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Abstract

The growth of fullerene films on the InP(001)-(2 x 4) surface and the formation
of the Cgo/InP(001)-(2 x 4) interface were studied by x-ray photoelectron
spectroscopy, ultraviolet photoelectron spectroscopy, electron energy loss
spectroscopy and low energy electron diffraction. Cgo adsorption causes weak
(~0.15 eV) upward band bending at the interface. Thick Cg films form an fcc
(111) structure on the InP(001) surface. The (2 x 4) reconstruction is preserved
beneath the Cg film. The photoelectron measurements yield a valence band
discontinuity of 0.88 £ 0.20 eV at the Cgo/InP(001)-(2 x 4) interface.

1. Introduction

Indium phosphide plays an important role for microelectronic applications. It is used as a
material in microwave power devices and as an active layer in optoelectonics. The unique
property of Cgp on InP(001) is that thick Cg films form ordered layers on InP(001) in an fcc
(111) structure [1, 2]. Therefore, the knowledge of the interface properties of the semiconductor
heterostructure is of great interest. The electronic properties of a semiconductor heterostructure
are determined by the band structure alignment across the interface. The band discontinuities
of heterojunctions are key design parameters, since the valence and conduction band offsets,
AEy and A Ec, determine the transport and confinement properties at the interface.

The interaction of Cgy with InP(001)-(2 x 4) has been studied by a number of surface
sensitive techniques [1-3]. The growth mechanism of Cgy molecules on InP(001) as well as
the bonding at the interface were studied by scanning tunnelling microscopy (STM), (high
resolution) electron energy loss spectroscopy ((HR)EELS), x-ray and ultraviolet photoelectron
spectroscopy (XPS, UPS) and low energy electron diffraction (LEED) [1, 2]. Nevertheless,
publications devoted to the study of the electronic properties of the Cgo/InP(001) interface
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are rather rare. To our knowledge, information about the valence band discontinuity at the
Ceo/InP(001) interface is not available. In this paper a study of the electronic properties of the
Ce0/InP(001) heterostructure investigated by photoelectron spectroscopy in combination with
LEED is reported.

2. Experimental details

For our investigations we used undoped InP(001) substrates from MCP Wafer Technology, Ltd
with an intrinsic n-type carrier concentration lower than 10' cm™3. After loading the sample
into an ultrahigh vacuum (UHV) chamber (base pressure below 107! Torr), the following
cleaning procedure was used. First, the sample was annealed at 373 K for 24 h; this was
followed by successive cycles of ion sputtering with Art (E = 0.5 keV, I = 1 uA) and
annealing at 573 K until no impurities could be detected by XPS and a sharp InP(100)-(2 x 4)
surface reconstruction was observed by LEED. The sample temperature was controlled with a
K-type thermocouple.

Cgo was evaporated from a properly cleaned quartz cell onto the well-ordered InP(001)-
(2 x 4) surface at room temperature. During Cgy deposition the chamber pressure was about
2 x 107!° Torr. Photoemission spectra were acquired using a hemispherical analyser (Leybold
LH). The photoelectron spectra were recorded at normal emission. The analyser setting used
leads to an energy resolution of 1.0 eV for the photoelectron spectra measured with an Al Ko
source (hv = 1486.6 eV) and 0.15 eV for the spectra measured using He I (hv = 21.2 eV)
and He II (hv = 40.8 eV) radiation. In all cases the Fermi level of the analyser was adjusted
to the vacuum level, Ey,c, of the sample by an internal bias. In this case, the work function of
the sample can be directly determined from the low kinetic energy secondary electron cutoff
of the spectra. An additional external bias of —5 V was applied to the sample during the
secondary electron cutoff measurements in order to distinguish between analyser and sample
cutoff. All binding energies are referred to the Fermi level of an Au plate. The thickness of
the Cgp films was calculated from the Cls/In3ds;, photoemission intensity ratio assuming a
layer-by-layer growth model. Annealing of the Cgo/InP(001) heterostructure was performed in
four cycles between 543 and 573 K. We did not heat the Cg(/InP(001) heterostructure at higher
temperatures, as the In metallic clusters are formed on the InP(001) surface above 620 K [4].
Semiconductor properties of the InP(001) surface were also controlled by EELS. No surface or
bulk plasmon peaks related to metallic indium were observed.

3. Results and discussion
3.1. Ceo/InP(001) interface formation

The Cgo/InP(001) interface formation was investigated using LEED in combination with
photoelectron spectroscopy. The atom arrangement at the surface/interface is directly related
to the electronic structure, therefore any changes in the surface reconstruction of the InP(001)
lead to changes in the shape of the photoelectron spectra related to the semiconductor support.

