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The growth of ultrathin epitaxial layers of aluminum fluoride on Cu(100) has been studied by a combination
of surface science techniques. Deposition at room temperature results in step decoration followed by the for-
mation of dendritic two-dimensional islands that coalesce to form porous films. Ultrathin layers (up to 2
monolayers in thickness) are morphologically unstable upon annealing; de-wetting takes place around
430 K with the formation of three-dimensional islands and leaving a large fraction of the Cu surface uncov-
ered. Films several nanometers thick, on the contrary, are stable up to ca. 730 K where desorption in molec-
ular form sets on. The effect of electron irradiation on the AlF3 has also been characterized by different
spectroscopic techniques; we find that even small quantities of stray electrons from rear electron beam heat-
ing can provoke significant decomposition of the aluminum fluoride, resulting in the release of molecular
fluorine and the formation of deposits of metallic aluminum. These features make AlF3 an interesting material
for spintronic applications.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Spintronics [1,2] has been a very active area of research in Con-
densed Matter Physics during the last decade, sparked by the great
many applications envisaged for spin-based microelectronics. Due to
its longer coherence length and smaller scattering probability as com-
pared to the electronic charge, the use of electron spins to convey in-
formation should result in higher carrier mobility and lower energetic
consumption.

One of the key requirements for a successful development of this
technology is the obtention of materials with high spin polarization
that can serve as sources of spin-polarized carriers. For that purpose
a great deal of attention is being devoted to diluted magnetic semi-
conductors (DMS). These materials are typically produced by doping
III–V or II–VI semiconductors [3,4] with magnetic impurities, but
other insulating or wide-gap semiconductors have also been success-
fully employed [5–8]. In the case of TiO2 ferromagnetism has been ob-
served at room temperature when doped with either Fe [9,10], Co
[11,12] or Ni [9] in the appropriate concentration range. These mate-
rials are also attractive due to their relatively easy integration in the
microelectronics industry.
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Aluminum fluoride (AlF3) is a wide-band-gap (10.8 eV) semicon-
ductor [13], with good insulating characteristics and transparent in
the visible range. It is also rather inert chemically, which makes it a
good passivating agent. These characteristics have made it an inter-
esting material for many different applications, ranging from solar
cell technology [13] to molecular biology [14]; it could also become
an interesting candidate base material for the fabrication of a DMS.
Furthermore, it readily decomposes upon irradiation with low- or
mid-energy electrons [15–17], releasing molecular fluorine and leav-
ing a deposit of metallic Al on the substrate. This feature makes AlF3
an attractive inorganic resist for e-beam nano-patterning techniques
[18,19].

No studies are known to us up to this moment regarding possible
magnetic applications of AlF3; nevertheless, a related material such as
AlxFe1−x alloys have awaken lately a considerable attention since
their structurally disordered phases are ferromagnetic at room tem-
perature in the concentration range 0.32bxb0.5 [20], while the atom-
ically ordered phases are paramagnetic [21]. This opens up the
possibility to use Fe-doped AlF3 matrices to create magnetic nanos-
tructures by means of electron lithography techniques.

A necessary requirement before all these promising perspectives
can be realized is to reach an accurate control of the preparation con-
ditions of the AlF3 films. Metal fluorides have been traditionally pre-
pared by fluorination or other chemical synthesis methods with the
aim of obtaining materials with a large surface area for catalysis appli-
cations [22]. Nevertheless, the films produced by these methods show
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a high porosity, which precludes most solid state applications. Films
grown by DC magnetron deposition show an apparently good homo-
geneity [23] but only for very high thicknesses; however, no atomic
scale characterization of the density of surface defects has been per-
formed on them. The structural and chemical stability of the films is
also an issue [24]; several conflicting reports have appeared in the
past on this subject [18,25–27], demonstrating the need for a detailed,
multi-technique study that can unravel all the subtleties of this inter-
esting system. The purpose of this work is to perform a detailed char-
acterization of the early stages of growth of ultrathin AlF3 films, their
chemical and thermal stability and their response to electron bom-
bardment. A Cu(100) single-crystal surface was chosen as the sub-
strate for simplicity given its stability and easy preparation.

