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Resonant photoemission of TiN films
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The bonding and electronic structure of TiN thin films grown by sputtering have been characterized by
means of resonant photoemission spectroscopy using synchrotron radiation. Specifically we found a complex
resonance profile that exhibits a maximum at 45 eV followed by a second structure at 50 eV. The intensity
enhancement observed at 45 and 50 eV is consistent with the resonant photoemission of the Ti 3d states
involved in the valence band of TiN and the multiplet configuration of the@Ti 3p53d2#* excited states. The
autoionizing character of the@Ti 3p53d2#* states could also be confirmed by observation of the corresponding
autoionization emission. The resonance is used to determine the Ti 3d contribution to the valence band. The
results are in good agreement with calculated Ti 3d partial density of states.
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I. INTRODUCTION

The electronic structure of titanium nitride TiN along wi
other transition-metal nitrides and carbides is of considera
interest from both a technological and fundamental poin
view. In fact, there are a considerable number of studies
TiN using different electron and x-ray spectroscopies,1–20

e.g., x-ray photoemission spectroscopy~XPS!, photoemis-
sion spectroscopy~PES!, x-ray emission spectroscop
~XES!, electron energy-loss spectroscopy~EELS!, and x-ray
absorption spectroscopy~XAS!, as well as several theoretica
studies using different approaches.21–29 Many of these stud-
ies have paid attention to the electronic structure of subs
chiometric TiN and the influence of nitrogen vacancies on
properties.1–3,6,11

In general, the band-structure calculations show that
bonding in these compounds is mostly covalent due to
filling of the Ti 3d– N 2p bonding states. The Fermi leve
intersects the Ti 3d bands, predicting a high density of stat
at the Fermi energy with almost pure Ti 3d character.21–30

Resonant photoemission electron spectroscopy~RPES!
has been extensively used to isolate the cationic contr
tion to the valence band of complex hybridize
compounds.19,20,30–43Nevertheless, and although RPES is
well-established technique, studies of the resonant phen
enon itself are also of interest since the detailed explana
of some resonance profiles recently published, e.g., T2
~Refs. 36–38!, ZrO2 ~Ref. 39!, MoS2 ~Ref. 41!, SnO ~Ref.
42!, and even TiN~Refs. 19, 20, and 30! remains to be given

In the case of TiN, the pioneering work of Bringans a
Höchst19 in polycrystalline TiNx and ZrNx showed the exis-
tence of a rather complex dependence of the valence-b
intensity on the photon energy. However, the experime
conditions did not enable a detailed analysis of the d
Didziulis et al.20 have performed an RPES study o
TiC~100! including some results on TiN~100! for compari-
son. These authors observed for both TiC and TiN an inte
resonance at around 45 eV associated with the Ti 3p→3d
transition as well as a much weaker resonant enhanceme
70 eV for TiC, which was labeled as due to Ti 3s→4p
transitions with a question mark. More recently, Walk
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et al.30 published a RPES study of TiN thin films deposite
by magnetron sputtering. These authors observed a com
resonance profile with local maxima at 45, 48, and 73 e
Whereas the resonance at 45 eV is interpreted as due t
3p→3d excitations, the other features remain unexplain
Clearly we are far from an understanding of the RPES p
files of TiN and hence far from understanding the electro
structure and bonding of this material.

In this paper we describe details of RPES, Auger elect
spectroscopy~AES!, and EELS experiments on the Ti 3p
→3d excitation and deexcitation processes in TiN, aimed
obtaining a better understanding of the resonance and co
quently of its valence-band~VB! structure.

II. EXPERIMENT

TiN films ~150 nm thick! were obtained in a dual-ion
beam sputtering system at a base pressure of 1025 Pa. A
Kaufmann-type ion source was used to sputter a Ti tar
with Ar1 ions of 800 eV. A second ion source is then used
bombard the growing film with reactive N2

1 ions of very
low energy~;50 eV!. After growth, the films are exposed t
the atmosphere, causing a small contamination of oxy
that is easily removed after annealing at 800 °C for seve
minutes. Small amounts of carbon introduced during
deposition process~,5 at. %! could not be eliminated.

