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Standing-wave (SW) hard x-ray photoemission (HXPS, HAXPES) is applied to a thick (100 A)
film of a metal gate TiN grown on top of a Si/MoSi, multilayer mirror. The mirror is used to
produce a standing wave of 30A period that is scanned through the sample by varying the x-ray
incidence angle over its lst-order Bragg condition, thus generating rocking curves of various
core-level intensities. The thickness and chemical state of the top, oxidized surface of TiN, as well
as the buried interface between TiN and the native oxide on top of the mirror are determined by
SW-HXPS. The information provided by SW-HXPS is compared to that obtained by XPS Ar™"
depth profile. The SW-HXPS method not only does not require destroying the sample but also
provides more quantitative results and a more detailed profile of the interfaces than XPS Ar" depth
profile. Various applications of SW-HXPS to nanoscale multilayer semiconductor systems are thus
suggested. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4765720]

. INTRODUCTION

Titanium nitride (TiN) is a multifunctional compound
that is used in many technologically relevant areas.' The
multiple uses of TiN, which is part of the family of early
transition metal nitrides, stem from their exceptional proper-
ties: they have a high thermal and electrical conductivity,
which is comparable to metals. Additionally they are brittle,
very hard, and show a high melting point. Due to the wear
and corrosion resistance of TiN, it is used as a protective
coating on metals, including tools used for surgery and vari-
ous high speed cutting applications. For instance, TiN coat-
ings with thicknesses of about 2—10 um are generally found
to increase tool life by several hundred per cent.'

TiN also has important applications in the semiconduc-
tor microelectronics industry.” It is used as a diffusion barrier
in contact structures, both to prevent Cu diffusion into the
nearby dielectric material and to provide an adhesive layer
for improving the adhesion of the dielectric material to Cu.
With the progressive scaling down of semiconductor devi-
ces, new gate materials are also needed to fulfill more strin-
gent device requirements such as low gate leakage currents
and adequate electrical performance. The replacement of the
traditionally used SiO, dielectric with materials of higher
dielectric constant such as Hf-based films has also required
the augmentation of doped poly-Si gates with more suitable
materials (M1 in the generic CMOS gate shown in Figure 1).
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TiN is thus under evaluation as a potential gate electrode for
sub 32 nm node device applications.’

In view of the very small thicknesses of the gate materi-
als (at present dielectrics of ~10 A, and metal gates of (M1)
~100 A), the surface and buried interface properties are criti-
cal to ultimate performance. Even though TiN is stable over
a broad composition range, its structure and properties
depend critically on its actual composition. Physical proper-
ties such as electrical resistivity depend strongly on film stoi-
chiometry and morphology. For instance, the presence of
oxygen and/or carbon in the film results in low hardness and
high resistivity, which does not meet the stringent require-
ments of semiconductor technology. One important reaction
is that of oxygen from the surface or buried interfaces, which
can yield a resulting layer composed of titanium oxynitride
(TiON); this is thus an important species to determine.*> It
is also important to characterize the TiN/SiOx interface in
order to determine if the deposition of TiN has reduced the
silicon oxide layer and generated an interface rich in Si and/
or a TiON or TiSi, layer.

In this paper, we study a TiN film deposited by a physical
vapor deposition (PVD) process as a potential metal gate elec-
trode in the 32nm technology node and beyond. Figure 1
shows a schematic of: (a) a typical CMOS gate structure and
(b) the nominal configuration of the analyzed sample. The
characterization of the TiN film in terms of composition, and
the depth distribution of different chemical species through its
interfaces has been performed by combining soft x-ray (SXPS
at ~1.5keV) and hard x-ray photoelectron spectroscopy
(HXPS or HAXPES at ~6keV). In particular, we focus our
attention on the characterization capabilities of the newly
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FIG. 1. (a) Schematic of a typical
CMOS gate structure with two metallic
gate materials, (b) the nominal geometry
of our sample: 100A TiN grown on top
of a Si/MoSi, multilayer with period