2. Experimental

The measurements reported in this paper have been performed in
three different ultra-high vacuum (UHV) chambers; the availability of
common techniques in all of them ensured the reproducibility of the
experimental conditions.

An ample combination of different surface science techniques was
employed in order to obtain a comprehensive characterization of the
growing AlF3 films. The evolution of their roughness was monitored
in real time during deposition by means of thermal energy atom scat-
tering (TEAS). After growth, the surface morphology could be deter-
mined in real space by scanning tunneling microscopy (STM), and
its crystallinity by low-energy electron diffraction (LEED). The chem-
ical state and metallicity of the films both before and after electron ir-
radiation were then studied by Auger electron spectroscopy (AES),
electron energy loss spectroscopy (EELS) and secondary electron
emission (SEE).

2.1. Sample preparation

The Cu(100) single-crystal was cleaned by repeated cycles of Ar+

sputtering (1 keV, ~5 µA·cm–2) and annealing at 800 K until contam-
ination was below the detection limit of AES and a sharp LEED diffrac-
tion pattern was observed or, in the system equipped with TEAS, until
a good surface reflectivity for the He specular beam (≥30% of the di-
rect beam) was obtained. Under these conditions, atomic resolution
could be obtained with STM on the flat terraces without noticeable
amounts of contaminants or defects. It has been pointed out in previ-
ous reports that AlF3 surfaces can be easily contaminated by the ad-
sorption of water vapor [22]; this effect is particularly intense for
very porous films, which present a large surface area for adsorption
of contaminants. As we will demonstrate in the following, one of
the main goals of our study is precisely to determine the best prepa-
ration conditions to obtain homogeneous, compact films that will be
less prone to contamination. Furthermore, and in order to minimize
the presence of water vapor in the experimental chamber, anhydrous
AlF3 (CERAC Inc, Milwaukee, WI, USA, 99.5% purity) was grown by
thermal evaporation at deposition rates between 2×10−2 and
8×10−4 ML/s. The Knudsen cell was equipped with a thermocouple
allowing us to monitor the crucible temperature, a shutter to precise-
ly control the deposition time and a water-cooled shroud; it was care-
fully outgassed for several hours before starting the experiments at
temperatures slightly above those used during growth. The composi-
tion of the residual gas was monitored during outgassing in the UHV
systems equipped with a mass spectrometer; under the typical oper-
ating conditions only a slight increase in the CO signal could be
detected. The pressure in the vacuum chambers was kept in the low
10−9 mbar range during evaporation, and fell into the mid 10−10

mbar range during the measurements. Unless otherwise indicated,
all depositions were done at room temperature or slightly above.
The sample was heated by different methods: in general, either radi-
ation or direct heating using a ceramic oven was used to avoid
irradiating the sample with electrons. Rear electron bombardment
was used in some cases to test its effects on the AlF3 films.
2.2. Auger, energy loss and secondary electron emission spectroscopies

These measurements were performed in a UHV surface analysis
system with a base pressure in the 10−10 mbar range. Differentiated
Auger spectra of the F-KLL and Al-L2, 3VV transitions and energy loss
(EELS) spectra were acquired using a single-pass cylindrical mirror
analyzer (CMA) with a resolution of 0.6% and 2 V peak-to-peak mod-
ulation amplitude. Secondary electron emission (SEE) induced by ion
bombardment is a very surface-sensitive technique, its main draw-
back being its poor chemical selectivity. It is usually employed to
gather information on the electronic structure of materials but in
this particular case we use it to derive morphological information
by characterizing the local environment of the Al atoms. The electron
emission was measured with the same energy analyzer but in the in-
tegrated mode and with a sample bias of −6 V in order to collect the
full spectra, avoiding any work function difference between sample
and analyzer. The electron beam had an energy of 2 keV for AES and
100 eV for EELS measurements; its incidence angle was 30° with re-
spect to the surface normal in all cases. Ion-induced electron emission
experiments were carried out using a 5 keV Ar+ ion beam for the ex-
citation. The current density on the sample was kept low enough so as
to minimize the effects of irradiation.
2.3. Thermal energy atom scattering

TEAS experiments were carried out in a specially designed UHV
system that has been described in detail elsewhere [28]. The sample
manipulator allows for direct heating with a ceramic oven and liquid
nitrogen cooling. Sample cleaning is accomplished by noble gas sput-
tering with an ion gun of 3 keV maximum energy, and high-
temperature annealing. The system is also equipped with a LEED op-
tics for crystallographic structure characterization.

