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A novel multilayered chemical vapor deposition~CVD! Ti/TiN structure was found to be a more
effective diffusion barrier in Cu metallization than TiN alone. The Ti and TiN films were deposited
by plasma enhanced CVD and low pressure CVD, respectively. In order to reduce the concentration
of chlorine in the films, NH3 plasma posttreatment was applied to multilayered CVD-Ti/TiN films.
The resistivity of the film was reduced from 240 to 120mV cm using NH3 plasma posttreatment. Cu
was electroplated on the multilayered CVD-Ti/TiN films. X-ray diffraction patterns showed a small
~002! peak and strong~111! peak from the Cu film. The leakage current was kept low during the
device application test indicating the Ti/TiN film possessed an enhanced barrier property over the
TiN film alone. © 1999 American Vacuum Society.@S0734-2101~99!12004-9#
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I. INTRODUCTION

Titanium nitride ~TiN! is a commonly used material i
integrated circuit~IC! technologies because of its refracto
nature at elevated temperature, excellent mechanical, ch
cal, thermal inertness, and good resistance to corrosion1–3

These properties allow TiN to withstand the repeated ther
cycles used in multilevel metallization of IC devices, a
make its continued use in sub-micron device technolo
highly desirable. However, as the device dimensions sc
down to the sub-micron level, the limitation of films pro
duced by physical vapor deposition~PVD! has become ap
parent. Low pressure chemical vapor deposition~LPCVD! of
TiN films provides excellent step coverage and uniformity4,5

even for 0.5mm or smaller contact windows due to favorab
surface controlled reactions.

In TiCl4/NH3 based CVD-TiN process, the incorporatio
of chlorine~Cl! in the film is of major concern for long-term
reliability of the finished devices. Suzukiet al.6 reported that
a high deposition temperature (.600 °C! could reduce Cl
concentration in conventional thermal CVD-TiN film
Hence, LPCVD TiN film can be used as a barrier layer b
tween Si and Al interconnections. Furthermore, in order

a!Electronic mail: tcchang@ndl.nctu.edu.tw
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reduce chlorine content of TiN films, anin situ NH3 plasma
posttreatment technique was applied.7 As a result, the resis-
tivity of TiN film can be reduced to 133mV cm by in situ
NH3 plasma posttreatment. A combination of multilayer
Ti/TiN and plasma posttreatment technique was found to
duce the resistivity and concentration of chlorine in T
films.8

The grain structure of TiN film was found to be columna
When the TiN film was used as a barrier layer, Al and
would interdiffuse through the grain boundaries of the T
film after annealing at elevated temperature. The diffusion
Al and Si through the barrier causes junction spiking. If t
penetration of the Al is deeper than the junction depth be
the contact, the junction will exhibit large leakage current
even become electrically shorted. On the other hand, C
poised to take over as the main on-chip conductor for
types of ICs.9 Compared to Al, which is now used almo
exclusively as the main interconnect material, Cu has a
resistance (,2 mV cm!. This lower resistance is critically
important in high-performance microprocessors and f
static random access memory chips~RAMs!, since it enables
signals to move faster by reducing the so-called resistan
capacitance~RC! time delay. Recently, the electroplatin
technique was applied in copper metallization for ultralar
238917 „4…/2389/5/$15.00 ©1999 American Vacuum Society
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 Redis
scale integration~ULSI!.10 It has advantages of low proces
ing cost, short processing time, and simple deposition fa
ties.

In the present work, a novel multilayered Ti/TiN structu
was found to enhance the barrier property of TiN in Cu m
allization. A multilayered Ti/TiN was grown using the CVD
technique. To investigate the barrier property of the mu
layered Ti/TiN films, junction leakage current was measur

II. EXPERIMENTAL PROCEDURES

Single crystal, 15-25V cm, 6-in.-diam,p-type ~001! ori-
ented silicon wafers were used in this work. The blank w
fers were first chemically cleaned by a conventional w
cleaning process. After initial cleaning, the wafers we
dipped in a dilute HF solution~HF/H2O, 1:50! immediately
before loading into a deposition chamber. In addition, for
investigation of TiN/TiSi2 and Ti/TiN as the diffusion barri-
ers, then1-p diodes were fabricated on the Si substra
After standard RCA cleaning, the wafers were thermally o
dized to grow a 550-nm-thick SiO2. The contact holes were
defined by photolithographic technique and reactive ion e
ing ~RIE!. For then1-p junction, thep-type substrate im-
plant was carried out by BF2

1 implantation at 50 keV with a
dose of 2.531015 ions/cm2. The junction implant was carried
out by As1 implantation onp-type substrate at 40 keV with
a dose of 531015 ions/cm2. These samples were followe
with furnace annealing at 800 °C for 20 min in N2 and rapid
thermal annealing~RTA! at 1050 °C for 20 s. Prior to CVD-
Ti/TiN deposition, the wafers were dipped in a dilute H
solution ~HF/H2O, 50:1! for 1 min, followed by a 5 min
de-ionized~DI! water rinse.

