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Effect of microstructure on diffusion of copper in TiN films
A. Gupta,a) H. Wang, and A. Kvit
Department of Materials Science and Engineering and NSF Center for Advanced Materials and Smart
Structures, North Carolina State University, Raleigh, North Carolina 27695-7916.

G. Duscher
Department of Materials Science and Engineering and NSF Center for Advanced Materials and Smart
Structures, North Carolina State University, Raleigh, North Carolina 27695-7916 and Solid State Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

J. Narayan
Department of Materials Science and Engineering and NSF Center for Advanced Materials and Smart
Structures, North Carolina State University, Raleigh, North Carolina 27695-7916.

~Received 28 October 2002; accepted 18 February 2003!

We investigated the effect of the microstructure of TiN films on the diffusion behavior of Cu.
Cu/TiN films were synthesized on Si(100) substrate by the pulsed laser deposition~PLD! technique.
Three different microstructures of TiN were achieved by growing the films at different substrate
temperatures, where higher deposition temperatures (;650 °C) led to epitaxial growth by the
mechanism of domain matching epitaxy and lower temperature depositions resulted in
polycrystalline and nanocrystalline TiN films. These structures were characterized using x-ray
diffraction and high-resolution transmission electron microscopy. Cu was depositedin situ on the
samples with three different microstructures of TiN films on Si(100) by PLD. All three samples
were simultaneously annealed at 500 °C for 30 min in high vacuum to study the effect of diffusion
characteristics of Cu as a function of microstructure of the TiN films. Secondary ion mass
spectroscopy,Z-contrast imaging and electron energy-loss spectroscopy were used to understand the
diffusion mechanisms and rationalize results in different microstructures. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1566472#
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I. INTRODUCTION

Cu has attracted considerable attention as an inter
nect layer because of its low resistivity~1.67 mV cm for
bulk! and its high reliability against electromigration an
stress migration.1,2 However, the high diffusivity of Cu in
Si (D'1028 cm2/s) makes it a fatal impurity, which reduce
the minority carrier lifetime in devices.2 Therefore a thin
diffusion barrier preventing Cu diffusion is required to int
grate Cu as an interconnect layer. TiN has been widely
vestigated as a diffusion barrier layer for metalizatio3

Among the diffusion barriers like Ta, TaN, and WN, Ti
offers some advantages like low resistivity, low impuri
contamination, good Cu film adhesion and well develop
processing techniques.4–6 The microstructure of TiN is the
most important characteristic that affects the diffusion beh
ior of Cu in TiN films.7–9 Polycrystalline films contain grain
boundaries, which provide fast diffusion paths for metal10

and increase the electrical resistivity by grain boundary s
tering. Epitaxial layers do not have grain boundaries a
therefore eliminate the fast diffusion paths and also enha
electrical conductivity of the film.

The effect of microstructure on diffusion can be an
lyzed by growing TiN films with different microstructure
such as single crystalline, polycrystalline and nanocrystal
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structures, followed by deposition of Cu on each sample,
annealing the three samples simultaneously in high vacu
above the breakdown temperature.Z-contrast imaging in the
scanning transmission electron microscopy~TEM! which
gives different contrast of the element due to its differe
atomic number (Z2 dependence! and electron energy-los
spectroscopy~EELS! which allows compositional analysi
by detecting the characteristic energy loss of the electron
the particular element, act as powerful tools to trace the
fusion profile of Cu.