For the TEAS experiments the monochromatic, neutral He beam
is generated by a supersonic nozzle source and modulated by
means of a piezo chopper. After scattering at the sample surface, it
is detected by a quadrupole mass spectrometer that can be moved
inside the UHV chamber; the signal is then fed to a lock-in amplifier
tuned to the modulation frequency (∼240 Hz). This technique pos-
sesses several advantages for the study of insulating films: besides
its extreme surface sensitivity, the use of neutral atoms as a probe
suppresses any possible effects due to charging of the substrate
and/or damage of the films by irradiation with charged particles.
Furthermore, the scattering process being almost purely kinematic
facilitates the interpretation of the data using simple but intuitive
growth models [28].
2.4. Scanning tunneling microscopy

All STM measurements were carried out at room temperature in a
UHV chamber with a base pressure in the low 10−10 mbar range. The
deposition rate was varied between 2×10−2 and 8×10−4 ML/s; the
deposited coverages were determined by direct analysis of the STM
images. Electrochemically etched tungsten tips were used for all
STM experiments reported in this work. The polycrystalline W tips
were routinely cleaned by Ar+ ion bombardment and annealing in
UHV. All the STM images shown here were acquired at room temper-
ature in the constant current mode with a sample bias voltage of +
2.50 V and tunneling currents ranging between 0.1 and 0.7 nA. Acqui-
sition and image processing were performed using the WSxM free
software [29].
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3. Results

3.1. Growth and morphology of thin AlF3 films

We start by describing the first stages of growth of the AlF3 films.
TEAS allows us to continuously monitor the evolution of the surface
roughness by measuring the intensity of the specular He beam during
deposition; a characteristic result of such a measurement is illustrat-
ed in Fig. 1(a). The monotonic decrease of the surface reflectivity,
depicted with black dots, reveals a steady accumulation of disorder
as the surface coverage increases. This behavior is usually associated
with rough, multilayer growth and slow surface diffusion [28,30].
The specular intensity vanishes for a coverage slightly above 0.5 ML,
indicating that the whole surface is more or less uniformly covered
by the adsorbate at this stage. The well ordered LEED patterns that
were visible on the clean Cu(100) were completely absent at the
end of this deposition, just above 1 ML, thus confirming the rough na-
ture of these films. The evolution of the Auger peak-to-peak intensi-
ties, shown in Fig. 1(b), is also characteristic of layer-by-layer
growth [31]. The crossing of the decreasing Cu signal and the increas-
ing F intensity reveals that the substrate is being uniformly covered
by the adsorbate.

A clearer, albeit static picture of the morphology of the growing
AlF3 film can be gained from STM images. Fig. 2 shows two micro-
graphs of the Cu(100) surface after deposition of 0.05 and 0.25 ML
AlF3. Several features deserve being mentioned: In the first place, all
Fig. 2. STM images, 400 nm on both sides, of (a) 0.05 ML and (b) 0.25 ML AlF3 grown on
Cu(100) at room temperature.
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Fig. 1. (a) Evolution of the TEAS specular intensity during deposition of AlF3 on
Cu(100) at room temperature. The solid red curve is a fit to the data using a random
adsorption model (see text for details). (b) Temporal evolution of the F and Cu AES sig-
nal during RT deposition of AlF3. The solid lines are guides to the eye.
the substrate's atomic steps are decorated by AlF3 islands, indicating
that the diffusion length of the individual molecules after their arrival
to the surface is at least as large as the average terrace size [32,33].
Cluster formation at the atomic steps most likely involves some mix-
ing of the aluminum fluoride molecules with the Cu atoms; once that
the steps are fully covered with islands nucleation starts across the
terraces, indicating that the steps have become passivated and turned
into repulsive walls for incoming AlF3 molecules. An analogous be-
havior has been reported during the growth of Co on Cu(111) [34].
The islands formed on the terraces have an approximately dendritic
shape that can be ascribed to a diffusion-limited aggregation process
in which the AlF3 monomers become immobilized at the same posi-
tion where they stick to a pre-existing island [35–37]. This island
morphology, with its large perimeter-to-area ratio, explains the
high degree of roughness detected by the TEAS experiment depicted
in Fig. 1. Based on these observations, we have analyzed those data
with a theoretical model that assumes a random adsorption of the
growing species on the surface [38–40]. Despite this relatively crude
approximation, the data can be well fitted as demonstrated by the
solid curve (red, in the online version) shown in Fig. 1(a).