AES and EELS data were obtained in the integralN(E)
mode in a PHI-3027 spectrometer equipped with a doub
pass cylindrical mirror analyzer~DPCMA!. For EELS and
AES we have used a primary electron energy of 500 e
Whereas the EEL spectra were obtained with a pass en
of DE520 eV, the AES spectra were measured with a c
stant relative energy resolutionDE/E50.25%. XPS mea-
surements confirmed that the Ti to N atomic ratio was
Furthermore, XPS showed that the film was oxygen-fr
whereas some graphitic carbon~i.e., C 1s peak at 284.8 eV!
was discernible at the surface of the film.

The PES experiments were performed on station 6.2
the Daresbury Synchrotron radiation source, using pho
©2001 The American Physical Society03-1
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energies between 25 and 60 eV. The photoemission spe
were measured using two different grating monochroma
for photon energies ranging between 15,hn,50 and 50
,hn,60 eV, respectively. The photoemission spectra w
recorded with a DPCMA at a pass energy of 15 eV t
corresponds to an energy resolution of 0.2 eV. The resid
pressure was better than 1027 Pa. A tungsten grid was use
to measure the photon flux at the entrance of the anal
chamber. The background of secondary electrons was
tracted using the Shirley method.44 As compared with XPS,
PES indicates higher carbon contamination~i.e., ;10%! due
to its higher surface sensitivity. In any case, the presenc
that graphitic carbon does not affect the resonant photoe
sion phenomenon of TiN, as will be shown later.

III. RESULTS

Figure 1 presents the energy distribution curves~EDC’s!
of the valence band of TiN measured at different pho
energies in the range 25<hn<60 eV as labeled, after nor
malization to the respective total area. Figure 1 provides
dence of a significant intensity modulation of the two ma
features of the valence band when the photon energ
changed between 40 and 50 eV. Although the resona
manifests itself over the whole valence band, the most st
ing changes occur in the feature at the Fermi level, wh
shows a clear enhancement at photon energies above 4

Resonant photoemission of the Ti 3d states in TiN has
been previously observed at 45 eV,19,20,30i.e., at photon en-
ergies above the Ti 3p→3d transition. According to the fun-
damentals of the phenomenon, the excitation of a Tip
→3d transition creates an excited state@Ti 3p53d2#* ,

FIG. 1. Valence-band photoemission spectra of TiN as a fu
tion of the photon energy, 25,hn,60 eV. The spectra have bee
normalized to the respective areas.
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which remains localized on the cation site. The excited s
relaxes via a direct recombination that involves the Tid
states in the valence band and leads to the same final sta
in conventional photoemission of the Ti 3d electrons. The
interference between both processes gives rise to the r
nant enhancement of those parts of the spectrum with a
nificant Ti 3d character. Since the intensity enhancemen
due to an increase of the photoemission cross section o
Ti 3d states, it is meaningful to compute difference spec
by subtracting the EDC measured at a photon energy ‘
resonance’’ from that measured ‘‘on resonance’’ to isol
the cationic contribution~i.e., Ti 3d! to the valence band
Figure 2 shows the result of subtracting the spectrum m
sured at 41 eV from that measured at 45 eV~cf. Fig. 1!,
indicating those parts of the valence band in which there
significant contribution of Ti 3d states. The result is labele
as 45-41 and appears compared with the calculated Ti pa
density of states~PDOS!.18 The good agreement existing be
tween the 45-41 difference spectrum and the calculated
PDOS clearly supports the above interpretation accordin
the fundamentals of RPES.

