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The nanocrystallization process of reactively sputtered thin amorphous Ta–Si–N films is
investigated by anomalous small angle x-ray scattering~ASAXS! and x-ray diffraction~XRD!.
Changes in the microstructure in Ta40Si14N46 films, density variations in the amorphous matrix,
decomposition, formation, and growth of nanocrystals after vacuum anneals at different
temperatures in the range between 800 and 1000 °C are observed and the results of the different
techniques are compared. From a Fourier analysis of ASAXS intensities the nanostructure of the
investigated ternary system is derived using a model of hard spheres according to Guinier and
Fournet. ASAXS investigations indicate that the noncrystalline samples can be described by a
monophase fit and the crystallized samples by a bimodal-phase fit, the latter results being consistent
with XRD which identifies TaN and Ta5Si3 phases. Detailed analysis shows that TaN nanograins of
approximately 2 nm size develop after a decomposition process. Larger grains of Ta5Si3 are
observed in addition to the TaN grains if annealing is performed at temperatures higher than 950 °C.
The aim of these investigations is to give a generally applicable explanation of the barrier failure
mechanism for Ta–Si–N diffusion barriers, which is actually observed at temperatures below the
crystallization temperature if the films are used in contact with Cu or Al. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1388173#
m
e

te
it
p
-

n
or
a
on

h
th
se

v
n
s
h

m
e

es
e

per-
s.

eter
ion.
ing
ho-
Due
he
lu-
the
s of

,

us
m-
–

ed
ed.
la-
uc-

a
r

I. INTRODUCTION

Though Cu shows superior electrical properties in co
parison to Al in Si-based integrated circuits, such as low
resistivity and improved electromigration behavior, the in
gration of Cu is challenging because of the problem of
high diffusivity in Si. Therefore it is necessary to develo
effective diffusion barriers for Cu metallizations. By diffu
sion along grain boundaries of polycrystalline TiN1,2 and
TaN3,4 barrier films Al and Cu can penetrate these films, a
the functionality of the devices is lost due to deep trap f
mation in the semiconductor material or even chemical re
tions such as formation of metal silicides. These reacti
can be delayed by barrier stuffing or texture control5 of TiN
films, but not effectively suppressed at temperatures hig
than about 650 °C for longer annealing times. One of
most promising barrier film materials overcoming the
problems is amorphous Ta–Si–N.6–8 Besides the use of Ta–
Si–N films as barrier layers for Cu metallizations, they ha
been investigated as a material against oxygen diffusio
volatile and nonvolatile memory~dynamic random acces
memory/Ferroelectric RAM!9–12 and other applications suc
as transducer and primary masks for x rays.13

As Cu diffusion barriers these ternary amorphous fil
are more suitable than polycrystalline materials becaus
the absence of grain boundaries,14 their high thermal stability
against crystallization, and lower intrinsic compressive str
compared to TaNx .15 This indicates that the stability of th
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amorphous structure of these films determines their pro
ties and feasibility of integration in semiconductor device
Consequently, the microstructure of the films on a nanom
scale should be the subject of a more detailed investigat
For this purpose a combination of small angle scatter
methods and conventional x-ray diffraction analysis are c
sen to detect possible changes in the amorphous matrix.
to the geometry and the possibility of energy variation in t
small angle x-ray scattering analysis this method yields va
able data about the structural and chemical properties of
sample on a length scale ranging from one to several ten
nanometers. Moreover, small angle x-ray scattering~SAXS!
and x-ray diffraction~XRD! are complementary methods
since SAXS data contains information about the lateral~in
plane! size of the scatterers in the sample.

Recent stability studies of diodes containing amorpho
Ta–Si–N diffusion barriers have shown that the failure te
peratures,Tf , of Cu/Ta–Si–N/Si stacks are about 700
825 °C, depending on film composition.16 The failure mecha-
nism itself is still unknown, since some of the investigat
barriers stay amorphous until failure temperature is reach
It is the aim of the present paper to illuminate the interre
tion between barrier failure and the first stages of microstr
tural changes in the amorphous matrix of Ta40Si14N46

samples.

II. EXPERIMENT

The Ta–Si–N films were reactively rf sputtered from
Ta5Si3 target in an Ar/N2 gas mixture at a sputtering powe
6 © 2001 American Institute of Physics
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1987J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Pinnow et al.
of P5300 W. As substrates Si~100! wafers with a thickness
of dSi530 mm with a native oxide were chosen. Film thick
ness wasdf5750 nm on each side of the substrate in orde
improve scattering yield for SAXS studies. Six differe
samples were analyzed, the as-prepared and five furn
annealed samples, the latter ones were annealed in ste
50 °C in a temperature range from 800 to 1000 °C in
atmosphere for 1 h. The so-prepared samples are named
the letters A–F as shown in Table I. X-ray diffraction da
was recorded with a PHILIPS PW 1050/25 diffractometer
Bragg–Brentano geometry.

