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Hafnium-basedHf-N) films were prepared by reactive radio frequeridy-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 48.38() cm. With increasing nitrogen concentration of Hf-N film, phase transformations are
identified asa-Hf — HfNg, — e-Hf3N, — 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/HfiN/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.
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. The use of Cu in on-chip me'gallization of m.icroelectror.]ic de- annealingRTA) process at 1050°C for 30 s in,Mimbient. After the
vices has recently attracted considerable attention due to its lowegontact windows were cleaned by dipping sample in HF, a reactively
electrical resistivity and higher electromigration resistance than aluspuyttered Hf-N film(50 nm)was deposited onto the active regions
minum. The use of copper, however, raises several problems. Fofith various nitrogen flow ratios. In this paper, nitrogen flow ratio is
instance, Cu cannot adhere well to most dielectric substrates and igefined as a ratio of Npartial flow to total gas flow (N+ Ar).
highly reactive with most metals and semiconductors. Thus, thin-Then Cy film with a thickness of 300 nm was deposited subse-
film adhesion promoters and diffusion barriers must be used 0 eng ently in the same sputtering system without breaking vacuum.
hance the adhesion and inhibit diffusion in the Cu-based metalllzaDuring the sputtering, gas pressure was maintained at 6 mTorr with
tion. Refractory metals have been investigated for such applications, power selected at 5'00 and 1500 W for Hf-N and Cu, respectively.

Among them, tantalum-based film has been proven to be one of th'Iafinally Cu and Hf-N layers were patterned by dilute HN&hd C}
most useful barrier materials> However, because the resistivities . . . .
plasma, respectively, for the formation of Cu/Hf-NAp junction

of TaN and Ta-Si-N films are about 200 and 628 cm, respec- diodes

tively, these materials are deemed unfavorable for use as low- N . . . ' .
resistivity diffusion barrief:®> Therefore, new barrier materials with . TO. Investigate _the barrier capabll_lty OT HH\.‘ films against Cu
high thermal stability and low electrical resistivity are needed. Otherdiffusion, the devices (Cu/Hf-Nfnp junction diode)were ther-
refractory metals probably exhibit very favorable properties, and inMally annealed at a tesmperature ranging from 400 to 650°C for 30
particular, sputtered hafnium films have been subjected to prelimi-Min in & vacuum of 10° Torr. For electrical analyses, leakage cur-
nary evaluatiorf. Reactively sputtered HN films with resistivity rent of the diodes was measured by an HP4145B semiconductor
lower than 100nQ) cm have been reportéd In addition, low- ~ parameter-analyzer at a reverse bias-& V. After annealing at
contact resistivity on the order of I8 Q cn? can be obtained for ~ Various temperatures for 30 min, the diode leakage current was mea-
Hf/n*-Si system$. In this work, properties of Hf-N films with vari- ~ Sured. In addition, surface morphologies of the Hf-N films were
ous nitrogen contents were studied. Barrier capabilities against C@nalyzed by a Nanoscope Il atomic force microscopeM) with a

diffusion were investigated for Cu/Hf/Si and Cu/Hf-N/Si contact Si probe. The AFM probe was scanned over an area & S5pm
systems. with 512 scans at 1 Hz scanning rate in tapping mode. Sheet resis-

tance measurements were taken using a four-point probe system.
Grazing incidence X-ray diffractometfysIXRD) was used to iden-
] - ) ] o tify the phases of the films. The compositions of the films were
The barrier capability of Hf-N films against Cu diffusion was analyzed by X-ray photoemission spectrosc6gpS)with a mono-
investigated using a structure of Cu/Hf-NAp junction diodes. The  chromatic Mg Kasource. The X-ray power was 250 W5 kV at
key feature of this experiment is the various nitrogen flow rates16.7 mA). The XPS energy scale was calibrated by setting the bind-
during sputtering of Hf-N film formation. First, p-typ€l00)-  jng energy of Adg, line on clean silver to exactly 368.3 eV refer-
oriented Si wafers with a resistivity 6-8 cm were used in this nced to the Ferm/i2 level. The angle of incidence of the X-ray beam
study. After standard RCA cleaning, the wafers were administere ith the specimen normél was 45°. High-resolution scans were run
the local oxidation of silicoflLOCOS) process to define active re- for Hf and N using an X-ray beam with about a 15 nm diam. Fur-
gions. The A-p junctions were Igrmed by Asimplantation at 60 yarmore, 300 nm thick Cu films were sputtered onto Hf-N films to
keV with a dose of 5< 10'° cm"? followed by the rapid thermal investigate their ability to resist Cu diffusion. Cu/Hf-N/Si samples
were annealed from 450 to 700°C in vacuum for 30 min to evaluate
their barrier stability. The surface morphology of annealed Cu/
2 E-mail: rghsu@mail.nctu.edu.tw barrier/Si was observed by scanning electron microsd&iM).

