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The electronic properties of tantalum nitride thin films grown by 3 keV nitrogen implantation have been
studied with resonant photoemission using synchrotron radiation. Resonant photoemission from the valence
band was observed when the photon energy was in the neighborhood of the Ta 5p→5d, 5p→6sp and 4f
→5d transition energies. The constant initial state curves show multiple resonance maxima that are explained
in terms of the Ta 5p→5d, 5p→6sp and 4f →5d photoabsorption mechanisms, the spin-orbit splitting of the
Ta 5p and Ta 4f core levels, and the splitting of the N–Ta hybridized unoccupied states by crystal-field
interactions. A strong resonance has been observed at the Ta4f →5d transition. Resonant photoemission results
suggest a strong hybridization of the Ta 5d and N 2p atomic orbitals along the main feature of the VB(between
,3–9 eV) due to the extended nature of Ta orbitals. Occupied vacancy states at,2 eV show a resonance
enhancement that supports the Ta character recently predicted for such states by Stampfl and Freeman. Stronger
resonances are found for the hybridized Ta 5d-N 2p valence band features lying in the,3–9 eV range, than
for the essentially Ta-like ones just below the Fermi level. This suggests that an interatomic recombination
mechanism in which N 2p states resonate themselves could also take place.
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I. INTRODUCTION

In the last years tantalum nitride has received much atten-
tion due to its unique combination of physical and chemical
properties. Specifically, tantalum nitride thin films have been
used as diffusion barriers, wear and corrosion-resistance
coatings and very precise and stable thin film resistors in
microelectronics.1–6 As a consequence of that, a special ef-
fort has been devoted to the synthesis and structural charac-
terization of tantalum nitride thin films.1–9 However, its elec-
tronic structure, a key point to control the properties of the
films in many of the above-mentioned applications, has re-
ceived less attention.

The electronic structure of tantalum nitride has been in-
vestigated by x-ray photoelectron spectroscopy(XPS),4,10–12

electron energy loss spectroscopy(EELS),13 x-ray emission
spectroscopy(XES),14 and x-ray absorption spectroscopy
(XAS).15 Moreover, several band structure calculations have
been published for hexagonal and cubic TaN,16–21 and for
nonstoichiometric cubic tantalum nitrides.20,21 However,
resonant photoemission experiments, which can provide use-
ful information about its electronic structure, have not been
carried out.

Resonant photoemission in 3d transition metals(TM’s)
has been the subject of many recent experimental and theo-
retical investigations.22 The phenomenon is usually ex-
plained as due to an interference effect between the direct
photoemission process and autoionization of a localized ex-
cited state created by photoabsorption. It is observed when
the energy of incident photons is varied around the threshold
for a p→d transition. The resonance has been also found in
TM’s oxides where thed band is completely suppressed. In
such cases, it is explained as due to the hybridization be-
tween the O 2p and cationd orbitals, and therefore resonant

photoemission is used to isolate thed-states contribution and
to study the valence band(VB) structure of TM’s oxides.22–29

Anyway, the number of works dealing with resonant photo-
emission on TM nitrides is rather scarce. In fact, only 3d
and 4d TM nitrides have been studied by resonant
photoemission.30–33 Therefore, the aim of this work is to
study the VB electronic structure of tantalum nitride by reso-
nant photoemission to determine its cationic character. Also,
information about the unoccupied electronic states has been
obtained from the NK XAS spectrum.

II. EXPERIMENT

The experiments were performed at LURE(Orsay,
France) using the PES2 experimental station connected to
the SU8 ondulator beamline of the Super-Aco storage ring.
The measurements were carried out in an ultra high vacuum
system, with a base pressure better than 1310−10 Torr,
equipped with an angle resolving 50 mm hemispherical
VSW analyzer coupled to a goniometer inside the chamber.
XAS spectra were measured in the total electron yield mode.
Photoemission and XAS spectra have been normalized to the
incident current measured in a gold grid located at the en-
trance of the analysis chamber. For the photon energy range
used in this work, the overall energy resolution, including the
analyzer, was estimated to be better than 0.1 eV.