The base vacuum level of the CVD chamber was ma
tained to be better than 1026 Torr. Plasma-enhanced chem
cal vapor deposition~PECVD! Ti and LPCVD TiN were
deposited on the Si substrate in sequence. Ti films were
posited by PECVD using TiCl4 and H2 as reactants and th
total pressure was 5 Torr. The rf power was 500 W. On
other hand, TiN films were deposited by LPCVD using TiC4

and NH3 as reactants and the total pressure was 20 T
when LPCVD TiN film was deposited. All the films wer
deposited by CVD processed in a Materials Research Co
ration ~MRC! multichamber cluster tool. The substrate te
perature during both Ti and TiN film growth was maintain
at 630 °C. Thein situ NH3 plasma posttreatment was applie
to as-deposited multilayered Ti/TiN films. The rf power f
the NH3 plasma posttreatment was 500 W. The TiN/TiSi2/Si
sample was used as a standard. Samples posttreated
ambient NH3 for 30 s were designated as Scientific a
Technical Directorate~STD! samples. In addition, the multi
layered TiN/Ti/TiN/TiSi2/Si, TiN/Ti/TiN/Ti/TiN/TiSi 2/Si,
and TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2/Si samples posttreate
with a NH3 plasma for 300 s were designated as~I!, ~II ! and
~III ! samples, respectively. The total thickness of these m
tilayered Ti/TiN films was the same as the STD sampl
Multilayered Ti/TiN films were deposited by PECVD Ti an
LPCVD TiN, respectively. The deposition times of PECV
Ti on Si and TiN films were 60 and 20 s, respectively.
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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A 50-nm-thick sputtered Al film seed layer was laid dow
before copper was electroplated on multilayered CVD-
TiN films. The seed layer was then activated with a
solution.12 The activation was accomplished by simply im
mersing the samples in the activation solution for a few s
onds. The samples were then rinsed in DI water before
deposition. The electroplating electrolyte was composed
CuSO4

.5H2O ~150–200 g/l!, H2SO4 ~60–120 g/l!, HCl ~50–
120 ppm!, and small amounts of addition agents. Additio
agents for brightening, hardening, grain refining, surfa
smoothing, increasing the limiting current density, and
ducing trees are frequently added to the acid copper su
bath. Thiourea~0.01–0.1 g/l! and molasses~0.1–0.2 g/l!
were used as addition agents and polyethylene glycol~PEG!
~50–100 ppm! as a wetting agent in this study. The values
applied electrical current were 40–100 mA. The Cu film
were electroplated at room temperature.

Transmission electron microscopy~TEM! and X-ray dif-
fraction ~XRD! were applied to study the microstructure a
crystalline orientation of the prepared samples. The morph
ogy was studied with a field emission scanning electron
croscope~FESEM!. Auger electron spectroscopy~AES! was
used to determine the stoichiometry and uniformity along
depth direction. Secondary ion mass spectrometry~SIMS!
was employed to characterize the composition of prepa
samples. Four-point probe was used to measure the res
ity of samples. The junction leakage current was measu
by a HP-4145 tester.

III. RESULTS AND DISCUSSION

Figure 1 shows the resistivity of these multilayer
samples as a function of the time of two different posttre
ments. The resistivity of these samples decreased with
time of NH3 postannealing and NH3 plasma posttreatment
The resistivity of these films was reduced from 240mV cm
to 130mV cm after NH3 plasma treatment for 600 s.In situ
NH3 plasma posttreatment was found to be effective in
ducing the resistivity of TiN films.9 For the investigation of
mutilayered CVD-Ti/TiN films, PECVD Ti and multilayered
CVD-Ti/TiN were also deposited on the Si substrate in
quence. The substrate temperature during Ti and TiN fi

FIG. 1. Resistivity as a function of the posttreatment time for samples w
different treatment methods. Thickness of the samples is 46 nm.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 08:39:02
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growth was also maintained at 630 °C. A 9.5-nm-thick TiS2

thin film was formed during the deposition of PECVD Ti o
Si. Then a 46-nm-thick mutilayered CVD-Ti/TiN thin film
was deposited on TiSi2/Si. Both in situ NH3 postannealing
and in situ NH3 plasma posttreatment for 300 s were carr
out to reduce Cl and compensate N concentration in the m
tilayered CVD-Ti/TiN films. Figure 2 shows the resistivity o
these samples as a function of the number of layers.
resistivity of these samples was decreased with the num
of Ti/TiN layers. The resistivity of these multilayered CVD
Ti/TiN films can be reduced from 240mV cm ~STD! to 120
mV cm ~III ! with NH3 plasma treatment for 300 s. Therefor
increasing the number of multilayered CVDTi/TiN films an
the utilization of the plasma post-treatment technique c
tributed to the reduction in the resistivity of TiN films.