Figure 1 shows the evolution of the LEED pattern as a function of the Cgy coverage. A
sharp (2 x 4) surface reconstruction of the clean InP(001) has been observed in the LEED
pattern measured at a primary beam energy of Ey = 72 eV, figure 1(a). The corresponding XPS
spectra of the InP(001)-(2 x 4) surface are in agreement with previous studies. For instance,
the measured binding energies of the bulk and surface states of InP match well to the literature
data [3, 5-7]. The In4d spectrum of the InP(001)-(2 x 4) surface obtained by UPS (He II)
together with a decomposition of this core level into one bulk and two surface components is
presented in figures 2(a) and (b) for various Cgy coverages.
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Figure 1. LEED images measured at the normal incidence geometry with 72 and 12 eV electron
beam energy, respectively: (a) clean InP(001)-(2 x 4); (b), (¢) 2 and 4 ML of the Cgo film,
respectively; (d) 1.9 ML of Cgq (after fourth cycle of annealing of the Cgo/InP(001) at 573 £ 20 K).
On the left: unit cell of InP(001)-(2 x 4) (bottom) [19] and the hexagonal structure of the fcc (111)
surface formed after adsorption of Cgg (top) [2]; the molecular unit cell is shown by the hexagon.

After deposition of 2 ML Cg, spots characteristic for both Cgp and InP are visible in
the LEED pattern at £y = 12 eV (figure 1(b)). This observation indicates the formation of
ordered Cg crystals of at least a few hundreds of angstroms size, since the typical LEED
coherence length is ~100 A [8]. After deposition of 2 ML of Cg, the In4d photoelectron
spectrum (figures 2(a), (b)) shows a shift of 0.15 eV towards the Fermi level (Ef). We
attribute this to a small upward band bending or, in other words, a small charge delocalization
of substrate electrons over the Cgp molecule which has been reported for many Cgo/metal
interfaces [9, 10]. However, the shape of the In4d spectrum does not change compared to
clean InP(001), including the spectral signature (In—P and In—In surface components) which is
typical for the (2 x 4) reconstructed surface. This implies that the (2 x 4) surface reconstruction
is not influenced by the fullerene adsorption.

At4 ML Cgg coverage, the hexagonal structure, originating from the fcc (111) plane of Cgy,
is well resolved and no contribution from the substrate is observed in the diffraction pattern, see
figure 1(c). The complete disappearance of the substrate spots suggests that a continuous film
covers the substrate. The In4d photoelectron spectrum excited by He II radiation vanishes at
this coverage, figure 2(a), as the electron’s inelastic mean free path (IMFP) is a few angstroms
at a kinetic energy Ex ~ 20 eV [13].

The annealing of the Cgo/InP(001) heterostructure at 543—-573 K results in the desorption
of Cgp from the InP surface. However, the molecules do not desorb completely at these
temperatures; sharp spots characteristic for Cgg occur in the LEED patterns. The weak
chemical interaction of Cgp with the InP surface bonds provides enhanced surface mobility
of the molecules even at moderate temperatures (543-573 K) and promotes the formation
of a well-ordered structure of the film. In the case of strong chemical interaction, like for
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Figure 2. (a) The evolution of the In4d core level as a function of Cgy coverage followed by
annealing. The In4d core level (2.1 ML) was measured after the first cycle of the annealing at
T = 543 4+ 20 K. (b) Decomposition of the In4d core-level spectrum with the three doublets
taking into account spin—orbital splitting and a Shirley background [3, 11, 12]. For convenience,
the peak measured at 2 ML of Cgp coverage (b) is rescaled to the same height as the clean
InP(001) (a). The spin—orbital splitting and branching ratio were kept fixed for the fitting (0.86
and 0.65 eV, respectively). The By,_p component is attributed to the bulk In—P bond; the Sy,_,
surface component relates to the In surface bonding site which is characterized by a relative charge
accumulation with respect to the phosphorous-coordinated bulk indium and exhibits a core-level
shift compared to the bulk component by 0.30 £ 0.02 eV [3, 5-7]; the Sy,—p surface component is
due to the charge transfer from indium to phosphorous surface atoms and exhibits a core-level shift
compared to the bulk component by —0.40 £ 0.03 eV.