A tantalum foil of 99.99% purity manufactured by
Reframet-Hoboken was used throughout this work. The
sample was sputter-cleanedin situ using a 3 keV Ar+ beam
rastered over an area of 131 cm2 until no impurities were
detected. The tantalum nitride thin films have been grown by
5N nitrogen implantation of a tantalum substrate at room
temperature using an extractor type ion gun. The ion beam
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was normal to the sample surface and was rastered over an
area of 131 cm2 with a current density of 10mA/cm2, as
measured in the tantalum sample. The beam energy was
3 keV and the ion dose was in the saturation range. These
experimental conditions lead to a,90 Å thick tantalum ni-
tride film sTaN0.7d formed by a mixture of Ta2N and TaN
phases.11,12

III. RESULTS AND DISCUSSION

Figure 1 shows an overview spectrum of a 3 keV N2
+ im-

planted tantalum substrate measured at a photon energyhn
=80 eV. The implantation has been carried out at room tem-
perature up to saturation. The spectrum shows the Ta 5p3/2-
5p1/2 doublet at 34.6 and 45.1 eV, the Ta 4f doublet, the
N 2s band at 16.7 eV and the VB between 10 and 0 eV. The
inset of Fig. 1 shows the detailed Ta 4f spectrum(dotted
line) after background subtraction based on a modified Shir-
ley method.34 Two different TauN contributions can be
clearly distinguished at,22.9 and 23.6 eV, respectively, and
have been previously assigned to Ta2N and TaN phases.12

The deconvolution of the Ta 4f spectrum using two synthetic
doublets for the Ta2N and TaN phases(dashed lines) is also
shown. It should be pointed out, that neither oxygen nor
carbon 1s bands have been detected in the nitrogen im-
planted tantalum substrate using a photon energy of 640 eV.

To analyze the resonant photoemission behavior of the
tantalum nitride film at the Ta 5p and 4f thresholds, a set of
valence band spectra have been measured for different pho-
ton energies between 21 and 64 eV in steps of 1 eV. The
total intensity and the relative intensities of the different VB
features strongly depend on the photon energy due to reso-
nance processes. As an example, the VB spectra measured at
photon energies of 21 and 34 eV are compared in Fig. 2(a).
To stress the resonance behavior of the VB, difference spec-
tra between all measured spectra and the spectrum corre-
sponding tohn=21 eV(off resonance) have been calculated.

The results are plotted in Fig. 2(b) as a function of the bind-
ing energy andhn. In this figure, the maximum intensity
corresponds to the darkest areas and the minimum to the
brightest ones.

The overall shape of the VB of Fig. 2(a) is well explained
using the calculated densities of states(DOS) available in the
literature.16–21The VB is characterized by a broad band, be-
tween ,3 and 9 eV peaking at,5.1 eV, formed by the
strong hybridization of N 2p and Ta 5d atomic orbitals as a
consequence of the charge transfer from tantalum to nitrogen
atoms.11,14 Also, a non-negligible contribution to the VB
from the hybridization of N 2p and Ta 6sp has been re-
ported. In this broad band, features P3 and P4 have been
indicated in the low and high binding energy side, respec-
tively. They should involve predominantly nonbonding and
bonding orbitals, respectively.29 Occupied states can be ob-
served near the Fermi level,EF, at ,1 eV (P1), that are
mainly of Ta 5d character. Stampfl and Freeman have re-
ported the partial DOS for tantalum and nitrogen in stoichio-
metric and nonstoichiometric tantalum nitride using the
FLAPW method.20,21The reported N and Ta partial DOS are
spread out rather uniformly over the whole width of the the-
oretical VB, except nearEF, where the states are essentially
of Ta character. For nonstoichiometric(with N vacancies)
tantalum nitride, additional occupied states appear belowEF
associated with those tantalum atoms with fewer nitrogen
neighbors.21 Such states have been observed in substoichio-
metric TM nitrides at,2 eV belowEF.11,35–39Therefore, the
occupied states in the VB of Fig. 2(a) at ,2 eV (P2) should
be attributed to the presence of nitrogen vacancies in the
tantalum nitride film studied in this work.

Figure 3 shows the XAS spectrum measured at the over-
lapped NK and TaNIII edges(dotted line). In addition, the

FIG. 1. Overview spectrum of a 3 keV N2
+ implanted tantalum

substrate measured at a photon energyhn=80 eV. The inset shows
the deconvolution of the Ta 4f spectrum(dotted line) using two
synthetic doublets for the Ta2N and TaN phases(dashed lines).

