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Barrier Capability of Hf-N Films with Various Nitrogen
Concentrations Against Copper Diffusion in CuÕHf-NÕn¿-p
Junction Diodes
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Hafnium-based~Hf-N! films were prepared by reactive radio frequency~rf!-magnetron sputtering on blank silicon wafers. Nitro-
gen incorporation and phase transformation of hafnium-based thin film were analyzed by cross-sectional transmission electron
microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. The as-deposited Hf film has a hexagonal close-packed
structure and a low resistivity of 48.29mV cm. With increasing nitrogen concentration of Hf-N film, phase transformations are
identified asa-Hf → HfN0.4 → «-Hf3N2 → fcc-HfN. The thermal stability of the Cu/Hf-N/Si contact system is evaluated by
thermal stressing at various annealing temperatures. For the Cu/Hf/Si contact system, the interfacial reaction between the Hf
barrier layer and the Cu layer is observed after annealing at 550°C for 30 min, and copper-hafnium compounds form. Highly
resistive copper silicide forms after annealing at 600°C for 30 min. The Hf barrier fails due to the reaction of Cu and the Hf barrier,
in which Cu atoms penetrate into the Si substrate after annealing at high temperature. However, no copper-hafnium and copper
silicide compounds are found for the Cu/HfN0.47/Si contact system even after annealing at 650°C for 30 min. A hafnium diffusion
barrier incorporated with nitrogen can suppress the formation of copper-hafnium compounds and copper penetration, and thus
enhance the thermal stability of the barrier layer.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1850367# All rights reserved.
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The use of Cu in on-chip metallization of microelectronic
vices has recently attracted considerable attention due to its
electrical resistivity and higher electromigration resistance than
minum. The use of copper, however, raises several problems
instance, Cu cannot adhere well to most dielectric substrates
highly reactive with most metals and semiconductors. Thus,
film adhesion promoters and diffusion barriers must be used t
hance the adhesion and inhibit diffusion in the Cu-based meta
tion. Refractory metals have been investigated for such applica
Among them, tantalum-based film has been proven to be one
most useful barrier materials.1-3 However, because the resistivit
of TaN and Ta-Si-N films are about 200 and 625mV cm, respec
tively, these materials are deemed unfavorable for use as
resistivity diffusion barrier.3-5 Therefore, new barrier materials w
high thermal stability and low electrical resistivity are needed. O
refractory metals probably exhibit very favorable properties, an
particular, sputtered hafnium films have been subjected to pre
nary evaluation.6 Reactively sputtered HfN films with resistivi
lower than 100mV cm have been reported.7,8 In addition, low-
contact resistivity on the order of 1028 V cm2 can be obtained fo
Hf/n1-Si systems.9 In this work, properties of Hf-N films with var
ous nitrogen contents were studied. Barrier capabilities again
diffusion were investigated for Cu/Hf/Si and Cu/Hf-N/Si cont
systems.

Experimental

The barrier capability of Hf-N films against Cu diffusion w
investigated using a structure of Cu/Hf-N/n1-p junction diodes. Th
key feature of this experiment is the various nitrogen flow r
during sputtering of Hf-N film formation. First, p-type~100!-
oriented Si wafers with a resistivity 6-9V cm were used in th
study. After standard RCA cleaning, the wafers were adminis
the local oxidation of silicon~LOCOS!process to define active r
gions. The n1-p junctions were formed by As1 implantation at 60
keV with a dose of 53 1015 cm22 followed by the rapid therma
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annealing~RTA! process at 1050°C for 30 s in N2 ambient. After the
contact windows were cleaned by dipping sample in HF, a reac
sputtered Hf-N film~50 nm!was deposited onto the active regi
with various nitrogen flow ratios. In this paper, nitrogen flow rati
defined as a ratio of N2 partial flow to total gas flow (N2 1 Ar).
Then Cu film with a thickness of 300 nm was deposited su
quently in the same sputtering system without breaking vac
During the sputtering, gas pressure was maintained at 6 mTor
a power selected at 500 and 1500 W for Hf-N and Cu, respect
Finally Cu and Hf-N layers were patterned by dilute HNO3 and Cl2
plasma, respectively, for the formation of Cu/Hf-N/n1-p junction
diodes.

