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Abstract

We present the very first surface physics experiments performed in ultrahigh vacuum (UHV) in
Romania. A technology for cleaning Si(001) wafers was achieved by using annealing at 900-
1000°C in UHV. Fe layers grown on the Si(001) single crystal surface are characterized by low
energy electron diffraction, reflection high energy electron diffraction, and Auger electron
spectroscopy. The clean sample contamination and the interface reactivity are assessed by these
combined techniques, whereas magnetism of Fe is investigated by magneto-optical Kerr effect.
Higher deposition temperatures yield better surface ordering, but also enhance Fe and Si

interdiffusion and decrease the Fe magnetic moment.

1. Introduction

A key test of most surface science UHV apparatuses, and especially of MBE installations,
is the cleaning of semiconducting samples, of which Si(111) and Si(001) are the most used
examples. This allows the setup and comissioning of standard characterization devices, such as
(1) for structural characterization: LEED, RHEED:; (ii) for chemical characterization: AES, XPS.
Usually, silicon substrates are prepared by flashes at very high temperatures (1200 — 1400°C) [1-
3], cycles of Ar’ sputtering and annealing [4-6], cleavage under UHV [7], RCA (Radio
Corporation of America) method and other wet chemical methods [8-9], gas source MBE [10],
laser ablation [11-12]. Any of these methods has specific disadvantages. Sputtering introduces
defects, very high temperature flashes induces the risk of melting the sample, cleavage is rarely

reproducible, gas source MBE is using high risk gases, etc.



In this paper we investigate a novel and cheap method for preparing atomically clean
samples of Si(001) just by annealing in ultrahigh vacuum. Once established, the method may be
repeated several times with reproducible results in obtaining low-contamination, well
characterized surfaces of Si(001). The characterization was mainly performed by LEED and
AES, but also RHEED was used for investigating the cleanliness of the sample and the surface
reconstruction. Consistent investigation and analysis of AES allowed derivation of the kinetics of
contamination and the nature of the reacted compounds formed at the surface.

Iron layers deposited on silicon have been subject of numerous investigations in the past,
since this interface involves both the most common pure ferromagnetic metal and the most used
semiconductor in the industry. One of the global aims of our research is to provide recipes for
fabrication of ferromagnetic contacts on semiconductors for spin injection. However, spin
injection efficiency is strongly dependent on the reactivity at interface. At the same time, the
magnetism of the layers is strongly perturbed by the interface reactivity [13].

In the present paper we will address Fe/Si(001) interfaces, for which fewer studies
combining reactivity with magnetism are reported up to the present moment.

When the Fe deposition is performed at room temperature, Si diffusion into the Fe film
promotes a layer of approximate composition Fe;Si [14], which becomes ferromagnetic for
coverages exceeding 3.6 ML = 5 A [15] or about 7 A [16-17].

The aim of this paper is to investigate the long- and short-range ordering, composition and
magnetic properties of Fe deposited onto Si(001) in order to see which are the correlations
between magnetic properties, interface reactivity and local atomic order. The long-range order
was investigated by LEED, the chemical reactivity and the intermixing by Auger electron

spectroscopy (AES), and the magnetic properties by magneto-optical Kerr effect (MOKE).

2. Experimental aspects

2.1. Description of the experimental cluster for Surface and Interface Science

The Cluster represents one of the most complex such systems in Europe, makes possible
the preparation and characterization in situ of surfaces and interfaces, and consists of four units,
of which the first three are mutually coupled (Fig. 1):

- The MBE (Molecular Beam Epitaxy) Chamber
- The STM (Scanning Tunneling Microscope) Chamber



- The Spin- and Angle-resolved Photoelectron Spectroscopy (SARPES)
- The PEEM (Photoemission Electron Microscopy) and LEEM (Low Energy Electron
Microscopy) System.

All devices operate in ultra-high vacuum (1-2 x 10" mbar). It is possible to perform in
situ characterization by low energy electron diffraction (LEED), reflection high energy electron
diffraction (RHEED), Auger electron spectroscopy (AES), quadrupole mass spectroscopy
(QMS), classical and high-resolution X-ray photoelectron spectroscopy (XPS), ultraviolet
photoelectron spectroscopy (UPS), etc.