FIG. 2. (a) Comparison of the VB spectra measured at photon
energies of 21 and 34 eV, and(b) intensity of the difference spectra
calculated by subtraction of the spectra measured athn=21 eV (off
resonance) from all measured spectra, as a function of binding en-
ergy and photon energy. Several features are indicated by arrows.
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N 1s binding energys397.0±0.1 eVd measured with a pho-
ton energy ofhn=640 eV has been also indicated by an ar-
row. The inset shows the calculated x-ray absorption cross
section,m /r, at the NK and TaNIII edges.40 According to
Stöhr, the edge jumps can be calculated as the difference in
signal below and 30 eV above the edge.41 From these values,
the ratio between the N and Ta edge jumps is,55, and
therefore the features observed in the XAS spectrum of Fig.
3 are mainly associated with the NK-edge. The XAS spec-
trum has been fitted with four Gaussians,a, b, c, andd, at
397.2, 402.3, 407, and 413.4 eV, respectively, and an error
function for the edge jump,15 as shown in Fig. 3. In a similar
way to the O 1s XAS spectrum of early TM oxides,15 the N
K-edge features of early TM mononitrides are generally
characterized by two low-energy peaks and one broad high-
energy peak. These peaks arise from transition of N 1s elec-
trons to unoccupied Ta and N hybridized orbitals. The two
low-energy peaks have been attributed to the unoccupied hy-
bridized N 2p-TM dst2gd and N 2p-TM dsegd states, and the
broad high-energy peak to unoccupied hybridized
N 2p3p-TM sp states.15,42–44As a general trend, it has been
observed that the splitting of the TMt2g andeg derived un-
occupied states due to crystal-field interactions increases
from 3d to 5d TM nitrides because of the more extended
nature of the TM 5d orbitals, and therefore the increased
overlapping with the N 2p orbitals.15 Therefore, the low-
energy peaks of Figs. 3(a), 3(b), and 3(c) should be attributed
to N 2p-Ta 5dst2g,egd hybridized unoccupied states, and the
broad peakd to N 2p3p-Ta 6sp states. It should be noted,
that an additional splitting of thet2g derived orbitals is
present in all refractory compounds. In particular, this split-
ting is quite large in the CK-edge spectrum of the TM car-
bides, in which additional states just aboveEF have been
observed.43 This splitting should be responsible for the well
separated peaka in Fig. 3, and is due to the different crystal
structure of Ta2N and TaN nitrides with respect to the Ti, V,
Nb, Zr, or W mononitrides, that could lead to a large splitting

of the t2g derived band into two sublevels.15 It should be
pointed out that only a NK XAS spectrum for a TaN powder
sample has been reported in the literature.15 This spectrum is
dominated by a strong sharp resonance at,401.5 eV, which
was attributed to interstitial nitrogen molecules in the metal.
Such sharp resonances have been also observed in the NK
XAS spectrum of Zr and Hf nitrogen implanted substrates at
2 keV,45 but it is not observed in the XAS spectrum of Fig.
3, therefore suggesting that no weakly bounded N atoms are
present in the sample used in this work.

In order to study separately the resonant photoemission of
the different VB features, constant-initial-state(CIS) curves
at binding energies of 1 eV(P1), 2 eV (P2), 5.1 eV(P3), and
7.1 eV (P4) have been obtained from Fig. 2 using an inte-
gration range of 0.2 eV. To take into account the different off
resonance intensities of the studied features, the CIS curves
have been normalized by their respective feature intensities
off resonance(at hn=21 eV) and multiplied by 100. Normal-
ized CIS(NCIS) curves have been plotted for comparison in
Fig. 4 as a function ofhn. Although, the resonance behavior
shown in Fig. 4 is rather complex, similar evolutions are
found for all the VB features. The 4f7/2, 4f5/2, 5p3/2, and
5p1/2 core level thresholds obtained from Fig. 1 have been
indicated in Fig. 4 by arrows. It should be pointed out, that
the mean value of the Ta2N and TaN binding energies have
been used for the 4f7/2 and 4f5/2 core level thresholds. In
addition, the distribution of available unoccupied states
above the Fermi level,EF, as obtained from the NK XAS
spectrum of Fig. 3, is also shown attached for each core level
threshold in the upper part of the figure(continuous lines). It
should be pointed out, that in order to align the unoccupied

FIG. 3. Experimental NK and TaNIII XAS spectrum in dotted
line. The inset shows the calculated x-ray absorption cross section,
m /r, at the NK and TaNIII edges from Ref. 40.

