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Ultrathin (10 nm Ti films with various structures were deposited by physical vapor deposition
(PVD) and chemical vapor depositiofCVD) processes. CVD-Ti films with low-temperature
(<500 °Q plasma-enhanced chemical vapor deposition ugii@J, and H, as reactants is an
amorphous structure. This result is different from PVD-Ti films deposited by magnetron
sputtering, which have a columnar structure. Ammonia plasma was further employed to
post-treat the CVD-Ti barrier layer to improve barrier properties. An amorphoi H) layer

was formed on the surface of the CVD-Ti layer after ammonia plasma post-treatment. The
resultant films had a bilayered amorphougNiH)/Ti structure. Furthermore, the effective
resistivity of the resultant TN,H)/Ti film decreased to 122 cm. The thermal stability of
Cu/PVD-Ti/Si and Cu/CVD-Ti/Sicontact systems was evaluated by thermal stressing at
various annealing temperatures. For the BMD-Ti/Si, thehighly copper titanium compound

was formed after 450 °C annealing. The PVD Ti barrier failed initially due to the reaction of
Cu and the Ti barrier, in which Cu atoms penetrated into the Si substrate after annealing at high
temperature. However, no copper-titanium and copper-silicide compounds were found for
amorphous Ti and plasma-treated Tii{N,H)/Ti] barriers, even after annealing at 500 and
600 °C, respectively. Improved barrier capability against Cu diffusion was found for the
Ti(N,H)/Ti barrier layer because the Cu{Mi, H)/Ti/n*-p junction diodes retained low leakage
current densities even after annealing at 500 °C for 1 KINJH)/Ti barrier layers present
lengthened grain structures to effectively impede Cu diffusion, thus acting as much more
effective barriers than conventional Ti and TiN film®.2005 American Vacuum Society.

[DOI: 10.1116/1.1852466

I. INTRODUCTION con. Physical vapor depositéBVD) Ti and TiN thin films
are widely used as an adhesion layer and diffusion barrier in
With the continuing increase in packing density of ul- integrated-circuit devices because of their high thermal sta-
tralarge scale integratedJLSI) circuits, such as metal— pjlity, excellent mechanical properties, and low electrical
oxide-semiconductor memory devices, geometrical dimenresistivity”™* As the feature sizes of ULSI devices have
sions (e.g., width of interconnections and isolation layers,shrunk, physical vapor deposition for such applications has
junction depth, contact sizeontinue to decrease. However, heen replaced by chemical vapor depositiGiVD), because
this shrinkage causes various problems in device perforof the increased conformability of the film as compared with
mance and reliability. In particular, problems with intercon- pyD films2° CVD Ti and TiN layers can be deposited using
nections in copper metallization become quite serious, such TiCl,-based CVD process® Nevertheless, this process re-
as poor adhesion on dielectric films, degradation of shallowquires high-temperature>600 ° Q) substrates to achieve the
junction characteristics by the alloy reaction between Cu andiepositions, which sometimes cause thermal damage to the
Si, and Cu migration.Thus, the effective diffusion barriers deposited films and thermal diffusion of materials not suit-
are needed to prevent Cu diffusion and intermixing into sili-able for devices. C49-TiSand TiN thin films are formed on
the Si substrates in a conventional high-temperature
JAuthor to whom correspondence should be addressed: electronic maill ICls-based Ti/TiN deposition proce8sMoreover, depos-
mhlin@cc.kuas.edu.tw ited films are polycrystalline and provide inadequate protec-
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tion because grain boundaries may presumably serve as fast
diffusion paths for copper. In this article, a low-temperature -*E PVD-Ti (002)
(<500 °Q plasma-enhanced CVIPECVD) was used to D T"-“* - e den =
deposit ultrathin10 nm) Ti films. Furthermorejn situ NHg £ | cvb-Ti
plasma was employed to post-treat CVD-Ti films. Tifilms by & |avamseta
magnetron sputtering are compared with CVD-Ti and & ) )
Ti(N,H)/Ti films. Properties of barrier layers were evalu- § CVD'T'(N’H?H'
. . 2 Nuamenin -
ated by electrical measurements and material analyses. E