The performance of the complex system described above is illustrated in Fig. 2 for high
resolution photoelectron spectroscopy (line widths comparable to that obtained with synchrotron
radiation sources) and in Fig. 3 for scanning tunneling miscroscopy with atomic resolution.
Further, Fig. 4 shows the first results obtained for the visualization of the monatomic terraces of
Si(001) by low energy electron microscopy (LEEM). The ultimate resolution achieved with the
LEEM in darkfield mode is 4.1 nm (20-80 % criterion).
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Fig. 1 Experimental measurement cluster for surface and interface science
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ig. 2 High resolution XPS spectra for an Ag foil using a monochromatized X-ray source.



Fig. 3 Scanning Tunneling Microscopy (STM) images with atomic resolution obtained on highly oriented pyrolytic
graphite (HOPG) (0001), with different tip voltages: (a) 630 mV; (b) 713 mV; (c) 884 mV.

Fig. 4 LEEM darkfield images on one of the diffraction spots (1/2, 0) of the Si(001) surface reconstruction. The size

of the image (field of view, FOV) is 3 pm.

In approximately 18 months of operation of the surface and interface facility, there has
been a significant number of scientific papers published in ISI ranked journals with significant
impact factor. To date, outstanding contributions using this setup were reported on catalytic
systems [18-21], oxides with photocatalytic or diluted magnetic behavior [22-26], nanoparticle
systems [27-28], ferroelectrics [29-30], silicon carbide/silica heterostructures [31], hydrogen

storage materials [32].

2.2. Preparation of atomically clean Si(001)

Two-domain Si(001) single crystal wafers were cleaned by repeated cycles of annealing at
900-1000°C. The typical time of an annealing step is 30 mins. The composition of the residual
gas was monitored with the QMS. After each cycle of annealing, the state of the surface
contamination was checked by AES, and its crystallinity by LEED and RHEED. RHEED was
proven to be a less surface sensitive technique: RHEED spots started to appear well before

achieving the surface cleaning at atomic level. By contrast, LEED patterns were visible only



when the sample was almost clean. Also, only the clean sample showed visible RHEED lines,
denoting a flat surface [13,33].

Achieving a LEED pattern also allowed inspection of the whole surface of the sample and
practically the whole surface presents long range ordering. This was not the case with samples
prepared by Ar’ sputtering or by very high temperature annealing [1-2], where only a part of the
sample presented a well-defined LEED pattern.

2.3. Growth of Fe layers by molecular beam epitaxy

Ultrathin Fe layers were prepared on atomically clean Si(001) in the molecular beam
epitaxy chamber operating in the pressure range of low 10™'° mbar. The samples are investigated
in situ by Auger electron spectroscopy (AES) (Fig. 5 presents AES survey spectra of the as-
prepared Si(001) and of the 6.7 nm Fe deposition on Si(001), respectively) and low-energy
electron diffraction (LEED). Single crystals of Si(001) were cleaned by heating Si(001) wafers at
1200 °C for 30 minutes in a vacuum not exceeding 5x10° mbar, then waiting for the vacuum

recover back to low 10! mbar.
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Fig. 5. Survey scans of Auger electron spectroscopy (a) on the as-prepared Si(001) sample and (b) on a layer of
6.7 nm Fe immediately after its deposition on Si(001).

Fe was evaporated from a Specs EBE-4 electron bombardment source at a rate of 0.06 A/s
and at normal incidence. The base pressure was in the low 10" mbar range during deposition. 1
monolayer (ML) of Fe is equivalent to about 1.43 A, as indicated by the thickness monitor set
with Fe parameters (density, Z-factor).

After the deposition, the samples were capped with 30 A of Au (deposited also near normal

incidence) and characterized ex situ by MOKE, using a setup manufactured by AMACC



Anderberg and Modéer Accelerator AB. The maximum applied field was 0.6 T and the

measurements were performed at room temperature.

3. Results and Discussions

3.1 Clean Si(001)

Fig. 6 presents AES recorded during the sample cleaning. We note a considerable shift of
around 15 eV towards higher kinetic energies for the as-introduced sample. For instance, the Si-
O peak results at 90 eV, value very close to the Si-Si peak of 92 eV, well known in literature
[4,11], although some authors report slightly lower values: 91 eV [3,5] or even 90 eV [10]. We
attribute this shift to the inherent contamination layer from the as-introduced sample, which
behaves like an insulator and becomes charged by the primary electrons produced by the
spectrometer. After the first annealing cycle, the Si’ line moves its position to 91-92 eV, whereas
the oxidized Si*" line shifts towards 78 eV, in good agreement with data from literature [3,5].
Subsequent annealing cycles do not change the situation drastically; whereas after the fourth
annealing a diffuse LEED pattern appears and the Si LVV AES looks quite different (see Fig. 6).
A last cycle of annealing resulted in the vanishing of the Si*" (78 eV) line, a strong reinforcement
of the Si’ (92 eV) line, and the disappearance of the oxygen KLL line (see Fig. 6, black curve).
The carbon KLL line did not disappear, but decreased in intensity. By using Auger atomic
sensitivity factors [34] it is estimated that the remaining carbon represents about 4 = 2 % of a
single atomic layer. It is possible that this contamination appears during the time interval
between the achievement of the preparation procedure and the measuring of this line (15-20
mins. are elapsed between these two events).