Experimental
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Figure 2. Electrical resistivity and compositiofiN/Hf atomic ratig plots of
Hf-based films deposited on silicon dioxide under various nitrogen flow
rates.

11

nitrogen flow rates to form nitrogen-saturated HiN(1 sccm),
HfNg 25 (2 sccm), and Hfly,; (3 sccm). Figure 2 also presents the
electrical resistivity of Hf-N film as a function of nitrogen flow rate.

Intensity (Arb. Unit)

a11) The resistivity of the as-deposited film shows several interesting
(200) (220) features. The electrical resistivity of the Hf film is 48.29) cm.
Resistivity increases slightly when a small amount of nitrogen is
. ; , , , , , , , added to the sputtering gas. The resistivity of the film increases to
20 25 30 35 40 45 50 55 60 65 70 90.8 nQ) cm when the nitrogen flow rate is 2 sccm. When more
(b) 26 (degree) nitrogen is incorporated into the Hf film, the resistivity of the

HfNg 47 film increases to 102.3L() cm. For comparison, the nitro-

Figure 1. XRD patterns and XTEM images of the Hf and Hf-N films de- gen flow rateg(1, 2, and 3 scemdlividing the four regions closely

posited on unpatterned silicon substra®:Hf/Si and (b) Hf-N/Si system. correspond to the flow rates of finding Hfl\, -Hf3N,, and fcc-
HfN from XRD patterns. Moreover, the variations in resistivity are

attributed to microstructure and phase transformation.

Thermal stability of Cu/Hf-N/Si contact systemdarrier capa-

ty of thin Hf and Hf-N films was investigated by evaluating the
thermal stability of Cu/barrier (50 nm)7ap junction diodes using
“electrical measurements. In this measurement, the leakage current
densities were obtained from an average value of 25 samples and the
Ydiode area was 1008 1000pm. Figure 3 illustrates the statistical
distributions of reverse bias reverse current density for Cu/barrier
(50 nm)/n’-p junction diodes annealed at various temperatures. For
Results and Discussion the diodes without any heat-treatmeiiés-deposited), the leakage
current densities remain stalfleelow 10 nA/crd) as nitrogen flow

ratio is increased. However, the diode leakage increases with in-

Compositions of failure sites were analyzed by energy-dispersive,;;
spectrometry(EDS) after removing both copper and barrier layers
by wet-chemical solution. The interface microstructure was exam
ined by transmission electron microscofyEM). Cross-sectional
TEM (XTEM) samples were prepared by electron transparency b
mechanical thinning followed by ion milling in a precision ion pol-
ishing systemPIPS).

Properties of the Hf-based thin filmsFigure 1 shows a series of
X-ray diffraction (XRD) patterns and XTEM of Hf and Hf-N films
deposited on unpatterned silicon substrates at various nitrogen flow
rates. The XRD pattern of hafnium film on the unpatterned silicon

wafer is shown as Fig. 1a. TH&01) and (110 peaks confirm that 10

the hafnium films on silicon substrates have a hexagonal close- g 1004 —=—Cuw/HISi

packed(hcp) structure(a-Hf). The phase transformation of Hf-N 2 107 —O—Cu/HIN /Si

films transforms fronx-Hf to face-centered cubitfcc)-HfN when Y~ 0,1 —A—CuHIN /S =

an amount of nitrogen is added as shown in Fig. 1b. When the & 1073 —— Cu/HIN, _/si

nitrogen flow rate increases to 3 sccm, the relatively sharp peaks of & 1x10* 1 ) A
the fcc-HfN phase are observed for the Hf-N film, as shown in the 5 s

curve of Fig. 1b. The XRD results in Fig. 1 clearly show thaHf

and HfN phases form successively as nitrogen flow rate increases
from 0O to 3.0 sccm. Furthermore, the as-deposited Hf film consists
of fine (~30 nm) columnar grains, as shown in Fig. 1a; the finer
grains are observed for the Hf-N film deposited at a nitrogen flow
rate of 3 sccm, as shown in Fig. 1b.

