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ABSTRACT

We investigated interface between Ge,Sb,Tes (GST) and a very thin and discontinuous TiN film by analyzing the electron
band structure near the Fermi energy using x-ray photoelectron spectroscopy (XPS). The intensity of photoelectrons (PEs)
from GST covered with TiN was formulated in a form of the convolution integration. Using this formula the deviation of
the PE intensity of the covered GST from that of the uncovered could be evaluated. Three different calculated spectra, one
was from the uncovered GST, another from the covered GST, and the other from TiN were fitted to the XPS spectrum of
TiN/GST in the vicinity of the Fermi energy. From the fitting, a shift of the valence band spectrum of the covered GST due
to Fermi energy alignment after the junction formation was observed. The shift was explained in terms of the formation of
an interfacial dipole layer at the TiN/GST interface and space charges in GST attributed to the valence-alternation-pair
formation.
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1. INTRODUCTION

After Ovshinsky's having initiated research on nonvolatile resistive switching in chalcogenide materials', great
attention for their applications to phase change random access memory (PRAM) devices triggered active research on
these materials.”** Despite vigorous studies on chacogenides nowadays, fundamental physics behind their many
interesting properties has been hardly clarified so that further study on chalcogenides is required for a better
understanding. Especially, interface between electrode and chalcogenide materials needs to be vigorously investigated
because of its importance in the phase change behavior. The Joule heat generated at the interface might play a very
important role in the phase change. The Joule heat is regarded to be influenced by the electric field and potential
distribution in the vicinity of the interface. That is, the band structure at the interface might strongly affect the phase
change behavior.

For the calculation of the band structure near electrode/chacogenide interface, space charge density in
chalcogenide should be evaluated. Unlike general semiconductor, positively- and negatively-charged centers in
chalcogenide are likely to be related to each other by means of conversion between them by alternating their bonding
states.” This conversion should be taken into account when one evaluates space charge density in chalcogenide. In this
study, we deal with interface between GST and TiN. TiN is a promising material as electrode and heater in PRAM
devices, due to its compatibility with complementary-metal-oxide-semiconductor processes and a proper electrical
resistivity for heat generation. It is therefore meaningful to look into TiN/GST interface for both scientific and
technological purposes. We obtain the photoelectron spectra of GST films covered with very thin TiN films using x-
ray photoelectron spectroscopy (XPS) analysis. Comparison between each spectrum is conducted to check shifts of
the valence band due to the TiN films on GST. In general, valence band shifts of many crystalline materials with
insulating or semiconducting properties have been determined from shifts of core level peaks.”” However, it should be
noted that majority space charges in these crystalline materials, resulting in the shifts of the valence band, are
attributed to impurities, namely, extrinsic atoms. In this case, the impurities barely affect the chemical states of the
intrinsic elements so that the shifts of the core level peaks can be good evidences of the valence band shift. For
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describing valence band shifts of amorphous chalcogenide materials this method is unlikely to be available. Intrinsic
defects such as chalcogens with different bonding numbers and the number of bound electrons are probably in charge
of space charge formation.® This implies the space charges leading to a valence band shift are related to a change in
the chemical states of the intrinsic elements. Therefore, the shift of the valence band of chacogenide materials cannot
be easily judged by the core level peak shift. Instead, we focus on the valence band spectra of the GST films in order
to determine shifts of the valence band due to the TiN films on GST. The shifts are explained in terms of an interfacial
dipole layer (IDL) at the TiN/GST interface and space charge in GST.

2. EXPERIMENTS

100 nm thick amorphous GST films were formed on thermally-oxidized Si substrates using RF sputtering at
room temperature. Very thin and discontinuous TiN films were deposited using in-situ sputtering on the GST films at
room temperature for three different sputtering times (5, 20, and 30 sec.) to vary the thickness of TiN. Let us name
them TG1, TG2, and TG3, respectively. XPS analysis for TG1, TG2, and TG3 as well as GST without TiN was
performed in order to obtain the valence band spectra of the samples. In order to obtain the band spectrum near the
Fermi energy of TiN, 100 nm thick TiN film was formed directly on an oxidized Si substrate and analyzed by XPS as
well.

3. RESULTS & DISCUSSION
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Figure 1. (a) Configurational schematic of xps analysis. (b) Configuration of a TIN/GST sample, incident x-ray, and PE.

A GST film covered with a thin TiN film will show a less photoelectron (PE) intensity than an uncovered one
because of the attenuation of incident x-ray intensity in the TiN film and a finite mean free path of PEs. PE intensity at
a certain spatial point in GST can be described in a form of the convolution integration. For the configuration of
TiN/GST as shown in Fig. 1(b) the intensity of PEs at a particular binding energy from GST at x where 0<x<d,

is expressed as

I (x)= Al'[oxi(u)li" (x —u)du, (1)

where 4, denotes the coefficient including the density of states at a given binding energy. i is the intensity of PE

\/E(xfu)//l

generated at u (S x) and is given by z(u) =ie with a finite mean free path of A and an incident x-ray

angle of 7/4. i, means the intensity at u =x. /" denotes the intensity of incident x-ray, which is given by

0

1" (x—u): 1 Z+ dze_ﬁazdze‘ﬁ“' (=) where [ ;’1’+ 4, Means the intensity of the incident x-ray at the surface. ¢, and

a, denote the absorption coefficients of GST and TiN, respectively. With a simple calculation, Eq. 1 can be rewritten
as
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k, is the product of all the coefficients, 4, i,, and [ Assuming negligible collisions of PEs in vacuum

di+dy *
between the TiN surface and the PE detector in an XPS apparatus, PE intensity at the detector is almost equal to one at
the TiN surface placed at x = d, +d, . The intensity of PEs from GST at x =d, +d, is given by

IGST(dI +d2)=1(;sr(d1)eiﬁdzu’ (3)

where [ GST(dl) is the intensity of PEs at x =d,. Similarly, the PE intensity of TiN at x =d, +d, is obtained as
follows.