Furthermore, the subtraction of a properly scaled 45
difference spectrum, as representative of the Ti contribut
from a valence-band spectrum ‘‘off resonance’’ allows
estimate the N 2p component of the valence band if w
neglect the small Ti 4sp–derived states. The method
equivalent to fitting the valence band at 41 eV in terms
two components, i.e., N 2p and Ti 3d, weighted according
to the respective photoemission cross sections.45 The result

-

FIG. 2. Curve~a!: Ti 3d contribution to the valence band a
derived from the resonance athn545 eV, i.e., 45-41 difference
spectrum calculated by subtracting the spectrum measured at 4
from that measured at 45 eV. Curve~b!: Calculated Ti 3d density
of states~cf. Ref. 18!. Curve~c!: N 2p contribution to the valence
band of TiN as determined from the valence band spectrum ahn
541 eV after subtraction of a properly scaled curve~a! ~see text for
details!. Curve~d!: Calculated N 2p density of states~cf. Ref. 18!.
3-2
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of this analysis has been labeled as N 2p in Fig. 2 @curve
~c!#. For comparison, the calculated N 2p density of states18

has also been depicted. The agreement is rather good
gives confidence to the procedure.

In order to get a more quantitative insight of the res
nance, all the valence-band spectra have been analyze
terms of those two main components, i.e., Ti 3d and N 2p.
Actually, to reproduce the whole series of spectra we ha
include an extra C 2p band at 10.5 eV to account for th
carbon contamination of the samples. In order to obtain
formation about the distribution profile of the different com
ponents we have used factor analysis46,47 ~FA!. This is a
well-established multivariate statistical method for data h
dling and spectral interpretation when the measured spe
can be attained by linear combination of independent in
vidual components. In general, the main advantage of FA
that it provides an automatic procedure to establish the n
ber and concentration of the independent components of
of spectra. Factor analysis of the whole set of valence-b
spectra depicted in Fig. 1 including the basis spectra c
firms the requirement of three principal components wh
shape is in very good agreement with the proposed basis,
Ti 3d, N 2p, and C 2p and also allows the quantitativ
determination of the respective contribution as a function
the photon energy. Typical fits are shown in Fig. 3 f
valence-band spectra measured athn541, 45, and 50 eV.

Areas of the respective components in each spectrum
the experimental series were determined and plotted ve
the photon energy in Fig. 4. The plots essentially repres
constant initial state~CIS! curves. Usually the resonance e
fects are analyzed in terms of CIS spectra, where just
intensity of the valence band at a given binding energy19,20,41

or the intensity of arbitrary Gaussian peaks used to fit

FIG. 3. Analysis of the valence-band photoemission spectr
hn550, 45, and 41 eV using three components that correspon
Ti 3d, N 2p, and C 2p ~contamination!.
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valence band20,32–35,41is analyzed as a function of the photo
energy. In both cases the CIS curves are of mixed chara
due to the hybridization of different levels, which contribu
to different parts of the valence band. However, our previo
analysis allows a better interpretation of the resonance
files as the components are expected to represent states
a definite character. In the last case the CIS curves a
straightforward representation of the dependence of the
spective photoemission cross section on the photon ene

Both the C 2p and N 2p intensities decrease with increa
ing photon energy in good agreement with the respec
theoretical atomic subshell photoionization cross section
indicated by the continuous line included in Figs. 4~a! and
4~b!. In fact, the values given on the righty scale of Fig. 4
correspond to the respective photoionization cross sect
as calculated by Yeh and Lindau.45 Additionally, the inte-
grated intensity of the Ti 3d band shows a characterist
two-peak structure at energies between 45 and 50 eV wi
clear intensity enhancement~i.e., approximately a factor o
3!, which corresponds to the resonance process of the Td
states. For comparison we have included a dotted line@i.e.,
Fig. 4~c!#, showing the CIS curve for the states at 0.5 e
binding energy, which are of pured character, as measure
recently by Walkeret al.30 for stoichiometric TiN. It is worth
noting here the general good agreement observed am
these resonances in shape, energy position, and enhance
factor, which strongly supports our interpretation. Neverth
less, these authors were unable to explain the second r
nance at 50 eV, suggesting that it is due to the generatio
a M23M45M45 Auger electron although no evidence of th
Auger feature is observed in their experiments. However,

