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This work presents N, X-edge x-ray absorption near-edge struct;(&NES) and Tal;-edge
extended x-ray absorption fine struct{EEXAFS) studies of amorphous Td,0) films prepared

with various flow rate ratios of NO,. The N and OK-edge XANES and Td ;-edge EXAFS
spectra demonstrate the presence gfidlecules. These spectra also show thdNJ@) films have
similar local atomic structure as that of ;{2. No evidence of the formation of Ta—N bond was
obtained. The intensities of the" feature in the NK-edge spectra and the features of @-Za =
hybridized states were found to correlate with the residual stress and the refractive index,
respectively. ©005 American Institute of PhysidDOI: 10.1063/1.1905784

As the demand for superior performance, efficiency, N and O K-edge x-ray absorption near edge spectra
speed, and smaller size of electronic devices increases, tHEANES) and Tals-edge extended x-ray absorption fine
microelectronic industry has adopted copper as the intercorstructure(EXAFS) measurements were performed at the Na-
nect material in ultralarge scale integrated devicé€opper  tional Synchrotron Radiation Research Center, in Hsinchu,
with a lower electrical resistivity and high electromigration Taiwan. All of these spectra were obtained by fluorescence
resistance outperforms aluminum as an interconnect matgield method. Amorphous T&,O) films were grown on a
rial. However, Cu can easily form Cu-Si compounds withsilicon substrate by rf sputtering by introducing,ND,, and
the Si substraté? Thus, a barrier layer is required to prevent Ar gases simultaneously into the sputtering chamber. X-ray
formation of Cu-Si compounds. Films of transition-metal diffraction measurement indicated that these films are amor-
(TM) nitrides are known to be good candidates for thesgphous. Table | lists the Nand G flow rates, N/O, flow rate
purpose$® Among these nitrides, Ta-based compoundgatio (p), N/O content ratio measured by Auger electron
have attracted much interest in recent years because thé&pectroscopyAES), residual stress, and refractive index of
have high thermal stability and do not react much withthese TéN,O) films. Details of the preparation and charac-
Cu2%® One of the main difficulties encountered in barrier- terization of the TéN,0) films can be found elsewhet&™
layer applications is the diffusion of Cu through grain bound- ~ Figure 1 presents the normalized Kredge XANES
aries, which finally causes device failure. A solution to thisspectra of TeN,0) and reference TaN films. A strong reso-
problem is to add smaller atoms such as N, O, B, and P t§ance peak at401.6 e\(A) and a broad feature centered at
TMs. Alternatively, films prepared in the amorphous form ~420 eMB;) were observed in the spectra. These features
can also be used as barrier lay&fa(N,0) films, which are ~ corresponds to N—2p =" and ™ states, respectively:'®
thermally stable and chemically inert toward Cu are promisSome very weak additional features were observed between
ing as barrier material and can be prepared in the amorphous ando features, which have been magnified ten times for
form® Changet al® found that increasing the Nlow rate  clarity. These features are associated with transitions to Ry-
reduces grain sizes and increases the resistivity of TaN filmglberg states and multielectron excitatiois°The spectra of
In earlier investigation”* Jong et al. prepared Té&N,O)
films m_ the amorphous form a”q examined their Optlcaf‘lTABLE I. Values of the N and G flow rates(f.r.) in the unit of sccm,
properties, residual stress, and microstructure. The bonding,;o, fiow rate ratio(p), N/O content ratio, residual stress and refractive
properties of TeN,O) films have received little attention and index of T4N,0) films. The N/O content ratios were determined by AES.
the roles played by N and O are unclear. Therefore, in this
work, x-ray absorption studies of amorphougNa) films Samples N, fr. O, fr. N/O  Residual stress Refractive

. ) ) : i 3 i

are performed to elucidate their bonding properties. No.  (sccm (sccm  p  rafio  (X10°GP3 index
N;,O,4 3 12 0.25 0.74 -5.0 2.03
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Photon Energy (V) FIG. 2. OK-edge XANES spectra of T,0) films and TaOs reference.
The inset presents th&, andB, features with the background subtracted.

FIG. 1. Normalized NK-edge XANES spectra of Td,0) films and refer-

ence TaN. The inset displays thé features.

in these FT spectra are attributable to the nearest-neighbor
(NN) Ta—O[in Ta(N,O) films and TaOs], Ta-N (in TaN),
Ta—Ta (in Ta meta), and next-neighbor-neighbaiNNN)
e'Fa'\—Ta(in TaN) bond lengths, respectiveﬁzzzThe NN Ta-O
bond lengths in TéN,O) samples prepared with=2.0, 1.0,

0.5, and 0.25 are essentially the same as indicated by the
vertical dashed line. The Td,0) FT spectra are similar to
fhat of Ta0s, while they are very different from those of
TaN and Ta metal. Thus, present EXAFS results show that
Ta(N,0) films lack NN Ta—N and NNN Ta-Ta bonds and

16 essentially contain only Ta—O bonds with a local atomic
eV" The bond strengths of N-N, N-Ta, 0-O, and O-Tagctyre similar to that of T®s. This result is consistent
diatomic molecules are 945.33, 611, 498.36, anquth XANES measurements.