Channel

Si substrate

developed technique of standing-wave (SW) x-ray photoemis-
sion, as extended into the hard x-ray regime (SW-HXPS).®™

As noted above, the thickness of a typical metal gate
(M1) film is in the range of 100 A. Films of such a thickness
in the range of 100-200 A are ideal candidates for SW-
HXPS applications, and in fact cannot be fully characterized
neither by SXPS of the type normally available in analytical
laboratories nor by other surface-sensitive and non-
destructive techniques. More precisely, SXPS with excita-
tion energies up to about 1.5keV cannot reach the 100 A
depth due to the electron inelastic mean free paths (IMFPs)
that are at most a few tens of A. In hard x-ray photoemission
at about 6 keV the IMFPs are 3—4 times as large, enabling
the study of deeply buried layers and interfaces. Some IMFP
estimates at 6 keV for the materials in our sample from the
TPP-2M approach'®™'? are: TiN ~ 81 A, Si ~103 A, and Mo
~ 69 A.

Another common method of accessing information
regarding such a deep interface is XPS Ar" sputter depth
profile, which necessarily destroys the sample and is subject
to the problems associated with sputtering (preferential sput-
tering, knock off, etc.), thus potentially leading to false con-
centration profiles and unreliable chemical-state information
of the species involved. Additionally, the process of sputter-
ing induces intermixing of the layered structures, thus limit-
ing information of the “real” diffusion that might exist at the
interfaces.'> The preparation procedures for growing TiN
have been studied extensively.'*2® These studies include
characterization by XPS Ar" sputter profiling and thus per-
mit comparisons to the data we have obtained using HXPS
for the same sample preparation procedure.?' >

In order to quantitatively access the deeply buried TiN/
SiO,/Si interfaces in our sample, we use SW-HXPS. The
standing wave allows us to tune the electrical field of
the x-rays to be specifically enhanced at different depths in
the sample. As noted, the greater kinetic energy of photo-
electrons in hard x-ray experiments (up to ~ 6keV) leads to
a larger electron escape depth >80 A;1%12 thus, information
on deeply buried interfaces can be recorded and analyzed in
a non-destructive manner. The SW aspect of the technique is
based on the spectroscopic analysis of photoelectrons excited

25.5A Si+4.5 A MoSi,.

by a strong standing wave which originates inside a synthetic
multilayer mirror** at the incidence angle defined by the
first-order Bragg condition A, = 2dyy sin 0y, where A, is the
incident photon wavelength, dyy is the period of the multi-
layer mirror, and sin 60y, is the grazing x-ray incidence angle.
Varying the incidence angle around the Bragg angle in what
we term a rocking curve moves the SW vertically by one-
half period, thus permitting the selective enhancement of
photoemission from different depths in the sample. The
inelastic attenuation of the photoelectrons also acts to
enhance the standing-wave modulations near the top inter-
face of any layer, such that even layers that are a few multi-
layer periods in thickness can still show rocking curve
modulations, even if they will be smaller due to the effective
sampling of more than one period. Beyond the modulations
of photoelectron intensity due to Bragg reflection from the
mirror, we also expect to see higher-frequency modulations
often referred to as Kiessig fringes> due to reflection from
the top of the mirror and the bottom of the mirror: these will
be described by mA, = Dy sin 0;,., where Dy is the total
thickness of the multilayer mirror, and m is the order of in-
terference. Further details on the theoretical background, the
simulation program used for interpreting the data, and prior
applications of this program to experiment, are found else-
where, 792628