I, (dl +d2):k27/1[1_eﬁ(a2+1/1)dz]’ 4)

\E(l +a, )

where £, is the product of the coefficients for TiN as k, for GST. Electron mean free path A is well-known to

satisfy a universal law.” Since now, we regard the PEs of GST and TiN to follow the universal law. There might be a
deviation from the universal law depending on materials where PEs are placed. However, the deviation is unlikely to
affect our results because the TiN thickness is very thin. Furthermore, because of the very thin TiN film ¢, also has

negligible influence on the intensity of PEs.
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Figure 2. Band spectra of (a) 100 nm thick TiN, (b) TG3, (¢) TG2, (d) TG1, and (e) GST. The Fermi energy is taken

as the reference energy. (f) A shift of the band spectrum with respect to each sample. The TiN thicknesses and degrees
of TiN coverage in the right column were fitting parameters. ¢, and «, were set 10° m™ and 5<10° m™,

respectively.
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The valence band spectra of GST covered with TiN can be calculated using Eq. 3 from the measured valence band
spectrum of uncovered GST. Since GST without TiN is directly in contact with vacuum, the PE intensity from GST
does not undergo attenuation through the vacuum so that %, of Eq. 2 at x=d, can be obtained as a function of

binding energy by comparing Eq. 2 with the experimental valence band spectrum. Therefore, if the valence band
spectrum of GST along the binding energy axis is known, the valence band spectra of GST with various thicknesses of
TiN can be calculated. For the calculation of the intensity of PEs from a very thin TiN film, the same procedure can be
applied. From the band spectrum in the vicinity of the Fermi energy of TiN with an enough thickness (> 10 nm) to

show saturated PE intensity, k, in Eq. 4 can be evaluated as a function of binding energy. Thus, the PE intensity of

TiN with various thicknesses can be calculated using Eq. 4.

Regarding the general growth behavior of metal thin films, TG1, TG2, and TG3 samples most probably have
discontinuous TiN films. In fact, the average thickness of TiN in TG3 was determined to be at most below 2 nm from
the average areal density measured by x-ray fluorescence (XRF). Such thin TiN films are strongly believed to be
discontinuous. In fact, the surface conductivity of all the TG1, TG2, and TG3 samples, measured using conductive
atomic force microscope, showed almost no difference from the uncovered GST, eventually indicating that TiN films
are discontinuous without percolation paths for electric conduction. For the analysis of the valence band spectra of the
three samples, we assume that the GST films are partly covered with very thin TiN slabs with three different
thicknesses and degrees of coverage of the GST films. Measured valence spectra of GST, TG1, TG2, TG3, and TiN
are plotted in Fig. 2. Unless interfacial states between TiN and GST with prominent density are formed, the measured
band spectra might correspond to the superposed sum of the three different band spectra for the uncovered and the
covered GST, and TiN, respectively. Measured valence band spectra of TG1, TG2, and TG3 were fitted using the
three spectra and the results are plotted in Figs. 2(b), (c), and (d). Three critical parameters affecting the fitting results
are TiN thickness, the degree of TiN coverage, and a valence band shift of the covered GST due to the alignment of
the Fermi energy across the TiN/GST interface. However, the former two parameters are not independent because the
product of the thickness and the degree of TiN coverage should be equal to the measured average thickness, which
was determined from the XRF analysis as mentioned earlier. Moreover, the parameters are restricted in the sense that
TiN thickness must increase with increasing sputtering time, that is, from TG1 to TG3. Therefore, the third parameter
is the only unrestricted parameter. The fitting results are in a good agreement with the experimental data, which
demonstrates the validity of our hypothesis; the measured spectra are due to the superposition of the three spectra
without the formation of remarkable interfacial states.

The validity of some fitting parameters was again confirmed by comparing the PE peak intensities of Ti 2p, ,

for TG1, TG2, and TG3 with the intensities calculated semi-empirically using Eq. 4. This comparison is shown in Fig.
3(a). For TG1 and TG3 it shows an almost perfect agreement, although there is a small deviation from the
experimental value for TG2.
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Figure 3. Comparison between the measured intensity of the Ti 2p,,, peaks from TGI1, TG2, and TG3 and

calculated intensity. The same parameters as used for the valence band fitting in Fig. 2 were applied to the intensity
calculation.
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A shift of the valence band spectra of the covered GST for varying the TiN slab thickness is depicted in Fig. 2(f).
It can be noted that the shift is saturated as increasing the slab thickness. The shift may be attributed to either only
band bending on the GST side due to space charge formation or the formation of an IDL'® combined with band
bending at the TiN/GST interface. Considering that the strongest PE intensity of GST is from near interface region on
the GST side, any model is unlikely to account for the shift of the valence band spectra without taking into account the
IDL . Therefore, a voltage drop in the IDL needs to be looked into to describe the nature of the TiN/GST interface. In
order to evaluate voltage distribution along the axis running across the TiN/GST interface including an IDL, one
should solve the Poisson equation with space charge density in both GST and TiN.

4. CONCLUSION

We investigated TiN/GST interface by means of XPS analysis on valence spectra of TiN/GST junctions. For XPS
analysis, a new formula of PE intensity from a GST film underlying a very thin TiN film was introduced. The analysis
results suggested that an IDL is formed at the interface. It turned out that a large internal voltage, approximately 2 V,
is applied in the IDL.
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