To investigate the barrier capability of Hf-N films against
diffusion, the devices (Cu/Hf-N/n1-p junction diode!were ther
mally annealed at a temperature ranging from 400 to 650°C f
min in a vacuum of 1023 Torr. For electrical analyses, leakage c
rent of the diodes was measured by an HP4145B semicond
parameter-analyzer at a reverse bias of25 V. After annealing a
various temperatures for 30 min, the diode leakage current was
sured. In addition, surface morphologies of the Hf-N films w
analyzed by a Nanoscope III atomic force microscope~AFM! with a
Si probe. The AFM probe was scanned over an area of 53 5 mm
with 512 scans at 1 Hz scanning rate in tapping mode. Sheet
tance measurements were taken using a four-point probe sy
Grazing incidence X-ray diffractometry~GIXRD! was used to iden
tify the phases of the films. The compositions of the films w
analyzed by X-ray photoemission spectroscopy~XPS!with a mono-
chromatic Mg Kasource. The X-ray power was 250 W~15 kV at
16.7 mA!. The XPS energy scale was calibrated by setting the
ing energy of Ag3d5/2

line on clean silver to exactly 368.3 eV ref
enced to the Fermi level. The angle of incidence of the X-ray b
with the specimen normal was 45°. High-resolution scans wer
for Hf and N using an X-ray beam with about a 15 nm diam.
thermore, 300 nm thick Cu films were sputtered onto Hf-N film
investigate their ability to resist Cu diffusion. Cu/Hf-N/Si samp
were annealed from 450 to 700°C in vacuum for 30 min to eva
their barrier stability. The surface morphology of annealed
barrier/Si was observed by scanning electron microscopy~SEM!.
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Compositions of failure sites were analyzed by energy-dispe
spectrometry~EDS! after removing both copper and barrier lay
by wet-chemical solution. The interface microstructure was ex
ined by transmission electron microscopy~TEM!. Cross-sectiona
TEM ~XTEM! samples were prepared by electron transparenc
mechanical thinning followed by ion milling in a precision ion p
ishing system~PIPS!.

Results and Discussion

Properties of the Hf-based thin films.—Figure 1 shows a series
X-ray diffraction ~XRD! patterns and XTEM of Hf and Hf-N film
deposited on unpatterned silicon substrates at various nitrogen
rates. The XRD pattern of hafnium film on the unpatterned sil
wafer is shown as Fig. 1a. The~101! and ~110! peaks confirm tha
the hafnium films on silicon substrates have a hexagonal c
packed~hcp! structure~a-Hf!. The phase transformation of Hf-
films transforms froma-Hf to face-centered cubic~fcc!-HfN when
an amount of nitrogen is added as shown in Fig. 1b. When
nitrogen flow rate increases to 3 sccm, the relatively sharp pea
the fcc-HfN phase are observed for the Hf-N film, as shown in
curve of Fig. 1b. The XRD results in Fig. 1 clearly show thata-Hf
and HfN phases form successively as nitrogen flow rate incr
from 0 to 3.0 sccm. Furthermore, the as-deposited Hf film con
of fine (;30 nm) columnar grains, as shown in Fig. 1a; the fi
grains are observed for the Hf-N film deposited at a nitrogen
rate of 3 sccm, as shown in Fig. 1b.

XPS is performed to determine the nitrogen concentrations o
Hf-N films deposited at various nitrogen flow rates. The nitro
content of the Hf-N film increases with the amount of nitrogen in
sputtering gas. The compositions of Hf-N films deposited at nitro
flow rates of 1, 2, and 3 sccm are HfN0.1, HfN0.28, and HfN0.47,
respectively. Figure 2 offers consistent results regarding the cr

Figure 1. XRD patterns and XTEM images of the Hf and Hf-N films
posited on unpatterned silicon substrate:~a! Hf/Si and ~b! Hf-N/Si system.
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nitrogen flow rates to form nitrogen-saturated HfN0.1 ~1 sccm!
HfN0.28 ~2 sccm!, and HfN0.47 ~3 sccm!. Figure 2 also presents
electrical resistivity of Hf-N film as a function of nitrogen flow ra
The resistivity of the as-deposited film shows several intere
features. The electrical resistivity of the Hf film is 48.29mV cm.
Resistivity increases slightly when a small amount of nitroge
added to the sputtering gas. The resistivity of the film increas
90.8 mV cm when the nitrogen flow rate is 2 sccm. When m
nitrogen is incorporated into the Hf film, the resistivity of
HfN0.47 film increases to 102.31mV cm. For comparison, the nitr
gen flow rates~1, 2, and 3 sccm!dividing the four regions close
correspond to the flow rates of finding HfN0.4, «-Hf3N2 , and fcc-
HfN from XRD patterns. Moreover, the variations in resistivity
attributed to microstructure and phase transformation.