at
to

FIG. 4. Photon energy dependence (30,hn,60 eV) of the in-
tegrated intensity~points! of the ~a! C 2p, ~b! N 2p, and~c! Ti 3d
components of the valence-band emission. The continuous l
correspond to the respective photoemission cross sections as
in Ref. 45. The dotted line is the CIS curve for the states a
binding energy of 0.5 eV measured in Ref. 30.
3-3
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believe that both features are induced by the same reson
process, i.e., Ti 3p→3d transitions, and due to the multiple
configuration of the@Ti 3p53d2#* excited states.

This interpretation is clearly supported by a direct obs
vation of Fig. 5, where the resonance profile of the Tid
states is compared with the energy-loss function of TiN~i.e.,
Im$1/«%), as determined by EELS,13 in the energy range
30–60 eV. The marked resemblance between both spec
not striking because both techniques are measuring the s
transitions from Ti 3p to @Ti 3p53d2#* excited states. Fur
thermore, in order to better interpret the measured EE
spectrum and the RPES profile, we have included vert
bars that correspond to the energy position and intensit
calculated ~within an LS coupling scheme! 3p63d1

→3p53d2 transitions for isolated Ti31 cations, as given by
Kurahashi, Yamamoto, and Naito.48 The comparison be
tween the calculated and the experimental results cle
shows that both EELS and the resonance profile are re
ducing the multiplet structure of the@Ti 3p53d2#* excited
states in Ti31 cations.

The delay of the onset of the resonance up to about 10
above the Ti 3p→Ti 3d excitation threshold~i.e., 35 eV as
measured by photoemission!, is also in good correlation with
other delays previously observed in Ti~14 eV!,31,40 TiO2 ~9
eV!,31,36–38Ti2O3 ~9.5 eV!,32 and TiC~14.2 eV!,20 and seems

FIG. 5. Curve ~a!: Photon energy dependence (30,hn
,60 eV) of the integrated intensity of the Ti 3d contribution to the
valence band of TiN across the Ti 3p excitation threshold. Curve
~b!: Energy-loss function in the 30–60 eV loss energy range
determined from EELS data of Ref. 13. Vertical lines indicate
positions and relative intensities of the calculated multiplets for
Ti 3p53d2 final state in Ti31 ~cf. Ref. 48!. Curve ~c!: Measured
autoionization emission~cf. Fig. 6!. Curve ~d!: Autoionization
emission calculated by convolution of the multiplet configuration
the Ti 3p53d2 states~cf. vertical bars! with the Ti 3d contribution
to the valence band@cf. curve~c! in Fig. 4#.
07540
nce

-

is
me

S
al
of

ly
o-

V

to be a general result in other transition metals and th
compounds.32,33,39,41Such delays are explained in terms
interactions between the 3p hole and the (n11) 3d elec-
trons that shifts some multiplets by several electron volts
fact, considering the good agreement between the 3p transi-
tions calculated by Kurahashi, Yamamoto, and Naito48 and
those observed experimentally, we suggest that the dela
mainly caused by the Coulomb interaction between thep
hole and the 3d electrons, because this was the only intera
tion considered in the calculations.48

Since in TiN the@Ti 3p53d2#* excited states are autoion
izing levels that induce a strong absorption, one should a
expect to see strong autoionization emissions in this mate
The processes leading to autoionization emission would
as follows:

@3p53d2#* →3p63d01e2.