II. EXPERIMENT

Silicon (100) substrates were cleaned to remove the
face oxide layer using a 49% HF solution. Uniform films
TiN were deposited on Si (100) by pulsed laser deposit
~PLD! followed by in situ PLD deposition of uniform Cu
layer on the TiN/Si substrate. The films were deposited
side a stainless-steel vacuum system evacuated by a tu
molecular pump to a base pressure of 131027 Torr. A KrF
excimer laser (l5248 nm,t;25 ns) was used for the abla
tion of TiN and Cu targets. The stoichiometric hot press
TiN and high purity Cu targets, mounted on a rotating po
gon, were ablated at an energy density of 3.023.5 J/cm2.
The films were deposited at a laser repetition rate of 10
for 10 min each. TiN films were deposited at three differe
temperatures;25, 450, and 600 °C to achieve different m
crostructures. Deposition of Cu was done at room tempe
ture because higher substrate temperature leads to Stran
il:
0 © 2003 American Institute of Physics
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Krastanov island growth of Cu on TiN/Si substrate.11 Then
the deposited films were analyzed by x-ray diffraction us
a Rigaku diffractometer equipped with CuKa source operat-
ing at a power as high as 5 KW. The nature of epitaxy
these films was also studied using cross-section samples
200 keV JEOL 2010F high-resolution transmission elect
microscope with point-to-point resolution of 1.8 Å. In th
study, TiN barrier layers of;120 nm thickness and uniform
Cu layer of;20 nm were deposited at optimized condition
These samples were annealed at a base pressure
31026 Torr at 500 °C for 30 min. All the annealed and una
nealed samples were studied by secondary ion mass spe
copy ~SIMS!, Z-contrast imaging and EELS to study the e
fect of the microstructure of TiN films on the diffusio
behavior of Cu. SIMS analysis was performed on a CA
ECA IMS-6f using O2

1 primary beam with impact energy o
1.25 KeV and mass resolution of 4400. Secondary ions w
detected from a 60-mm-diam region in the center of
300mm3300mm raster.

III. RESULTS AND DISCUSSION

The pulsed laser deposition~PLD! lends itself to low
substrate temperature processing because the average e
of particles in the laser-evaporated species is consider
higher ~100–1000 kT! compared to the thermal evaporatio
energy~kT!. This extra energy is utilized in recrystallizatio
of films.12 By reducing the substrate temperature the ene
provided for recrystallization is reduced and the films lo
their texture and become polycrystalline at;450 °C and
nanocrystalline at;25 °C.13 We have reported the growth o
epitaxial layers of TiN on Si(100) by domain matching ep
taxy above 600 °C by PLD.14 The domain matching epitax
mechanism involves the matching of four unit cells of T
with three unit cells of silicon across the interface for epita
ial relationship.15 The electrical resistivity of single-crysta
TiN films (;15mV cm) was close to that of TiSi2 (;C
254) polycrystalline films, thus making these films attra
tive for contact metallurgy as well as diffusion barrier.

Figure 1 compares the x-ray diffraction pattern of t
different TiN films on (100) silicon substrates. The patter
in Figs. 1~a! and 1~b! contain (200) and (400) TiN reflec
tions along with (400) Si reflections indicating that th
growth of TiN films is highly textured with the silicon sub

FIG. 1. X-ray diffraction pattern for Cu(100)/TiN(100)/Si(100) films wit
~a! single crystalline TiN films,~b! polycrystalline TiN films, and~c! nano-
crystalline TiN films.
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strate along the (100) axis. The x-ray diffraction of TiN film
in Fig. 1~a! shows an intense sharp peak of (200) orien
single crystalline TiN films indicating a highly textured na
ture of the film. Lowering the temperature degrades the cr
tal quality and lowers the (200) peak of polycrystalline T
films as seen in the Fig. 1~b!. The nanocrystalline TiN films
in Fig. 1~c! lose their texture and get randomly oriente
Figure 2 compares the selected-area electron-diffraction
terns of the films containing Cu and TiN and Si taken fro
(110) cross section TEM specimen. Electron diffraction
gether with the x-ray diffraction studies give us a thre
dimensional orientation relationship. TiN and Si diffractio
spots for single crystalline TiN films shown in the Fig. 2~a!
align with respect to each other, while the fourth order d
fraction spots of TiN match within 4% with the third orde
spots of the Si substrate. A simulated diffraction pattern
Cu, TiN, and Si is shown in Fig. 2~b! to compare with the
actual diffraction pattern shown in Fig. 2~a!. These patterns
clearly establish cube-on-cube alignment between the
layer and the Si substrate. The selected-area diffraction
terns of the polycrystalline TiN films in Fig. 2~c! exhibits
arcs which indicate a lower degree of epitaxy. The diffracti
pattern turns into continuous rings corresponding to (11
(200), and (220) planes of the NaCl structure for the ra
domly oriented nanocrystalline TiN film shown in Fig. 2~d!.
The ^100& textured films should contain̂200&, ^220&, and
^400& rings only. In order to study the in-plane alignment
the TiN films with respect to the Si substrate and their e
taxial nature, cross section specimens were studied usi
TEM ~JEOL 2010F! instrument. Figure 3~a! shows the high-
resolution micrograph of the interface between the sin
crystalline TiN and (100) Si substrate, which was found
be very smooth and free from any perceptible interdiffusio