799.1 kJ/mol, respectivef}}.The N-N bond is much stron- The x-ray absorption results presented above demon-

ger than the N-Ta bond, which may be the reason for thg ated that amorphous (%0) films contain mostly Ta—O
presence of undissociated, holecules. In contrast, O—Ta honds with a local environment similar to that of,0a. The
bond is much stronger than the O-O bond, so that Ta-Qegyits also show presence of, olecules, which most
networks form readily. The inset of Fig. 1 plots features |ikely are located in the boundary regions between Ta—O
for all Ta(N,0) samples. The intensity decreases initiallypas gomains/fragments. Figurda plots the integrated intensity
is increased from 0.25 to 0.5 and then increasep & yjthin the energy range between 400.6 to 403.0 eV ofithe
creases further from 0.5 t0 2.0. feature in NK-edge XANES spectrginset of Fig. 1 as a
Figure 2 displays the normalized ®-edge XANES  fynction of p. This figure also includes the residual stress in

spectra of TeN,O) films and reference B&@s. These spectra 14N, 0) films listed in Table I. Ther" integrated intensity
exhibit two broad feature#y, andB,, which are separated by

~4.7 eV with an intensity ratio near 3:2 for the (\gO)
films considered. These peaks correspond to transition of the Ta Ly-edge
O 1s core electron to unoccupied (pand Ta & crystal-

field split t,; and e, hybridized state$®** These spectra
are nearly identical to that of the J@; reference sample
with the sameA,—B, separation of~4.7 eV and intensity
ratio of about 3:2. The &K-edge XANES spectra of many
TM oxides with emptyd band are very similar to those ob-
served presently for Th,0) films.*®?°Figure 2 clearly dem-
onstrates that the spectra of all(NgO) samples are nearly
identical to that of reference J@s; suggesting that the local
electronic structure of Ta atoms in (FO) samples is simi-

lar to that of Ta in TgOs. The intensities ofA, and B, fea-
tures, shown in the inset after a Gaussian background sub-
traction (dashed ling change withp, but not in a systematic
manner.

Ta(N,O) films differ substantially from that of the TaN ref-
erence sample as shown in the figure. In contrast, these sp
tra and the separation between and o features,AE, of
~18.4 eV are very similar to those of the molecular nitrogen
observed by Yagishit®t al!? and Wenzelet al'* using
XANES measurements. This result provides clear evidenc
for the presence of Nmolecules and excludes the possibility
of the formation of N-O nor N-Ta bonds in (RO) films
becauseAE for N-O is 13.0 eV**® and for N-Ta is 24.0

Magnitude of FT

) 2 7 R 1

Figure 3 plots the Fourier transfor(AT) of EXAFS k3y Radial Distance (A)
data(as shown in the insgat the Tal ; edge for all TéN,O)
samplesiwherek ranges from 3.5 to 11 &) and reference o Ta(N,0) films and the reference samples M3, TaN. and Ta metal. The
samples, T#0s, TaN, and Ta metal. The main peaksD3, inset plots the Td ;-edge EXAFS oscillations.

FIG. 3. Fourier transform spectra of the EXAK% data at the Ta ; edge
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[ONKele ey 4 E the product of dielectric constant and magnetic permeability,
—— Residual Stres < also depends on the transfer matrices between occupied and
r - "53 unoccupied O g—Ta X hybridized states. The transfer ma-
~§; \ <8 trices are integrals containing the wave functions of these
e la% O 2p-Ta o hybridized states, which can be altered by not
i b only the local Ta—O bonding arrangement but alspddn-
s 1o taining boundary regions through long ranged electrostatic
Ezo-(b)(”‘-ﬂige —o— Integrated intensity ; . Fati i i
T o Refractivelndex | 5, potential. Thus, the similar variation of the refractive index
gur E and the OK-edge XANES intensity suggests that the varia-
2.l \/ EE tion of the OK-edge intensity with respect to cannot be
. £ directly interpreted as a variation in the density of unoccu-
| 1% pied O 2-Ta 5 hybridized states. Jonet al. found very
nl : s similar trend of the variation of the density and the refractive

p index!* Since T4N,0) films are composed of glassy Ta—O
FIG. 4. (a) Integrated intensity in the” feature of the NK-edge spectraand N€tworks with N molecules filled in boundary regions be-
residual stress as a functionaf(b) The integrated intensities of featurds ~ tween Ta—O domains/fragments, the changg is expected
andB, in the OK-edge near-edge spectra and refractive indicep.on to alter the packaging of the Ta—O networks. Since Ta

Ls-edge EXAFS data indicate that the NN Ta—O bond length
decreases ag is reduced from 2.0 to 0.5. This trend is un- remains the same in all the (%O) films, the variations in
derstandable as one expects that the decrease of,tlevN  the density, refractive index and K-edge intensity may be
rate decrease the,Ncontent in the film, although the AES mainly due to changes in the local structures of the boundary
measurement indicated that the N/O content ratio decreasesgions between Ta—O domains/fragments, which include
only slightly from 0.89 to 0.85. Since AES is sensitive only orientation and arrangement of, Mholecules.
in the surface region, the AES N/O ratio may not accurately
represent the N content in the film. Thé integrated inten- This work was supported by the NSC of the ROC under
sity rises up unexpectedly asis further reduced from 0.5 Contract No. NSC 93-2112-M032-018.
down to 0.25. The intensity of the" feature in the NK-edge
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