow ratios, after annealing at 600 �C for 10 min.
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and surface roughnesses estimated from AFM images as shown in
Fig. 6.

Fig. 7 displays the grain densities calculated from the TEM
images and the resistivities of the TaNx thin films plotted with re-
spect to NH3-to-Ar flow ratio. The grain density was approximately
2.3 when the NH3-to-Ar flow ratio was less than 0.15, consistent
with Ta2N films having BCC polycrystalline domains and grain
sizes of 23.8 nm. When the NH3-to-Ar flow ratio was greater than
0.175, the grain density increased rapidly because of the formation
of FCC polycrystalline and nanocystalline domains. We define the
midpoint of the flow ratios from 0.175 to 0.225 as the critical ratio
representing the transition from the BCC to FCC polycrystalline do-
mains. The resistivity increased only gradually upon increasing of
NH3-to-Ar flow ratio from 0.075 to 0.15, but then it increased rap-
idly when the NH3-to-Ar flow ratio was greater than the critical ra-
tio as a result of the formation of FCC polycrystalline TaN films.
Thus, the resistivities of the TaNx thin films were related to their
structures and grain densities. Increasing the N content around
the Ta atoms varied the structure and composition of the TaNx film,
thereby increasing the grain density. Therefore, the resistivity of
the TaNx films increased upon increasing the N atom content
and, thereby, the crystal structure. The resistivity of the TaNx films,
in terms of their crystal structures, exhibited the following trend:
BCC-Ta2N < FCC-TaN < nanocrystal-TaN.

3.3. Leakage current as a measure of thermal stability

To analyze the thermal stability, we measured the leakage cur-
rent under a forward voltage of �5 V for Cu/TaN0.99 (25 nm)/n+np+

diodes at room temperature and at 500, 550, and 600 �C (Fig. 8). At
room temperature, the electrons were obstructed by the TaNx film,
causing the leakage current of the diode to be 0.5 lA under the ap-
plied forward voltage. When we increased the temperature to
500 �C, the leakage current increased slightly to 2.5 lA at �5 V,
suggesting that some of the copper atoms had diffused through
the barrier in the Cu/TaN0.99 (25 nm)/n+np+ diode. The leakage cur-
rent increased to 15 lA at �5 V due to the diffusion of Cu through
the TaNx barrier layer into the n+np+ diode as temperature closed
to 550 �C. When the temperature approached 600 �C, the leakage
current increased to 1220 lA, reflecting the collapse of the TaNx

barrier layer. We consider a TaNx diffusion barrier to be thermally
stable if the leakage current remains less than 3 lA [23]. Table 2



Fig. 8. I–V curves obtained after a forward voltage of �5 V was applied to Cu/
TaN0.99 (25 nm)/n+np+ diode to measure the current at (a) room temperature and
(b) 500, 550, and 600 �C.

Table 2
Highest thermal stability temperatures of Cu/TaNx/n+np+ samples.

Reactive gas flow ratio
(NH3/Ar)

Cu/TaNx (25 nm)/
n+np+

Highest thermal stability
temperaturea (�C)

0.075 Cu/TaN0.42

(25 nm)/n+np+
450

0.175 Cu/TaN0.99

(25 nm)/n+np+
500

0.300 Cu/TaN1.28

(25 nm)/n+np+
550

a Defined as the highest temperature at which the leakage current was less than
3 lA.
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summarizes the highest thermal stability temperatures of the Cu/
TaNx/n+np+ diodes (x = 0.42, 0.99, and 1.28) prepared at NH3-to-
Ar flow ratios of 0.075, 0.175, and 0.300. The highest thermal sta-
bility temperatures for the TaNx diffusion barriers increased upon
increasing the N-to-Ta ratio because of the increasing electron
charge cloud density arising from the presence of N atoms, which
resisted the diffusion of Cu through the TaNx film through repul-
sive forces [31]. Thus, the optimal thermal stability occurred for
TaNx films having a value of x close to 1.28.
4. Conclusions

TaNx thin films deposited at increasing NH3-to-Ar flow ratios
underwent a structural transition from BCC to FCC to nanocrystal-
line, as evidenced by their deposition rates, N-to-Ta ratios, and
grain densities. The mixed NH3-to-Ar gases induced the formation
of TaNx films having various structures and compositions. Further-
more, the TaNx films were composed mainly of Ta2N and TaN in
their various structures upon increasing the NH3-to-Ar flow ratio
from 0.075 to 0.3, as deduced from the three steps in the plot of
the deposition rate. The thermal stabilities of the TaNx films de-
pended predominantly on their crystal structures and composi-
tions. Increasing the N-to-Ta ratio enhanced the thermal stability
of the corresponding Cu/TaNx/n+np+ diode structure, thereby
approaching the optimal thermal properties for a Cu barrier.
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