Il. EXPERIMENTAL DETAILS

The experiment was carried out at the undulator beam-
line BL15XU of the SPring-8 synchrotron radiation facility
(Hyogo, Japan). The x-ray energy was set to 5946eV, and
the incidence angle was about 2°, a choice which yields
good spectral resolution and an x-ray penetration depth of
about 1.8 um. By contrast, the electron IMFPs quoted earlier
imply an exponential decay of the elastically emitted elec-
trons with a characteristic length of >80 A2 The overall
energy resolution (monochromator plus analyzer) was set to
250meV, as verified by spectra of the Au valence band at
the Fermi energy. The photoemitted electrons were detected
and analyzed for their kinetic energy by means of a hemi-
spherical analyzer (VG Scienta R4000). The angle between
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the incident x-ray beam and the direction of the analyzer was
90°, and the incidence angle was grazing (J;,. ~2°), so that
the photoelectrons were emitted approximately normal to the
sample surface. The x-ray beam is p polarized, which means
that the electric field vector is in the plane of incidence and
is pointing only 2° away from the central lens axis of the
electron spectrometer.

The analyzed sample consists of a synthetic multilayer
mirror of 70 alternating layers of Si and Mo with thicknesses
of 25.5A and 4.5 /OX, respectively, with Si the topmost layer,
grown on a polished and atmosphere-oxidized silicon sub-
strate. It is reasonable to assume that the thin Mo layers of
only about 1.5 unit cells in thickness do not remain as Mo
metal but form a silicide film, and based on literature data it
forms MoSi,.>* For the interpretation of the XPS and SW
data, we thus assume that instead of Mo layers, the mirror
consists of alternating layers of Si and MoSi,. In addition,
since the mirror had been exposed to air before the TiN dep-
osition, a layer of native SiO, had formed. No attempt was
made to clean or alter this native oxide layer, but its presence
was allowed for the analysis of the SW data. On top of this
mirror, a layer of nominally 100 A thick TiN was grown by a
PVD process (Figure 1).

Before depositing the TiN film and attempting the SW-
HXPS experiment, the multilayer mirror was characterized
by hard x-ray diffraction in a separate diffractometer. The
diffraction data confirm that the mirror consists of a total
bilayer thickness of 30.0 A, corresponding to the alternating
layers of 25.5A of Si and 4.5A of MoSi,. The inter-
diffusion at the interfaces of the bilayer was determined
from an analysis of this hard x-ray diffraction data to be
~2.5A, or about one atomic layer. The mirror is thus veri-
fied to be of high quality.

As noted above, the SW-XPS experiment involves
first setting up a strong SW by tuning the x-ray incidence
angle to the Ist-order Bragg reflection of the mirror, and
then scanning the incidence angle from well below to well
above this angle. Such scans, referred to as rocking curves,
lead to a vertical movement of the SW by about one-half
cycle through the TiN sample grown on top of the mirror.
This results in strong modulations of the relative photo-
electron intensities of XPS core peaks from elements at
different depths below the surface.?’ Furthermore, the ver-
tical period of the SW is equal to the total bilayer thick-
ness of 30 A. This period is thus very large compared to
that in single-crystal Bragg-reflection SW-XPS experi-
ments in which the periods are equal to typical interplanar
distances or only a few A3° The present method thus per-
mits extending SW studies to thicker nm-scale multilayer
structures, as relevant to many current applications, with
recent reviews aimed at spintronics systems appearing
elsewhere.

Some typical HXPS spectra are shown in Figure 2,
which includes a broad survey spectrum in (a) and zoomed
regions of Si 2s and Si 1s in (b) and (c), respectively. The
oxidation of Si is seen in both the Si 2s and Si 1s spectra as a
chemically shifted peak at higher binding energy (BE).
Beyond this, the individual core-level spectra of Si 1s, N Is,
Ti 2p, O 1s, and Mo 3p were measured as a function of
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FIG. 2. (a) The broad XPS survey spectrum is shown with all major peaks
labeled; (b) the inset is the detailed region from 146 to 160eV of the Si 2s
core level peak. Si 2s clearly shows the peaks of elemental Si (Si2s%) and the
sub-oxide Si 251’5, with x = 1.5 based on past studies; (c) the inset is the Si
Is as a sum over all the angles. Si 1s collected at different angles has been
used for obtaining the Si’ and Si** rocking curves.