The interfaces of TiN/TiSi2/Si structure treated by NH3
plasma for 600 s are seen to be rather smooth in cr
sectional transmission electron microscopy~XTEM! images.
The average grain size of TiN film was measured to be ab
20 nm. For multilayered CVD-Ti/TiN films, a XTEM image
of TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2/Si sample ~sample III!

FIG. 3. XTEM image of a multilayered TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi2/Si
sample treated byin situ NH3 plasma posttreatment for 300 s. The rf pow
of NH3 plasma was 500 W. Thickness of the multilayered Ti/TiN sample
46 nm.

FIG. 2. Resistivity of various samples with different treatment. Samp
were treated byin situ NH3 ambient or NH3 plasma posttreatment for 300 s
Samples are designated as follows: TiN/TiSi2/Si, as a standard treated byin
situ NH3 ambient posttreatment for 30 s: STD; TiN/Ti/TiN/TiSi2/Si: ~I!,
TiN/Ti/TiN/Ti/TiN/TiSi 2/Si: ~II ! and TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2/Si:
~III !.
JVST A - Vacuum, Surfaces, and Films
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treated by anin situ NH3 plasma post-treatment for 300
shows that the interfaces of Ti/TiN/TiSi2/Si are also rather
smooth. An example is shown in Fig. 3. However, the int
faces of multilayered Ti/TiN in TiN films are not distinct in
the XTEM images. It is believed that Ti atoms are distribut
fairly uniformly by fast diffusion in TiN films. The average
grain size of multilayered CVD-Ti/TiN film was about 2
nm. A plan view micrograph is shown in Fig. 4.

From the AES depth profile, the concentration of Cl in t
CVD-TiN/TiSi2/Si sample after NH3 ambient posttreatmen
for 30 s was found to be about 3 at. %. Therefore, the S
sample had a high value of resistivity (;240mV cm! which
is attributed to the presence of a high density of Ti-Cl bon
in the TiN films. Figure 5 shows the AES depth profile
TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2/Si sample after NH3 plasma
posttreatment for 300 s. The concentration of Cl in t
sample was found to be about 1.6 at. %, which was low
than that of the STD sample. A previous study showed t
chlorine content in excess of 5 at. % would degrade me
reliability and increase the resistivity of the TiN film.9 There-
fore, the reduction in Cl content would minimize corrosio
of the subsequently deposited Al film. The distribution
Ti1N was found to be fairly uniform in the TiN/Ti/TiN/Ti/
TiN/Ti/TiN/TiSi 2/Si samples by AES measurement.

FIG. 4. Plan view image of a multilayered TiN/Ti/TiN/Ti/TiN/Ti/TiN/
TiSi2/Si sample treated byin situ NH3 plasma post treatment for 300 s. Th
rf power of NH3 plasma was 500 W. The thickness of the multilayer
Ti/TiN sample is 46 nm.

s

FIG. 5. AES depth profile of a multilayered TiN/Ti/TiN/Ti/TiN/Ti/TiN/
TiSi2/Si sample treated byin situ NH3 plasma post treatment for 300 s.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 08:39:02
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To investigate the distribution of Ti atoms in the mul
layered Ti/TiN films, the47Ti1N and 51Ti depth profiles
were measured by SIMS for the as-deposited multilaye
TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2/Si samples. An example i
shown in Fig. 6. It can be seen that the distribution of
atoms is fairly uniform in the multilayered Ti/TiN sample
Owing to the TiCl4 etching characteristics, deposition an
etching behavior can occur simultaneously for PECVD
deposited on TiN films. As a result, the thickness of PECV
Ti deposited on TiN for 20 s to form multilayered Ti/TiN
films is relatively thin. The very thin layer of PECVD T
deposited on TiN may also fill the grain boundaries of T
film to improve resistivity.

For Cu electroplating, a 50-nm-thick sputtered Al fil
was used as a seed layer on the multilayered Ti/TiN film
However, the seed layer cannot be electroplated directl
this study because it will be dissolved in acidic copper el
troplating solution. Therefore, the seed layer had to be a
vated by a Pd solution before proceeding to cop
electroplating.11 The values of applied electrical current we
40-100 mA. A small~002! peak and strong~111! peak of Cu
film are clearly seen in XRD pattern when applied electri
currents were 50, 80 and 100 mA. Examples are show
Fig. 7. Stronger Cu~111! peak was observed by using high
electrical current. On the other hand, increasing deposi
time also leads to stronger Cu~111! when applied electrica

FIG. 6. SIMS depth profile of a multilayered TiN/Ti/TiN/Ti/TiN/Ti/TiN/
TiSi2/Si sample treated byin situ NH3 plasma post treatment for 300 s.

