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The atomic structure and the electronic nature of the InSe/Pt interface have been studied by x-ray absorption
spectroscopy and angle-resolved photoemission, respectively. By these measurements, it has been found that Pt
atoms equally incorporate into two trigonal-prismatic intralayer positions existing within the InSe layer, al-
though, at low Pt coverage, Pt atoms seem to prefer one of these sites, where they have a lower interaction with
Se atoms. The atomic structure of the InSe/Pt interface appears to determine its electronic behavior as Pt
deposition increases. At initial stages of Pt diffusion, isolated Pt atoms act as a surface acceptor which turns the
interface into intrinsic. Beyond a certain submonolayer Pt coverage, Pt-InSe reaction gives rise to localized
states within the InSe band gap coming from the InSe valence band maximum. These states appear to mostly
determine the InSe/Pt barrier height before the onset of metallization expected by the formation of a bulklike
Pt layer. As a result, the atomic structure of the InSe/Pt interface has appeared to be quite far from that
expected for an ideal InSe/Pt interface and the formation of a final bulk-like Pt layer scarcely contributes to the
electron barrier height at the interface. Nevertheless, the final InSe/Pt barrier height appears to be that expected

for an abrupt InSe/Pt Schottky interface.
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I. INTRODUCTION

The study of metal/semiconductor (or insulating) inter-
faces has been extensively performed for decades and, for
clear technological reasons, is one of the most active areas in
solid state physics. In spite of the large amount of systems
studied, there is not a clear valid model yet for as basic
aspects as the correlation between the structural nature and
the electronic structure of the interface.! In the Schottky
model of the interface no metal-semiconductor interaction is
assumed, so charge accumulated at the interface comes from
the free surfaces of the metal and semiconductor and its
value depends on the metal work function and the semicon-
ductor electron affinity. Nevertheless, the common existence
of interface states at the semiconductor band gap breaks this
scheme, giving rise to the pinning of the Fermi level (Ey) at
the interface. Different mechanisms have been found to be
responsible for the E pinning, such as metal induced gap
states, > surface states,* or defect states.>® The different na-
ture of these mechanisms implicitly conveys a particular
atomic arrangement of the interface. Therefore, a precise de-
termination of the atomic structure and reactivity of the in-
terface would be required in order to understand the elec-
tronic behavior of the interface,”® tune them in a controlled
manner,”!? and consequently open the possibility of design-
ing new devices with particular conducting properties.'!:1?

In this context, the study of metal/semiconductor inter-
faces based on layered materials may contribute to clarify
some of the above mentioned basic aspects in systems with
important technological applications, due to their particular
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surface atomic structure. Since the development of the so-
called van der Waals epitaxy,'? III-VI layered semiconduc-
tors, such as GaSe, GaS, and InSe, are the object of a re-
newed interest due to the open possibilities of preparing
high-quality systems with potential applications in nonlinear
and optical bistable devices,'*!3 solar cells,'®!” and solid-
state batteries.'®!® One of the advantages of this epitaxy
mode, compared to standard molecular beam epitaxy ones, is
that matching requirements of lattice parameter are relaxed
by the fact that their (001) surfaces do not present any dan-
gling bond and film-substrate cohesive mechanisms are
driven by weak van der Waals forces. This particular nature
of the van der Waals surfaces has allowed one to prepare
abrupt layered-compound interfaces'’?° and, moreover, it
has been proposed to use GaS, GaSe, or InSe as buffer layers
to grow thin films over substrates with a large lattice
mismatch.?!-?2

As far as layered-compound epitaxy is concerned, these
van der Waals surfaces have appeared to be, in principle,
quite inert. Nevertheless, this precept has also been assumed
for interfaces formed by deposition of other compounds or
even metals. As a consequence, the problem of the nature of
the interface has been frequently skipped and very few data
can be found in the literature about the reactivity of these
surfaces with deposited nonlayered compounds. Only a few
reports have been published on III-VI semiconductors on
the formation of Schottky barriers?® (Au/InSe) or
heterojunctions®* (In,05/InSe) but none of them addresses
the subject of the interface structure. Among the interfaces
formed by the addition of metallic atoms, the case of the
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InSe/Pt interface is paradigmatic. In spite of the important
role played by this barrier as a back surface field contact in
10% efficiency InSe-based solar cells,'® the problem of the
structure of this interface and the origin of the electronic
barrier have not been approached up to now.

In this work we approach the study of the electronic
nature of the barrier formed by deposition of Pt on
n-InSe(001) surfaces, by angle-resolved photoemission mea-
surements (ARPES) as well as the atomic structure of the
InSe/Pt interface, by x-ray absorption spectroscopy (XAS).
These techniques, combined with the use of synchrotron fa-
cilities, have demonstrated to be, by far, two of the most
powerful tools for the characterization of thin films and
heterostructures.”> From the results obtained, the reactivity
between deposited Pt and the InSe substrate has been ana-
lyzed, as well as the origin and formation of the InSe/Pt
barrier at the interface. This paper is organized as follows.
The experimental setup is described in Sec. II. In Sec. III, the
experimental results obtained by XAS and ARPES are
shown and discussed. Finally, in Sec. IV we present the main
conclusions of this work.

II. EXPERIMENTAL

Part of the photoemission experiments were performed at
LURE (Orsay, France) using the Spanish-French (PES2) ex-
perimental station of the Super-Aco storage ring, described
elsewhere.?® The measurements were carried out in a
purpose-built ultrahigh-vacuum system, with a base pressure
of 5% 107" mbar, equipped with an angle resolving 50 mm
hemispherical VSW analyzer coupled on a goniometer inside
the chamber. The manipulator was mounted in a two-axes
goniometer which allows rotation of the sample in the whole
360° azimuthal angle and in the 180° polar emission angle
relative to surface normal (®), with an overall angular reso-
lution of 0.5°. Photoelectrons were excited with p-polarized
synchrotron radiation in the 18—150 eV energy range. For
this selected photon energy (hv) range, the energy resolution
varied from 60 meV (hv<<40 eV) to 0.1 eV (hv>80 eV).
With this setup, different energy-distribution curve (EDC)
series were recorded scanning the Av as well as 0, at con-
stant incident angle of the light of 45°. Under these condi-
tions, polarization effects on initial states along one series are
neglected. All the EDC spectra shown in this work refer to
the Ep.