[
(=4

[I. EXPERIMENTAL PROCEDURE YR Ta— T

P-type (100-oriented silicon wafers with resistivity of 20 (degree)
5-10Q cm were used in our experiments. The Si wafers
were cleaned in a dilute HF solutiaiiF:H,0=1:20 for Fl_G. 1. X-_ra_y diffraction pattern of as-deposited PVD-Ti, CVD-Ti, and

. . . . . . _Ti(N,H)/Ti films.
2 min, and rinsed in de-ionized water before loading into
metal-CVD system. Titanium films were deposited using an
MRC PHOENIX 6 inch cluster tool. The Ti film$10 nm  cess, no obvious reflection peak is observed and the structure
thick) were deposited by PECVD using TiCand H, as s amorphous. Figure 2 displays the STEM micrographs of
reactants. The substrate temperature was maintained a§-deposited PVD-Ti films. The 10-nm-thick as-deposited
490 °C during Ti film deposition, and titanium films were pyvD-Ti film has a columnar-like structure, as shown in the
deposited on 6 and 4 inch wafers at a power of 350 W angright-field STEM image in Fig. 2, which has polycrystalline
process pressure of 5 Torr after the base pressure was evagHorphology with 30 nm grain sizes and obvious columnar-
ated to below 51077 Torr. Several wafers received am |ike structure. Figure 3 shows the cross-sectional STEM mi-
situ plasma treatment after the deposition of titanium films.crographs of Ti films with and without plasma treatment. The
For the purpose of easy identification, the titanium films de-10-nm-thick as-deposited CVD-Ti film has an amorphous
posited by PVD and CVD and the ammonia plasma-treatedtructure, as shown in dark-field image in Figa)3 The
titanium films were denoted as PVD-Ti, CVD-Ti, and structure is quite different from that of PVD-T{:"* The
CVD-Ti(N,H)/Ti, respectively. Copper filmg00 nm thick  chlorine concentration of as-deposited CVD-Ti films is about
were then deposited on top of the barrier layers by sputtert.78 at. % by energy-dispersive spectroscoBPpS) analy-
ing. To evaluate the thermal stability, Cu/CVD-Ti/Si, ses. Figure &) shows a cross-sectional STEM micrograph
Cu/PVD-Ti/Si, and Cu/TiN,H)/Ti/Si were annealed in of a CVD-Ti film post-treated with Nkl plasma treatment.
N, ambient from 400 to 700 °C for 1 h. Scanning transmis-|ts structure is observed to be a bilayer. Nplasma treat-
sion electron microscopySTEM) and grazing incidence ment induces formation of another amorphous layer. Based
x-ray diffractometry(GIXRD) were performed to determine on the x-ray photoelectron spectroscopy analygaet
the orientation of Ti-based barrier layers. Sheet resistancehown, significant changes in the Nseak were observed
was performed to measure the conductive property of titafor plasma-treated Ti films. With Nfiplasma treatments,
nium film with and without treatments. To determine the ca-one peak at-398 eV was found in the Nslspectrum. It is
pability of the barrier layer against copper diffusion, the mi-attributed to N~, which is similar to the nitride ion. The
crostructure was examined by using transmission electropresence of the Nslpeak clearly shows that the surface was
microscopy(TEM). GIXRD was conducted for phase iden- nitrided by NH; plasma. This nitridation was also detected in
tification. The incident angle of x rays was fixed at threetungsten film prepared by the reduction of YWith N, in
degrees. For electrical analyses, Cu/barri&n junction di-
odes with conventional localized oxidation of silicon isola-
tion were fabricated. The diode leakage current was mea-
sured by an HP4145B semiconductor parameter analyzer at a
reverse bias of =5 V after annealing at various temperatures
for 1 h.