Anomalous small angle x-ray scattering~ASAXS! mea-
surements were performed at the JUSIFA beamline
HASYLAB/DESY in Hamburg.17 The scattering intensitie
were measured betweenqmin50.006 Å21 and qmax

50.6 Å21, q being the modulus of the scattering vectorq
5k2k0 ,k and k0 are the wave vector of the scattered a
the incident waves, respectively. The scattering angle 2u is
related toq by the equationq54p/l sinu, wherel is the
wavelength of the used radiation. The presented radial s
tering data was calculated by azimuthally integrating
measured two-dimensional~2D! intensities in finiteq slices.

The recorded scattering curves contain informat
about the inhomogeneities of the investigated samples,
size, shape, size distribution, volume fraction, and chem
composition. The data was background-corrected and an
solute calibration to electron units~e.u./TaSiN! was done by
comparing the scattering intensity to that of a glassy car
~GC! reference sample.

Small angle scattering at a certain fixed energy can
distinguish whether scattering contrast is produced by po
or by particles of a second phase which develops in the
trix. Multicomponent films with different particle size
and/or shapes are even more difficult to analyze beca
scattering intensities of all phases add up and superimp
To prove that scattering contrast arises from scattering du
a difference in Ta concentration, anomalous scattering
periments were done and incident photon energies were
ied just below the Ta-L III edge (ETa,L III

59881 eV!. Resonant

scattering ofL electrons changesf 8(E) in the atomic form
factor given by f (E,Z)5 f 01 f 8(E)1 i f 9(E), where f 9(E)
is directly proportional to the absorption coefficientm(E)
and f 0→Z if q→0. The separated scattering intensities w
calculated by subtracting the scattering curve measure
E59876 eV from that measured atE59682 eV.

TABLE I. Abbreviations used for the investigated Ta40Si14N46 samples.

Sample name
Ta40Si14N46 sample,
annealing conditions

A as-prepared
B 800 °C, 1 h
C 850 °C, 1 h
D 900 °C, 1 h
E 950 °C, 1 h
F 1000 °C, 1 h
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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III. RESULTS AND DISCUSSION

A. X-ray-diffraction analysis

Lorentzian curves were fitted to the peaks in the diffra
tion spectra presented in Fig. 1 and the observed full widt
half maximum~FWHM! was used to determine the vertic
coherence length,dcoh, which estimates the vertical grai
size in ~partly! crystalline samples. For this calculation th
Scherrer formula was used

dcoh50.9l/~B cosu!, ~1!

wherel is the wavelength of the used CuKa radiation andB
is the FWHM of the observed peak.18 The data calculated
from Eq.~1! for the coherence length is summarized in Tab
II as dcoh, however, the values should be regarded as e
mations due to the size and shape distribution of the crys
line particles. The wide angle x-ray studies show that cr
talline nanograins have developed in the samples E an
The sharp peaks indexed in Fig. 1 all belong to the hexa
nal Ta5Si3 phase with grain sizes for the x-ray-crystallin
samples E and F ofdcoh516– 20 nm. Additionally there are
broad peaks visible in the spectra of these two crystal
samples, which can be identified to be caused by very sm
grains (d52.5– 4 nm! of a cubic TaN phase and a residu
amorphous phase that should be present in these sampl

The spectrum of sample D shows a slight asymmetry
the broad maximum at 2u'36°, and in addition to that a

FIG. 1. Wide angle x-ray spectra of Ta40Si14N46 samples annealed in Ar
atmosphere for 1 h at different temperatures. The indexed reflexes occu
at 950 and 1000 °C are reflexes of the hexagonal Ta5Si3 phase.

TABLE II. Particle sizes calculated fromC(r), by Guinier fits and XRD
results.

Ta40Si14N46

sample

Dmax from
C(r)5min.

~nm!
DK52RK52A5/3RG

~nm!
dcoh ~TaN!

~nm!
dcoh (Ta5Si3)

~nm!