incidence angle to derive rocking curves. Peak intensities
were determined by first subtracting a Shirley background®'
from the spectra and then fitting the peaks by Voigt func-
tions, using software in the Igor Pro 6.21 environment.*?
These data have been collected while keeping the energy of
the x-ray beam constant at 5946eV and scanning the inci-
dence angle of the x-rays from 1.86° to 2.22°. The step size
between angles was set at 0.005° to allow for a reasonable
number of data points in the sharp Bragg diffraction region,
which has a theoretical full width half maximum of only
0.025° as determined from the calculated reflectivity
curve,”>* in good agreement with our experimental results.
The Bragg feature in reflectivity is observed at an angle of
0 ~ 2.02° as a clear peak and a rapid intensity modulation in
the vicinity of this angle.

Figure 3 shows a color-coded plot of the angular depend-
ence of XPS spectra between binding energies of 370eV and
600 eV which includes the Mo 3p, Mo 3s, N 1s, O 1s, Ti 2p,
and Ti 2s core peaks. It is obvious that all of these peaks show
strong modulation as the angle moves over the Bragg angle.
Overlaid on this is a single spectrum obtained as a sum over
all angles. The N 1s core level is affected by the presence of
the weaker Mo 3ps,, at 393 eV which partly overlaps it, but it
can nonetheless be distinguished with fitting. Our subsequent
XPS data analysis is focused on Mo 3p, O 1s, Ti 2p, and Si
Is, with similar angle-dependent chemical-state resolved spec-
tra for O Is, Ti 2p, and Si Is being shown in Figure 4, with
different chemical species assignments indicated. Our final ex-
perimental rocking curves for all four peaks studied are dis-
played as the points-with-curves in Figure 5. The rocking
curves were simulated using the Yxro program developed by
Yang that includes all relevant x-ray optical effects, i.e., the
electron inelastic mean free paths, the refraction/reflection at
the surface and buried interfaces, and the differential cross
sections of the core levels of the various chemical species
present.” This program has been used successfully in a
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FIG. 3. Color plot of HXPS spectrum
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Ti 2s core levels. The ordinate axes
show the angles scanned in the range
40 from 1.86° to 2.22° of the incident angle
of the x-rays, and the abscissa shows
the binding energy in eV. The spectrum
here reported is the sum over all angles.
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number of prior standing-wave photoemission and x-ray emis-
sion studies.”?22®

The comparative soft XPS Ar* sputter depth profile data
were obtained in the DTCL laboratory of Applied Materials
in Santa Clara, CA. The sample was Ar" sputtered at energy
of 1keV, and a current of 1uA and with a raster area of
2mm x 2mm for 10s and subsequently the XPS spectra of
the relevant core levels were collected with a laboratory Al
Ko x-ray source at 1.5keV. This was then repeated as the
TiN was ion-etched into the Si. These are standard condi-
tions for the sputter-profile analysis of such semiconductor
layers.

lll. RESULTS AND DISCUSSION

A. Hard x-ray standing-wave photoemission
(SW-HXPS)

1. Experimental photoemission spectra and rocking
curves

In Figure 4, the O 1s spectrum shows two separate peaks
at BEs of ~529.8 eV (labeled as O1) and ~531.7 ¢V (labeled
as 02). The Ti 2p spectrum shows the typical spin-orbit split-
ting of Ti 2p3,, at BE =~ 455¢eV and Ti 2p,,, at BE ~460eV.