[ll. RESULTS

Figure 1 plots the GIXRD pattern of as-deposited Ti film
using various deposition processes. A stron(dd2) peak
appeared in a 10-nm-thick Ti film deposited by conventional
sputtering. No obvious reflection peak is observed from the
as-deposited Ti film using the PECVD process, revealing that
the as-deposited Ti film has an amorphous structure, in con-
trast to PVD-Ti films. This result is similar to the results of
Yanget al® From the x-ray diffractior(XRD) pattern analy-
ses of an NH plasma-treated Ti film using the PECVD pro- Fic. 2. Cross-sectional STEM micrographs of PVD-Ti.
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(b)

Fic. 3. Cross-sectional STEM micrographs @ CVD-Ti and (b) NH3
plasma-treated Ti films.

nitrogen gas? In addition, a lower Cl concentration of
0.33 at. % is detected on the surface of the jNpiasma-
treated Ti film by EDS analyses. NHblasma treatment also
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Fic. 4. Resistivity of T{N,H)/Ti film as a function of NH plasma-
treatment time.

122 uQ cm for CVD-Ti film with NH; plasma treatment for
10 min. The resistivity is lower than that of conventional
CVD-Ti/TiN films deposited at higher temperature. Mai
al. reported that effective resistivity of CVD-TIgITiN films
decreased from 200 to 1332 cm after NH; plasma treat-
ment for 5 min**

Figure 5 shows the variations in sheet resistance of
Cu/barrier/Si after annealing at various temperatures. The
variation in the sheet resistance is designated as the ratio of
(R-Ro0 to Ro, where Ro and R denote the sheet resistance of
the as-deposited sample and R is the sheet resistance of the
annealed sample. The result reflects the existence of interac-
tions between layers. It is to be noted that the sheet resistance
of the PVD-Ti barrier increases with the increase of anneal-
ing temperatures. However, sheet resistance of CVD-Ti and
Ti(N,H)/Ti barriers initially decreases by annealing at
500 °C, which is caused by the decrease of Cl impurity den-
sity and grain growth in the Cu film. The sheet resistance of
the Cu/CVD-Ti/Si increases after annealing at 600 °C, and
the color of the sample changed to gray, which indicates that
a significant reaction occurred between the layers. However,
this phenomenon is not observed for CuNjH)/Ti/Si.

This result indicates that there is no compound silicide
formed when the sample is annealed up to 650 °C. It is
obvious that CVD-Ti barrier films with post-treatment pos-

sess higher thermal stability than an as-sputtered Ti barrier

enhances the nitrogen incorporation to a depth of 1 nm. Ajlm, and NH; plasma-treated Ti barrier film possesses the
high density of excited and unstable species, such as ions apgst thermal stability.

radicals, is produced in the plasma, which constitutes a pow-
erful reactive atmosphere. Moreover, because of their accel-

eration in the plasma sheath, the ionic species impinging on 10000
the surface have some kinetic energy, which enhances the ~—#—CVD-Ti o
activation of surface reactions. Figure 4 plots the electrical

resistivity of the T{N,H)/Ti film as a function of plasma-

treatment time. The resistivity of the as-deposited CVD-Ti

film is about 338u() cm. High resistivity is attributed to low
deposition temperature. Suzugi al. reported that a higher

deposition temperature could reduce Cl concentration in con-
ventional CVD-TIN film due to enhanced dissociation and

reaction™® Resistivity decreases abruptly after MNidlasma

treatment for 2 min because of the reduction of Cl concen-

8000} —O—PVD-Ti
—a&— CVD-Ti(N,H)/Ti

./.;I

0 o A/,/Al—‘

300 350 400 450 500 550 600 650 700
Annealing temperature ('C)

tration in the film. NH plasma treatment is useful to reduce g 5. variation in sheet resistance of Cu/barrier/Si as a function of anneal-

chlorine concentration. The resistivity decreased
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20 2'5 3'0 3'5 4'0 4'5 5'0 5'5 Fic. 7. SEM micrograph of 500 °C-annealed Cu/PVD-Ti/Si sample. Cu