The empty space between the dendrites is difficult to fill by newly
arriving molecules, and thus a consequence of this growth mode is
the formation of rather porous layers with abundant openings or pin-
holes. This feature can become an important shortcoming for the
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potential use of AlF3 layers as insulators. A possible way to improve
the film morphology could be to raise the deposition temperature in
order to increase edge diffusion and try to promote the growth of
more compact layers. Nevertheless, the use of thermal treatments
can be problematic; a detailed characterization of the thermal stabil-
ity of the aluminum fluoride films is therefore clearly needed and it
will be the subject of Section 3.2.

The growth of the aluminum fluoride films has also been charac-
terized with Auger spectroscopy. The evolution of the Cu-LVV, Al-
LVV and F-KLL Auger line shapes with increasing AlF3 thickness is
presented in Fig. 3(a). The gradual attenuation of the Cu signal and
the simultaneous increase of the Al and F ones allow us to calibrate
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Fig. 4. Thermal evolution of an AlF3 film studied by (
the deposition rate; the film thicknesses have been determined
from our calibration, by measuring the height of the high energy
Cu-LMM peak at 920 eV, which has a larger escape depth and can
therefore be detected even after deposition of several nanometers of
aluminum fluoride. The Al peak shows a large chemical shift of up
to 22 eV depending on its oxidation state: it appears at an energy of
43 eV when the Al atom is bonded to the fluorine and at 65 eV
when it is in the metallic state. It is noteworthy that, even with the
low beam current density employed for these measurements, some
metallic Al can always be detected resulting from the electron-
induced decomposition of the aluminum fluoride. For this reason in
the thermal desorption experiments every data point was acquired
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at fresh positions on the sample, not previously irradiated. We shall
come back to this issue in more detail in Section 3.4. AES spectra
were also used to investigate the presence of contaminants at the
sample's surface; negligible amounts of C and O could be detected,
which allows us to rule out the possibility of significant adsorption
of water from the residual gas in the UHV chambers during the typical
time intervals required for performing the experiments (a few hours).

Fig. 3(b) in turn depicts EELS spectra for the clean Cu substrate
and a 5 nm thick AlF3 film. The Cu plasmon peak at 8.5 eV is evident
in the first spectrum, but it totally disappears when the substrate is
covered by the insulating fluoride layer. In this latter case the spec-
trum clearly shows a band-gap of ∼10 eV.

3.2. Thermal stability of AlF3 layers

Next, we set out to determine the thermal stability of the alumi-
num fluoride films. In order to avoid any damage caused by the elec-
tron bombardment, either radiation from an incandescent filament
placed behind the sample or direct heating through a ceramic oven
were used for this part of the work. Fig. 4 summarizes the changes
suffered by a 15 nm thick AlF3 film with increasing sample tempera-
ture as monitored by AES — panel (a) and SEE — panel (b). The AES
data reveal that this relatively thick fluoride film remains both
Fig. 5. Blown-up STM images (100 nm×100 nm) of 0.30 ML of AlF3 on Cu(100)
acquired at RT and showing detailed views of the island morphologies: (a) As grown
at RT, and (b) After annealing at 500 K.
chemically and morphologically stable up to a temperature of ap-
proximately 750 K. Above this limit, the simultaneous decrease of
the F and Al signals and the rise of the Cu Auger yield suggest the de-
sorption of the aluminum fluoride without any sign of decomposition.

The secondary electron emission data displayed in Fig. 4(b) pro-
vide additional clues regarding the transformations taking place in
the AlF3 film. The high energy tail visible in the spectra at high tem-
perature is characteristic of clean Cu, where a Fermi shuttle mecha-
nism [41] has been proposed to explain this highly energetic
emission [42]. The increase in the electron yield in that energy
range upon annealing is therefore consistent with the progressive
disappearance of the aluminum fluoride from the Cu substrate.