The n-type InSe single crystals used in this work (with a
donor impurity concentration N,=10'® cm™=) were cut from
an ingot grown by the Bridgman-Stockbarger method. The
samples were cleaved in sifu after introduction in an ultra-
high vacuum chamber. The samples were easily cleaved in
the layer plane due to the existence of weak interlayer van
der Waals bonds. Low-energy electron diffraction (LEED)
spectra showed a sharp spot pattern corresponding to the
bulk rhombohedral material. No surface impurities were de-
tected by photoemission measurements. The samples were
oriented by azimuthal and polar photoelectron diffraction
scans recording the Se 3d peak intensity. Platinum was
evaporated from a tungsten filament with a deposition rate,
as determined by a quartz microbalance, of 0.1 mono-

PHYSICAL REVIEW B 73, 155308 (2006)

layers/min (ML/min). In this work, we have adopted that 1
ML equals 7.15X 10" atoms/cm?, that is the InSe surface
atomic density in the layer plane.

Samples for the XAS experiment were prepared with the
same procedure described above, in an ultrahigh-vacuum
evaporation chamber connected to an ESCALAB 210 multi-
analysis system (base pressure 1.0X 107! mbar) from
Thermo VG Scientific available in our laboratory. In the
preparation of this set of samples, the amount of Pt deposited
was controlled by the relative photoemission intensity be-
tween the Pt 4f and In 3d core levels, these excited by x-ray
photoemission (XPS) with the Mg-Ka line. A series of
samples with a Pt coverage ranging from 0.4 to 4 ML was
prepared. Each sample was cut into 4 pieces and 3 of them
were annealed in high vacuum (1077 mbar) at temperatures
of 500, 600, and 700 K for 4 h. Samples had typical sizes of
4X4x0.01 mm>. All sample preparation was done during
the two weeks just before the experiment. The fluorescence-
detected XAS experiments were carried out at the ID26
beamline in the ESRF synchrotron. A Si (220) double-crystal
monochromator was used for these experiments. Two Cr mir-
rors at 3.2 mrad were introduced to remove high-energy har-
monics from the incident beam. The spectra were acquired at
the Pt LIII absorption edge, by using a silicon diode placed
perpendicular to the x-ray beam, in order to minimize elas-
tically scattered radiation. For all experiments, a reference Pt
foil was used to provide an internal and accurate energy cali-
bration for all spectra (first inflection point 11564 eV). Ex-
cept when explicitly stated, we employed grazing incidence,
with the x-ray polarization forming angles with the InSe ¢
axis comprised between 65° and 85°.

III. RESULTS AND DISCUSSION

This section presents and discusses the results obtained by
XAS and photoemission on the InSe/Pt interface. On the one
side, discussion is focused on the analysis of the possible Pt
diffusion into the InSe substrate, as obtained from XPS and
XAS results. On the other side, we discuss the electronic
nature and formation process of the barrier at the InSe/Pt
interface, as Pt coverage increases, as obtained by ARPES
measurements.

A. Platinum diffusion process

Figure 1 shows the In 3d spectra measured by XPS in
InSe/Pt interfaces formed by successive Pt evaporations. In
this series of spectra, it can be observed that progressive Pt
deposition tends to downshift the In 3d core level (labeled
C1) from that obtained for the clean InSe substrate. In addi-
tion, already at submonolayer Pt coverages, a new In 3d
component (labeled C2) appears to develop at lower binding
energies. Both In 3d components seem to downshift as the Pt
coverage increases (see inset in Fig. 1) up to 1 ML of Pt is
deposited. Nevertheless, beyond this Pt coverage, the C1
component tends to shift back by 0.2 eV whereas the C2
component downshifts until a constant shift of 1.4 eV is
reached. Although these results reflect an intricate core level
shift behavior with Pt deposition, they clearly indicate that Pt
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FIG. 1. In 3d spectra measured by XPS in InSe/Pt interfaces
formed by Pt deposition. The nominal Pt coverage is indicated on
each curve. Two core levels have been identified and labeled as C1
and C2. Solid lines are Gaussian fits to the experimental spectra,
taking into account two core-level components. The inset shows the
Pt-coverage dependence of the shift of both core levels with respect
to that of the InSe substrate, as obtained by this fitting procedure.

reacts with the InSe surface even at early Pt coverage stages.

In order to clarify the origin of processes taking place at
the InSe/Pt interface as Pt is deposited, XPS measurements
on thermally treated samples have been carried out. It would
be expected that the reaction mechanism was thermally acti-
vated in the case of a interdiffusion process. However, if Pt
adatoms were bounded to the top InSe layer, chemical envi-
ronment of the interface would not be expected to change
gradually after thermal treatment. Figure 2 shows the In 3d
spectra measured by XPS in InSe/Pt interfaces formed by a
Pt deposition of 0.8 ML and annealed at different tempera-
tures. In these spectra, traces from both C1 and C2 compo-
nents can be observed in all treated samples. Nevertheless,
the relative C1/C2 intensity, as obtained by Gaussian decon-
volution of the spectra, appears to increase with the anneal-
ing temperature (see inset in Fig. 2). Moreover, it can be
found that both In 3d core levels shift by 0.6 eV to higher
binding energies as annealing temperature increases, which
contrasts with the behavior observed with the increase of Pt
coverage (Fig. 1). As the presence of this C2 component
appears to be connected with the reaction process at the
InSe/Pt interface, these results indicate that Pt is diffused
into the InSe substrate, even at room temperature.

Once it has been established that Pt incorporates into the
InSe substrate by diffusion, the atomic structure of the re-
acted InSe/Pt interface can be analyzed by XAS measure-
ments. The Pt fluorescence signal of the samples studied here
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FIG. 2. In 3d spectra measured by XPS in InSe/Pt interfaces of
0.8-ML-thick Pt, after thermal treatment at temperatures indicated
on each curve. The two core levels identified are those labeled as
C1 and C2 in Fig. 1. Below each curve, it is shown the result of the
Gaussian deconvolution of the spectra. The inset shows the
annealing-temperature dependence of the relative intensity of the
Cl and C2 components, as obtained by this deconvolution
procedure.

was detected even at the lowest coverage rates (around 0.4
ML), for which the Pt atom areal concentration on the InSe
surface is of the order of 3 X 10'* cm™2, just above the de-
tection limit of ID26. The Pt LIII edge step was only 3% of
the total signal and the extended x-ray absorption fine struc-
ture (EXAFS) oscillations could not be extracted from the
background noise. The edge step increased proportionally to
the coverage, reinforcing the deposition estimations based on
photoemission (see Sec. I). In annealed samples, for Pt cov-
erage rates larger than 0.4 ML, x-ray absorption near-edge
structure (XANES) and EXAFS spectra can be extracted
with a signal to noise ratio improving with the coverage rate.
For the highest studied coverage (about 4 ML), the Pt edge
step was about 50% of the background signal, and high qual-
ity XANES and EXAFS spectra could be measured, with an
energy range up to 500 eV above the Pt LIIT absorption edge.

