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The electronic structure of ultrathin (0.3—6 nm) epitaxial insulator films grown on semiconductors, repre-
sented by the prototypical system CaF,/Si(111), was studied using scanning tunneling spectroscopy and
photoemission spectroscopy. The surface states related to the (7 X 7) reconstruction of the substrate are com-
pletely removed during the formation of the interface and an interface state is established in the CaF, band gap
close to the Fermi level. While the band gap of CaF, films only 2 molecular layers thick is essentially bulklike,
a film thickness of about 3 nm is necessary to fully develop the bulk CaF, valence band structure.
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I. INTRODUCTION

The development of the electronic band structure of films
ranging from (sub-)monolayers to the fully developed bulk
band structure is important for understanding the electronic
properties of nanostructures. Most studies published so far
concentrated on metal films grown on metal substrates [e.g.,
Cr/Au(100),! Gd/W(110),> or Ni/Cu(100) (Ref. 3)] or
semiconductor films grown on semiconductor substrates
[e.g., GaAs/AlAs(100) Ref. 4]. Insulating films received
considerably less attention, probably due to the experimental
problems resulting from charging effects.

Emerging applications in nanotechnology require struc-
tures composed from different classes of materials such as
metals, semiconductors, and insulators. For instance, many
modern device structures such as resonant tunneling diodes
(RTDs) consist of several different materials in layers that
are each only few atomic layers thick.>® Tunneling barriers
require wide band-gap layers with well-known electronic
properties, where the barrier thickness must be controlled to
the monolayer level due to the exponential dependence of
tunneling currents on the barrier thickness. With tunneling
barrier thicknesses in the range of a single nanometer (3—4
molecular layers), a single extra atomic layer would drasti-
cally reduce the tunneling current, while a single missing
layer can create unacceptable leakage currents. Such ultra-
thin films consist essentially only of interfaces to the sur-
rounding materials, raising the question of whether the ad
hoc assumption of bulk materials properties is at all valid. In
this paper, we present a layer-resolved study of the electronic
properties of ultrathin insulator films grown on semiconduc-
tors represented by the prototypical system CaF,/Si. We ad-
dress the question if and how electronic properties of these
films deviate from their bulk material properties.

The electronic properties of thin films can be assessed by
a wide range of experimental techniques such as photoemis-
sion spectroscopy, x-ray absorption spectroscopy, and optical
absorption and emission measurements. All these techniques,
however, average over a relatively large sample area. Al-
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though all these techniques are in principle able to measure
properties of a film that is only 1 molecular layer thick,
layer-resolved measurements are often restricted by inhomo-
geneous film morphologies within the measurement area.
Scanning tunneling spectroscopy, however, allows measure-
ment of electronic structures with high spatial resolution and
surface sensitivity.

Although scanning tunneling microscopy (STM) and
spectroscopy (STS) are restricted to conductive samples, in-
sulating films grown on conductive substrates can be exam-
ined if the film thickness is thin enough to prevent charging.’
For instance, electrons can be injected from the STM tip into
the insulator’s conduction band using a sufficiently high
positive sample bias voltage. These electrons are conducted
through the insulating film into the conductive substrate if
the insulator film thickness does not exceed the electron
mean-free path at the conduction band minimum of the in-
sulator. Electrons trapped in the insulator can also contribute
to the conduction through the insulator film, although it is
probably not enough to achieve stable imaging conditions for
STM.

The thickness-dependent electronic properties of an ultra-
thin insulator film grown on a metal substrate has been de-
termined by Schintke et al. using layer-resolved STS for the
case of MgO on Ag(100).% They found that a MgO film with
only 3 molecular layers thickness already has the bulk band
gap. In this paper, we present layer-resolved STS measure-
ments of the electronic properties of an ultrathin insulator
film epitaxially grown on a semiconducting substrate. In ad-
dition to STS, we employed photoemission spectroscopy
(PES) to study the development of the valence band with
increasing CaF, film thickness. We use epitaxial CaF, films
grown on Si(111) as a model system for this investigation
because the interface between CaF, and Si is well character-
ized and atomically smooth CaF, films can be grown on Si.’