Thermal stability of Cu/Hf-N/Si contact systems.—Barrier capa
bility of thin Hf and Hf-N films was investigated by evaluating
thermal stability of Cu/barrier (50 nm)/n1-p junction diodes usin
electrical measurements. In this measurement, the leakage c
densities were obtained from an average value of 25 samples a
diode area was 10003 1000mm. Figure 3 illustrates the statistic
distributions of reverse bias reverse current density for Cu/b
(50 nm)/n1-p junction diodes annealed at various temperatures
the diodes without any heat-treatments~as-deposited!, the leaka
current densities remain stable~below 10 nA/cm2) as nitrogen flow
ratio is increased. However, the diode leakage increases wi

Figure 2. Electrical resistivity and composition~N/Hf atomic ratio! plots of
Hf-based films deposited on silicon dioxide under various nitrogen
rates.

Figure 3. Variation in reverse current density of Cu/barrier/Si as a func
of annealing temperature.
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creasing the annealing temperature, and most diodes are de
after annealing at 600°C. As shown in Fig. 3, the leakage cu
densities initially decrease for 400°C annealing, and then inc
with increasing the annealing temperatures. If we define a fa
criterion with 1026 A/cm2, the Cu/Hf/n1-p diodes remained stab
after annealing at temperatures up to 450°C but suffered degra
at 500°C. It is reported that the barrier properties can be impr
by adding impurities, such as N and O.3,10-12Figure 3 also shows th
statistical distribution of reverse bias reverse current density fo
Cu/HfN0.1/n1-p and Cu/HfN0.28/n1-p junction diodes annealed
various temperatures. For the diodes with 50 nm HfN0.1 and HfN0.28
barriers, the diodes remained stable after annealing at tempe
up to 500 and 550°C, respectively. After annealing at 550°C, fa
of the diodes was observed. Tsaiet al. reported similar results.
was found that the diodes with 60 nm chemical vapor and phy
vapor deposited TaN barriers would begin to deteriorate at 500
550°C, respectively.13 It is revealed that barrier capability of Hf-
film is better than that of Hf film without nitrogen incorporatio
However, the improvement of the barrier capability is limited.
nitrogen content increases, HfN0.47 barrier was formed. Th
Cu/HfN0.47/n1-p diodes retained better electrical integrity after
nealing at 550°C with lower leakage current densities. The Hf0.47

films possess much better barrier performance than Hf, HfN0.1, and
HfN0.28 barrier films. The improved barrier performance is attribu
to finer crystallization, and interstitial effect is thought to ind
microstructural variation and thereby improve barrier performa
It is reported that the microstructure within the barrier layer stro
affects the barrier performance because Cu diffuses through
diffusion paths such as grain boundaries within the ba
layer.3,13,14

Figure 4 shows the XRD patterns of the Cu/Hf-N/Si sam
after annealing at 550°C. Strong Cu~111! and weak Cu~200!peaks
are observed in annealed Cu/HfN0.1/Si and Cu/HfN0.28/Si samples
implying that the Cu films prefer thê111& crystal orientation. C
with a high ^111& texture has been reported to exhibit higher e
tromigration resistance.15 The diffraction peaks ofa-Hf~101! and
Cu~111! clearly disappear, and the CuHf2 phase appears for the C
Hf/Si sample annealed at 550°C for 30 min. These results show
the interdiffusion of Cu and Hf induces the formation of Cu
compounds. However, the Cu-Hf compounds are not observ
Cu/HfN0.1/Si and Cu/HfN0.28/Si samples after annealing at 550
for 30 min. The strong diffraction peaks of HfN0.4 and «-Hf3N2
phases are observed. These results show that nitrogen incorp
in the Hf film can suppress the formation of Cu-Hf compound.
ure 5 shows XRD patterns of the Cu/Hf-N/Si samples after an
ing at 600°C for 30 min. Strong CuSi peaks are observed for t

Figure 4. XRD patterns of Cu/Hf-N/Si contact systems after annealin
550°C for 30 min.
3
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annealed Cu/Hf/Si sample. Strong Cu~111!, weak Cu~200!, an
HfN~111! peaks are found in the XRD spectrum of anne
Cu/HfN0.47/Si sample. The intensity of the HfN peak is lower. T
is, it has a higher full width at half maximum~fwhm!. The as
deposited HfN0.47 barrier film has an amorphous-like structur16

Neither Cu-Si nor Cu-Hf compounds are observed after anneal
600°C. The results indicate that the HfN0.47 barrier is more effectiv
in preventing Cu diffusion than the Hf barrier. Figure 6 shows X
patterns of the Cu/HfN0.47/Si samples after annealing at 650
700°C. The intensity of the HfN~111! peak increases obviously af
650°C annealing. This result reveals that annealing causes de
ment of HfN crystals. Obvious Cu3Si phases are found f
Cu/HfN0.47/Si samples annealed at 700°C for 30 min.

