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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 dhstafe8
involved in the valence band of TiN and the multiplet configuration of[fRe3p®3d?]* excited states. The
autoionizing character of tHéli 3p®3d?]* states could also be confirmed by observation of the corresponding
autoionization emission. The resonance is used to determine the @oribution to the valence band. The
results are in good agreement with calculated @igrtial density of states.
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l. INTRODUCTION et al3® published a RPES study of TiN thin films deposited
by magnetron sputtering. These authors observed a complex

The electronic structure of titanium nitride TiN along with resonance profile with local maxima at 45, 48, and 73 eV.
other transition-metal nitrides and carbides is of considerablgVhereas the resonance at 45 eV is interpreted as due to Ti
interest from both a technological and fundamental point o8p— 3d excitations, the other features remain unexplained.
view. In fact, there are a considerable number of studies oClearly we are far from an understanding of the RPES pro-
TiN using different electron and x-ray spectroscopi€s, files of TiN and hence far from understanding the electronic
e.g., x-ray photoemission spectroscof¥PS), photoemis-  structure and bonding of this material.
sion spectroscopy(PES, x-ray emission spectroscopy |p this paper we describe details of RPES, Auger electron
(XES), electron energy-loss spectroscdBELS), and x-ray  gpectroscopy(AES), and EELS experiments on the Tp3
absorption spectroscoiXAS), as well as several theoretical _ 34 oy itation and deexcitation processes in TiN, aimed at

e o o f oo 2N & beterunderstaning of h resonance andconse-
chiometric TiN and the influence of nitrogen vacancies on itsquently of its valence-bantVB) structure.
properties:—36:11

In general, the band-structure calculations show that the
bonding in these compounds is mostly covalent due to the
filling of the Ti3d—N2p bonding states. The Fermi level

) _ o9 - ) TiN films (150 nm thick were obtained in a dual-ion-
intersects the Ti 8 bands, predicting a high density of states ., sputtering system at a base pressure of Ba. A
at the Fermi energy with almost pure TdZharactef*~3° :

R t phot o lect N ES Kaufmann-type ion source was used to sputter a Ti target
esonant photoemission €lectron spec ro_scd_B? . with Ar" ions of 800 eV. A second ion source is then used to
has been extensively used to isolate the cationic Conmbuﬁombard the growing film with reactive N ions of very
tion to the valence band of complex hybridized 2
compoundsd®2°3-43Nevertheless, and although RPES is aIow energy(~50 eV). After growth, the films are exposed to

well-established technique, studies of the resonant phenorfl® atmosphere, causing a small contamination of oxygen
enon itself are also of interest since the detailed explanatiof'at IS easily removed after annealing at 800 °C for several
of some resonance profiles recently published, e.g.,ZTiOm'nUt?S_- Small amounts of carbon mtrod.uc_ed during the
(Refs. 36—38 ZrO, (Ref. 39, MoS, (Ref. 41, SnO (Ref. deposition procesg<5 at. %9 could r_10t b_e ellmmated.

42), and even TiNRefs. 19, 20, and 3@emains to be given. AES and EELS data were obtained in the intedd4E)

In the case of TiN, the pioneering work of Bringans andmode in a PHI-3027 spectrometer equipped with a double-
Hochst® in polycrystalline TiN, and ZrN, showed the exis- pass cylindrical mirror analyzefDPCMA). For EELS and
tence of a rather complex dependence of the valence-bar®ES we have used a primary electron energy of 500 eV.
intensity on the photon energy. However, the experimentaWhereas the EEL spectra were obtained with a pass energy
conditions did not enable a detailed analysis of the dataof AE=20eV, the AES spectra were measured with a con-
Didziulis etal? have performed an RPES study on stant relative energy resolutiohE/E=0.25%. XPS mea-
TiC(100 including some results on TiMO0O for compari-  surements confirmed that the Ti to N atomic ratio was 1.
son. These authors observed for both TiC and TiN an intensBurthermore, XPS showed that the film was oxygen-free,
resonance at around 45 eV associated with the pr-~3d whereas some graphitic carb@re., C 1s peak at 284.8 eV
transition as well as a much weaker resonant enhancementwats discernible at the surface of the film.