We present in Fig. 3, upper panel, the EXAFS oscillations
corresponding to a set of 4 ML samples annealed at different
temperatures. The Fourier transformation of the EXAFS sig-
nal is presented in the lower panel of the same figure. The
Fourier transformations have been carried out in a k domain
between approximately 3 and 12.0 A~', with a Bessel-type
(7=4) apodization window. The contribution of the first
neighbor shell to the pair pseudodistribution function (PPDF)
corresponds to the doublet structure observed between ap-
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FIG. 3. Upper panel: EXAFS oscillations at the Pt-LIII edge.
The spectra correspond to the sample with 4 ML coverage. Differ-
ent thermal treatments or incidence angles ¢ have been used (A: No
treatment, ¢=67°; B: 500 K, ¢$=67°; C: 600 K, ¢=65° D,
700 K, ¢=70°; D,: 700 K, ¢$=37°). For comparison, we include
also the spectrum of metallic Pt and the average spectrum calcu-
lated from A and D; curves [(A+D;)/2]. Lower panel: Fourier
transformation of the EXAFS signal. In both panels, the curves
have been progressively shifted for clarity.

proximately 1.5 and 3.2 A. The spectrum measured for the
nonannealed sample (A curve) resembles that obtained for
metallic Pt. The EXAFS analysis reveals no change in the
Pt-Pt bonding distance with respect to metallic Pt, but static
disorder has appeared to increase (see Table I for details).
From these results it can be concluded that, at high Pt cov-
erage, a disordered metallic Pt layer is formed on InSe.
This situation is drastically modified after thermal treat-
ment (B—D, curves). The effect of annealing on the 4 ML
sample is clearly appreciated in both EXAFS and PPDF fea-
tures. The spectrum of the sample annealed at 700 K (D,
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curve) is completely different from the initial one (A curve),
whereas samples annealed at lower temperatures (B and C
curves) exhibit an intermediate situation between the ex-
treme ones. The PPDF leads to the same conclusions. The
doublet in the PPDF corresponding to the Pt first neighbor
shell changes from samples A—D. In particular, the intensi-
ties of the peaks forming the doublet are interchanged in
spectra D; with respect to those of spectrum A. XAS results,
then, clearly point out a thermally enhanced Pt diffusion,
coherently with that observed by XPS measurements (Fig.
2). On the other side, this diffusion process appears to be
independent on the initial amount of Pt deposited. Figure 4
shows the XAS spectra measured in samples with a different
Pt coverage, from 0.4 to 4 ML, after a 700 K thermal treat-
ment. Since different samples exhibit similar spectra to that
measured in the 4 ML sample, it is reasonable to think that at
700 K most of the Pt deposited has diffused into the InSe
substrate. Therefore, Pt diffusion stage is irrespective of the
quantity of Pt deposited, as would correspond to a thermally
activated diffusion process.

The Pt diffusion process implies a change in the Pt neigh-
borhood. We neglect the hypothesis of substitutional Pt on
the basis of electronegativity and chemical bonding consid-
erations. The Pt atoms should then occupy interstitial sites in
the lattice. A description of the InSe structure can be found in
the literature.”’2° A detailed analysis of the InSe structure
reveals that there are four interstitial positions, which are
schematized in Fig. 5(a). In the interlayer space between the
Se planes there are two sites, one octahedral (O) and one
tetrahedral (7'), where Pt would be sixfold and fourfold co-
ordinated with Se, respectively. The Pt-Se distances would
be dS . =2.76 A and db .=2.40 A. In the intralayer space
there are two prismatic (P) sites. The basis of the prism is an
equilateral triangle defined by three In atoms. In both pris-
matic configurations Pt would be at the prism center, sixfold
coordinated with In atoms at db  =2.70 A. In one of the
conﬁgurations, the P;, the nearest Se atoms to Pt are at
dpls.=3.50 A, whereas in the P, site they would be situated
at dplg.=2.64 A.

In order to distinguish between the four candidates for the
Pt site, we have performed XANES simulations and EXAFS
analysis. XANES simulations have been carried out using
the real-space multiple scattering code implemented in the
FEFF8 package.’® We employed a self-consistent potential
calculated using ~30 atoms clusters (6.0 A around the ab-
sorbing atom) and the Hedin-Lundqvist energy-dependent
self-energy. Full multiple scattering XANES calculations
were performed using 87-atom clusters (~8.5 A). The only
nonstandard input to FEFF8 was the NOHOLE card, indicating
that the calculations are carried out using ground state poten-
tials, without a core hole. This option is often used on one
electron LII, III calculations in order to reproduce the white
line intensity.?!3 Figure 5(b) shows the results of these cal-
culations. We clearly appreciate that the spectra correspond-
ing to the O and T configurations (those sites in the interlayer
space) do not match the experimental spectra obtained in
700 K annealed samples, whereas simulations performed for
the P, and P, intralayer sites are very similar to each other
and both are compatible with the experimental spectra, al-
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TABLE 1. Structural parameters resulting from the EXAFS fit to the 4 ML spectra. We employ two
different environments for the Pt atom, the one corresponding to the P; prismatic site and that of metallic Pt.
x is the fraction of Pt atoms in the prismatic configuration. The sample labels are the same as in Fig. 3. The
amplitude correction factor is S§=0.9 in every fit. We have fixed those parameters whose error is not given

in the table.

Sample x Coordination Distance (A) Pseudo-DW (A2) Energy shift (eV)

Metallic foil 0 Np=12 2.77+0.01 0.0044+0.0010 6+2
A 0 Np=12 2.77+0.01 0.0087+0.0011 6
B 0.5£0.2 Npp,=6 2.76+0.03 0.0071 3
Np=12 2.81+£0.02 0.0064+£0.0020 6
C 0.5+0.2 Np,=6 2.75+0.03 0.0071 3
Np=12 2.80+0.02 0.0050+0.0020 6

D, 1 Niy=6 2.77+0.02 0.0071+0.0011 3+2
D, 1 Niy=6 2.76+0.02 0.0074+0.0018 3

though they do not fully reproduce it. The similarity ob-
served between the P;- and P,-related simulations can be
understood by the fact that, in both sites, Pt would be both
surrounded by six heavy In atoms. In the P, site, the Se
contribution to the spectrum is of minor importance, first of
all because there are only two Se atoms, and secondly due to
the lower atomic number of Se with respect to In.