A 1.2 1.1 1.1
B 1.6 1.5 1.5
C 1.8 1.7 1.7
D 1.9 2.1
E 2.5 16.360.6 2–3 16–20
F 17.160.6 2.5–4 16–20
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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weak maximum can be noticed at values of 2u'60.5°. The
asymmetric broad peak can be explained in terms of che
cal fluctuations in the short range order arrangement in
tain regions of the matrix from which the crystalline phas
are formed at higher annealing temperatures. The x-ray s
tra of samples B and C, which were annealed at lower te
peratures, do not significantly differ from that of sample
Only a small decrease in the FWHM of the broadened pe
of samples B and C is observed in comparison to sampl
However, the latter three samples all show a spectrum th
typical of amorphous samples.

B. Small angle x-ray scattering „SAXS… experiments

Radial scattering intensities of the as-prepared and
nealed Ta40Si14N46 samples are shown in Fig. 2. The integr
scattering intensities increase with higher annealing temp
ture proposing that the overall volume fraction of structu
or chemical inhomogeneities increase with the annea
temperature. The samples annealed up to 900 °C~A–D! all
show local intensity maxima in theq region 0.2 Å21,q
,0.3 Å21. The maximum in the radial scattering data
sample A is only weakly seen, whereas the three anne
samples B–D show a clearly visible peak. This maximum
attributed to an interparticle interference effect and the p
tion of its maximum contains information about the interp
ticle distance. It should be stressed at this point that the s
tering data provides information about the size of t
scattering particles, even if no real particles with we
defined interfaces but only chemical fluctuations are pres
in the samples. The scattering contribution which is cau
by the chemical variations is equal to that of virtual partic
with a radiusR. However, the virtual scattering radius o
these chemical fluctuations can be interpreted as the cha
teristic length for their lateral extension.

After annealing at 950 and 1000 °C the scattering int
sities dominantly increase in the lowerq-value region, how-
ever, a maximum is not observed in the graph of sampl
which has a plateau-like shape aroundq'0.1 Å21. In addi-
tion to that anisotropic scattering was observed on the

FIG. 2. Radial scattering intensities from six different Ta40Si14N46 samples
~A–F!. Scattering curves were background corrected, normalized, and c
bined atq50.1 Å21, E59682 eV.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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detector image at very smallq values. In thisq range no
reliable values were obtained for the scattering curves. Th
data points must be excluded when numerically evalua
the scattering data, which will be discussed in more de
later.

In the performed ASAXS analyses of the samples
scattering intensities decrease monotonically when appro
ing the Ta-L III edge. As an example, the separation proced
is shown for sample C in Fig. 3. The calculated separa
scattering curves for all samples~A–F! are presented in Fig
4 giving clear evidence for inhomogeneously distributed
Obviously the shape of the separated data curves is
similar to those measured atE59682 eV. This indicates tha
the SAXS signals, especially the intensity maximum, a
produced by particle scattering and that a decomposition
curs during annealing leading to different Ta composition
the particles and the amorphous matrix.

In order to determine the size of the nanocrysta
Guinier fits were done on the scattering data from
samples E and F. For these analyses, theq range 0.018

m-

FIG. 3. Separation of the scattering curves done on sample C. Resu
intensities can be ascribed to chemical inhomogeneities, as the struc
inhomogeneities contribute with an average, nonenergy-dependent sc
ing factor ^ f & and thus cancel out when performing separation.

FIG. 4. Separated Ta40Si14N46 scattering intensities. The curves were calc
lated by forming the difference of the intensities measured atE159682 eV
and E259876 eV, for samples E and F the smallerq values are omitted
because of anisotropic scattering.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Å 21,q,0.04 Å21 was chosen for the Guinier fits, whic
are shown in Fig. 5. In thisq region no scattering contribu
tion of interparticle interference is assumed. The diame
of the scattering particles were calculated from the slope
the linear fits to be 16.3~6! nm for sample E and 17.1~6! nm
and sample F, respectively. Transmission electron mic
copy ~TEM! analyses of these samples prove spherical s
metry of the precipitates.19 The feasibility of Guinier analy-
ses is an indication of the crystallinity of these two sampl
which was also found by x-ray diffraction. The calculat
particle sizes are matching very well with the coheren
lengths of the Ta5Si3 peaks found by Scherrer analysis of t
XRD data. However, the self-consistency requirementqR
,2 for the feasibility of Guinier fits is not strictly fulfilled
for larger q values which makes the Guinier data questio
able. For the other four samples A–D it is not possible
determine a well-defined particle radius because of the n
linear shape of the scattering data in a Guinier plot.

A more comprehensive way of scattering data evalua
if necessary, especially for the noncrystalline samples
cause of the above-mentioned restrictions. The correla
function C(r) for electron density fluctuation is calculate
from the given scattering intensityI (q) by a Fourier
transformation20

C~r !5
1

2p2E
0

`

I ~q!•q2
sin~qr !

qr
dq

[^Dnf~r 8!•Dnf~r 81r !&, ~2!