FIG. 2. Electron diffraction pattern of TiN films grown at different temper
tures:~a! single crystalline TiN films (;650 °C), ~b! simulated pattern of
TiN, ~c! polycrystalline TiN films (;450 °C), and~d! nanocrystalline TiN
films (;25 °C) showing the presence of rings with (111), (200), and (22
orientations.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The (111) planes in silicon with 0.314 nm spacing a
aligned with (111) TiN planes with 0.244 nm spacing. T
lattice constant of TiN films was determined to be 0.422 n
The dislocations associated with extra half planes termi
ing at the interface were observed at the interface show
the inset of Fig. 3~a!. These dislocations relieve the lattic
misfit strain between the TiN layer and the Si substrate
domain matching epitaxy.15 Although the film is epitaxial, it
contains a high density of dislocations at the interface. F
ure 3~b! shows a good adhesion of Cu layer on the sin
crystal TiN films, which is an important issue in the int
grated circuits. It also shows a low angle grain bounda
which could act as a fast diffusion path for Cu. Low mag
fication TEM image of the polycrystalline TiN films shows
partial columnar growth shown in Fig. 4. The bright field a
dark field TEM images of nanocrystalline TiN films show
in Figs. 5~a! and 5~b!, respectively, show nanocrystalline Ti
films with random orientations of the grains with avera
grain size of around 8 nm.

After attaining the three desired microstructures of T
films, the samples were annealed at 500 °C for 30 min

FIG. 3. High-resolution TEM images for single crystalline TiN film samp
with ~a! Si/TiN interface. The inset picture is a magnified TiN/Si interfa
showing misfit dislocation.~b! The Cu/TiN interface showing a low angl
grain boundary~marked by an arrow!.
Downloaded 11 Oct 2004 to 128.219.12.140. Redistribution subject to AI
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FIG. 4. TEM image of polycrystalline TiN films with the columnar structu
indicated by the arrows directly connecting the overlayer with the substr

FIG. 5. ~a! Bright field, and~b! dark field TEM images of nanocrystalline
TiN film sample confirming the nanocrystalline TiN films with the avera
grain size of 8 nm.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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diffuse Cu into TiN films. The presence of undiffused C
films on TiN could overshadow the signal from the diffus
Cu in TiN films for the SIMS experiment. To prevent this th
Cu films on top of TiN films were removed after anneali
with an etching agent consisting of NH4OH (20 ml);
H2O2 (20 ml), H2O (10 ml). To compare the effect of th
microstructure on the diffusion of Cu, SIMS profiles for a
three microstructures of TiN samples after annealing
shown in Fig. 6~a! along with the unannealed sample. For t
diffusion of Si in TiN films from the substrate, SIMS profile
are shown in Fig. 6~b!. Interestingly, the diffusion profile o
the Cu is not the usual Gaussian profile, but it increases w
depth with a maximum just before the interface. The dis
cations present at the TiN/Si interface might cause Cu s
regation or the interstitials and vacancies in TiN films mig
alter the kinetics of the diffusion process.16 In SIMS experi-
ment, a sharp increase in Cu profile and the step profile o
indicate a phase formation. Copper silicide is usually o
served in similar diffusion experiments.4 Single crystalline
and nanocrystalline TiN films show significantly less Cu d
fusion than polycrystalline TiN films. The pseudo column
growth of polycrystalline films containing grain boundarie
which connect the over layers with the substrate, might se
as a fast diffusion path for metals. Activation energy for d
fusion along grain boundaries is less than half of activat