The EXAFS oscillations provide complementary informa-
tion. In Fig. 6 we show the differences between the PPDF
involving In (P; and P, sites) or Se atoms (O or T sites, see
inset). No matter the details of the site environment, the peak
in the PPDF associated to first neighbors is always a doublet
if the first shell is formed by In atoms and a singlet if it is
constituted by Se atoms. As the experimental PPDF of the
700 K annealed samples (Figs. 3 and 6) evidences a doublet,
we get additional support for the P, and P, described mod-
els. Turning to the quantitative analysis, in the EXAFS fit we
employed phases and amplitudes obtained from a self con-
sistent calculation with FEFF8. Table I summarizes the struc-
tural parameters obtained by this fitting procedure. The best
fit to the 4 ML sample annealed at 700 K (D, curve in Fig. 3)
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FIG. 4. XAS spectra of 700 K annealed samples with different
initial Pt coverages. XAS spectra have been progressively shifted
for clarity. The final state, where Pt has diffused, is the same no
matter the initial coverage.

involves 6 Pt atoms at dp,j,=2.77+0.02 A (Fig. 6). The ob-
tained distance is slightly longer than that predicted for the
P, and P, sites in the unaltered lattice (2.70 A). This means
that the Pt diffusion into the InSe lattice in a prismatic site is
accompanied by a small distortion of its environment, which,
in any case, it appears not to be intense enough to segregate
In atoms to the surface. The slight differences between the
experimental and the calculated XANES spectra may be the
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FIG. 5. (a) Possible configurations of Pt in the four existent
interstitial sites of InSe. On the left, we show a [010] projection,
perpendicular to the ¢ axis of the InSe unit cell, and, on the right, a
[001] projection. O and T correspond to sites where Pt is octahe-
drally or tetrahedrally coordinated with Se. In P; and P, configu-
rations, Pt would be sixfold coordinated with In (see text for de-
tails). (b) XANES simulations calculated with the Pt atoms situated
at these interstitial sites. We also show the experimental spectra
(D;) of the 4 ML sample annealed at 700 K, for comparison. The
XANES simulations have been progressively downshifted for
clarity.
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FIG. 6. Solid line: the experimental PPDF of the 700 K an-
nealed 4 ML sample (the D;-labeled curve in the lower panel of
Fig. 3). Dashed line: the model where Pt is surrounded by six In
atoms (P, and P, sites) explains the existence of a doublet in this
experimental PPDF. The fit yields Ny,=6, dp.1,=2.77£0.02 A, &2
=0.0071+0.0011 A%, and Ey=3+2 eV. Inset: Irrespective of the
details, a model (O or T configurations) where Se surrounds Pt
always implies a singlet in the PPDF, in contrast to the doublet
observed in the experimental PPDF (solid line). The dashed line
corresponds to a simulation with Ng,=6, dp.s.=2.64 A, o2
=0.0071 A2, and E,=3 eV.

result of the noninclusion of these distortions in our model.
Additionally, in order to distinguish between the P; and P,
sites, we have tried to include Se atoms in the EXAFS fit.
The Pt-In bonding distance remained unaltered, but the struc-
tural parameters related to the Pt-Se contribution did not
show a stable behavior. As in XANES simulations, the Pt-Se
backscattered signal is too weak to extract reliable informa-
tion. Therefore, at this point, we cannot distinguish if Pt
occupies P; or P, sites, or both of them.

As we will see in Sec. III C, the acceptor character of
isolated Pt atoms will be well established. Assuming this
here, this would imply that Pt is as a Pt” ion, probably with
a 5d'%s' configuration. Based on electrostatic interaction
considerations, it seems reasonable to assume that the most
stable interstitial sites should be those in which the Pt™ ion is
surrounded by a larger number of cations, i.e., the P, or P,
sites [Fig. 5(a)]. Short-range repulsion between the electron
clouds of In-In covalent bonds and Pt™ ions would give ac-
count of the slight increase of the Pt-In distances with respect
to its value in an unoccupied site.

In the above discussion, analysis has been focused mainly
on the spectra obtained in 700-K-annealed samples. In order
to give a more precise perspective of the thermally activated
behavior of the Pt diffusion process, we include in Table I
the parameters obtained from the EXAFS fit of spectra cor-
responding to samples annealed at intermediate temperatures
(B and C spectra of Fig. 3). We employed a two shell model
where one of the shells represents Pt in a prismatic P; site,
whereas the other is associated to nondiffused Pt remaining
in a metallic configuration. To avoid, as much as possible,
multiparameter correlation, several magnitudes have been
fixed. The energy shifts have been set equal to those of me-
tallic Pt and the D, spectrum (where we have seen that all Pt
has diffused). Effective coordination numbers in the fit have
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been written in terms of the fraction of Pt which has diffused
into the InSe matrix (x in Table I). Finally, the pseudo
Debye-Waller corresponding to prismatic Pt has been fixed
to 0.0071 A. We obtain that half of the Pt atoms diffuse into
the InSe matrix after thermal treatments of 500 and 600 K.
In order to put into evidence this result, we have included in
Fig. 3 the (A+D,)/2 spectrum calculated by simple average
of the extreme situations, which resembles the EXAFS oscil-
lations obtained in B and C samples. On the other side, the
remaining metallic Pt (nondiffused at intermediate annealing
temperatures) seems to become slightly altered by the an-
nealing treatment, as disorder decreases and the Pt-Pt dis-
tance increases (see Table I). However, the magnitude of the
effect, as well as the experimental error, does not allow one
to extract more solid conclusions. With respect to the pris-
matic Pt environment of the diffused Pt, there are no evi-
dences of an intermediate behavior during the diffusion pro-
cess.

Finally, we have also checked that XAS spectra in an-
nealed samples do not depend on x-ray polarization. D; and
D, spectra in Fig. 3 have been acquired with 70° and 37°
incidence, respectively. We appreciate the similarities be-
tween both spectra. The EXAFS analysis, see Table I, re-
vealed the same bonding distances and pseudo Debye-Waller
factor. XANES simulations (not shown) did not evidence
significant differences for this change in polarization. This
behavior contrasts with the anisotropy found in the InSe
XAS spectra at the Se or In K edges,?? but, given the effec-
tive symmetric character of the four interstitial sites pro-
posed, such polarization analysis does not help to distinguish
between them.

B. Core-level and valence-band photoemission

The observed incorporation of the deposited Pt atoms into
the InSe matrix at the interface drastically modifies the ideal
scheme expected for an abrupt InSe/Pt Schottky barrier. In
order to elucidate the mechanisms defining the origin of the
InSe/Pt barrier, ARPES measurements performed at lower
hv than those carried out by XPS measurements (Fig. 1) is
required, since the larger mean free path of photoelectrons
excited by XPS may prevent for a precise determination of
the barrier height at the interface. In fact, for such a little
compact material, in comparison with the fcc ones, it would
be expected an inelastic mean free path of photoelectrons of
about 9, 15, and 70 A for hv=20, 100, and 1250 eV,** re-
spectively, that are even three times higher than that expected
from the well-known universal curve.