At the end of the cleaning procedure, sharp LEED patterns were obtained, as evidenced in
Fig. 2. Also, the spots belonging to both (2 X 1) and (1 X 2) reconstructions are quite well
observed, since the wafer was not miscut o as to provide single domain reconstruction [35]. Fig.
8 presents the RHEED pattern obtained along the <110> axis on the clean sample. Although the
mounting of the sample on the sample holder was such as no direct observation along the highest
symmetry axis <100> was possible, the <110> RHEED also provided fractionary spots, which

reconfirmed the (2 X 1) - (1 x 2) reconstruction of the surface.



SiLVV

C KLL O KLL
__,—""'-_ _“V’
SiLVV

-20
—— as introduced

! st .
i —— 1 annealing
X nd "

i e 27 annealing
H rd :

5 - 3 annealing
: th .
— 4 annealing
- th -

i —— 5 annealing
% -

i-Si
||II|I1[|[II|III|III|II[

40 60 80 0. 120 140 160
Ké?e\ﬂ

dN/dE (arb. units)

— as introduced
ui— 1% annealing '-"F-'
.’ nd . i
- 20 annealing

d .
e annealing

e 4‘hannealing O KLL

th .
— 5 annealing

-80 —

-100 — LI LI B L L L L L L B L
250 300 350 KE &.U\[)} 450 500

AR RN R RN R R RN R R RN R R RRRRE RARRR

100 .200 . 300 4 500
Kinetic energy @V)

Fig. 6. Auger electron spectra of the Si(001) sample Fig. 7. LEED patterns obtained with primary electrons

during the annealing cycles. Inserted are (a) detail of the at 55.9 eV (a) and 43.8 eV (b). The (01) spots are the

Si LVV lines; (b) detail of the C KLL and O KLL lines.  brigthest ones from (b). One may also observe distinct
(0 1/2) spots.

3.2. Surface contamination in ultrahigh vacuum

After successful preparation, the sample was measured continuously by AES. The
composition of the residual gas during these measurements is represented in Fig. 9. The influence
of these molecules results in contamination of the sample, as demonstrated in Fig. 10. The Si’
LVV peak decreases in intensity, the Si*" LVV peak (or oxidized silicon) starts to manifest [see
Fig. 10(b)], whereas the carbon and oxygen KLL peaks increase [see Fig. 10(c)]. The
contamination evolves by primary surface chemical reactions [7], but might also be induced by
electron impact from the Auger spectrometer [3]. The next step was to plot the evolution of the
intensity of the different peaks (Si4+ LVV, Si0 LVV, C KLL and O KLL), versus time.
Consequently, we had to introduce a curve fitting in order to derive the intensity, defined as the

minimum value from which the maximum value is subtracted (resulting in a net negative value).
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recorded during AES measurements.

The peaks are asymmetric, therefore a deconvolution with a symmetric function, such as a
Voigt profile [36] was not succesful. In Fig. 10(c), the C and O Auger spectra were fitted by
using an analytical approximation of the convolution of the Beutler-Fano profile with a gaussian
lineshape accounting for the finite resolution of the spectrometer [37].

The use of the Beutler-Fano profile has the following explanation: the Auger effect is an
autoionization process, result of a de-excitation of a discrete resonance (creation of a core hole)
embeded in a continuum of multiparticle ionization [38]. In Fig. 11 the evolution of the five
signals of interest (Si*" LVV, Si” LVV, C KLL and O KLL) are represented as function of time.
The data were fitted with exponential decays, such as I(t) = 1(0) + A exp(- t / 7). The resulting
fitting parameters are represented in Table 1. We observe that the Si*” LVV signal may be well
approximated by a saturation formula of the type Const. X {1 - exp(-t/ 7)} (note that Const. is
a negative value), whereas the Si° LVV signal is better approximated by a formula on the
type Const. X {1 + exp(-t/ 7)}. This is somehow confusing, since one expects that with infinite
contamination (or time spent in the chamber) the clean surface signal should dissapear
completely. Also, from the carbon contamination one obtains that a C KLL signal of - 1.661 +
0.320 = -1.341 units is inherently present on the sample from the very beginning. This produces a
contamination of some -1.341 / (-50.46 - 54.58) =~ 0.0128, but this has to be multiplied with the
ratio between the Auger sensitivity factors: 0.924 for Si LVV and 0.282 for C KLL [36]. This
results in an overall contamination of ~ 4.2 %. Finally, the O KLL signal obeys a saturation-like
law, but with a very long lifetime. This suggests that the well known Si*" LVV signal at 78 eV