Dnf(r 8) is called the scattering contrast. This function c
be used to calculate the distance between particles with
same sign of electron density difference relative to a hom
geneous matrix, because it is the average of the produc
two fluctuations at a distancer.20

The correlation function was calculated by a fast Four
transform~FFT! algorithm and the results for the Ta40Si14N46

samples ~A–D! are shown in Fig. 6. Due to the sel
correlation of the particles theC(r ) values are positive for
small distancesr. For larger values ofr the curves are going
through a minimum and again rising above zero, herea
approaching zero. The zero level is determined by the a

FIG. 5. Guinier fits of crystallized Ta40Si14N46 samples E and F yielding the
Guinier radius and thus the size of Ta5Si3 nanocrystals, assuming spheric
symmetry for the particles. Theq region used for Guinier analysis is 0.01
Å 21,q,0.04 Å21, so that interparticle interference contribution is a
sumed to be negligible.
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age electron density of the matrix. The position of the mi
mum can be interpreted as the maximum size of the dec
posed regions, the position of the second maximum is eq
to the correlation distance of two neighboring decompo
regions with the same sign of electron density differen
From Fig. 6 it follows that the magnitude of the electro
density fluctuations and also the size of the decomposed
gions tend to increase with increasing annealing temperat
For sample D, however, no further increase in electron d
sity fluctuation is observed, proposing that not only a deco
position, but also a subsequent nucleation of TaN gra
could occur at a temperature of 900 °C. However, an una
biguous assignment is not possible based on the scatte
and diffraction data only. The interference distance can a
be estimated by the expression

dcorr52p/qmax, ~3!

whereqmax is the position of the maximum in the scatterin
intensity curves shown in Fig. 4. The values received by
~3! can be compared to the data resulting from the correla
functionC(r ) given by Eq.~2!. A comparison of the sizes o
the scattering particles by Guinier analysis and the corr
tion function C(r ) to the data received by evaluating XR
data via Eq.~1! is gathered in Table II. The ratio ofp
5dcorr/Dpart is calculated from the values given in Tables
and III in order to get an idea of the packing density. Th
value is added in the last column of Table III, which is de
ignated with packing parameter. The value is aboutp52 for
all investigated samples. This indicates a close packing of
particles which have formed by the decomposition proces
the matrix. These results give rise to a model in which

FIG. 6. Correlation functionsC(r) of different Ta40Si14N46 samples calcu-
lated by a FFT algorithm from the original scattering curves.

TABLE III. Comparison of the resulting data concerning the correlation
the particles.

Ta40Si14N46

sample qmax (Å 21) dcorr52p/qmax ~nm!
dcorr ~nm!

@from C(r)#
Packing

parameter

A 0.31 2.0 2.0 1.7
B 0.23 2.7 3.1 1.9
C 0.22 2.9 3.1 1.7
D 0.18 3.5 3.4 2.1
E 0.12 5.2 @4.5–5.5# 2.0
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1990 J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Pinnow et al.
sphere is surrounded by a depletion shell. These shells to
each other according to the hard sphere model given
Guinier and Fournet21 leading to a correlated spatial arrang
ment. In the special case ofp5dcorr/Dpart[Rhs/R52, the
radius of the shell is twice the radius of the particle.

C. Fitting of measured scattering curves

As another analysis method the separated scattering
of the samples A–F was fitted by the Guinier–Fournet f
mula, which describes interference effects in the mode
hard spheres21

I ~q!5N•Dnf
2
•E

0

`

P~r !•V2~r !

•S2~q,r !F~q,Rhs,hhs!dr1Pq24, ~4!

whereN is the number of scatterers,S(q,r ) is the structure
factor of a sphere,22 Dnf is the scattering contrast, an
F(q,Rhs,hhs) is the interference function according to th
Percus–Yevick theory.23–25 P is the Porod prefactor, which
is added to consider the scattering intensity increase at
low q vectors, which is caused by chemical inhomogenei
larger than 50 nm.P(r ) is a size distribution of the particle
radius, which was chosen to be a lognormal distribution22 to
avoid the presence of unphysical negative radii like Ts
et al.25 used to describe the SAXS intensity for a polyd
perse system of precipitations. The used lognormal distr
tion is given by the expression

P~r !5
1

A2p•s•r 0

•expS 2
ln2~r /r 0!