Taking into account the present discussion, we show in
Fig. 7 the In 4d and Se 3d core-level spectra measured by
photoemission with Av=100 eV in InSe/Pt interfaces with
different nominal Pt coverages. At first sight, it can be ob-
served that both InSe core levels exhibit a similar behavior
as Pt-coverage increases. Deposition of very small Pt
amounts already leads to a pronounced shift of the spin-orbit
doublets of 0.36 eV to lower binding energies with respect to
those measured in the clean surface, signaling to a p-type
band bending. In contrast to this abrupt behavior, successive
Pt evaporations slightly shift the core levels to lower binding
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FIG. 7. EDCs of the core levels (a) In 4d and (b) Se 3d mea-
sured with 2v=100 eV in InSe/Pt interfaces formed by successive
evaporations of Pt on a InSe sample. The nominal Pt coverage is
indicated on each curve. Different core-level components (labeled
as A, B, and C) have been identified. Under each spectrum it is
shown the result of its Voigt decomposition into the different com-
ponents observed.

energies. As it was observed by XPS (Fig. 1), beyond a cer-
tain Pt coverage an additional feature can be observed to
develop at lower binding energies, for both InSe core levels,
causing that the spectra progressively shift to lower binding
energies as Pt coverage increases.

These results clearly evidence, again, that Pt reacts with
the InSe surface. In any case, this process appears not to
strongly disturb the InSe layer structure at the interface, co-
herently to that obtained by XAS measurements, since no
trace from metallic indium has been detected by photoemis-
sion as would be expected in an indium segregation process.

In order to further discuss the role of Pt in the formation
of the InSe/Pt interface, a Voigt-fitting procedure has been
adopted to decompose each In 4d and Se 3d spectrum of Fig.
7 into several spin-orbit doublets. For this fitting procedure,
it has been assumed that each doublet is defined by two
peaks of the same width, with a intensity ratio given by the
relative (2J+1) degeneracy of the states, and with the same
spin-orbit splitting as that obtained from the clean surface
(0.97 and 0.86 eV for the In 4d and Se 3d, respectively).
From this fitting procedure, it has been obtained that the
experimental In 4d spectra are quite well reproduced by tak-
ing into account up to two core-level components, whereas
three core-level components have to be considered, for Pt
coverages higher than 0.5 ML, in order to reproduce the Se
3d series of spectra. These core level components appear to
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FIG. 8. InSe-band shift as a function of the Pt coverage, as
extracted from the Pt-coverage dependence of the position of the
two components resolved in the core level spectra shown in Fig. 7.
Dotted lines are guides for the eyes. Note that the dashed line cor-
responding to the experimental trend exhibited by C is that of B
downshifted by AB-g=0.38 eV. Dashed line indicates the position
of the Er in the InSe samples used here.

be slightly widened with respect to those of the clean sur-
face, due to band bending effects, which exhibit a different
binding energy evolution as Pt coverage increases. At low Pt
coverages, only one component can be resolved (the A fea-
ture) for both InSe core levels. Nevertheless, already at a Pt
coverage of ~0.07 ML, a weak component (C feature) can
be observed to develop besides the most prominent one in
the Se 3d spectra, at lower binding energies, which appears
to be enhanced as the Pt coverage increases. At a Pt coverage
of ~0.5 ML, the main component of both series of spectra
(the A one) seems to split into two components (A and B).
One of them, the A one, appears to tend to vanish in favor of
the B one, which shifts to lower binding energies as Pt cov-
erage increases whereas the A one no longer downsbhifts.
Figure 8 shows the Pt-coverage dependence of the shift of
these components with respect to those measured in the clean
InSe substrate, as obtained from fitting of both In 44 and Se
3d spectra. These results reveal some facts that should be
remarked, besides the abrupt p-type shift of the InSe core
levels observed at the lowest Pt deposition. On the one side,
it can be observed that both A components progressively
downshift by 0.6 eV, which would correspond to an InSe
valence band position at the interface close to the middle of
the InSe band gap (E,=1.3 eV).? On the other hand, it ap-
pears that the behavior of the C component would corre-
spond to that of a degenerate interface, since the Ej is
110 meV far from the conduction band minimum in these
n-InSe samples. Nevertheless, it should be noticed that the
Pt-coverage dependence of the shift of the B and C compo-
nents of the Se 3d are similar, but shifted by 0.38 eV. With
regards to the shift of the B component of the In 4d, its
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FIG. 9. EDCs of the Pt 4f core level measured with hv
=150 eV in InSe/Pt interfaces with different amounts of Pt depos-
ited. All spectra have been normalized to a constant background.
The nominal Pt coverage is indicated on each curve. Solid lines are
Doniach-Sunji¢ fitting curves. The inset shows the Pt-coverage de-
pendence of the binding energy of this core level, as extracted from
this fitting process. The dotted line is a guide for the eyes.

Pt-coverage dependence appears to reflect an intermediate
behavior between those observed for the B and C compo-
nents of the Se 3d.

The evolution observed for the InSe core levels as Pt is
deposited contrasts with that obtained for these of Pt. Figure
9 shows the Pt 4f spectra obtained by photoemission in
InSe/Pt interfaces formed by successive evaporations of Pt
on an InSe sample. In these spectra, it can be observed that a
clear Pt 4f spin orbit doublet develops and shifts to lower
binding energies as Pt is deposited, which exhibits a clearly
asymmetric line shape for the highest Pt coverages. This
asymmetric profile may be attributable to a superposition of
different lines. Nevertheless, this fact can be readily ex-
plained by collective screening of the conduction electrons,
as is well known for simple metals,3° since bulk Pt layers are
expected to be formed at these high Pt coverages. Therefore,
it appears that, in contrast to that obtained for the InSe core
levels shown in Fig. 7, only one Pt 4f component seems to
develop in these spectra as Pt is deposited. Since we are
interested in the energy shift caused by Pt deposition of this
core level, we have fitted the experimental spectra to a Pt 4f
spin-orbit doublet with a line shape defined by the so-called
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Doniach-Sunji¢ line shape, for all Pt coverages, taking into
account that the Pt 4f spin-orbit splitting is that obtained for
a bulk Pt overlayer (3.33 eV). The results of this fitting pro-
cedure are displayed in Fig. 9, which reproduce the experi-
mental spectra. The Pt-coverage dependence of the Pt 4f
binding energy is shown in the inset of Fig. 9, as obtained
from this fitting procedure. These results reflect that this core
level progressively shifts to lower binding energies as Pt is
deposited, tending to a value close to that expected for a
bulklike metallic Pt layer for nominal Pt coverages higher
than 4 ML.%