CaF, is an ionic material with a large band gap of 12 eV.
The small lattice misfit with Si of 0.6% at room temperature
makes it a promising material for epitaxial growth.”!® The
structure of the interface between CaF, and Si(111) has been
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thoroughly investigated using many different experimental
methods such as x-ray photoelectron spectroscopy'’!> and
diffraction,'3!% x-ray diffraction,'®!” medium energy ion
scattering,'® and x-ray standing waves.!”2° The most stable
interface configuration is given by a bilayer with CaF sto-
ichiometry that is overgrown by bulklike CaF,.° In the CaF
bilayer, one layer Ca binding to the Si substrate is terminated
by a single F layer.

II. EXPERIMENTAL CONSIDERATIONS

Both sample preparation for the STS experiments and
STM measurements were carried out in the same commercial
ultrahigh vacuum (UHV) STM system.?! Si samples cut
from a boron-doped wafer were annealed at about 600 °C
for >12 h in UHV before flash annealing for 10 s at about
1300 °C to remove the native oxide layer. The quality of the
clean Si(111)-(7 X 7) reconstruction was checked using low-
energy electron diffraction and STM. CaF, was sublimed
from a Knudsen cell. The deposition rate of 0.3-0.6 triple
layer (TL)/min (I TL corresponds to 1 layer of Ca atoms
embedded between 2 layers of F and contains 7.8
% 10'* molecules/cm?) was controlled using a quartz mi-
crobalance. The resulting coverage was determined with
STM. About 1.2 TL CaF, were deposited at sample tempera-
tures of 640 °C measured with an infrared pyrometer. After
growth at these conditions, the Si substrate is completely
covered with the CaF bilayer. The additional 0.2 TL CaF,
forms islands on top of the CaF bilayer. All STM and STS
measurements were done at room temperature.

Photoemission spectroscopy measurements were done at
beamline 7.0.1.2 of the Advanced Light Source (ALS) at the
Lawrence Berkeley National Laboratory (LBNL). During
sample growth at the ALS, the first 3 TL CaF, were depos-
ited at ~650°C to produce a well-ordered CaF/Si
interface'* resulting in the Si substrate covered by the CaF
bilayer, with the remaining 2 TL CaF, forming islands on top
of the CaF bilayer. The remainder of the film was deposited
at ~450 °C to minimize the strain in the CaF, and to pro-
mote flat film growth. The growth rate in both cases was
1-2 TL/min as determined by a quartz microbalance
(QCM). The microbalance gives reliable information on the
CaF, amount deposited at 450 °C because the CaF, sticking
coefficient is close to unity at temperatures below ~600 °C.
The coverages measured with the QCM were consistent with
coverages deduced from the decrease in Si photoemission
intensity. The films were grown as a wedge of graded thick-
ness from O to 25 TL, by moving a shutter in front of the
sample during growth. The small x-ray beam diameter of
50 pum allowed for taking photoemission spectra at different
spots of the sample that correspond to different film thick-
nesses. The photons were incident at an angle of ~60° to the
sample normal with p-polarization. To minimize the effects
of photostimulated desorption of fluorine from the CaF,,”
the sample was moved 0.1 mm (twice the nominal beam
diameter) between successive spectra. The photon exposure
was chosen such that no noticeable changes were seen if two
spectra were taken in the same place. The binding energy is
referred to the Fermi level position which was determined by
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FIG. 1. (Color online) STM images of the CaF, film taken with
100 pA tunneling current and bias voltages of +3.5 V (top) and
—9.0 V (bottom). The film consists of the CaF bilayer with an ad-
ditional ~0.2 TL CaF, in islands on top of it. CaF bilayer termi-
nated terraces and CaF, islands are marked in the image. The two
CaF, islands at the lower right corner of the image are imaged as
protrusions in the positive bias image and as depression in the nega-
tive bias image.

measuring the Fermi level position of the metallic sample
holder.

At the growth temperatures used here, the interface be-
tween the CaF, and the Si substrate consists of a single CaF
bilayer.!!:121413.1820 Dyring growth, the CaF bilayer com-
pletely covers the Si substrate before the growth of stoichio-
metric CaF, on top of it starts.”> On stepped substrates like
the ones used here, step edges act as barriers for the growth
of the CaF,.”