20 (degree) film is stripped after annealing.
(@)
B Cu;Ti © TiSi @ Cu has been reported to exhibit higher electromigration

resistanceé’ The diffraction peaks of T002) and Cu111)
clearly disappear and the €U phase appears for a
Cu/PVD-Ti/Si sample annealed at 500 °C for 1 h. These
CwTi(N,H)/Tv/Si [} results show that the interdiffusion of Cu and Ti induces the
bree e Vo | formation of Cu-Ti and Ti-Si compounds after 500 °C an-
nealing. It is to be recognized that fine grains inherent in the
thin films may lead to dominate grain-boundary diffusion
Cw/CVD-Ti/Si K X ﬂ after high-temperature annealing. Copper reacted with Si,
and Cu-Si compounds were formed after annealing at
500 °C. This result induced the increase of sheet resistance.
" = m ™ m = m . However, 'the' Cu-—Ti compound.s are not observed in
20 (degree) Cu/CVD-Ti/Si and Cu/TiN,H)/Ti/Si samples after an-
nealing at 500 °C for 1 h. These results show that nitrogen
incorporation in the amorphous Ti film can suppress the for-
B Cu,Ti © TiSi W Cu mation of Cu—Ti comp(_)un_ds. Figure(_tﬁ shows _XRD pat-
terns of the Cu/CVD-Ti/Si and Cu/TN,H)/Ti/Si samples
after annealing at 600 °C for 1 h. Strong Luand TiSi
- | peaks are observed for the annealed Cu/CVD-Ti/Si sample.
700°C . M Strong Cu111), weak Cu(200), and TiSi peaks are found in
the XRD spectrum of the annealed Cu(NiH)/Ti/Si
sample. The intensity of the TiSi peak is lower. Neither
Cu-Si nor Cu—Ti compounds are observed after annealing at
650°C ﬁ x x " 600 °C. The results indicate that the(Ni,H)/Ti barrier is
more effective in preventing Cu diffusion than the CVD-Ti
barrier. Figure &) shows XRD patterns of the (N, H)/Ti
33 yrS m 30 35 samples after annealing at 650 and 700 °C. The intensity of
20 (degree) the TiSi peak clearly increases after annealing at 650 °C. It
reveals that annealing causes the development of
Ti(N,H)/Ti crystals. Obvious C4Ii phases are found for
Fic. 6. XRD spectra of Cu/barrier/Si samples after annealin@)a500, (b) Cu/Ti(N,H)/Ti/Si samples annealed at 700 °C for 1 h. The
600, and(c) 650 and 700 °C, respectively. appearance of a reflection peak with a sharp intensity of
CusTi phase indicates the start of the solid-phase reaction,
probably at the interface of Cu/Ti. Scanning electron mi-
The formation of compounds at the interfaces during an€roscopy(SEM) was performed to investigate the surface
nealing was investigated by XRD analyses. The XRD patimorphologies after thermal annealing for further analyzing
terns are shown in Fig. 6. Figurda& shows the XRD pat- thermal stability. Protrusions or precipitates are observed on
terns after annealing at 500 °C. Strong(Cil) and weak the surface after annealing at the temperature at which an
Cu(200 peaks are observed in annealed Cu/CVD-Ti/Si andabrupt increase of sheet resistance occurs. Figure 7 shows the
Cu/Ti(N,H)/Ti/Si samples, implying that the Cu films pre- SEM micrograph of the sample with a PVD-Ti barrier layer
fer the(111) crystal orientation. Cu with a higfl11) texture after annealing at 500 °C for 1 h. Copper film is stripped by

Intensity (Arb. Unif)

(b)

Intensity (Arb. Unit)

©
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o
-

paths. The microstructure within the barrier layer has been
— reported to strongly affect the barrier performance because
Cu diffuses through fast diffusion paths such as grain bound-
aries within the barrier layer. Improved barrier performance

—a—PVD-Ti
001f —o—CVD-Ti
1E-3 [ —&—CVD-Ti(N,H)'Ti

o
g

2

£

g 1E4

& 1Es of Ti(N,H)/Ti layers is ascribed to a nitridation effect and

£ Bs / the formation of a multilayered amorphous structure. A mul-
E IE7 / tilayered and nanostructured amorphous diffusion barrier
8 IE-8 more effectively prevents Cu diffusion than does the poly-
5@ ol crystalline barrier, because the amorphous film does not have
31510 . large-angle grain boundaries at which most atomic diffusion