These photoemission results can be directly connected
with the atomic structure of the InSe/Pt interface. The fact
that only two components are observed in the In 4d deep
levels, in contrast to that obtained for the Se 3d spectra (Fig.
7), can be understood on the basis of the configuration of the
trigonal-prismatic intralayer sites and chemical shift effects.
For both P; and P, sites, only one relative position is pos-
sible for In atoms with respect to Pt at a close interacting
distance, whose first neighbor position is at 2.70 A. In any
other position, In atoms would be at distances longer than
5 A from the Pt atoms. This is not the case of the Se atoms,
for which there are two possibilities, i.e., those in which the
nearest Se atoms to Pt are at 3.50 and 2.64 A in the P, and
P, configurations, respectively. Therefore, it appears that,
among all core-level components observed (Fig. 7), the B
and C components of the Se 3d, on the one side, and the B
component of the In 4d, on the other side, are related to the
incorporation of Pt into the two different prismatic sites,
since the former behave similar to each other as the Pt cov-
erage increases but shifted by AB-¢=0.38 eV and the latter
exhibits an intermediate behavior between them (Fig. 8).

These two Se 3d components can be univocally related
with each one of the prismatic sites by taking into account
chemical shift arguments. Since it would be expected that the
Se 3d chemical shift induced by the Pt atoms should be the
higher the shorter the Pt-Se distance is, the appearance of the
B and C components of the Se 3d can be tentatively con-
nected with the incorporation of Pt atoms in the P; and P,
sites, respectively. Accordingly with this assignment, it ap-
pears that Pt atoms tend to occupy one of the prismatic sites
rather than the other as they incorporate into InSe, as can be
concluded from the evolution of the Se 3d core levels as Pt
deposition increases (Fig. 7). At very low Pt coverages, only
traces from the C component of the Se 3d can be resolved,
besides the main A-labeled component. As Pt coverage in-
creases to 0.5 ML, the B component splits from the main
component, revealing that its relative contribution to the Se
3d spectra was really more important than that of the C
component at lower Pt coverages but masked by the A com-
ponent. As Pt coverage exceeds 0.5 ML, the C component
rapidly develops, contributing to the Se 3d spectra as much
as the B one. These results evidence, first, that the longer
distance from Se to Pt atoms in the P; configuration (a 30%
longer than that in the P, one) makes chemical shift effects
on the B component be negligible and, on the contrary, these
are determinant on the appearance of the C component, since
the B component is the only one of them that develops from
the nonreacted component (the A one). Secondly, these re-
sults also point out that, at initial stages of Pt coverage, Pt
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FIG. 10. Normal-emission valence-band EDCs measured with
hv=21 eV in InSe/Pt interfaces formed with different amounts of
Pt deposited. The nominal Pt coverage is indicated on each spec-
trum. The position of the highest InSe valence band is indicated by
solid bars. Dotted line indicates the position of the band close to the
E emerging with increasing Pt coverage, labeled as D. The inset
shows, in an expanded scale, some of these spectra pointing out the
detection onset of this band.

atoms mostly occupy the prismatic P, site at low Pt cover-
ages, whereas both P; and P, sites tend to be occupied in a
similar proportion as Pt coverage increases.

Let us discuss now the fact that the Pt 4f peak exhibits
only one core-level component (Fig. 9). From XAS results
we unambiguously know that Pt atoms are in two different
configurations, i.e., metallic Pt in surface clusters and inter-
stitial Pt atoms in P; or P, prismatic intralayer sites. As
photoemission results are also unambiguous in their showing
a single component of the Pt 4f peak, the physical conclu-
sion deriving from both results is that Pt atoms have the
same chemical shift in both configurations (or the difference
between the respective chemical shifts is too small to be
detected with our experimental sensitivity). This conclusion
is indeed coherent with the fact that, in both configurations,
Pt atoms are mainly surrounded by cations at virtually the
same distance. One can find in the literature examples of
atoms exhibiting practically indistinguishable chemical shifts
in very different site configurations (i.e., Ga atoms have the
same chemical shift in tetrahedral or octahedral configuration
with oxygen).’® Consequently, Pt 4f appears to be the peak
of choice in order to measure the purely electrostatic shift
associated to the built in potential of the depletion zone.

Photoemission measurements of the valence band can
shed some light on the nature of mechanisms determining the
electronic behavior of these interfaces. Figure 10 shows the
valence band spectra measured with Av=21 eV in InSe/Pt
interfaces formed by incremental Pt coverage. With the se-
lected hv, it is expected ARPES to probe points of the InSe
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FIG. 11. (a) InSe rhombohedral Brillouin zone, in which the
main points are indicated. (b) Normal-emission valence-band EDCs
measured by ARPES with different excitation energies in a InSe/Pt
interface with a Pt coverage of 1 ML. In this way, the ZI" direction
is scanned by ARPES. (c) Valence-band EDCs measured by ARPES
with Av=21 eV in the same InSe/Pt interface. For this selected hv,
both ZH and ZL directions have been scanned by ARPES. Disper-
sion of the highest InSe valence band is indicated by solid bars.
Position of the nondispersing band appearing close to the Ef is
indicated by a dotted line.

valence band close to the Z point of the InSe Brillouin zone
[see Fig. 11(a)],* that is, at the point where the InSe valence
band maximum (VBM) is found.***! In fact, for the clean
InSe spectrum, the top of the valence band lies at 1.21 eV
from the Ep, as would be expected for these n-doped InSe
samples. In this way, photoemission measurements carried
out in these interfaces with this hv directly monitor elec-
tronic states determining the semiconducting properties of
the InSe surface and how they could be altered by the Pt
deposition. Keeping this in mind, it can be observed that,
after deposition of a very small amount of Pt, the whole InSe
spectrum is already shifted towards the Ex by 0.50 eV, with-
out any additional observable feature originated by the Pt
deposition. Opposite to this initial abrupt trend, further Pt
depositions appear to increase the shift of the InSe spectra
only by 0.2 eV more. This behavior of the InSe valence band
resembles that obtained for the B component of the Se 3d
(Fig. 8), for the same Pt-coverage range, however, the ob-
served InSe valence band shift seems to be slightly lower.
The effects of Pt deposition on the InSe valence band
spectra are not only limited to valence band shifts. In addi-
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tion to these results, it appears that a new band (labeled as D)
progressively emerges at 0.26 eV from the Ef as Pt is depos-
ited, which can be resolved even for submonolayer Pt cov-
erages (see inset in Fig. 10). These states located at the InSe
forbidden gap seem to be connected with the reaction pro-
cesses taking place at the interface which are also respon-
sible for the appearance of the C component of the Se 3d
(Fig. 7), since both results point out a degenerate behavior of
the InSe side of the interface (Fig. 8). In order to analyze the
electronic nature of this degenerate band, valence-band spec-
tra of these InSe/Pt interfaces have been measured by
ARPES along different high-symmetry directions of the InSe
Brillouin zone [Fig. 11(a)]. The results of these ARPES mea-
surements are shown in Figs. 11(b) and 11(c), for an InSe/Pt
interface with a Pt coverage of 1.0 ML. In these spectra, it
can be observed that the highest InSe valence band disperses
from its maximum at Z to its minimum at I' along the ZT"
high-symmetry direction,***! as well as to higher binding
energies along the ZH and ZL high-symmetry directions. In
contrast to this dispersing behavior of the InSe valence band,
the D band is nondispersing along any high-symmetry direc-
tion. These results indicate that Pt-InSe reaction processes at
the interface give rise to the appearance of localized states
within the InSe band gap, which would play a key role in the
formation of the electronic barrier at the InSe/Pt interface.