The contrast in STM images of CaF, films depends
strongly on the bias voltage (Fig. 1). A positive bias voltage
of +3.5 V is high enough for electrons to tunnel from the tip
into the CaF, conduction band. Therefore, STM images ob-
tained with this voltage reflect the sample topography. For
negative bias voltages of —9.0 V, however, the image con-
trast is reversed. CaF, islands grown on the CaF bilayer are
imaged as depressions.? This contrast inversion was used to
distinguish CaF, islands from the CaF bilayer for the STS
experiments presented here.

STS spectra were acquired on a grid while imaging in
constant current mode: every fifth scanline scanning was in-
terrupted for every fifth point. The feedback loop was dis-
abled and the tunneling current was acquired while linearly
varying the bias voltage at a constant tip-sample distance. All
STS spectra shown below are averages of at least 50 spectra
taken with the same parameters at different positions on the
same sample. STS data obtained using different tips and
samples were consistent with the data shown below.

It has been demonstrated previously that the normalized
conductivity (dI/dV)/(I/V) provides a measure for the local
density of states.”® On samples with a band gap, however, the
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FIG. 2. STS spectra of the clean Si(111)-(7 X 7) substrate (bot-
tom) and the CaF bilayer (top).

ratio I/V approaches zero faster than the ratio dI/dV. There-
fore (dI/dV)/(I/V) tends to diverge at the band edges. To
avoid this problem, we artificially broadened the //V curve
before computing (dI/dV)/(I/V), using a least-square fit of
an exponential function to the measured //V curve instead of
1/V to normalize dI/dV.?" This extreme broadening of I/V
avoids the divergence of the normalized conductivity at the
band edges. The derivative dI/dV was computed numeri-
cally. The tunneling current drops below the noise level of
the tunneling current amplifier within the band gap of the
sample. This results in a high noise level in the computed
dl/dV, which is amplified by computing the normalized con-
ductivity. Therefore, we do not show data acquired in within
the sample’s band gap except in the case of the (7 X7) re-
constructed Si(111) surface, which has a sufficient density of
states in the band gap to avoid this problem.

III. RESULTS AND DISCUSSION

The electronic structure of the surface changes drastically
with the growth of the CaF bilayer (Fig. 2). The averaged
STS spectrum taken on the Si substrate shows occupied
states in the band gap that are consistent with the metallic
properties of the (7 X7) surface reconstruction. The Fermi
level is located about 0.5 eV below the conduction band
minimum (CBM) as expected for a (7X7) reconstructed
Si(111) surface.?® The (7 X 7) reconstruction of the Si sub-
strate is removed during the growth of the CaF bilayer and
the surface becomes nonmetallic. The Fermi level of the CaF
bilayer is pinned at the valence band maximum (VBM), as
found previously by photoemission spectroscopy and near-
edge x-ray absorption experiments.?’

The STS spectrum of the CaF bilayer (see Fig. 2) exhibits
two pronounced peaks: One located 0.4 eV below the Fermi
level and the second 2.6 eV above the Fermi level. The peak
located 0.4 eV below the Fermi level can be attributed to an
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FIG. 3. Comparison between averaged STS spectra obtained on
the CaF bilayer (bottom) and on a 1 molecular layer thick CaF,
island grown on top of the CaF bilayer (top).

interface state originating from the interaction of Ca 4s elec-
trons with 3p dangling bond orbitals of the Si(111) surface.
This is consistent with observations of the Si-Ca interface
state by, e.g., angle-resolved photoelectron spectroscopy
0.8 eV below the Fermi level at the surface I' point.’® We
attribute the peak at 2.6 eV above the Fermi level to the
conduction band edge. Nonlinear optical measurements
found a value of 2.4 eV for the interface band gap.’! This
value for the interface band gap agrees well with the differ-
ence between the onsets of the normalized (dI/dV) signal
observed around the Fermi level for the valence band and
around 2.4 eV for the conduction band.

The surface electronic structure is changed further when a
single molecular layer of CaF, is grown on the CaF bilayer
(Fig. 3). The biggest difference can be seen at the VBM. The
strong peak corresponding to the interface state 0.4 eV be-
low the Fermi level observed on the CaF bilayer is sup-
pressed on the CaF, island. Although an onset can be seen
around 0.4 eV below the Fermi level, there is no peak visible
in the spectrum for the CaF, island. This behavior is consis-
tent with the assumption that the peak 0.4 eV below the
Fermi level corresponds to a state localized at the interface
that is exponentially damped in the adjacent layers.