532
BE(eV)

Both Ti 2p3;, and Ti 2p., peaks show a shoulder on the
higher binding energy side (BE =~ 457.6eV and BE
~462.7 eV, respectively) which can be attributed to the pres-
ence of a multi-electron screening satellite, or to a partly oxi-
dized TiN (labeled provisionally as TiNO). Based on the
energy position alone, a clear identification of this shoulder
as either the satellite of the Ti 2p main peak (Ti 2p in TiN) or
a peak originating from Ti 2p in the TiON layer is not possi-
ble. However, SW-HXPS is the perfect technique for solving
this problem. In fact, if this shoulder is a multi-electron satel-
lite of Ti 2p in TiN, the modulation of its rocking-curve
should be the same as that of the main Ti 2p peak, because
both the satellite and the main Ti 2p peaks originate from the
same TiN layer and are part of the fundamental core photo-
emission process. On the other hand, if this shoulder is due to
partly oxidized TiN, as the presence of the two O 1s compo-
nents might suggest, it is likely that this TiON, layer forms
at the top of the TiN layer due to air exposure of the sample.
In this case, the shoulders at BE ~ 457.6eV and BE
~462.7eV assigned to Ti 2p in a TiNO environment should
show a different rocking curve modulation from that of the
main Ti 2p peaks in the TiN layer. As discussed in the next
paragraph, SW-HXPS results clearly resolve this important
issue in favor of the TiON assignment.

1839
BE(eV)

FIG. 4. Color code plot and curve fitting O 1s, Ti 2p, and Si 1s. The spectrum is the sum over all the angles.
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FIG. 5. Rocking curve data (lines with symbols) and x-ray optical simulations (solid lines) of the standing wave XPS experiment. In panels (a) and (b) are
shown the normalized rocking curves of the Ti 2p and O 1s peaks, and in the panel (c) that of O 1s at BE ~ 530 eV and of the Ti 2p shoulder at BE ~ 47.6eV
for comparison. In panels (d) and (e) are shown the rocking curves of the multilayer elements: Si 1s and Mo 3p, respectively.

Figure 5 shows the normalized rocking curves of (a) Ti
2p and (b) O 1s that we expect to be associated with the top-
most TiN layer, together with those of (d) Si 1s and (e) Mo
3p which represent the components of the multilayer mirror.
Figure 5(c) also compares the experimental rocking curves
from two components of Ti 2p and O 1s that we discuss in
more detail below. Together with the experimental rocking
curves, we also show calculated rocking curves obtained
using the yXrRo program mentioned previously.”* We begin
by discussing the experimental rocking curves obtained in
the SW-HXPS data and then we compare them to the
simulations.

The experimental rocking curves in Figure 5(a) of the Ti
2ps,» component labeled TiON at BE ~ 457.6eV and of the
main Ti 2p3, component at BE ~ 455.0eV show a marked
difference in modulation and intensity. This means that the
Ti atoms associated with these peaks originate from different
depth distributions, and that the TiON component cannot be
due to a multi-electron screening satellite of the main peak.
Both simple two-wave modeling and fully quantitative cal-
culations with the Yxro program® show that the standing
wave moves towards the surface with increasing incidence
angle. Thus, we can conclude from the fact that the TiON
curve is shifted to the right relative to Ti that the TiON is on
top of the TiN, as indicated by the arrow in the figure. The

assignment of peak TiON to oxidized TiN is further sup-
ported by the fact that the binding energy of this component
is shifted to higher values typical of an oxidized Ti contribu-
tion.?! The rocking curves in Figure 5(b) for the two types of
O 1s do not show as a dramatic difference, but there is defi-
nitely a slight shift to higher angles of that of O2 relative to
Ol, and a difference in the behavior of O2 at higher angles.
The shift also implies via the argument used in Figure 5(a)
that O2 represents atoms nearer to or at the surface; the fact
that it is weaker compared to O1 also suggests that it is due
to a final layer of adsorbed H,O, CO, or other residual gases
in the vacuum system. In addition, the rocking curve of Ol
and that of TiON shows a strong similarity, as indicated in
Figure 5(c), suggesting very strongly that they belong to the
same layer, and further confirming that TiON is due to Ti
atoms in a TiON layer instead of a multi-electron satellite.
The weaker intensity modulation of the main Ti 2p peak in
the TiN layer (=10% compared to about 30% for TiON) in
Figure 5(a) is due to the large escape depth of the electrons
and to the large layer thickness of the TiN (100 A) in com-
parison to the SW-HXPS period (/30 A); thus the X-ray
wave field effectively samples a greater extent of its phase,
due to the greater IMFP in HXPS, thus in effect integrating
out the modulations to some degree. The presence of a top
layer consisting of TiON is also of course consistent with the
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fact that the sample was exposed to air for a prolonged time
before measurement (about one month). The fact that inten-
sity modulation of the O1 species and that of the TiNO spe-
cies is significantly stronger than that of the Ti species
further suggests that the TiON layer is significantly thinner
than the TiN layer.