XPS is performed to determine the nitrogen concentrations of the
Hf-N films deposited at various nitrogen flow rates. The nitrogen
content of the Hf-N film increases with the amount of nitrogen in the
sputtering gas. The compositions of Hf-N films deposited at nitrogen
flow rates of 1, 2, and 3 sccm are HfN HfNg g, and HN, 47, Figure 3. Variation in reverse current density of Cu/barrier/Si as a function
respectively. Figure 2 offers consistent results regarding the criticabf annealing temperature.
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Figure 5. XRD patterns of Cu/Hf-N/Si contact systems after annealing at

) . . 600°C for 30 min.
Figure 4. XRD patterns of Cu/Hf-N/Si contact systems after annealing at

550°C for 30 min.

annealed Cu/Hf/Si sample. Strong (CL1), weak Cu(200), and

HfN(111) peaks are found in the XRD spectrum of annealed
creasing the annealing temperature, and most diodes are degrad@ili/HfN, 47/ Si sample. The intensity of the HfN peak is lower. That
after annealing at 600°C. As shown in Fig. 3, the leakage currenis, it has a higher full width at half maximurtfwhm). The as-
densities initially decrease for 400°C annealing, and then increaseleposited Hfly,, barrier fim has an amorphous-like structdfe.
with increasing the annealing temperatures. If we define a failureNeither Cu-Si nor Cu-Hf compounds are observed after annealing at
criterion with 10°° A/cm?, the Cu/Hf/n'-p diodes remained stable  600°C. The results indicate that the Hfl\ barrier is more effective
after annealing at temperatures up to 450°C but suffered degradatioim preventing Cu diffusion than the Hf barrier. Figure 6 shows XRD
at 500°C. It is reported that the barrier properties can be improvedpatterns of the Cu/Hfp,,/Si samples after annealing at 650 and
by adding impurities, such as N and®&*“Figure 3 also shows the ~ 700°C. The intensity of the Hfi411) peak increases obviously after
statistical distribution of reverse bias reverse current density for theg50°C annealing. This result reveals that annealing causes develop-
Cu/HfNg1/n"-p and Cu/HiN ,¢/n"-p junction diodes annealed at ment of HfN crystals. Obvious GSi phases are found for
various temperatures. For the diodes with 50 nm §ifind HfN\, »g CU/HfN, 47/Si samples annealed at 700°C for 30 min.
barriers, the diodes remained stable after annealing at temperature Figure 7 shows the SEM and cross-sectional TEM micrographs
up to 500 and 550°C, respectively. After annealing at 550°C, failureof Cu/Hf/Si after annealing at the temperature higher than the failure
of the diodes was observed. Tastial. reported similar results. It temperature. As shown in Fig. 7a, protrusions were observed on the
was found that the diodes with 60 nm chemical vapor and physicakurface, indicating a severe reaction of Cu/Hf/Si. Figure 7a also
vapor deposited TaN barriers would begin to deteriorate at 500 andhows the EDS spectrum of the protrusiatenoted A). It revealed
550°C, respectively? It is revealed that barrier capability of H-N  that the protrusion consisted of Cu and Si element and was a copper-
film is better than that of Hf film without nitrogen incorporation. rich region. These protrusions were presumably caused by Cu dif-
However, the improvement of the barrier capability is limited. As fusjon through the localized weak points in the barrier and reacting
nitrogen content increases, Hjby barrier was formed. The with underlying Si to form CySi. Similar phenomena were ob-
Cu/HfNg 47/n*-p diodes retained better electrical integrity after an- served for Ta diffusion barriers by Wet al* Figure 7b shows the
nealing at 550°C with lower leakage current densities. Thegi§N  XTEM image of the Cu/Hf/Si sample after annealing at 600°C for
films possess much better barrier performance than Hf gHffdnd 30 min. It is obvious that Hf silicide and Cu silicide were observed
HfN g barrier films. The improved barrier performance is attributed after annealing, and the interface of the sample was unclear. It indi-
to finer crystallization, and interstitial effect is thought to induce
microstructural variation and thereby improve barrier performance.