FIG. 4. Normalized CIS curves obtained from Fig. 2 as ex-
plained in the text, corresponding to P1, P2, P3, and P4 features of
the valence band. The 4f7/2, 4f5/2, 5p3/2, and 5p1/2 core thresholds
obtained from Fig. 1 are indicated by arrows. Likewise, the distri-
bution of available unoccupied states above the Fermi level ob-
tained from the NK XAS spectrum of Fig. 3, is also included for
every core level threshold in the upper part of the figure.
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states spectrum with the Ta core level thresholds, the Fermi
level for the unoccupied states has been set at the N 1s bind-
ing energys397.0 eV±0.1 eVd.

Resonant photoemission in TM and TM compounds has
been usually observed when the energy of incident photons
is varied around the threshold of ap→d transition. In fact,
the spin-orbit splitting of the 5p core level has been observed
in the CIS curves of several 5d TM compounds for the 5p
→5d transition.29,46–50On polycrystalline Ta, Raaen46 found
that the Ta 5d emission is resonantly enhanced above the
5p3/2 and 5p1/2 core thresholds, for photon energies of,40
and 50 eV, respectively. CIS curves showing two maxima
have been also found in TaC by Anazawaet al.47 and in
TaSe2 by Sakamotoet al.48 They were explained taking into
account the,10 eV spin-orbit splitting of the Ta 5p band in
those compounds. Likewise, annp→ sn+1ds transition has
been also proposed to explain maxima at higher photon en-
ergies in the CIS curves of TiO2, ZrO2, and MoS2.

25,26,51

Furthermore, resonant photoemission at the 4f →5d transi-
tion threshold has been also reported in photoemission stud-
ies of Pt (Ref. 52) and stoichiometric and reduced Ta2O5
near the 4f threshold.29 Resonant photoemission at the 4f
→5d transition threshold has been also proposed to explain
the autoionization emission features observed in electron
bombarded Ta, Ta2O5, and Ta2N.53–55On the other hand, the
splitting of the unoccupied finald states have been also used
to explain the complex CIS curves of TiO2,

28 TiN,33 and
those of stoichiometric and reduced Ta2O5.

29

The NCIS curves of Fig. 4 show a complex shape with
multiple resonance maxima, similarly to the CIS curves ob-
tained for stoichiometric and reduced Ta2O5.

29 As can be
observed in Fig. 4, the combination of Ta 5p→5d, 5p
→6sp, and 4f →5d photoabsorption mechanisms, the spin-
orbit splitting of the Ta 5p and Ta 4f core levels, and the
splitting of the N–Ta hybridized unoccupied states by
crystal-field interactions, allows us to explain satisfactorily
the experimental NCIS curves. It should be noted that, ac-
cording to dipole selection rules, the Ta 6p derived states are
not involved in the 5p→6sp transition. Also, the 4f →6sp
transition is dipole forbidden, and therfore the peakd of the
distribution of unoccupied states has been omitted in Fig. 4
for the Ta 4f core level thresholds.

As can be observed in Fig. 4, the main VB features, P3
and P4, show the same resonance behavior, the P4 resonance
being slightly stronger for some photon energies, probably
due to the more bonding character of these states. This is
attributed to a strong hybridization of the Ta 5d and N 2p
atomic orbitals over the whole width of the VB, as has been
observed by Yuet al. in substoichiometric tantalum nitrides
by XES.14 Likewise, Stampfl and Freeman21 have reported
that the calculated Ta and N partial DOS in stoichiometric
and nonstoichiometric tantalum nitride are spread out rather
uniformly over the whole VB, except nearEF, where the
states are essentially of Ta character. For the Ta 4f →5d tran-
sition, the expected maxima are not fully resolved in the
NCIS curves of the VB features. This is attributed to the
small Ta 4f spin-orbit splitting as well as to the coexistence
of Ta2N and TaN phases with only slightly different Ta 4f
binding energies. It should be emphasized the strong reso-
nance observed at the Ta 4f →5d transition for the P3 and P4

VB features, which is contrary to the behavior found for
stoichiometric and reduced Ta2O5,

29 greater than those at the
Ta 5p→5d and 5p→6sp transitions. In fact, to our knowl-
edge, this is the first time that a strong resonance at the 4f
→5d transition threshold has been observed for a 5d TM
compound. It should be pointed out, that the Ta 5p3/2→5d,
5p1/2→5d, 4f7/2→5d, and 4f5/2→5d core excitations can be
also observed in the EELS spectra of Ta2N, but the splitting
of the N–Ta hybridized unoccupied final states is not re-
solved. Likewise, the autoionization features associated with
these core excitations have been also found in the low-
energy Auger electron spectrum.55