The autoionization should be observable as a satellite a
ciated with theM23VV Auger transitions and should re
semble the shape of theM23 electron energy loss and th
resonant photoemission spectra. Therefore we looked
autoionization emissions at the low-kinetic-energy elect
emission of TiN. The measured spectrum, excited by
primary-electron beam of 500 eV, has been presented in
6. The spectrum is in good agreement with that published
Dawson and Tzatzov10 and is dominated by two features
energies around 24 and 40 eV, which can be interpreted a
Ti(3p)N(2p)Ti(3d) Auger transition, i.e.,M23VV, and an
autoionization. The first peak at 24 eV is therefore due to
Auger emissionM2,3VV whose kinetic energy can be est
mated as E@Ti 3p#2E@N 2p#2E@Ti 3d#2F ~i.e., ne-
glecting the Coulomb interaction of the two final holes!,
where E@Ti 3p#535 eV, E@Ti 3d#50.5 eV, E@N 2p#
55.4 eV are the respective binding energies of the core
els involved andF54.8 eV is the work function of the ana

s
e
e

f

FIG. 6. ExperimentalN(E) low-energy electron emission o
TiN.
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lyzer. Using these values, we obtain 24.2 eV for t
Ti(3p)N(2p)Ti(3d) Auger transition, in reasonable agre
ment with the energy actually measured. With respect to
broad feature observed at a kinetic energy of 40.2 eV wit
shoulder at 45 eV@cf. Fig. 5~c!# our interpretation is that it is
due to an autoionization emission originated in the exci
states @Ti 3p53d2#* . In our case, the excited state
@Ti 3p53d2#* at 45 and 50 eV above the ground state de
by a direct transfer of the energy to electrons of the cond
tion band. The kinetic energyEautocan be easily estimated i
terms of the excitation energyEexc ~i.e., 45 and 50 eV! and
the binding energy of the Ti 3d band at the Fermi energy
i.e., Eauto5Eexc2E@Ti 3d#2F539.8 and 44.8 eV. The
autoionization emission is then expected at 39.8 and 44.8
respectively, in very good agreement with the measured
ergies.

The two features of the autoionization peak can be be
observed in Fig. 5~c!, where the autoionization peak has be
depicted after background subtraction. Furthermore, Fig.~c!
gives clear evidence that not only the energy position,
also the line shape of the autoionization resemble very w
those of the RPES profile and the EELS spectrum. For c
parison the autoionization feature has been shifted in en
to take into account the differences between the Fermi
ergy and the vacuum level, i.e., 4.8 eV. We note that
apparent multiplet structure is observable and reflected in
autoionization emission as well. The resemblance is not
prising since the shape of the autoionization is determined
the convolution of the Ti 3d states with the multiplet struc
ture of the@Ti 3p53d2#* states, which are filled by the reso
nant transition preceding the autoionization. The result
this convolution ~i.e., Ti 3d states as represented by t
45-41 difference spectrum with the multiplets calculated
Kurahashi, Yamamoto, and Naito48 after some Gaussia
broadening! is also shown in Fig. 5~d!. The agreement with
o
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the measured spectrum gives confidence to the interpreta
In general, Fig. 5 gives a graphical demonstration that
different experiments, electron loss, electron excited auto
ization, and resonant photoemission, all stem from the sa
autoionization levels associated with Ti 3p63d1

→@Ti 3p53d2#* transitions.

IV. SUMMARY AND CONCLUSIONS

The electronic structure of TiN thin films grown by spu
tering has been studied by means of resonant photoemis
spectroscopy using synchrotron radiation. Specifically
found a resonance profile that exhibits a maximum at 45
followed by a second structure at 50 eV. The intensity e
hancement observed at 45 and 50 eV is consistent with
resonant photoemission of the Ti 3d states involved in the
valence band of TiN. We have shown that the double p
originates from the multiplet configuration of th
@Ti 3p53d2#* excited states in Ti31 ions. These excited
states have also been observed by EELS, in good agree
with the measured resonance profile. Furthermore, the
toionizing character of the@Ti 3p53d2#* states could also be
confirmed by observation of the corresponding autoioni
tion emission. Making use of the resonance, we have exp
mentally determined the Ti 3d contribution to the valence
band and showed that it is in good agreement with calcula
Ti 3d PDOS.
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