VOLUME 80, NUMBER 2 PHYSICAL REVIEW LETTERS 12 JANUARY 1998

Electronically Decoupled Films of InSe Prepared by van der Waals Epitaxy:
Localized and Delocalized Valence States
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Submonolayer to several monolayer thick films of the layered semiconductor InSe were deposited
on highly oriented pyrolytic graphite by van der Waals epitaxy and probed by energy dependent
angle resolved photoelectron spectroscopy. The layers show a transition from two-dimensional
bands with atomiclike states to molecularlike states localized alongc td@ection normal to the
surface. The extended band structure showing band dispersion was observed for thicker films.
[S0031-9007(97)04984-3]

PACS numbers: 73.20.Dx, 73.20.At, 79.60.Jv

In contrast to the common elemental (Si, Ge) or com-embedded between graphite and vacuum we are dealing
pound semiconductors (e.g., GaAs) with diamond, zinavith large confinement potentials on either side in contrast
blende, or related structures the layered metal chalcdo common semiconductor quantum well structures with
genides like Mo$ or InSe exhibit strong anisotropic confinement potentials of about 1 eV or less [7]. It should
chemical bonding and can be considered as quasi-twdherefore, in principle, be possible to study the electronic
dimensional materials. They are characterized by covaproperties of semiconductor quantum films and to follow
lently bound X-M-X or X-M-M-X (M = metal; X =  the evolution of band structure by varying the film thick-
chalcogen) sandwich layers with only weak van der Waalsiess from submonolayer to several monolayer coverage.
interactions along the crystal axis, perpendicular to the  There exists a number of photoemission studies of
layers [1]. The absence of directional chemical bonds afjuantum size effects of thin metallic films (see, e.g.,
interfaces formed with the van der Waals planes allows
heteroepitaxial growth despite lattice mismatches as high

as 20% [2]. In addition, the absence of dangling bonds 2) )
; [ — A
at the van der Waals planes results in a rather strong
anisotropy of the surface tension of these materials which q
favors growth of two-dimensional layers rather than of [
three-dimensional islands. "™

We have investigated the thickness dependence of the
electronic structure of thin films of the semiconductor InSe Ol
grown on semimetallic highly oriented pyrolytic graphite Se
(HOPG). Both materials belong to the nonsymmorphic j
space grouDg, [3,4]. The crystallographic structure of O
InSe is shown in Fig. 1(a). Film growth proceeds along the T
¢ direction which corresponds to the symmetry line of
the hexagonal Brillouin zone [Fig. 1(b)]. The electronic
band structure along this direction as adopted from band d JE
structure calculations of Doret al.[5] for InSe and of ] InSe graphite
Tatar and Rabii [3] for graphite are shown in Fig. 1(d) to- w2
gether with their symmetry notations. Four well separated L=
groups of valence bands [labeléd-D in Fig. 1(d)] are o ;B
present for InSe. They are derived from &, (4), Se i 2——l ¢ & 3 A
4p.y (B), antibonding C), and bondindD) In 55 orbitals, s+
respectively [4,5]. For graphite the bantisind B belong 14;>1 D 2>1
to o1 ; and torr states, respectively [3,6]. The uppermost 8+ 3+ B
valence bands of InSe (grouwp are formed byA; and r A A r z A
A, bands which have no correspondence in the graphite )
band structure at comparable binding energies. This im5!C: 1. (@) Crystallographic structure of InSe, (b) hexagonal

rillouin zone for InSe and graphite, (c) symmetrlzed combi-
plies that these states can form no strong chemical bongsions of Setp. orbitals according to states df and I';
with the substrates or, in other words, are electronically desymmetry [5], and (d) electronic valence band structure along
coupled. Considering the films as a quantum well structuréhe A symmetry line for InSe [5] and graphite [3].
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Refs. [8—12] and references therein) as well as of metal
and semiconductor nanoparticles [13,14]. We are not
aware of any publications on quantum-size effects in
two-dimensional semiconductor heterostructures with this
technique. Observed quantum size effects are generally single
discussed in terms of discrete wave vectors selected from crystal
the bulk band structure [7—12,15]. This requires film
thicknesses of several monolayers. With InSe it is not
possible to separate the number of peaks occurring for
several monolayer coverage due to the small band width
of the upper valence band (groug) of about 1 eV.
However, we have been able to study the electronic
valence band structure of InSe quantum films which 36 A
show atomiclike states at (sub)monolayer coverages and ’ 20 A

molecularlike states for coverages of 1-2 monolayers

whose observations are explained by group theoretical A

considerations. For thicker films we observed the valence T34
M.‘l

band dispersion characteristic for single crystal InSe.