Figure 7 shows the SEM and cross-sectional TEM microgr
of Cu/Hf/Si after annealing at the temperature higher than the fa
temperature. As shown in Fig. 7a, protrusions were observed o
surface, indicating a severe reaction of Cu/Hf/Si. Figure 7a
shows the EDS spectrum of the protrusion~denoted A!. It reveale
that the protrusion consisted of Cu and Si element and was a co
rich region. These protrusions were presumably caused by C
fusion through the localized weak points in the barrier and rea
with underlying Si to form Cu3Si. Similar phenomena were o
served for Ta diffusion barriers by Wuet al.14 Figure 7b shows th
XTEM image of the Cu/Hf/Si sample after annealing at 600°C
30 min. It is obvious that Hf silicide and Cu silicide were obser
after annealing, and the interface of the sample was unclear. It

Figure 5. XRD patterns of Cu/Hf-N/Si contact systems after annealin
600°C for 30 min.

Figure 6. XRD patterns of Cu/HfN0.47/Si contact systems after annealing
650 and 700°C.
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cates the degradation of the Hf barrier after annealing at 600°
30 min. The as-deposited Hf film consists of fine (;30 nm) colum
nar grains. The degradation of the Hf barrier is attributed to
diffusion of Cu into the Si substrate through the columnar Hf bar
Trapezoidal copper silicide spikes bounded by Si$111% and Si$001
planes were observed.11 Figure 8 shows XTEM micrographs
Cu/HfN0.47/Si systems after annealing at various temperatures
ure 8a shows the TEM image of the Cu/HfN0.47/Si sample afte
annealing at 650°C for 30 min. The multilayered structure is o

Figure 7. ~a! SEM micrograph and EDS spectrum obtained from the
cipitate of Cu/Hf/Si sample annealed at failure temperature and~b! XTEM
micrograph of Cu/Hf/Si annealed at 550°C.
 address. Redistribution subject to ECS terms140.113.38.11aded on 2014-04-26 to IP 
ous. The diffraction ring patterns reveal HfN barrier film still p
sesses fcc structure and polycrystallinity after annealing at high
perature. However, the multilayered structure Cu/Hf-N/S
retained. No Cu silicides are observed at the interface, demon
ing the excellent barrier properties. Figure 8b shows an XTEM
age of 700°C-annealed Cu/HfN0.47/Si. It is observed that th
HfN0.47 barrier layer is an enhanced crystalline structure ha
large columnar grains. Cu-Si compounds are observed on t
substrate, demonstrating the Cu diffusion into the Si. In addition
high-resolution XTEM, bright-field~BF! image, and selected ar
diffraction pattern~SADP! for Cu/HfN0.47/Si systems indicates t
microstructure variations among the interlayers after anneali
700°C, as shown Fig. 9. Figure 9a shows the microstructu
which the copper atoms diffuse through the HfN0.47 layer and in
duces the formation of compounds adjacent to the Si substra
noted with b1 , b2 , and b3 . The compounds of the inner layer
crystallized CuHfSi2 from the analysis of diffraction patterns,
show in Fig. 9b, and the outer layer contains mixing phase
HfN0.47 and HfSi, as shown in Fig. 9c. A high-resolution image
regions denoted as d1 and c are shown in Fig. 10. These invest
tions of TEM are in agreement with the XRD results, which indi
the diffusion of Cu atoms through the HfN0.47 layer, and that th
formation of compounds containing Cu, Hf, and Si are the m
causes of failure for Cu/HfN0.47/Si barrier layer.