00 350 400 450 500 550 600 typically occurs-®
Annealing temperature (C)

Fic. 8. Variation in leakage current density of Cu/barrier/Si as a function oflV- DISCUSSION

annealing temperature. Based on the results of sheet resistance measurements,
reversed leakage current density, and XRD analyses, we
found that a difference of failure mechanism exists among
wet solution before SEM analyses. It reveals local defecPVD-Ti, CVD-Ti, and TiN,H)/Ti barriers. Figure 9 shows
sites, as denoted by region A in Fig. 7. EDS is further em-cross-sectional TEM micrographs of annealed Cu/PVD
ployed to analyze the chemical compositions in region A-Ti/n*-p, Cu/CVD-Ti/n*-p, and Cu/T{N,H)/Ti/n*-p at
The concentrations of copper and titanium are 62.25 anstarious annealing temperatures for 1 h. As shown in Fig.
37.75 at. %, respectively. It reveals that Cu-rich defects forn®(a), the copper spiking phenomenon of the interface is
in local sites such as region A. It reveals that copper willclearly observed. This indicates the degradation of the
penetrate and react with the PVD-Ti barrier layer during anPVD-Ti barrier after annealing at 450 °C. Based on XRD
nealing at 500 °C. The formation of Cu-Ti compounds will results, the degradation of the Ti barrier is attributed to the
promote Cu diffusion via a Ti-based barrier. diffusion of Cu into the Si substrate through the copper-
Junction leakage current measurements were conducted titanium compound layer and/or diffusion from the Ti grain
investigate the effect of barrier treatment on Cu diffusion.boundaries. Copper silicide is clearly formed. However, this
The barrier performance of PVD-Ti, CVD-Ti, and phenomenon is also similarly observed in the Cu/CVD
Ti(N,H)/Ti films were investigated by measuring leakage-Ti/n*™-p system after 600 °C annealing, as shown in Fig.
current densities of Cu/barriarf-p junction diodes after 9(b). Figure 9c) shows the cross-sectional TEM image of
thermal stressing, and are shown in Fig. 8. The diode ishe Cu/T{N,H)/Ti/n*-p sample after annealing at 600 °C
defined as a failure when the measured current density #®r 1 h. An amorphous layer exists between the Cu- and
larger than 10° A/cm?. Figure 8 plots the statistical distri- Ti-based barrier layer. No Cu-Ti compounds can be found at
butions of leakage current densities of Cu/barmésp junc-  the interface, which shows excellent barrier properties. This
tion diodes annealed at various temperatures. Cu/PVDbservation is in agreement with XRD results. The corre-
-Ti/n*-p junction diodes retain low leakage current densitiessponding high-resolution TEM image of the annealed
up to annealing at 400 °C for 1 h. However, large leakageCu/Ti(N,H)/Ti/n*-p sample is shown in Fig.(€). It is ob-
current densities in the range of 0A/cm? are found after  vious that the amorphous layer remained, even through high-
annealing at 450 °C. Improved barrier capability is found fortemperature annealing. These investigations of cross-
the amorphous CVD-Ti barrier layer because the diodes resectional TEM are in agreement with the XRD results, which
tain low leakage current densities, even after annealing dndicate the diffusion of Cu atoms through the amorphous
450 °C for 1 h. However, the improvement of the barrierlayer and the formation of compounds containing Cu, Ti, and
capability is limited. As plasma treatment was performed,Si are the main causes of failure for the CUNH)/Ti/Si
multilayered Ti{N,H)/Ti barrier was formed. The system. Furthermore, as Cu(Ni,H)/Ti/n*-p junction di-
Cu/Ti(N,H)/Ti/n*-p diodes retained better electrical integ- odes were annealed up to 550 °C(NjH)/Ti functions as
rity after annealing at 550 °C with lower leakage currentan effective barrier against Cu diffusion for the sheet-
densitieg(less than 1 A/cm?). The TiN,H)/Ti films pos-  resistance measurement, whereas most of samples failed in
sess much better barrier performance than PVD-Ti andhe junction leakage evaluation. Results suggest that junction
CVD-Ti barrier films. The barrier capability of CVD-Ti films leakage is more suitable for evaluating the barrier capability
is much better than conventional Ti and TiN layers reportedbf Ti(N,H)/Ti films on the Cu/T{N,H)/Ti/n*-p junction
in the literature. Ahrenst al. reported that most copper- diodes than the variation of sheet resistance.
contacted diodes with 10—100-nm-thick sputtered TiN barri- The cross sections of the interfacial structures of
ers showed high leakage currents after annealing &Eu/PVD-Ti/Si, Cu/CVD-Ti/Si, and Cu/TN,H)/Ti/Si be-
450 °C*® Poor barrier performance of the conventional Tifore and after annealing are shown schematically in Fig. 10.
and TiN film is attributed to formation of columnar structure. Cu films on PVD-Ti, CVD-Ti, and TiN,H)/Ti barriers have
This columnar structure is problematic for barrier applica-preferred{111} orientation. The as-deposited PVD-Ti barrier
tions because of intergranular voids, which provide diffusionhas a columnar structure, as shown in Fig(alL0After an-