It is reported that the microstructure within the barrier layer strongly W Cu,Si O Cu © CuHfSi, ¢ HIN A HfSi
affects the barrier performance because Cu diffuses through fast u
diffusion paths such as grain boundaries within the barrier

layer313:14

A
Figure 4 shows the XRD patterns of the Cu/Hf-N/Si samples ©
after annealing at 550°C. Strong @&1) and weak Cu(200peaks
are observed in annealed Cu/HfNSi and Cu/HfN ,¢/Si samples,
implying that the Cu films prefer thél11) crystal orientation. Cu
with a high(111) texture has been reported to exhibit higher elec-
tromigration resistanc®. The diffraction peaks of-Hf(101) and
Cu(11) clearly disappear, and the CuyHfhase appears for the Cu/
Hf/Si sample annealed at 550°C for 30 min. These results show that
the interdiffusion of Cu and Hf induces the formation of Cu-Hf
compounds. However, the Cu-Hf compounds are not observed in
Cu/HfNy 4/Si and Cu/HfN ,g/Si samples after annealing at 550°C ) ) ) ) ) ) )
for 30 min. The strong diffraction peaks of H§M and e-Hf;N, 20 25 30 35 40 45 50 55
phases are observed. These results show that nitrogen incorporation 20 (degree)
in the Hf film can suppress the formation of Cu-Hf compound. Fig-
ure 5 shows XRD patterns of the Cu/Hf-N/Si samples after anneal-rigure 6. XRD patterns of Cu/Hfly ,,/Si contact systems after annealing at
ing at 600°C for 30 min. Strong GBi peaks are observed for the 650 and 700°C.

700°C

Intensity (Arb. Unit)
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(b)

Figure 7. (a) SEM micrograph and EDS spectrum obtained from the pre-
cipitate of Cu/Hf/Si sample annealed at failure temperature (Bh&KTEM
micrograph of Cu/Hf/Si annealed at 550°C.

cates the degradation of the Hf barrier after annealing at 600°C for,

30 min. The as-deposited Hf film consists of fine30 nm) colum-
nar grains. The degradation of the Hf barrier is attributed to the
diffusion of Cu into the Si substrate through the columnar Hf barrier.
Trapezoidal copper silicide spikes bounded b{1&l} and Si{001}
planes were observéd.Figure 8 shows XTEM micrographs of
Cu/HfNy 47/ Si systems after annealing at various temperatures. Fig
ure 8a shows the TEM image of the Cu/HiN/Si sample after
annealing at 650°C for 30 min. The multilayered structure is obvi-

G141

ocieths2 (2) G138-G143(2005)

Figure 8. XTEM micrograph of Cu/HfN 47/Si annealed ata) 650 and(b)
700°C.

ous. The diffraction ring patterns reveal HfN barrier film still pos-
sesses fcc structure and polycrystallinity after annealing at high tem-
perature. However, the multilayered structure Cu/Hf-N/Si is
retained. No Cu silicides are observed at the interface, demonstrat-
ing the excellent barrier properties. Figure 8b shows an XTEM im-
age of 700°C-annealed Cu/HfM,/Si. It is observed that the
HfNg 47 barrier layer is an enhanced crystalline structure having
large columnar grains. Cu-Si compounds are observed on the Si
substrate, demonstrating the Cu diffusion into the Si. In addition, the
high-resolution XTEM, bright-field BF) image, and selected area
diffraction pattern(SADP) for Cu/HfN, 47/Si systems indicates the
microstructure variations among the interlayers after annealing at
700°C, as shown Fig. 9. Figure 9a shows the microstructure in
which the copper atoms diffuse through the i layer and in-
duces the formation of compounds adjacent to the Si substrate as
noted with i, b,, and 3. The compounds of the inner layer are
crystallized CuHfSi from the analysis of diffraction patterns, as
show in Fig. 9b, and the outer layer contains mixing phases of
HfNg 47 and HfSi, as shown in Fig. 9c. A high-resolution image of
regions denoted as, &nd ¢ are shown in Fig. 10. These investiga-
tions of TEM are in agreement with the XRD results, which indicate
the diffusion of Cu atoms through the H§M, layer, and that the
formation of compounds containing Cu, Hf, and Si are the main

causes of failure for Cu/Hf}\,,/Si barrier layer.