70 eV for TiC, which was labeled as due to T§-34p The PES experiments were performed on station 6.2 of
transitions with a question mark. More recently, Walkerthe Daresbury Synchrotron radiation source, using photon
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FIG. 2. Curve(a): Ti 3d contribution to the valence band as

FIG. 1. Valence-band photoemission spectra of TiN as a func-derIVEd from the resonance bv=45eV, i.e., 45-41 difference

tion of the photon energy, 25h»<60 eV. The spectra have been spectrum calculated by subtracting the spectrum m(_aasured gt 41 eV
normalizedpto the respegéive a;/eas P from that measured at 45 eV. Cur(g): Calculated Ti 3 density

of states(cf. Ref. 18. Curve(c): N 2p contribution to the valence

. L band of TiN as determined from the valence band spectruhvat
energies between 25 and 60 eV. The photoemission Spectiay; ey after subtraction of a properly scaled cufae(see text for

were measured using two different grating monochromatorgetang_ Curve(d): Calculated N ® density of statescf. Ref. 18.

for photon energies ranging between<ihy<<50 and 50

<hv<60eV, respectively. The photoemission spectra wergyhich remains localized on the cation site. The excited state
recorded with a DPCMA at a pass energy of 15 eV thatelaxes via a direct recombination that involves the i 3
corresponds to an energy resolution of 0.2 eV. The residualtates in the valence band and leads to the same final state as
pressure was better than 10Pa. A tungsten grid was used in conventional photoemission of the Td3lectrons. The

to measure the photon flux at the entrance of the analysigterference between both processes gives rise to the reso-
chamber. The background of secondary electrons was subant enhancement of those parts of the spectrum with a sig-
tracted using the Shirley methdtiAs compared with XPS,  nificant Ti 3d character. Since the intensity enhancement is
PES indicates higher carbon contaminatipe., ~10%) due  due to an increase of the photoemission cross section of the
to its higher surface sensitivity. In any case, the presence ofj 3d states, it is meaningful to compute difference spectra
that graphitic carbon does not affect the resonant photoemi%y subtracting the EDC measured at a photon energy “off

sion phenomenon of TiN, as will be shown later. resonance” from that measured “on resonance” to isolate
the cationic contributior(i.e., Ti 3d) to the valence band.
IIl. RESULTS Figure 2 shows the result of subtracting the spectrum mea-

sured at 41 eV from that measured at 45 @V. Fig. 1),

Figure 1 presents the energy distribution curde®C’s)  indicating those parts of the valence band in which there is a
of the valence band of TiN measured at different photorsignificant contribution of Ti 8 states. The result is labeled
energies in the range 2thy<60eV as labeled, after nor- as 45-41 and appears compared with the calculated Ti partial
malization to the respective total area. Figure 1 provides evidensity of state$PD0OS.1® The good agreement existing be-
dence of a significant intensity modulation of the two maintween the 45-41 difference spectrum and the calculated Ti
features of the valence band when the photon energy iPDOS clearly supports the above interpretation according to
changed between 40 and 50 eV. Although the resonanage fundamentals of RPES.
manifests itself over the whole valence band, the most strik- Furthermore, the subtraction of a properly scaled 45-41
ing changes occur in the feature at the Fermi level, whichdifference spectrum, as representative of the Ti contribution,
shows a clear enhancement at photon energies above 40 effom a valence-band spectrum “off resonance” allows to

Resonant photoemission of the Td 3tates in TiIN has estimate the N @ component of the valence band if we
been previously observed at 45 &3£°%%i.e., at photon en- neglect the small Ti dp—derived states. The method is
ergies above the Ti3— 3d transition. According to the fun- equivalent to fitting the valence band at 41 eV in terms of
damentals of the phenomenon, the excitation of a i 3 two components, i.e., N2 and Ti 3d, weighted according
—3d transition creates an excited stafd@i 3p°3d?]*, to the respective photoemission cross sectfGrghe result
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FIG. 3. Analysis of the valence-band photoemission spectra at FIG. 4 Phoj[on energy dependence {30v<60 eV) of th_e n
_ . egrated intensitypointg of the (a) C 2p, (b) N 2p, and(c) Ti 3d
hv=50, 45, and 41 eV using three components that correspond to L . .
. L components of the valence-band emission. The continuous lines
Ti 3d, N 2p, and C 2 (contaminatioh . S . .
correspond to the respective photoemission cross sections as given
in Ref. 45. The dotted line is the CIS curve for the states at a