The appearance of the D band can be explained in terms
of the InSe valence band structure. First of all, it is worth
noticing that, in spite of In atoms being in first-neighbor
position, the In-Pt interaction cannot have a strong effect on
the VBM, as the only band with predominant In s character
is the one associated to the tight In-In covalent bond located
at about 4 eV below the VBM. The states at the VBM have
mainly nonbonding Se p, character and are responsible for
the interlayer interaction. Gomes da Costa et al*® have
shown that the charge density corresponding to the upper
valence band extends also inside the layers reaching the P,
site. The presence of Pt atoms in these sites can perturb states
at the VBM as the C5, symmetry of y-InSe allows mixing of
Pt s and Se p, states, both belonging to the fully symmetric
I'/(A,) representation. It is well known that the upper InSe
valence band has a large dispersion along the I'Z high sym-
metry direction,*** as a clear signal of extended states
across the InSe layers. Then, the presence of a localized band
(the D band) could be described as a bonding combination of
these states in a Se-Pt-Se molecule formed by a Pt atom in a
P, site and its two first Se neighbors.

The presence of this band close to the E connected with
the incorporation of Pt atoms in a P, site would contribute to
explain the different occupation probability of the prismatic
sites, as revealed from the relative intensity evolution of the
B and C components of the Se 3d (Fig. 7). A Pt atom in a P,
site gives rise to states with an orbital behavior mainly de-
rived from Se-related orbitals (Figs. 7 and 10), such as the D
band from p, states and the C band from 3d states. This fact
indicates that InSe states involved in the Pt-InSe reaction
states are raised in energy with respect to those of InSe.
Therefore, it would be reasonable to expect that the extra
energy cost of this process, supplied by the system, made Pt
occupation of P, sites more probable than the P, ones, at low
Pt coverage stages. Only when some fraction of these sites at
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the InSe top layers are already occupied and deeper Pt dif-
fusion is not energetically favored, subsequent Pt atoms tend
to occupy the P, site, enhancing the relative contribution of
the C component to the Se 3d spectra (Fig. 7).

C. Electronic structure at the InSe/Pt interface:
Role of platinum

At this point, it clearly appears that the electronic behav-
ior, as well as the structure, of the InSe/Pt interface are far
from those expected from a ideal InSe/Pt Schottky junction.
In the Schottky limit, it would be expected a band bending
close to the band gap for the n-InSe samples used here, as-
suming that the work function of polycrystalline Pt (no
LEED pattern was observed for a bulk Pt layer) is of 5.5 eV
and the InSe electron affinity is of the order of 4 eV.!64
Nevertheless, the above reported results indicate that Pt in-
corporates into the InSe layers, modifying this ideal band
diagram of the InSe/Pt interface.

The question is now how to connect the incorporation of
Pt in InSe prismatic intralayer positions with the formation
of an electronic barrier at the InSe/Pt interface even before
the onset of metallization expected for a bulklike Pt layer on
the InSe substrate. In order to answer this question, we pro-
pose the scheme of the InSe/Pt-barrier formation illustrated
in Fig. 12, in which three different regimes can be estab-
lished depending on the Pt-coverage degree.

At very early stages of Pt deposition [Fig. 12(a)], an
abrupt shift of the InSe bands of about 0.5 eV has been ob-
served (Figs. 8 and 10), turning the InSe/Pt interface into
intrinsic. A similar abrupt behavior at initial stages of metal
deposition and a subsequent Ey pinning as metal coverage
increases have been already observed in III-V semi-
conductors.** These results were explained by defects intro-
duced by the adsorbates independently of reactivity of the
interface.*® Nevertheless, in nonreacted interfaces with a low
defect density, Er pinning processes appeared to be domi-
nated by metal-induced gap states.** In the case of the
InSe/Pt system, none of these mechanisms appear to be de-
terminant in the barrier formation at the InSe/Pt interface
since (i) photoemission is a rather defect-sensitive technique
and the shape of all components of the InSe core levels, as
well as the InSe valence band, appear to remain practically
unaltered after Pt deposition (Figs. 7 and 10) and (ii) the
incorporation of Pt to the InSe matrix discards the possibility
to identify the band appearing within the InSe band gap to
metal-induced gap states in its proper sense, that is, to states
induced by the proximity to a metal.>

From our results, it appears that Pt atoms incorporate into
the InSe matrix at the very early stages of Pt coverage even
at room temperature. In this case, it would be expected that
most of the Pt atoms were isolated from each other into the
InSe matrix. Under these conditions and coherently to that
expected by electronegativity arguments, these Pt atoms
would act as surface p-dopant agents, giving rise to a
p-InSe region at the interface. Acceptor states are then cre-
ated within the InSe band gap. These localized states trap
free electrons (so creating a space charge that gives rise to
the band bending potential) and only the overall electrostatic
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shift due to the built-in potential of the related depletion zone
is observed, as reflects the presence of a unique component
(the A one) in the Se 3d and In 4d spectra at these very low
Pt coverage stages (Fig. 7).

The role of Pt as a dopant agent in InSe can be analyzed
by solving the Poisson’s equation taking into account the
surface concentration of acceptor centers Np, introduced by
the Pt atoms. These acceptors trap electrons giving rise to a
space charge zone of width W and barrier height E con-
nected by the relation®

2112
e“W-N, d
E B= > ( 1 )
2€
where e is the electron charge and e is the InSe permittivity.
This relation can be expressed as a function of Np, by

2N Plz

Ep= .
B 2€Nd

2)
For the n-InSe samples used here,* it results from Eq. (2)
that the diffusion of only 4.6 X 10 ML of Pt into the InSe
matrix would be enough to produce a band bending of
1.1 eV, that is, to make the interface degenerate. In this con-
text, it is not surprising that a small fraction of the deposited
Pt atoms which diffuses into the InSe substrate would give
rise to an abrupt band shift at initial stages of Pt deposition,
by a p-doping mechanism. Nevertheless, this simple mecha-
nism does not account by itself for the further evolution of
the InSe bands as Pt is deposited.