3.3. Effects of temperature on growth kinetics and film morphology

Having demonstrated the thermal stability of the AlF3 layers
against decomposition whenever electron irradiation is avoided, we
now turn to characterizing the effect of thermal treatments on the
aluminum fluoride films. We focus first on the island morphology.
The quasi-dendritic shapes of the islands formed by deposition at
RT, already described in Section 3.1, are illustrated clearly in the
high resolution STM image of 0.30 ML of AlF3 presented in Fig. 5(a).
Annealing of these islands for 5 min at 500 K results in more rounded
perimeters and compact shapes as visible in the micrograph of
Fig. 5(b). This implies that, at least for these submonolayer deposits,
edge diffusion has been activated at that temperature, allowing the
nucleated atoms to move along the steps searching for more favor-
able sticking positions. It is also noteworthy that the density of islands
does not change during annealing, which means that adatom detach-
ment from the islands is not significant at this temperature. Analysis
of the island density and its dependence on the deposition rate and
the substrate's temperature [43,37] yields an estimated diffusion
length of ∼10 nm for the individual AlF3 molecules at RT [44].

Not only isolated islands, but also very thin films can still suffer
morphological rearrangements during annealing due to their non-
compact growth mode described above. This transformation is exem-
plified by the TEAS data presented in Fig. 6: there the evolution of the
specularly reflected He intensity is depicted, first during the evapora-
tion of 1.1 ML of aluminum fluoride onto the Cu(100) surface at RT
and then (right-hand side of the plot) during the progressive anneal-
ing of this film. At about 430 K a sudden increase of the surface reflec-
tivity indicates that the surface roughness is rapidly decreasing. This
temperature range is compatible with the above-described STM ob-
servation of island shape rearrangement during annealing. After
such a thermal treatment the TEAS intensity saturates at ∼55% of
the initial value for the clean Cu(100) surface. A LEED measurement
performed on this sample after cooling back down to RT shows a
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quite sharp pattern corresponding to the clean Cu(100) surface (see
the inset in Fig. 6). This means that the thin, rather porous AlF3 film
has agglomerated during annealing, forming compact, probably
three-dimensional islands and leaving a large fraction of the Cu sur-
face uncovered. On the contrary, thicker films such as the ones
employed for the experiments described in Fig. 4 are morphologically
more stable and do not rearrange at such low temperatures.

A further, beautiful demonstration of the partial de-wetting of the
Cu(100) surface upon annealing a thin AlF3 film is provided by the
TEAS experiment shown in Fig. 7. There we started by depositing
1.4 ML of aluminum fluoride at RT; the rapid fall of the specular He
beam intensity in region (a) of the graph signals the accumulation
of roughness in the growing film. After stopping growth, the sample
temperature was raised to 500 K — region (b); as in the previous ex-
ample, the increase in the TEAS intensity marks the break-up and
clustering of the AlF3 layer and the gradual exposure of the underly-
ing Cu substrate. Once that this reordering process was completed,
as demonstrated by the stationary TEAS intensity reached near
500 K, the sample was allowed to cool down to RT again in region
(c) of the graph. This resulted in a further increase of the reflectivity
as a result of the reduced effect of thermal diffuse scattering; the
specular TEAS signal roughly follows the exponential law (as demon-
strated by the fitting blue line in the figure) dictated by the surface
Debye–Waller factor. Finally, we proceeded to evaporate Cu onto
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this surface. The intensity oscillations visible in region (d) correspond
to the well-known layer-by-layer growth of Cu on Cu(100) at 300 K
[45,46]. It is thus evident that the evaporated Cu is growing on top
of a mostly uncovered Cu(100) surface.