FIG. 6. SIMS profiles comparing the diffusion profile of~a! Cu, and~b! Si
in all the three microstructures of TiN samples annealed at 500 °C fo
min. The box indicates the approximate location of the interface for
three samples. The depth of the TiN films is around (;120 nm). Polycrys-
talline TiN showed the maximum diffusion of Cu and Si.
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energy for single crystalline TiN films.10,17Single crystal TiN
films have few low angle grain boundaries shown in F
3~b! connecting the overlayers, which could act as a dir
diffusion path for Cu leading to some diffusion of Cu. Th
high density of dislocation at the interface acts probably a
segregation site for Cu. Interestingly, we see much less
fusion of Cu in nanocrystalline TiN films compared to sing
crystalline TiN films. Nanocrystalline TiN has equiaxe
grain boundaries and the diffusivity paths associated are
fectively much longer, which could have effectively led
less diffusion of Cu. Also the various atomic structures~vari-
ous tilt and twist components! of the grain boundaries ar
assumed to promote different diffusivity and thus cou
cause the differences in the diffusion profiles. Theoretica
special orientations corresponding to a high density of co
cidence sites may give highly ordered grain boundary~GB!
structures showing minima of GB diffusivity. It has bee
seen that accurate measurements on Cu bicrystals with s
metrical tilt GBs around the Sigma55(310)@001# orienta-
tion have shown a very narrow minimum for both Au imp
rity diffusion ~weak segregation! and Cu self-diffusion.18

Z-contrast imaging together with EELS is a powerf
technique to analyze diffusion with high accuracy.19 Figure
7~a! shows theZ-contrast image of annealed sample of C
TiN ~single crystalline!/Si where the probe formed by th

0
eFIG. 7. ~a! Z-contrast image, and~b! EELS spectrum for the annealed sing
crystalline TiN film sample. Scanning direction of the probe formed
EELS is shown by the arrow.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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electron beam was scanned across the sample as indicat
the arrow to detect the Cu signal with EELS as shown in F
7~b!, where the Cu2L3 edge onset corresponds to 931 e
We see an increase in the Cu signal as we scan acros
TiN films and the maximum in the signal at the TiN/Si inte
face, which is consistent with the SIMS results.Z-contrast
images of annealed polycrystalline sample show gr
boundaries in Fig. 8~a! and Fig. 8~b! shows a bright layer in
the TiN films, which we do not see in the unannealed sam
The brightness is attributed to the presence of a signific
concentration of Cu and Si corresponding to the SIMS
sults. Future studies will use the techniques to detect
presence of Cu in different grain boundaries, perform a co
positional analysis of the diffused elements along with SIM
experiments, and possibly reveal the origin of the anomal
diffusion behavior of Cu in TiN films.

IV. CONCLUSIONS

We have produced three different microstructures s
as nanocrystalline, polycrystalline, and single crystalline T

FIG. 8. Z-contrast image of the annealed polycrystalline TiN sample sh
ing ~a! grain boundaries in TiN films, and~b! bright layer near the TiN/Si
interface. Bright layer is due to the excess concentration of the diffu
elements.
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films by pulsed laser deposition by varying the substrate te
perature. X-ray diffraction and high-resolution transmissi
electron microscopy techniques were used to analyze
microstructures of these films. The as-deposited sam
of Cu/TiN/Si with different microstructures of TiN films
were annealed at 500 °C for 30 min. Secondary ion m
spectroscopy along withZ-contrast imaging and electron en
ergy loss spectroscopy were used to study the diffusion
havior of Cu in TiN films. Polycrystalline samples showe
the maximum diffusion of Cu in TiN films compared wit
single crystalline and nanocrystalline TiN films due to t
columnar grains proving a direct diffusion path. Few lo
angle grain boundaries present in the highly textured sin
crystalline TiN films sample also provided a direct diffusio
path between, also leading to some diffusion of Cu. Na
crystalline TiN films showed the least diffusion. It could b
due to the different microstructure~not columnar! and effec-
tively much longer diffusion path for nano size grains or d
to different diffusivity at different grain boundaries with dif
ferences in the tilt and twist angles of the boundaries.
summary, we find that nanocrystalline TiN films are prom
ing diffusion barriers.
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