Figures 5(d) and 5(e) now show the rocking-curves of
the core levels originating in the multilayer: Si 1s and the
Mo 3ps3». For the Si 1s core level, two different species were
identified, one of which can be assigned to the elemental Si
in the multilayer, and the second one to a silicon sub-oxide,
which builds up due to storage of the silicon terminated mul-
tilayer in air before deposition of TiN. The BE of the sub-
oxide, with a chemical shift of ~2.3eV with respect to the
elemental peak, corresponds to Si*" with x <4. We do not
find any evidence of significant Si™* with an expected chem-
ical shift of ~3.7eV in either Si 2p or much more intense Si
2s spectra, as illustrated by the insets of Figure 2, suggesting
that the deposition of TiN has reduced the native oxide layer.

Most of the literature data on silicon sub-oxide chemical
shifts are reported for Si 2p, and to a lesser degree, Si 2s core
level peaks,2° as the Si 1s binding energy of 1838eV
precludes study with SXPS sources. So for comparison,
Figure 2 shows a broad survey spectrum and the insets show-
ing the detailed region of the Si 2s and Si 1s core level peaks
of the multilayer, where clearly the components of Si 2s°
and Si 2s*" are observed. The chemical shift here suggests x
~ 1.5. In the Si 1s data, the thinner SiO, signal from the
interface between the multilayer and the TiN layer shows a
stronger modulation than the non-oxidized silicon; again,
this is expected based on the degree to which the phase vari-
ation of the standing wave is sampled by high kinetic energy
photoelectrons with long IMFPs. Via the same reasoning, it
is easy to understand why the Mo in the thin MoSi, layers
leads to a strong modulation in the Mo 3p;3,, signal, while the
thicker layer of Si shows a smaller modulation.

2. Calculated rocking curves

Although the experimental rocking curves have already
provided considerable information on the nature of the differ-
ent chemical species and the layer structure, we have in order
to more quantitatively derive the sample morphology, com-
pared them with simulated results using the program written
by Yang er al.”** This program includes all of the basic
physics of photoemission: the form of the electric field inten-
sity with depth, the differential photoelectric cross section for
each subshell, and the inelastic attenuation of the photoelec-
trons as they leave the sample. The x-ray interactions with
the multilayer and the overlying sample layers are treated in a
fully dynamical way. In these calculations, both the thick-
nesses of various layers and the degree of diffusion between
them at interfaces have been used as fitting parameters. The
optimized fits of such calculations to the experimental data
after searching a number of different structures are shown as
solid gray lines in Figures 5(a)-5(e). Beginning with the mul-
tilayer, there is good agreement between the experimental
and simulated data for the Mo 3ps/, core level (Figure 5(e))
and for both the elemental and oxidized Si components
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(Figure 5(d)); this is especially noteworthy, as this part of the
sample is buried under a nominally 100 A thick layer of TiN.
Note also that, for the Mo 3p;,, core level photoemission in
Figure 5(e), theory does an excellent job of predicting the so-
called Kiessig? fringes that result from reflection from the
top of the multilayer and the underlying substrate, including
their spacing, which agrees very well with the experiment.
Neglecting refraction effects, the spacing A0 of these fringes
is in first approximation given by A0 = A/(ndw)
=3.55x% 105/[hu(eV) n DML(A)] in units of degrees, where
Ax 1s the x-ray wavelength, n is the number of periods of the
multilayer, Dy is the multilayer period, and hv is the x-ray
energy. For our case, this yields Af =~ 0.028°, which is in rea-
sonably good agreement with the fine structure seen in both
the experiment and theory, which show A0 = 0.021°.The
remaining deviations between the experiment and theory
might be due to the effect of unresolved chemical-state con-
tributions in the XPS spectra. As described in Figures 2 and
5, HXPS data show the presence of two kinds of Si, the ele-
mental Si of the mirror and SiOy of its oxidized top surface in
contact with the TiN. The optimized comparison of the theory
to experiment indicates that the sub-oxide SiOy.; 5 layer is
about 15 A thick, is as expected on top of the multilayer, and
diffuses by 4A into the TiN layer, i.e., with an interface
roughness of 4A. The peak in the SiOy.; 5 rocking curve is
also, as expected, shifted to higher angles, as consistent with
being nearer to the surface (cf. Figure 5(a)).