Ce0/Si(100), the ordering of the fullerene—semiconductor film cannot be reached even at the
enhanced temperatures due to the low mobility of the Cg over the template [8]. After the fourth
annealing cycle of the Cgo/InP(001) heterostructure, the initial LEED pattern, characteristic for
the InP(001)-(2 x 4) surface, reappears at Ey = 72 eV, although the Cg phase is still detected
at Eg = 12 eV (see figure 1(d)). The fact that the solid fullerene phase bound by weak van der
Waals intermolecular forces is more easily desorbed compared to the thin Cg film indicates
weak chemisorption rather than physisorption of the fullerene at the InP(001) surface. This is
in agreement with previous works demonstrating that C¢y weakly chemisorbs on the InP(001)
surface [3]. Desorption of the fullerene from the substrate results in a shift of the photoelectron
core-level spectra towards their initial energetic position without visible changes in the shape
of the spectra, figure 2(a).

Thus, the joint analysis of the electronic properties and the structure of the Cgo/InP(001)
interface indicate that the (2 x 4) reconstruction is preserved beneath the Cgp film.

3.2. Electronic properties of the Ceo/InP(001) heterostructure

Figure 3(b) shows the valence band spectrum of clean InP(001)-(2 x 4). The structures
below the Fermi level labelled as B; and By correspond to bulk states [14—18], while Sy
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Figure 3. (a) The evolution of the high binding energy side of the He I excited photoelectron
spectra via Cgo deposition (i), (ii), (iii) followed by annealing of the Cgo/InP(001) heterostructure
at T =543 +£20 K (iv) and 573 £20 K (v). All spectra are shown after subtracting the sample bias
of —5 V from the kinetic energy scale. The work function is determined by linear extrapolation of
the secondary electron cutoff. It increases from about 4.15 up to 4.70 eV upon adsorption of 2 ML
of the Cgp film. (b) The evolution of the valence band structure via the Cgo deposition followed by
annealing of the Cgo/InP(001) heterostructure. The valence band maximum, Evygy, is determined
by linear extrapolation of the valence band edge to the baseline. The dotted line shows the evolution
of the E"¥\ upon Cep adsorption.

and Sy are due to emission from the surface states of InP(001)-(2 x 4) [19]. According
to first principle calculations, Sy relates to the strongly localized mixed dimer bonds [19],
while Sy includes four surface states [19, 20] which cannot be resolved by the conventional
photoelectron spectroscopy techniques. Both the Sy and the Sy features are very sensitive
to adsorbed species and disappear rapidly after exposure to gases [21]. The onset energy
Er — EUE, of the valence band emission can be determined from the well-known energy
differences reported earlier on the InP(100) bulk electronic structure: E\R — E(Sy) = 0.6 €V,
E¥ —E(Bp) = 6.0eV and EYE — E (Indds») = 16.9 eV [14]. From our experimental data
[Er— E(Sm)]exp = 1.30£0.05 eV, [Eg— E(Bu)lexp = 6.75£0.05 eV, [ Er— E(In4ds)2) lexp =
17.50 £ 0.05 eV together with the above-mentioned energy differences, we determine an onset
energy of Ep — EM = 0.70 & 0.10 eV. This value is close to the photoemission results
reported earlier for InP(001) [22, 23]. The same valence band maximum, E¥P,  is found by
the linear interpolation of the onset of the valence band emission to the baseline, as illustrated in
figure 3(b). From the secondary electron cutoff, figure 3(a), the work function was determined
to e¢p = 4.1540.10 eV. The obtained value is in a good agreement with previous results for the
clean InP(001) surface [24]. The ionization potential, I, is determined as the distance between
the valence band maximum and the vacuum level, E,., which leads to Ig“P =4.85+0.10eV

for InP. The fundamental band gap of InP is E}"" = 1.34 eV [25]. Therefore, the electron
affinity is calculated to be x = ;" — E{" =3.51 £0.10eV.