In the present p-doping model, it may be objected that as
the valence band runs closer to the E the hole concentration
at the interface is no longer negligible and, consequently, it
would be required a larger Pt amount incorporated into the
InSe matrix to progressively increase Ep. This fact would
produce a saturationlike effect of the band bending shift with
increasing Pt that could explain the experimental results
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(Figs. 8 and 10). In order to determine the role of this hole
accumulation layer, Poisson’s equation should be solved in-
corporating the hole contribution to obtain the Np, depen-
dence of Ep. Nevertheless, an approximate expression of the
surface hole density can be obtained and Eq. (2) can be re-
written as

- \2eN,Eg N 5N Ny o~ EERIisT 3)

e Nd

where & is the hole confinement length in the two-
dimensional system and N, , stand for the effective density
of states of the conduction and valence band, respectively.
Taking into account that escape length of photoelectrons is a
few tens of A for the v selected in our photoemission mea-
surements and that several core level components have been
resolved in the spectra shown in Fig. 7, the A-labeled com-
ponent coming from an intrinsic local environment, it can be
assumed that & is of the order of the photoelectron escape
length. Under these assumptions and considering carrier-
effective-mass values reported in the literature,*’ the E be-
havior appears to be basically determined by the second term
in Eq. (3) for Ey values higher than 1.1 eV, which exceeds
that observed for the InSe bands (Figs. 8 and 10). Therefore,
it appears that the origin of the smooth band shift observed
as Pt coverage increases stems from a mechanism connected
with the Pt incorporation to the InSe matrix different from a
doping one.

At this point, it appears that the barrier evolution at the
interface for intermediate Pt coverages (from 0.03 to 2 ML)
is mostly controlled by Pt-InSe reaction processes [Fig.
12(b)]. As Pt coverage increases, the concentration of Pt at-
oms in prismatic intralayer positions increases and chemi-
cally shifted components corresponding to In or Se atoms in
first neighbor position with respect to Pt are clearly observed
(Fig. 7). On the other side, the initial localized (acceptor)

155308-11



SANCHEZ-ROYO et al.

state begins to develop, giving rise to the D-labeled band
close to the Ep (Fig. 10) trapping now electrons from the
InSe valence band. This band appears to control further bar-
rier evolution, giving rise to a Ez=0.9 eV as obtained from
the evolution of the B component of the Se 3d (Fig. 8). In
this context, it can be understood the fact observed that the
InSe valence band appeared to be nearly clamped as Pt depo-
sition increases (Fig. 10), since the Se D, states of the InSe
valence band progressively turn into localized p, states (the
D band), masking the inherent InSe band bending behavior
reflected by the InSe core levels (Fig. 8). On the other side,
the formation of a degenerate layer would also explain the
splitting of the A-labeled InSe core levels observed at a Pt
coverage of 0.5 ML (Fig. 7): These appearing at higher bind-
ing energies (the A ones) would come from deep InSe layers
(they attenuate as the degenerate layer grows) whereas those
appearing at lower binding energies would correspond to the
In and Se atoms in a Pt-InSe reacted environment.

If a degenerate (semimetallic) layer became completely
formed, subsequent Pt deposition would not further alter the
electronic barrier at the interface. Nevertheless, the Pt 4f
core level appears to still downshift by 0.15 eV as the Pt
coverage exceeds 2 ML. Moreover, comparing the behavior
of both InSe and Pt core levels as the Pt coverage increases
up to 2 ML (Fig. 8 and inset of Fig. 9) it can be found that
the progressive shift of the Pt 4f follows that obtained for the
B component of the Se 3d. These results indicate that, in
spite of the fact that the barrier formation is mostly deter-
mined by reaction processes taking place at the InSe side of
the InSe/Pt interface at low Pt coverages, the contribution
from a emerging bulklike Pt layer cannot be completely dis-
carded [Fig. 12(c)]. These results reflect that the formation of
a bulklike Pt layer finally determines the InSe/Pt Ej, as
would be expected for a Schottky barrier, giving rise to a
final electronic barrier of Ez=1.05 eV, as extracted from the
Pt 4f core level shift observed. These results allow us to
determine the InSe electron affinity to be 4.34 eV, assuming
that the Pt work function is of 5.5 eV.*

IV. CONCLUSIONS

The atomic structure and the electronic nature of the
InSe/Pt interface have been studied by x-ray absorption
spectroscopy and angle-resolved photoemission, respec-
tively. By x-ray absorption spectroscopy, it has been found
that Pt incorporates into the InSe matrix even at room tem-
perature, without indium segregation to the surface, in the
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two trigonal-prismatic sites existing within the InSe layer.
These intralayer positions are located at the center of the
prism defined by the six indium atoms of the extreme sheets
of the InSe hexagonal cell. These sites have been found to be
nonequivalent energetically. This fact produces that, at initial
stages of Pt diffusion, the occupation of the site with a lower
interaction with the InSe orbitals is favored. Nevertheless, as
the Pt coverage rate increases, the site with a stronger inter-
action with the Se orbitals is also occupied.

Structural processes taking place at the InSe/Pt interface
have their counterpart in the InSe/Pt barrier formation as Pt
is deposited, as revealed by photoemission measurements. At
initial stages of Pt deposition, the incorporated Pt atoms act
as isolated surface acceptors which turn the interface into
intrinsic. Beyond a certain Pt coverage, the electronic barrier
formation is now controlled by an emerging degenerate InSe
region due to the formation of a band within the InSe band
gap. The origin of this band has been attributed to the Pt-
induced localization of extended states from the InSe valence
band maximum, at the Z point of its Brillouin zone. The
presence of this band has appeared to determine the InSe/Pt
barrier height before the onset of metallization expected by
the formation of a bulklike Pt layer onto the InSe substrate.
Nevertheless, in order to completely understand the elec-
tronic barrier formation of the InSe/Pt interface, the contri-
bution from a bulklike layer must be taken into account.

The atomic structure of the InSe/Pt interface has ap-
peared to be quite far from that expected for an ideal InSe/Pt
interface and the formation of a final bulklike Pt layer
scarcely contributes to the electron barrier height at the in-
terface. Nevertheless, the final InSe/Pt barrier height appears
to be that expected for an abrupt InSe/Pt Schottky one.

Finally we would like to remark that, as the incorporation
of Pt into the InSe substrate is thermally activated, this sys-
tem opens new possibilities to explore a wide range of inter-
faces with completely different structural configurations, by
controlling the deposition temperature, whose electronic be-
havior may be determined by other interface processes dif-
fering from those described in this work.
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