3.4. Effect of electron bombardment

Finally, we turn our attention towards the effect of electron bom-
bardment on the stoichiometry of the aluminum fluoride films. Fig. 8
shows a temporal series of AES spectra acquired with a primary beam
energy of 2 keV and a current density of 20 µA·cm–2, which is about
2–3 orders of magnitude lower than the usual values employed in
typical AES experiments. In order to determine the effect of the irra-
diation the beam position was held constant in this case. The first
spectrum shows only two Auger peaks at 43 and 650 eV, correspond-
ing to the L2, 3VV and KLL transitions of oxidized aluminum and fluo-
rine, respectively; no metallic Al can be detected in the fresh sample.
With increasing irradiation dose the AES spectra reveal a progressive
depletion of fluorine at the surface, accompanied by strong changes in
the Al-L2, 3VV lineshape. The last spectrum in the series shows only
metallic Al (at 65 eV) and no traces left of fluorine at the surface.

The extreme sensitivity of the aluminum fluoride to electron bom-
bardment is further demonstrated by the data shown in Fig. 9, which
displays the evolution of a 15 nm thick AlF3 film during annealing by
means of rear electron beam heating of the Cu(100) crystal; the ener-
gy of the electron beam was 300 eV. The observed behavior is clearly
different from that previously presented in Fig. 4 and obtained by
means of radiative heating. One can clearly see how even the minor
amount of stray electrons reaching the surface is enough to provoke
substantial alterations in the film's composition. The Auger measure-
ments in Fig. 9(a) reveal the depletion of F and the appearance of me-
tallic Al0, fingerprints of fluoride decomposition, even at RT and
growing progressively with annealing temperature. At ∼575 K the
start of Al0 depletion coincides with a simultaneous steep fall of the
Al3+ and the appearance of Cu0. Since this temperature is substan-
tially higher than the 430 K for which we observed de-wetting in
thin films, we conclude that this behavior probably indicates interdif-
fusion of the metallic Al into the Cu substrate.

Consistently with the AES data, a sharp peak appears in the SEE
spectra of Fig. 9(b) at about 65 eV at temperatures between 550 and
600 K. This peak corresponds to the Al-LVV transition arising from
the de-excitation of Al∗ (carrying an L hole) and taking place outside
the solid. This mechanism has been demonstrated by means of Dopp-
ler effect measurements [47]. Interestingly, the L hole required to en-
able this transition is produced by the exciting Ar+ bombardment in
this energy range only through Al–Al symmetric collisions [48]. The
appearance of this peak is thus a fingerprint of the aluminum fluoride
decomposition and the formation of clusters of metallic aluminum.
This peak is absent when the fluoride films are radiatively heated,
as shown in Fig. 4(b).

4. Conclusions

The chemical and morphological stability of epitaxial aluminum
fluoride films grown on Cu(100) single-crystal surfaces have been
characterized by a combination of several surface-sensitive experi-
mental techniques. Submonolayer deposits rearrange upon annealing
at ca. 430 K, whereas thicker films are structurally stable up to ca.
760 K, where desorption in molecular form takes place.

Growth of AlF3 at 300 K results in dendritic island formation. The
islands can be made more compact by mild annealing at tempera-
tures not higher than 500 K. AlF3, on the other hand, is extremely sen-
sitive to irradiation with medium- or high-energy electrons, which
causes molecular dissociation and desorption of fluorine while the
Al remains at the surface in metallic form. All kinds of electron
beam heating should thus be avoided on handling this material.
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Fig. 9. Thermal evolution of aluminum fluoride studied by (a) AES and (b) SEE under rear electron bombardment heating.
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We expect that these findings will constitute a valuable contribu-
tion enabling future uses of this material. For most types of applica-
tions, ranging from passivating coatings to diluted magnetic
semiconductors with possible uses in spintronics, it is necessary to
develop preparation methods that allow us to obtain homogeneous
films with high structural quality, low porosity and well defined
thicknesses. Our results described in this work suggest that compact
films can be obtained by thermal evaporation in UHV at substrate
temperatures around 400 K, in order to avoid the formation of either
the dendritic islands that appear near 300 K or the non-wetting
three-dimensional clusters that appear at higher temperature. In all
cases, special care must be taken to avoid any electron irradiation of
the films, by using either radiative back heating or, preferably, direct
sample heating with a resistive oven. Further work is in progress to
test the possibility of fabricating a diluted magnetic semiconductor
by doping the AlF3 films with some magnetic (Fe, Co) impurities dur-
ing growth.
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