Previously published STS data on the CaF bilayer by
Avouris and Wolkov showed the highest occupied states peak
at 1.3 eV below and the lowest unoccupied states peak
1.2 eV above the Fermi level.” The whole spectrum is shifted
downwards by 0.9 eV with respect to our data. This shift can
be explained by the use of n-type Si substrates in the study of
Avouris and Wolkow, as opposed to p-type substrates in our
case. A more recent study of the conduction band edges of
the CaF bilayer and CaF, with STS found the onset of the
conduction band for the CaF bilayer and CaF, at 2.3 and
3.7 eV, respectively.?? The authors attribute the onset at

205336-3



KLUST et al.

80
hv=143eV

70

i

~20 layers
60

40

intensity (arb. units)

~10 layers
30

() sseuxo|y} "xoidde

20

10

interface

|

I T I I
-14 -12 -10 -8
binding energy (eV)

FIG. 4. Photoemission spectroscopy spectra taken at normal
emission from a “wedge-shaped” CaF,/Si film. The spectra were
taken at positions with different film thickness.

2.3 eV above the Fermi level to the conduction band mini-
mum of the Si substrate in [111] direction rather than to the
CaF bilayer.?? This contradicts our findings that the conduc-
tion band onset of the CaF bilayer is essentially at the same
position as the conduction band onset of single-layer CaF,
islands. Photoemission spectroscopy studies show that the
valence band offset between CaF, and Si depends on the
exact growth conditions,'> which may explain the differences
between the published STS data. Our main conclusions,
however, are not influenced by the exact positions of the
VBM and CBM. It should be noted that the detailed inter-
pretation of STS data obtained for insulator and semiconduc-
tor heterostructures is complicated by the influence of vari-
ous effects such as the ballistic transport through the
insulator, scattering at the interface, and injection into Si
bulk states in addition to the tunneling process from the tip
into the CaF, film. This may explain why remnants of the
interface state just below the Fermi level are visible in the
STS data obtained on the CaF, islands, while the Si conduc-
tion band edge is absent in the STS spectra on both the CaF
bilayer and the CaF, islands.

We used photoemission spectroscopy to study the devel-
opment of the CaF, valence band with increasing film thick-
ness (Fig. 4). The photon energy of 143 eV was chosen to
achieve photoemission from states close to the I' point of the
bulk CaF, Brillouin zone, where two F 2p states (I';s and
I'}5) are predicted from theoretical calculations.®® The PES
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results show that the F 2p derived valence band is not fully
developed for films thinner than about 10 TL. The position of
the upper edge of the CaF, valence band located 9.9 eV
below the Fermi level, however, is independent of the film
thickness. The lower energy peak located 12 eV below the
Fermi level is visible with the nucleation of the first CaF,
layer, and its position is unchanged with thickness. However,
the intensity of this peak (its matrix element) is not fully
established until about 10 TL. Since this peak is derived
from an odd parity (I'55) state, the full selection rules are not
established until the mirror symmetries are fully developed.**
The position of the highest F 2p (I';s) state determined by
photoemission and the CaF, bulk band gap of 12.4 eV lead
to an expected position of the conduction band edge at
2.5 eV above the Fermi level. This value is consistent with
the observation of the first conduction band peak in the STS
spectra taken on CaF, islands at 2.5 eV.

IV. CONCLUSIONS

The combined STS and PES results show that, although
the main features of the CaF, band structure develop quickly
within the first two molecular layers, thicker films are needed
to fully develop the CaF, bulk band structure. The surface
states related to the Si(111)-(7 X 7) reconstruction are com-
pletely removed by the formation of the CaF,/Si interface
during the growth of the CaF bilayer. They are replaced with
interface states associated with the bonds between Si and Ca
(Ref. 30) that pin the Fermi level close to the valence band
edge.

The bulk CaF, band structure develops, starting with the
first CaF, (triple) layer grown on top of the CaF. Both our
STS and PES measurements indicate that an only 2-layer-
thick insulator film (CaF bilayer plus 1 CaF, layer) is enough
to obtain the band gap and valence band width at the I" point
of bulk CaF,. An examination of the CaF, valence band
formed by F 2p states with PES, however, suggests that a
film thickness of about 10 TL is necessary to fully develop
the matrix elements of the CaF, valence band, in particular
the I")5 state requiring the development of mirror symmetries
between different layers of F.
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