2s2 D , ~5!

wheres is the distribution width andr 0 is the center of the
distribution. The fitting curve including the five fitting pa
rametersc1 ...c5 can be written as

I ~q!5c1•E
0

`

P~r ,c2 ,c3!•V2~r !•S2~q,r !F~q,2•r ,c4!dr

1c5•q24, ~6!

assuming twice the size of the particles for the hard sphe
For the samples E and F there was used a bimodal poly
perse model in order to take into account the appearanc
the two crystalline phases~TaN and Ta5Si3) with different
grain sizes, as found by XRD phase analysis. The result
the fitting functions together with the separated scatter
data are shown in Fig. 7. A good agreement between si
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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lated and measured data can be obtained by fitting the in
duced model to the scattering data of the Ta–Si–N fil
proposing that the films can be described well by this mod
The numerical values for the fitting variables, which a
shown in Table IV, indicate that the center of the distributi
gives smaller particle sizes for the Ta5Si3 grains of the crys-
talline films compared to x-ray diffraction and Guinier anal
sis. However, it must be noted that the lognormal distrib
tions with the given distribution width values exhibit a lon
tail of larger particles contributing to the scattering intensi
The lognormal distributions of the samples A–D are plott
in Fig. 8. It has to be stressed that these distributions sho
not be understood as real particles, but rather as region
the films, where the electron density differs from that of t
matrix. Consequently, the plot of sample A has to be int
preted as chemical inhomogeneities on a scale smaller
d52r ,15 Å, where the tail of the distribution approach
zero. The size distributions from samples B and C do
significantly differ, proposing that no significant differenc
of the decomposition process occurs at temperatures of
and 850 °C. However, the size distribution of sample
shows a larger distribution width and a smaller value for
peak radius. These results are compatible with the finding
the XRD evaluation and the other results from the SAX
experiments, proving the assumption of the first onset
crystallization occurring parallel to the observed decompo
tion at a temperature of 900 °C.

We thus conclude that fitting of the radial scattering d
yields results which are in good agreement with the ot

FIG. 7. Separated Ta40Si14N46 scattering intensites~dots! and polydisperse
fits ~lines!, samples E and F were fitted in theq rangeq.0.018 Å21.
TABLE IV. Results of ASAXS fits,D1 is attributed to TaN nanocrystals andD2 to Ta5Si3 nanocrystals,
respectively, close packing in a fcc structure corresponds to a volume fraction ofh50.74.

Ta–Si–N
sample

Center of
distribution

2R15D1 ~nm!
Distribution
width sD1

Center of
distribution

2R25D2 ~nm!
Distribution
width sD2

Hard sphere
volume fraction

hhs

A 0.36 0.445 0.35
B 1.70 0.279 0.51
C 1.72 0.281 0.49
D 1.61 0.42 0.47
E 1.62 0.31 13.2 0.39 0.26
F 1.64 0.37 10.5 0.43 0.29
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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evaluation methods and, moreover, provides additional in
mation on the width of the size distributions of the chemi
inhomogeneities and the hard sphere volume fraction.

IV. CONCLUSIONS

Anomalous small angle x-ray scattering experime
were shown to be a powerful technique for analyzing am
phous or near-amorphous films in order to acquire inform
tion about the size and correlation between decomposed
gions and nanosized particles in the investigated films. It w
observed that Ta40Si14N46 is truly amorphous when reac
tively sputtered. These thin films show a decomposit
when annealed at temperatures of 800 and 850 °C and
signs of nanocrystallization at 900 °C, where small grains
the TaN phase are assumed to develop in the amorp
matrix. After annealing at higher temperatures the existe
of the hexagonal Ta5Si3 phase was found. The current inve
tigations propose a model in which a Si outdiffusion fro
certain regions of the amorphous matrix occurs. T
diffusion-like behavior is believed to be a self-limiting pro
cess and is stopped by an accumulative increase of Si a
around nanoparticles, consisting of TaN-nucleation s
which crystallize after longer annealing duration. This d
composition can be considered as the detrimental factor
the failure of this diffusion barrier even before the crysta
zation of the sample starts. The onset of the decompos

FIG. 8. Fits of lognormal size distributions of electron density fluctuatio
for the investigated Ta40Si14N46 samples A–D.
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process at temperatures of about 800–850 °C at
Ta40Si14N46/Cu interface gives rise to a Si enrichment
certain regions at that interface encouraging the chem
reaction and formation of Cu3Si nucleation sites. Once thes
silicide grains have formed, a rapid growth is thermodynam
cally favored at these temperatures leading to a deteriora
of the Ta–Si–N barrier film.
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