As noted previously, the high degree of similarity of the
simulation results of the O1 and Ti2p in TiON rocking curves
in Figure 5(c) suggests that they belong to the same layer. We
have assigned the second oxygen contribution O2 in Figure
5(a) to a contamination of the surface due to the exposure to
air and residual gas in the vacuum system. Our optimized
simulation yields a total thickness of 20 A for the top TiNO
(including both types of oxygen) and indicates that the oxi-
dized TiN and the TiN layers have an inter-diffusion depth of
about 10 A (see Figure 6). The analysis of Ti 2s, N 1s (not
reported in the paper) gives results which are, within esti-
mated error bars, equivalent to the results obtained by the Ti
2p and O 1s analysis. The optimized simulation of the TiN
layer yields a value of 77 A for its thickness. Summing a 20A
surface layer of TiNO, a 20 A interface diffusion (assumed to
be linear) between this layer and TiN, and a smaller interface
diffusion of 4 A between TiN and the SiOy below it, we arrive
after allowing for the stoichiometry and the densities of these
layers at total amounts of Ti and N that are fully consistent
with the 100 A that was initially deposited. The small devia-
tions observed between the theory and the experiment might
be related to inhomogeneities in the sample.

Figure 6 shows the final sample morphology derived by
this fitting procedure. In summary, the TiN depth-resolved
composition as determined by the SW-HXPS data analysis is
as follows: the top 20 A of the TiN film consists of Ti-O-N
likely due to the TiN exposure to air; below this TiON layer
there is an interface of ~20 A of non-stoichiometric Ti, O
and N; then, there is 77 A of stoichiometric TiN film. The
interface between the TiN film and the SiO, substrate is not
sharp but shows a region of about 4 A thick consisting of
TiNOSi. The native oxide underneath the TiN is SiO,
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TiINO20 A

Si25.5A

Si substrate

FIG. 6. The sample as determined from the final results of the standing-
wave photoemission analysis. The multilayer consists of 70 bilayers of
25.5A Si and 4.5A of MoSi~,. The nominal TiN thickness was given as
100 A (cf. Fig. 1(b)).

(x=1.5) and is about 15 A thick. As already mentioned, the
oxygen content and its depth position are detrimental to the
electrical properties of the TiN film. These results are thus
significant from an applications point of view.

The possibility of accessing these deeply buried parts of
the sample without any sample manipulation is very impor-
tant for understanding the properties of layers grown on Si/
Si0, substrates, since the thickness of the oxide, the chemi-
cal state distribution, and the interface roughness/intermixing
determine the electrical properties of the layer above, as e.g.,
its leakage current, etc.’” In fact, a great deal of effort is
dedicated in the semiconductor industry to the quantitative
characterization of buried interfaces. At present, TEM is the
most popular technique used for this purpose; however,
TEM analysis requires destructive sample preparation and
the Si-O-N-Metal interface is in addition not easy to deter-
mine in a quantitative manner. This is the first time that a
quantitative determination in term of thickness and stoichi-
ometry of a buried SiOy layer without sample alteration has
been reported. This SW-HXPS method also allows us to ver-
ify the structure of the multilayer and to confirm the results
from the x-ray diffraction measurements.