The shape of the resonance behavior observed for the P1
and P2 features is similar to those of P3 and P4. According to
the partial N and Ta DOS of Stampfl and Freeman21 and the
XES results of Yuet al.,14 the P1 and P2 VB features should
be essentially of Ta character, the P2 feature being associated
with nitrogen vacancies as observed in other TM
nitrides.35–39As observed in Fig. 4, the resonance of the va-
cancy state P2 is stronger than that of the P1 state, support-
ing the mainly Ta character of vacancy states in substoichio-
metric tantalum nitride predicted by Stampfl and Freeman.21

The resonance behavior of the vacancy states has been only
studied in several substoichiometric 3d and 4d TM
nitrides.30,37–39 Bringans and Höchst30 did not observe any
appreciable resonant enhancement for the vacancy state at
,2 eV in TiN0.8 and ZrN0.82, suggesting that the state was
mainly of non-d-type character. On the contrary, Lindström
et al.37–39 have observed that the vacancy state at,2 eV
below EF in VN0.89, ZrN0.93 and substoichiometric TiN ex-
hibited a clear resonant behavior. In the case of substoichi-
omtric TiN, the vacancy state did not follow the resonance
profile observed for the TM-d like VB states just belowEF,
whereas for VN0.89 and ZrN0.93 the resonance profile of the
vacancy state was similar to that of the states at the Fermi
energy. Lindströmet al.37–39 pointed out that the vacancy
state had an appreciable extent of TM-d character for VN0.89
and ZrN0.93, in good agreement with the results obtained in
this work for substoichiometric tantalum nitride, whereas for
substoichiometric TiN had mainlys character.

Although P1 and P2 VB features are essentially of Ta
character, the P1 and P2 normalized resonances are weaker
than those of P3 and P4 features. Furthermore, for the P1 and
P2 VB features, the resonance at the Ta 4f →5d transition is
smaller than that at the Ta 5p→5d and 5p→6sp transitions.
To explain this behavior, an interatomic direct
recombination,23,31 involving resonance of the N 2p states
should be also taken into account, since strong hybridization
between Ta 5d and N 2p atomic orbitals takes place in the
VB region between,3 and 9 eV. Such nonlocal process
should be a complementary mechanism allowing to explain
the stronger resonance of the P3 and P4 VB features with
respect to the P1 and P2 ones. Furthermore, it should be
pointed out the difficulty to understand the strong resonance
observed at the Ta 4f →5d transition for the P3 and P4 VB
features without considering the above-mentioned inter-
atomic mechanism, because the Ta 4f photoionization cross
section is smaller than that of the Ta 5p core levels for pho-
ton energies up to 65 eV.56 However, resonant processes in-
volving the anion 2p states are very controversial and the
exact mechanism still remains unknown.
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IV. CONCLUSIONS

The electronic structure of tantalum nitride thin films
grown by 3 keV nitrogen implantation has been studied by
resonant photoemission. The different features of the VB
show a complex shape with multiple resonance maxima. A
satisfactory explanation of these results is achieved assuming
Ta 5p→5d, 5p→6sp and 4f →5d photoabsorption mecha-
nisms, and considering the spin-orbit splitting of the Ta 5p
and Ta 4f core levels, and the splitting of the final N–Ta
hybridized unoccupied states by crystal-field interactions.
The distribution of N–Ta hybridized unoccupied states
above the Fermi level has been obtained from the NK XAS
spectrum. This is the first time that a strong resonance at the
Ta 4f →5d transition threshold has been observed in a TM
compound. Resonant photoemission results suggest a strong
hybridization of the Ta 5d and N 2p atomic orbitals along the
main feature of the VB(between,3–9 eV) due to the ex-

tended nature of Ta orbitals. NearEF, occupied vacancy
states at,2 eV shows a resonance enhancement that sup-
ports the Ta character predicted by Stampfl and Freeman for
such vacancy states. Stronger resonances are found for the
VB features in which substantial hybridization between
Ta 5d and N 2p atomic orbitals takes place(P3 and P4), than
for the mainly Ta-like VB features(P1 and P2). This sug-
gests an additional recombination mechanism in which N 2p
states resonate themselves contributing to the observed NCIS
curves.
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