D C B A

intensity [arb. units]
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The experiments were performed with an angle resolv- T HOPG '7!‘&‘
ing spectrometer (VG ADES 500) attached to the TGM7 11T 7T 1T 7"
beam line of the BESSY storage ring in Berlin. Two 8 6 ) 4 2 Y
monochromator gratings were available supplying photons binding energy [eV]

in the energy range between 12 and 25 eV and between 29 2. Normal emission valence band photoelectron spectra
and 100 eV, respectively. InSe was deposited with a rat@ecorded with h» = 21 eV photon energy for InSe layers

of 8 A/ min from a homemade Knudsen cell using crushedieposited on highly oriented pyrolytic graphite as a function
single crystals as source material [16]. The HOPG subof nominal layer thickness. The spectra of an UHV-cleaved
strates are composed of microcrystals randomly orientel’S€ Single crystal is added for comparison.
in the plane parallel to the surface but with theiaxes
aligned normal to the surface. This is evident from thea typical spectrum from an UHV-cleaved InSe single crys-
ringlike low energy electron diffraction (LEED) pattern tal which clearly shows the emissions of the four groups
obtained from clean HOPG substrates. As a consequeneé valence bandd-D [compare Fig. 1(d)]. The spectra
also randomly oriented InSe overlayers showing ringlikefor nominal coverages up to 12 A are dominated by sharp
LEED patterns are obtained. The ratio of the radii be{eaks at binding energi¢% = 2.2 eV andEg = 5.6 eV,
longing to InSe and HOPG patterns is rather large andiespectively. Additional peaks grow in B = 5 eV and
corresponds closely to the value expected from the equilibEs = 1.7 eV above 12 A nominal coverage. At higher
rium lattice constants of the respective materials (2.46 Acoverages the sharp emissions observed at lower cover-
for HOPG and 4.05 A for InSe). Because of the statisti-ages are replaced by broader bands which correspond well
cal orientation of the microcrystals in the surface plane théo the single crystal spectrum.
wave vectors of electrons emitted in off normal directions Figure 3 shows the photon energy dependence of the
cannot be attributed to a specific symmetry direction of thezalence band spectra for layers of 12 A (a), 36 A (b), and
graphite or InSe band structure. All spectra were thus mea00 A (c) nominal thickness. No shift in binding energy
sured only in normal emission probing the dispersion ofwith photon energy:v is observed for the emissions at
valence band states along tie symmetry line of the Ez = 2.2 eV andEz = 1.7 eV for both 12 and 36 A cov-
hexagonal Brillouin zone (for notation see Fig. 1). Bind-erage. For 12 A coverage the peakFat = 5.6 eV also
ing energies are referenced to the Fermi level of the metakhows constant binding energy. This can be expected since
lic sample holder and spectra are normalized with respecto formation of electronic bands is possible along the
to the incoming photon flux. The nominal thicknessesdirection (normal to the van der Waals plane) for such
were determined with a water cooled quartz microbalancemall coverages. Small energy dispersion is obtained for
and are attached to each spectra. To obtain real thicknesgbe peak belonging to the group bands at a coverage
the microbalance readings have to be multiplied by a factoof 36 A, while at 100 A coverage considerable dispersion
of approximately 0.7 [16]. The substrates were cleaved iiis observed for this peak and for the emissions at the va-
air and heated to 50 for 1 h prior to deposition. Dur- lence band maximum (belonging to grod@ands). The
ing deposition the sample was kept7at= 250 °C. increase in binding energy of the 8¢,,-derived states

In Fig. 2 photoelectron spectra recorded wiir =  (group B bands) with increasing photon energy observed
21 eV are presented in dependence of InSe film thicknessat all coverages, and also on InSe single crystals [17],
At the top of the figure we added, for comparison,should not be present since band structure calculations
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FIG. 3. Normal emission valence band spectra in dependence of photon energy for InSe layers of nominal thicknesses (a) 12 A,
(b) 36 A, and (c) 100 A. The emission from the upper valence states Wyitmnd I, symmetry shows no dispersion at lower
coverages.