FIG. 7. XRD peaks of electroplated Cu films for which the applied electri
currents are 50, 80 and 100 mA and the deposition time is 3 min.
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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current was fixed, as shown in Fig. 8. The evolution of cry
tal growth orientation of the copper electroplating can
explained by considering surface energy and strain energ
different crystal planes. It is believed that the deposition r
of copper electroplating can be accelerated in the initial st
because the surface of the seed layer is activated by
Therefore, the Cu~002! plane was found to be present owin
to the possession of the lowest surface among all cry
planes. As the film thickness and applied electrical curr
were increased, the strain energy became dominant du
grain growth. As a result, stronger Cu~111! was found to be
present in samples as the thickness and applied elect
current increased. The electromigration resistance of cop
lines was previously reported to be strongly influenced
the copper texture similar to Al lines.12 Stronger Cu~111!
can improve electromigration resistance effectively. Figur
reveals the AES depth profile of electroplated Cu/seed la
multilayered Ti/TiN sample. The concentration of O in th
sample was found to be rather low. Therefore, oxidation
Cu or the seed layer in the samples can be minimized.
seed layer was not dissolved in Cu electroplating soluti
However, the surface of as-deposited copper film appeare
be rather rough which resulted in the increase in resistivity
2.34 mV cm. Bright and smooth copper film surface can
achieved by chemical mechanical polishing~CMP! technol-
ogy.

l

FIG. 8. XRD peaks of electroplated Cu films for which the deposition tim
are 1 and 5 min and applied electrical current is 80 mA.

FIG. 9. AES depth profile of an electroplated Cu/seed layer/multilaye
Ti/TiN sample. The thickness of the seed layer is 50 nm.
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The p-n junctions are basic building blocks of curre
semiconductor technology, and when they fail to perfo
properly, production yields suffer. The leakage current
n1-p junctions is the most sensitive and also the most
evant test to ascertain the effectiveness of the diffusion
rier. The diffusion of Al and Si through the barrier wou
gradually cause the decrease of junction depth. Figure
shows the leakage currents of the Al/TiN/TiSi2 /n1Si ~STD!,
Al/TiN/Ti/TiN/TiSi 2 /n1Si ~sample I! and Al/TiN/Ti/TiN/Ti/
TiN/TiSi2 /n1Si ~sample II! contact systems that were a
nealed at 400–600 °C for 30 min in N2 ambient. From Fig.
10, after annealing at 575 °C for 30 min, contact syste
using TiN/TiSi2 as barrier layer exhibited large leakage cu
rent which indicated that the diffusion of Al and Si throug
the barrier occurred. The grains of the TiN films were
columnar structure which facilitates fast diffusion. Figure
shows that the leakage current is significantly improved
the multilayered Ti/TiN film with NH3 plasma posttreatmen
after annealing at 585 °C for 30 min compared with a PV
TiN barrier. As a result, the multilayered CVD-Ti/TiN struc
ture is effective in enhancing the barrier property because

FIG. 10. Leakage currents of contact systems in various samples annea
400–600 °C for 30 min in N2 ambient.

FIG. 11. Leakage currents of contact systems in various samples annea
585 °C for 30 min in N2 ambient.
JVST A - Vacuum, Surfaces, and Films
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very thin layer of PECVD Ti deposited on TiN may stuff th
grain boundaries of the TiN film and thus retard Al/Si inte
diffusion.

IV. CONCLUSIONS

The resistivity of the multilayered CVD-Ti/TiN films can
be reduced from 240mV cm ~standard sample! to 120
mV cm with NH3 plasma posttreatment for 300 s. Increasi
the number of Ti/TiN layers in the multilayered CVD-Ti/TiN
films and use of the plasma posttreatment technique con
uted to the reduction in the resistivity of the TiN films
Smooth multilayered Ti/TiN films were observed in XTEM
images. The content of chlorine in the multilayered CVD-T
TiN film was 1.6 at. %. The low Cl content can minimiz
corrosion in subsequent metal film~Al or Cu!. SIMS depth
profiles of the multilayered Ti/TiN sample showed that
atom distribution is fairly uniform. Cu film was electroplate
on the multilayered CVD-Ti/TiN films. A small~002! peak
and strong~111! peak of Cu were seen in the XRD patter
The evolution of crystal growth orientation of the copp
electroplating can be explained by considering surface
ergy and strain energy of different crystal planes. The le
age current is significantly improved by the multilayer
CVD-Ti/TiN film with NH 3 plasma posttreatment after an
nealing at 585 °C for 30 min compared with a PVD-Ti
barrier. Multilayered CVDTi/TiN structure is effective in en
hancing the barrier property since the very thin layer
PECVD Ti deposited on TiN may stuff the grain boundari
of the TiN film to retard metal/Si interdiffusion.
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