Failure mechanism of the Cu/Hf-N/Si system.—The XRD pat

Figure 8. XTEM micrograph of Cu/HfN0.47/Si annealed at~a! 650 and~b!
700°C.
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terns, XTEM, and reverse current density clearly reveal a differ
between the failures of hafnium and hafnium nitride barr
Hafnium film with nitrogen incorporation has improving barrier
pability against copper diffusion. Nitrogen is not only incorpora
into the hafnium to induce hafnium nitride, but is also presen
interstitial positions at grain boundaries and lattice sites. The
stitial effect is thought to induce microstructural variation
thereby improve barrier performance. Figure 11 schemati
shows cross sections of the interfacial structures of the Cu/H
Cu/HfN0.1/Si, Cu/HfN0.28/Si, and Cu/HfN0.47/Si systems befor
and after annealing. Cu films on Hf-N barriers have a prefe
$111% orientation. The as-deposited Hf barrier has an hcp-Hf s
ture with columnar grains, as shown in Fig. 11a. The formatio
CuHf2 and hafnium silicide is observed after annealing at 550°C
30 min, revealing barrier degradation. The mechanism by whic
barrier fails involves the sacrificial reaction of Hf with Cu and
motion of Cu through columnar Hf barrier to form Cu3Si, as shown

Figure 9. XTEM micrographs of Cu/HfN0.47/Si annealed at 700°C:~a! BF
image and the corresponding SADP of~b! the grain denoted as b1 and~c! the
film denoted as c.

Figure 10. High-resolution TEM micrograph of Cu/HfN0.47 interface in
Cu/HfN /Si sample after annealing at 700°C for 30 min.
0.47

 address. Redistribution subject to ECS terms140.113.38.11aded on 2014-04-26 to IP 
in Fig. 11a. The barrier capability of Hf film against Cu diffus
can be improved by incorporating nitrogen into Hf films using r
tive sputtering. Adding impurities, such as N and O, has bee
ported to improve the barrier properties of refractory metals.3,11,12

The as-deposited HfN0.1, HfN0.28, and HfN0.47 barriers have th
fine-grained HfN0.4, «-Hf3N2 , and fcc-HfN phases, respectively,
shown in Fig. 11b-d. Neither Cu-Si nor Cu-Hf compounds are
served for the Cu/Hf-N/Si samples annealed at 550°C for 30
revealing better barrier performance than the Hf barrier. HfSi c
pound was formed after Cu/Hf/Si and Cu/HfN0.1/Si were anneale
at 550°C for 30 min. The phenomenon was not observe
Cu/HfN0.28/Si and Cu/HfN0.47/Si. It is evident that sheet resistan
of Cu/Hf/Si and Cu/HfN0.1/Si increases after annealing at 550°C
30 min ~not shown!. Furthermore, it is obvious that as nitro
concentration increased, the interaction of Hf and Si is restra
However, enhanced crystalline structure of the Hf-N barrier is fo
after annealing at 600°C. Cu3Si compounds are observed
Cu/HfN0.1/Si and Cu/HfN0.28/Si systems after annealing at 600
due to accelerating Cu diffusion through crystalline HfN0.1 and
HfN0.28 barriers. However, Cu3Si compounds are not observed
the Cu/HfN0.47/Si contact system annealed at 650°C. The m
structural transition of nitrogen-incorporated Hf film alleviates
Cu diffusion and hence, enhances the stability of the barrier
restrains the formation of copper-hafnium compounds. A Cu
N/Si contact system with high thermal stability is obtained.

Conclusion

Barrier capabilities against Cu diffusion were investigated
Cu/Hf/Si and Cu/Hf-N/Si contact systems. A thermally stable C
contact system, with a low-resistivity Hf-N diffusion barrier, is s
cessfully demonstrated. The as-deposited Hf film has an hcp
ture and a low resistivity of 48.29mV cm. Phase transformations
identified asa-Hf → HfN0.4 → «-Hf3N2 → fcc-HfN with increas
ing nitrogen concentration of Hf-N film. Cu3Si compounds ar
found for Cu/Hf/Si contact systems after annealing at 600°C.
mechanism by which the Hf barrier fails involves the sacrifi
reaction of Hf with Cu and the motion of Cu through columnar
barrier to form Cu3Si. The Cu/HfN0.47/Si contact system tolerat
annealing at 650°C for 30 min without any reaction. Cu3Si com-
pounds are observed after annealing at 700°C due to accelerat
diffusion through crystalline Hf-N barrier. The HfN layer with

Figure 11. Schematic illustrations of the microstructures of~a! Cu/Hf/Si, ~b!
Cu/HfN0.1/Si, ~c! Cu/HfN0.28/Si, and~d! Cu/HfN0.47/Si contact systems b
fore and after annealing.
0.47

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 

http://ecsdl.org/site/terms_use


ffu-
tion

nce
314-
iver-

ts of

,

.,

. H.

f

Journal of The Electrochemical Society, 152 ~2! G138-G143~2005! G143

Downlo
low electrical resistivity is shown to perform effectively as a di
sion barrier and thus has potential for use in Cu metalliza
technology.
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