of this analysis has been labeled as N & Fig. 2[curve  pinding energy of 0.5 eV measured in Ref. 30.
(c)]. For comparison, the calculated b 2lensity of stat
has also been depicted. The agreement is rather good awdlence bantf32-3%%)s analyzed as a function of the photon
gives confidence to the procedure. energy. In both cases the CIS curves are of mixed character
In order to get a more quantitative insight of the reso-due to the hybridization of different levels, which contribute
nance, all the valence-band spectra have been analyzed tim different parts of the valence band. However, our previous
terms of those two main components, i.e., T &nd N 2p. analysis allows a better interpretation of the resonance pro-
Actually, to reproduce the whole series of spectra we had tdiles as the components are expected to represent states with
include an extra C g band at 10.5 eV to account for the a definite character. In the last case the CIS curves are a
carbon contamination of the samples. In order to obtain instraightforward representation of the dependence of the re-
formation about the distribution profile of the different com- spective photoemission cross section on the photon energy.
ponents we have used factor anal§’fé (FA). This is a Both the C D and N 2p intensities decrease with increas-
well-established multivariate statistical method for data haning photon energy in good agreement with the respective
dling and spectral interpretation when the measured specttaeoretical atomic subshell photoionization cross sections as
can be attained by linear combination of independent indiindicated by the continuous line included in Figgsa)dand
vidual components. In general, the main advantage of FA ig(b). In fact, the values given on the rigitscale of Fig. 4
that it provides an automatic procedure to establish the nuncorrespond to the respective photoionization cross sections
ber and concentration of the independent components of a sa$ calculated by Yeh and Lind4tAdditionally, the inte-
of spectra. Factor analysis of the whole set of valence-bangrated intensity of the Ti 8 band shows a characteristic
spectra depicted in Fig. 1 including the basis spectra contwo-peak structure at energies between 45 and 50 eV with a
firms the requirement of three principal components whoselear intensity enhancemefite., approximately a factor of
shape is in very good agreement with the proposed basis, i.€3), which corresponds to the resonance process of thedTi 3
Ti 3d, N 2p, and C D and also allows the quantitative states. For comparison we have included a dotted[liee
determination of the respective contribution as a function ofFig. 4(c)], showing the CIS curve for the states at 0.5 eV
the photon energy. Typical fits are shown in Fig. 3 forbinding energy, which are of pum character, as measured
valence-band spectra measuredhat=41, 45, and 50 eV. recently by Walkeet al 3 for stoichiometric TiN. It is worth
Areas of the respective components in each spectrum afoting here the general good agreement observed among
the experimental series were determined and plotted versukese resonances in shape, energy position, and enhancement
the photon energy in Fig. 4. The plots essentially represerfactor, which strongly supports our interpretation. Neverthe-
constant initial statéClS) curves. Usually the resonance ef- less, these authors were unable to explain the second reso-
fects are analyzed in terms of CIS spectra, where just thaeance at 50 eV, suggesting that it is due to the generation of
intensity of the valence band at a given binding en&tdy**  a M ,3M 4sM 45 Auger electron although no evidence of that
or the intensity of arbitrary Gaussian peaks used to fit theAuger feature is observed in their experiments. However, we
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FIG. 5. Curve (a): Photon energy dependence 30v
<60 eV) of the integrated intensity of the TdZontribution to the  to be a general result in other transition metals and their
valence band of TiN across the Tp3excitation threshold. Curve  compounds$?2329#'Such delays are explained in terms of
(b): Energy-loss function in the 30-60 eV loss energy range asnteractions between thep3hole and the i+ 1) 3d elec-
determined from EELS data of Ref. 13. Vertical lines indicate theygns that shifts some multiplets by several electron volts. In
positions and relative intensities of the calculated multiplets for thefact, considering the good agreement between thér@nsi-
Ti 3p®3d? final state in Ti" (cf. Ref. 48. Curve (c): Measured tions calculated by Kurahashi, Yamamoto, and Néitmd
autoionization emissior(cf. Fig. 6). Curve (d): Autoionization those observed experimentally, we suggest that the delay is
emission calculated by convolution of the multiplet configuration Ofmainly caused by the Coulomk,J interaction between tpe 3
the Ti 3p°3d? states(cf. vertical bars with the Ti 3d contribution hole and the @ electrons. because this was the onlv interac-
to the valence banftf. curve(c) in Fig. 4] tion considered in the cailculatioﬁ% g

_ _ Since in TiN thd Ti 3p®3d?]* excited states are autoion-
believe that both features are induced by the same resonangg, o jevels that induce a strong absorption, one should also
process, i.e., Ti B—3d transitions, and due to the multiplet g, et 10 see strong autoionization emissions in this material.

- - . 5 2 -
configuration of the Ti 3p>3d°]* excited states. The processes leading to autoionization emission would be
This interpretation is clearly supported by a direct obserq fgliows:

vation of Fig. 5, where the resonance profile of the i 3
states is compared with the energy-loss function of TislL, [3p°3d?]* —3p®3d°+e .
Im{1/e}), as determined by EELS, in the energy range
30-60 eV. The marked resemblance between both spectraThe autoionization should be observable as a satellite asso-
not striking because both techniques are measuring the sarsited with theM,3VV Auger transitions and should re-
transitions from Ti B to [Ti 3p®3d?]* excited states. Fur- semble the shape of thé,; electron energy loss and the
thermore, in order to better interpret the measured EEL$esonant photoemission spectra. Therefore we looked for
spectrum and the RPES profile, we have included verticahutoionization emissions at the low-kinetic-energy electron
bars that correspond to the energy position and intensity afmission of TiN. The measured spectrum, excited by a
calculated (within an LS coupling scheme 3p®3d!  primary-electron beam of 500 eV, has been presented in Fig.
—3p®3d? transitions for isolated ?f cations, as given by 6. The spectrum is in good agreement with that published by
Kurahashi, Yamamoto, and Naitd.The comparison be- Dawson and Tzatzd? and is dominated by two features at
tween the calculated and the experimental results clearlgnergies around 24 and 40 eV, which can be interpreted as an
shows that both EELS and the resonance profile are reprdri(3p)N(2p) Ti(3d) Auger transition, i.e.M,3VV, and an
ducing the multiplet structure of theTi 3p°3d?]* excited  autoionization. The first peak at 24 eV is therefore due to the
states in T4 cations. Auger emissionM, 3VV whose kinetic energy can be esti-
The delay of the onset of the resonance up to about 10 evhated asE[Ti 3p]—E[N 2p]—E[Ti 3d]—-® (i.e., ne-
above the Ti §—Ti 3d excitation thresholdi.e., 35 eV as glecting the Coulomb interaction of the two final holes
measured by photoemissioiis also in good correlation with  where E[Ti 3p]=35eV, E[Ti 3d]=0.5¢eV, E[N 2p]
other delays previously observed in {4 eV),3**° TiO, (9 =5.4 eV are the respective binding energies of the core lev-
eV),3136-38Ti,0, (9.5 eV),*? and TiC(14.2 eV),*° and seems els involved andP=4.8 eV is the work function of the ana-
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lyzer. Using these values, we obtain 24.2 eV for thethe measured spectrum gives confidence to the interpretation.
Ti(3p)N(2p)Ti(3d) Auger transition, in reasonable agree- In general, Fig. 5 gives a graphical demonstration that the
ment with the energy actually measured. With respect to théifferent experiments, electron loss, electron excited autoion-
broad feature observed at a kinetic energy of 40.2 eV with dzation, and resonant photoemission, all stem from the same
shoulder at 45 eVcf. Fig. 5c)] our interpretation is that it is autoionization levels associated with  Tp%d?!
due to an autoionization emission originated in the excited—[Ti 3p®3d?]* transitions.
states [Ti 3p°3d?]*. In our case, the excited states
[Ti 3p°3d?]* at 45 and 50 eV above the ground state decay
by a direct transfer of the energy to electrons of the conduc-
tion band. The kinetic enerdy,,, can be easily estimated in The electronic structure of TiN thin films grown by sput-
terms of the excitation enerdy,,. (i.e., 45 and 50 eVand tering has been studied by means of resonant photoemission
the binding energy of the Ti® band at the Fermi energy, spectroscopy using synchrotron radiation. Specifically we
i.e., Equ=Eexc— E[Ti 3d]—®=39.8 and 44.8 eV. The found a resonance profile that exhibits a maximum at 45 eV
autoionization emission is then expected at 39.8 and 44.8 e\fpllowed by a second structure at 50 eV. The intensity en-
respectively, in very good agreement with the measured erlfancement observed at 45 and 50 eV is consistent with the
ergies. resonant photoemission of the Td3states involved in the
The two features of the autoionization peak can be bettevalence band of TiN. We have shown that the double peak
observed in Fig. &), where the autoionization peak has beenoriginates from the multiplet configuration of the
depicted after background subtraction. Furthermore, Fig. 5 [Ti 3p°3d?]* excited states in Pf ions. These excited
gives clear evidence that not only the energy position, bustates have also been observed by EELS, in good agreement
also the line shape of the autoionization resemble very wellvith the measured resonance profile. Furthermore, the au-
those of the RPES profile and the EELS spectrum. For contoionizing character of thgTi 3p°3d?]* states could also be
parison the autoionization feature has been shifted in energgonfirmed by observation of the corresponding autoioniza-
to take into account the differences between the Fermi ertion emission. Making use of the resonance, we have experi-
ergy and the vacuum level, i.e., 4.8 eV. We note that thementally determined the Ti@ contribution to the valence
apparent multiplet structure is observable and reflected in thband and showed that it is in good agreement with calculated
autoionization emission as well. The resemblance is not surfi 3d PDOS.
prising since the shape of the autoionization is determined by
the convolution of the Ti @ states with the multiplet struc-
ture of the[ Ti 3p®3d?]* states, which are filled by the reso-
nant transition preceding the autoionization. The result of The authors are pleased to acknowledge the financial sup-
this convolution (i.e., Ti 3d states as represented by the port of the CICYT and DGICYT of Spain through Contract
45-41 difference spectrum with the multiplets calculated byNos. MAT99-0201 and PB96-0061, respectively, and the
Kurahashi, Yamamoto, and Naffoafter some Gaussian EU-TMR program under Contract No. ERBFMGCT950055
broadening is also shown in Fig. @). The agreement with at the SRS at CLRC Daresbury Laboratory.

IV. SUMMARY AND CONCLUSIONS
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