Failure mechanism of the Cu/Hf-N/Si systerThe XRD pat-
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Figure 9. XTEM micrographs of Cu/Hfly 4,/Si annealed at 700°Ga) BF
image and the corresponding SADP(bj the grain denoted as land(c) the
film denoted as c. Figure 11. Schematic illustrations of the microstructuregaf Cu/Hf/Si, (b)
Cu/HfNg 1/Si, (c) Cu/HfNg 56/ Si, and(d) Cu/HfN, 4;/Si contact systems be-
fore and after annealing.
terns, XTEM, and reverse current density clearly reveal a difference
between the failures of hafnium and hafnium nitride barriers.
Hafnium film with nitrogen incorporation has improving barrier ca-
pability against copper diffusion. Nitrogen is not only incorporated in Fig. 11a. The barrier capability of Hf film against Cu diffusion
into the hafnium to induce hafnium nitride, but is also present in can be improved by incorporating nitrogen into Hf films using reac-
interstitial positions at grain boundaries and lattice sites. The interdive sputtering. Adding impurities, such as N and O, has been re-
stitial effect is thought to induce microstructural variation and Ported to improve the barrier properties of refractory metals'?
thereby improve barrier performance. Figure 11 schematicallyThe as-deposited HfN, HfNy s, and HfN, 4; barriers have the
shows cross sections of the interfacial structures of the Cu/Hf/Sifine-grained HfN 4, e-Hf3N,, and fcc-HfN phases, respectively, as
Cu/HfNg 1/Si, Cu/HfN, ,5/Si, and Cu/HfN 4;/Si systems before shown in Fig. 11b-d. Neither Cu-Si nor Cu-Hf compounds are ob-
and after annealing. Cu films on Hf-N barriers have a preferredserved for the Cu/Hf-N/Si samples annealed at 550°C for 30 min,
{111} orientation. The as-deposited Hf barrier has an hcp-Hf struc-revealing better barrier performance than the Hf barrier. HfSi com-
ture with columnar grains, as shown in Fig. 11a. The formation of pound was formed after Cu/Hf/Si and Cu/HfN Si were annealed
CuHf, and hafnium silicide is observed after annealing at 550°C forat 550°C for 30 min. The phenomenon was not observed in
30 min, revealing barrier degradation. The mechanism by which theCu/HfNg »g/ Si and Cu/HfN 47/Si. It is evident that sheet resistance
barrier fails involves the sacrificial reaction of Hf with Cu and the of Cu/Hf/Si and Cu/HfN ;/Si increases after annealing at 550°C for
motion of Cu through columnar Hf barrier to form £3i, as shown 30 min (not shown). Furthermore, it is obvious that as nitrogen
concentration increased, the interaction of Hf and Si is restrained.
However, enhanced crystalline structure of the Hf-N barrier is found
after annealing at 600°C. G8i compounds are observed for
Cu/HfNy 1/Si and Cu/HfN »g/Si systems after annealing at 600°C
due to accelerating Cu diffusion through crystalline fNand
HfNg ,g barriers. However, G46i compounds are not observed for
the Cu/HfN,47/Si contact system annealed at 650°C. The micro-
structural transition of nitrogen-incorporated Hf film alleviates the
Cu diffusion and hence, enhances the stability of the barrier and
restrains the formation of copper-hafnium compounds. A Cu/Hf-
N/Si contact system with high thermal stability is obtained.

Conclusion

Barrier capabilities against Cu diffusion were investigated for
Cu/Hf/Si and Cu/Hf-N/Si contact systems. A thermally stable Cu/Si
contact system, with a low-resistivity Hf-N diffusion barrier, is suc-
cessfully demonstrated. The as-deposited Hf film has an hcp struc-
ture and a low resistivity of 48.28() cm. Phase transformations are
identified asau-Hf — HfNg 4 — &-Hf3N, — fece-HfN with increas-
ing nitrogen concentration of Hf-N film. G&i compounds are
found for Cu/Hf/Si contact systems after annealing at 600°C. The
mechanism by which the Hf barrier fails involves the sacrificial
reaction of Hf with Cu and the motion of Cu through columnar Hf
barrier to form CySi. The Cu/HfN 4;/Si contact system tolerates
annealing at 650°C for 30 min without any reaction.;Sucom-
Figure 10. High-resolution TEM micrograph of Cu/Hf,, interface in pounds are observed after annealing at 700°C due to accelerating Cu
Cu/HfN, 4,/ Si sample after annealing at 700°C for 30 min. diffusion through crystalline Hf-N barrier. The HfN; layer with
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low electrical resistivity is shown to perform effectively as a diffu- 5. S. Shinkai, K. I. Yoshimoto, Y. Kitada, and K. Sasaki,Appl. Phys.39, 5995
sion barrier and thus has potential for use in Cu metallization  (2000). o .
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