show no dispersion of these bands along Ihe direc-  obtained from an InSe single crystal which agree well with
tion [4,5]. However, band structure calculations lead toour results.
four nondegenerate group bands having different bind- In Fig. 1(c) we show linear combinations of g,
ing energies along thBA direction. The observed shiftin atomic orbitals according t&';” and I'; symmetry [5].
binding energy of these states can thus be reasonably ddybridized with the corresponding higher lying Fp.-
signed to a change of emission from the upper to the loweorbital combinations these states form the upper valence
lying B bands with increasing photon energy induced bystates atl’ in bulk InSe. It is evident that for a
a change in final state symmetry. This interpretation isingle layer of InSe there is no possible state with
strongly supported by spin-resolved photoelectron spectrsymmetry. OnlyI';” symmetry is allowed as can also
of GaSe and InSe single crystals [18]. be derived from group theory using the appropriate space
In our discussion of the measured photoelectron spectrgroup D3, for an isolated single layer [4]. With these
we will restrict on the valence bands with lowest bindingconsiderations we can assign the valence band peaks
energies f.-derived bands, groug). First we want to observed for different coverages and photon energies in
compare the measured dispersion of the 100 A film withFigs. 2 and 3 to their origin. For nominal coverages of
band structure calculations. For simplicity we assumedip to 12 A (actual thickness8 A corresponding ta:/2)
a cosinelike dispersion of thA; and A, bands starting the peak aEz = 2.2 eV corresponds to the valence band
at I' [compare Fig. 1(d)]. Only direct transitions to free maximum of an InSe single layer formed by states with
electronlike final state bands folded with reciprocal latticel’;” symmetry. These states have an atomiclike character
vectors(0,0,n*27/c) were used. Since the lattice con-
stant of B8-InSe (c = 16.88 A) is rather high, compara-

tively large values of: (6, 7, and 8) have to be used for 129 a1 a6k -
photon energies ranging fronv = 12-28 eV. The final 1.4 O singleerystal

state bands hau®; symmetry for evem, while oddn gave
final state bands withh, symmetry. Photoemission selec-
tion rules allow transitions td (A,) final state bands only
from A (A,) valence bands, respectively [4]. Anidentical

binding energy [eV]
»
1

procedure has been used for interpreting normal emission 20+

valence band spectra of graphite [6] and of WR®]. The 22 g Al

energy minimum of the final state parabola is set 5.5 eV 1 °
below the Fermi energy. The result of the calculation is D 14 16 18 20 22 24 26 28

shown in Fig. 4 together with experimental peak positions.
A good agreement between measured and calculated bind- - .
ing energy dispersion for th&, andA, bands as a function FIG. 4. Photon energy dependent binding energiesI'f

of photon energy is obtained assuming binding energies nd I'; states in the upper valence band region for nominal

_ . . s nSe film thicknesses of 12, 36, and 100 A, respectively.
Ep = 1.4 eVforthel, critical pointand o = 2.3 8V gy perimental data of Larseet al. [17] obtained from an InSe

for the I'y" critical point, respectively. Included in Fig. 4 single crystal and values calculated using theoretical band
are, for comparison, experimental data of Larseal. [17]  dispersion (see text) are added for comparison.

photon energy [eV]
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along A as is evident from the sharp emission line andepitaxial thin films of InSe deposited on highly oriented
the lack of dispersion with excitation energy. When thepyrolytic graphite. In spite of the very weak interaction
coverage is increased beyond 12 A the second layer staf@tween the van der Waals planes of graphite and InSe al-
growing, resulting in a splitting of thd";” state into most ideal layer by layer growth is obtained which allows
I’ andTI'; states which may be considered as bondinghe preparation of two-dimensional layers of almost uni-
and antibonding orbital combinations of the single layerform coverage. Because of strong differences in the InSe
state. The valence band maximum is now formed byand graphite band structures, which allow only very weak
the ', state. Both; andT; states are observed with interactions between valence states of the film and the sub-
binding energies independent of photon energy becausdrate, the growing films are electronically decoupled from
band formation has not yet occurred. For even highethe substrate. We were therefore able to measure the va-
coverages the upper valence bands show the dispersitence band structures of monolayer to multilayer films by
of bulk InSe. The energy splitting between thi¢ and angle resolved photoelectron spectroscopy. As expected
I'y states has increased compared to the double layer filthe valence band features of thin layers showed no disper-
as expected for band formation. For bulk InSe either thesion in z direction and very sharp atomiclike or molecu-
I’/ and Iy state can be observed at a particular photonarlike peaks while at 100 A thickness bulklike structures
energy as a consequence of photoionization selection rulegd dispersion were found.
(see above).

For film thicknesses above 2 monolayers but below the
onset of band formation one would expect, in principle,
additional localized states within the limits of thg and
the Iy states [15]. But, because of the small binding
energy difference between these statagg = 0.9 eV) *Author to whom correspondence should be addressed.
and the rather broad peaks, it was not possible to follow  Electronic address: Klein@hmi.de
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