JVST B - Microelectronics and  Nanometer Structures
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o Cu;Ti

s \

(b) (d)

Fic. 9. Cross-sectional TEM micrographs ¢& 450 °C-annealed Cu/PVD-Tif-p, (b) 450 °C-annealed Cu/CVD-Ti*-p, (c) 600 °C-annealed
Cu/Ti(N,H)/Ti/n*-p, and(d) high-resolution TEM image of the annealed CuNjH)/Ti/n*-p.

nealing at 450 °C for 1 h, the observation of copper titaniumfrom a single amorphous layer to a bilayer amorphous struc-
CusTi and copper spiking indicates barrier degradation. Afterture. The T{N,H)/Ti film has an amorphous-like structure
annealing at 500 °C, in addition to more Juand copper and can function as a more-effective barrier against Cu
spiking, Cu-Si also can be formed and further degrades thgiffusjon®*® The CVD-Ti barrier within situ NH5 plasma
barrier. The mechanism by which the barrier fails is the mo+,eatment has an amorphougNTi H)/Ti structure, as shown
tion of Cu through the columnar Ti to form GTi and spik- in Fig. 10c). The formation of a thin amorphous

ing. The similar result, as shown n Fig. (X0, IS observec'i. Ti(N,H)/Ti layer on the surface of the Ti film can be ob-
from the amorphous CVD-Ti barrier. The barrier capability . )
served after the ammonia plasma treatment. This

of Ti films against Cu diffusion can be enhanced by incorpo->" ) ; ) )
rating nitrogen in Ti films by the plasma technique. The mi-11(N,H)/Ti barrier can effectively prevent the Cu/Si and

crostructure of the plasma-treated Ti films can be change§U/Ti reaction. An additional amorphous layer can be

(@) (b) (c)

As-dep. As-dep. As-dep.
iy “ VoIl o VBT CVD-TUNHYTI
FOX | o] FOX N rox| FOX : FOX
;.Si ;_s| ;_Si Fic. 10. Schematic illustrations of the microstructure of

(@) Cu/PVD-Ti/n*-p, (b) Cu/CVD-Ti/n*-p and, (c)
Cu/Ti(N,H)/Ti/n*-p samples before and after

500°C 600°C .
annealing.

Cu-Ti
FOX FOX

Cu-Si

Where: Field Oxide is defined as FOX
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formed between the Cu and barrier layer after annealing aamorphous film does not have large-angle grain boundaries
600 °C for 1 h. This barrier can retain its integrity even afterat which most atomic diffusion typically occurs.

annealing at 650 °C for 1 h. Copper-titanium compounds

and titanium silicides were observed, instead of copper siiACKNOWLEDGMENTS
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