We now make a brief comparison of the SW-HXPS
method to SXPS Ar™ sputter depth profiling.

B. Sputter depth profile results

For comparison, Figure 7 shows the concentration profile
resulting from an XPS Ar" sputter depth profile on an identi-
cal sample. The values are given in atomic percent. Before the

J. Appl. Phys. 112, 114501 (2012)
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FIG. 7. Soft x-ray XPS depth profile obtained by Ar" ion sputtering. The
x axis shows the etching time in seconds, the y axis shows the atomic per-
cent of each element (Si, Ti, O, N, Mo).

sputtering process (etching time = 0), the sample shows
equivalent amounts of Ti and N and a significant amount of O
(O = 20 at. %). After 100s of Ar' sputtering, the Ti and N
components increase due to the removal of the uppermost
layer of oxygen containing contaminants originating from the
exposure to air. Unfortunately, due to the inherent destructive
process of sputtering (e.g., preferential sputtering and inter-
mixing and possible alterations of the chemical identity of the
layers), no chemical analysis of the peak profiles is possible.
Up to 300s of etching time, the layer still exhibits quite a
large amount of oxygen (O == 10 at. %, which might be due to
re-adsorption of residual gas in the vacuum or to a differential
sputtering effect) and a constant composition of Ti and N. As
the TiN layer is reduced in thickness, the silicon and the mo-
lybdenum signal increase in intensity. After 300, the Si and
the Mo contributions rise significantly, although Ti and N are
still present. This suggests a strong intermixing of the multi-
layer and the TiN layer grown on top. A slight rise in the
atomic percentage of oxygen suggests that there is SiOy at the
interface between TiN and the top of the multilayer, as
observed also by SW-HXPS. After an etching time >400s,
the Si signal is predominant, but still Ti and N are found,
although the amount of N is now lower than the amount of Ti.
This might be an effect due to preferential sputtering, knock-
on processes, or different diffusion into other layers.

A comparison of the Ar' sputtering depth profile and the
SW-HXPS experiment leads to the conclusion that intermix-
ing and preferential sputtering make it very hard to determine
the exact chemical and structural properties of the TiN layer
from the sputtering results, while the standing wave experi-
ment clearly gives a quantitative description of the thickness
of the layers, a more precise description of the structural pa-
rameters, including diffusion profiles and a more reliable
determination of the chemical properties of deeper lying
layers.

IV. CONCLUSIONS

In summary, a TiN layer grown on a Si/MoSi, multi-
layer was characterized by HXPS using the SW technique.
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Core-level HXPS spectra for the different elements were
measured as a function of incidence angle to generate rock-
ing curve scans and these were analyzed both qualitatively
and quantitatively using x-ray optical theory, thus leading to
a precise description of the sample layers and interfaces.
This analysis shows an oxidized first layer of 20 A of TINO
that diffuses by 20 A into a 77 A thick TiN layer. This TiN
layer is situated on the top of 15A of SiO, (with x =~ 1.5)
that originates from the storage of the multilayer mirror in
air between its synthesis and the reducing effect of the TiN
deposition. This deeply buried interface was accessible due
to the high energy of the x-rays used.

A comparison of the XPS sputter depth profile and SW-
HXPS data for the same sample shows the significantly
greater ability of the SW-HXPS technique to provide accu-
rate information on nanometer-scaled layered systems and
their buried interfaces. Applications to many present device
types are thus suggested. At present, the only limitation to
use this technique as an industrial diagnostic method is that
some of the multilayers available as substrates cannot be
annealed for extended periods at T > 200 °C in order to avoid
the inter-diffusion of the layers, thus reducing their reflectiv-
ity. Such is the case for Mo/Si, in fact. However, recent tests
of other binary combinations of materials such as W/C have
shown stability for prolonged periods at up 800 °C,*** thus
opening up the possibility of doing syntheses of samples
under a wide range of more realistic semiconductor process-
ing conditions.
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