Ceo adsorption causes an EWE shift of 0.20 & 0.10 eV towards Ef as illustrated in
figure 3(b). As the shift in the same direction is observed for the core-level photoelectron
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peaks related to the InP substrate (not shown here), we assign it to the upward band bending
by 0.15 eV that is due to the formation of the Cg/InP(001) interface. With increasing
Ceo coverage, the observed EUL, . shifts towards the Fermi level and decreases in intensity,
indicating that the signal stems from the InP and is not related to the adsorbed fullerenes, see
figure 3. Upon annealing, its intensity increases, indicating a particular desorption of C¢y. The
spectrum recorded from a 4 ML thick Cgg film on InP(001)-(2 x 4) shows the typical electronic
features of bulk Cgo: HOMO (2.2 eV), HOMO-1 (3.5 eV), o, (5.7 eV) and o, (8.2 eV) [27].
By linear extrapolation of the high kinetic energy tail of the HOMO derived structure we
obtain the valence band maximum EG%, of the Ce film at 1.43 & 0.05 eV below the Fermi
level. Considering this value and the binding energy Er — E(Cls) = 284.60 £ 0.10 eV
we determine the binding energy EGoa, — E(Cls) of the C Is core level with respect to
the valence band maximum as 283.20 & 0.10 eV. This agrees with data reported for solid
fcc-Cgp [28]. Adsorption of Cgy modifies the sample work function e¢. A change in work
function can be a result of two contributions: (i) an adsorbate-induced band bending change,
eAV;, and (i) an interface dipole layer, e A¢yg;, [27] which results in an overall change of
eA¢p = eAVs + eAdqp. Changes of the surface dipole are present when the work function
of a sample changes without changing the Fermi level position relative to the energy bands. If
the shift of the Fermi level and the work function are of the same magnitude there is no change
of the surface dipole. Figure 3(a) demonstrates that the work function increases by ~0.55 eV
(ep = 4.70 £ 0.10 eV) for 2 ML Cg film thickness. Since the adsorbate-induced upward
band bending is only ~0.15 eV, the work function shift is evidently explained by changes in
the surface dipole (e Aggip, = 0.40 £ 0.10 eV) rather than by a shift of Er. Our data result in
an ionization potential equal to IpCéo =6.16 £ 0.10 eV for Cgy.

The electronic properties of the Cgo/InP(001)-(2 x 4) heterostructure are determined by
the band structure alignment across the interface. The valence band discontinuity, A Evgm,
between Cg and InP is determined from the difference in the valence band maxima for the clean
InP(001) and bulk Cg taking into account the upward band bending deduced from the XPS and
UPS (He IT) core-level measurements. We conclude a valence band discontinuity between 4 ML
Cgo and InP of A Eypm = 0.88 £ 0.20 eV. Figure 4 displays schematically the band diagram
of Cgo/InP(001)-(2 x 4) heterostructure. The valence band discontinuity can be expressed in
terms of the conduction band discontinuity, A E¢, since AEygy + AEc = AE, [30], where
AE, is the difference in the band gaps of two materials. However, neither the value nor the sign
of AEc can be reliably determined from the obtained experimental value of the valence band
discontinuity. This is due to the larger scatter of the band gap energy reported for solid Cgg
which ranges from 1.3 eV up to 2.3 eV [27, 31-33]. To estimate the conduction band offset,
we assume a band gap energy of Egéo = 1.80 = 0.50 eV [33]. By using the band gaps of InP
and Cgp, the conduction band offset is AEc = —0.42 £ 0.70 eV, as indicated in figure 4. The
electron affinity of the thick Ceo film has been found to be x = 15 — Ef% = 4.36+0.60 eV.

4. Conclusions

In the present work, we have studied the formation of the Cgo/InP(001)-(2 x 4) interface and
the alignment of the electronic band structure at this interface. For the deposition of the Cgg
molecules no essential charge transfer between Cgp and the InP(001)-(2 x 4) surface has been
found that could point to an ionic bonding at the interface. The Cgo grows in fcc structure
with (111) surface orientation and the InP(001)-(2 x 4) reconstruction is preserved beneath the
Ceo film. The Cgp absorption causes weak upward band bending (~0.15 eV) and induces an
interface dipole of e A¢g;, = 0.40 &= 0.10 eV. The valence band discontinuity is determined to
be AEvgm = 0.88 £0.20 eV.
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Figure 4. Energy band diagram of (a) the clean InP(001)-(2 x 4) and (b) the Cgo/InP(001)-(2 x 4)
interface. The band gap Eg, the work function e¢ and the ionization potential /, are shown.
Although the studied InP(001) is undoped, intrinsic n-type carriers result in a shift of the Fermi
level closer to the conduction band, Ec, than to the valence band Evy. Therefore, the upward band
bending near the clean InP(001) surface is shown. The band bending induced by Cg adsorption is
shown by the dotted lines. All numbers are given in eV.

The high mobility of the Cgy molecules at the semiconductor substrate, at appropriate
temperatures, implies that InP(001) can be a useful template for epitaxial growth of the
fullerenes. In the present study we have gained information on the band structure at the
interface, which is important for the design of new electronic devices based on this material
system.
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