may be due not only to formation of Si-O bonds (since therefore the lifetimes of this signal and



that of oxygen KLL should be similar), but rather to the formation of Si-CO complexes. Finally,

we try to explain the unexpected behavior of the clean silicon signal.
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Table 1. Values of parameters derived from the fitting of the temporal dependence of Auger signals

AES signal | | (0) [arb.] A[arb.] | T [minutes]

Si"LVV -50.46 |  -54.58 76.16
Si*" LVV -18.90 | +21.22 115.21
CKLL -1.661 | +0.320 109.89
OKLL -1.319 | +1.004 331.13

We suppose in the following that the remaining 1(0) peak, representing the Si’ signal after
waiting an infinite time with the sample in the UVH chamber, represents not clean silicon, but
silicon bonded to carbon, or SiC. Formation of silicon carbide onto clean silicon was reported
recently [40], but earlier studies evidenced contamination of Si(111) surfaces in ultrahigh
vacuum and formation of SiC islands [9]. Also, the lineshape of the C KLL signal is quite similar
to the lineshape of diamond-like nuclei on Si(001) and Si(111) [41]. In Fig. 12 we represent a
detail of the Si’ LVV signal from the spectrum of the clean sample and from the spectrum of the
sample at the last AES scan.

A final remark is that even after 300 mins. of measurements plus 10-12 hours spent in the
UHV chamber, the sample still exhibited a broad (I x 1) LEED pattern and its cleaning was
straightforward. This suggests that the silicon carbide-like compound formed at the surface
exhibits long range order (results investigated also by STM and high resolution electron energy

loss spectroscopy (HREELS) some years ago [9]).
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3.3. Growth of Fe on Si(001)

3.3.a. Structure and long range order. Fig. 13 presents the evolution of LEED patterns

when the deposition is achieved at an elevated temperature (500 °C). The as-prepared sample
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exhibits well-defined (2x1) and (1x2) reconstructions. As soon as Fe is deposited, the LEED
pattern weakens and broadens and for 2.8 A deposited, which represents roughly 2 single atomic
layers of Fe, only a broad (1x1) pattern is visible. When the deposition is performed at room
temperature, the LEED pattern disappears for the lowest quantity of Fe deposited, 0.7 A, which

roughly corresponds to half a monolayer.

.(a) .(b) .(c)

Fig. 13. Evolution of LEED patterns with Fe deposition at 500 °C. (a) clean Si(001); (b) 2.1 A Fe deposited; (c)
8.4 A Fe/Si(001).
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By considering the coherence length of about 25 nm corresponding to electrons of around
50 eV kinetic energy [42], this implies that at room temperature deposition islands with
considerable lower lateral dimension are formed on the surface, with increasing surface

roughness on the same order of magnitude.

3.3.b Intermixing and reactivity at the interface. Fig. 14 presents Auger electron
spectroscopy (AES) results obtained from the Fe LMM-LMV-LVV lines for the samples
synthesized at high temperature (500 °C). The electron inelastic mean free path (IMFP) is
estimated at 9 + 2 A in the latter case [43]. For the room temperature deposition, the IMFPs Ag;
and Ap. are close enough and also close to the accepted values for this energy range [43].
Consequently, one may infer that the Fe layer is situated over the Si substrate and that low

intermixing occurs. There are some Si atoms diffused into the Fe layer.

3.3.c. Magnetic properties. Fig. 15 represents MOKE hysteresis loops obtained in both
cases of room- and high-temerature. For samples synthesized at room temperature a detectable
MOKE signal is observed. Moreover, this signal is different when the applied magnetic field is
parallel to one of the <100> or to <110> directions. An uniaxial magnetic anisotropy is observed,
although this sample did not exhibit any long range order. The Fe nanoparticles formed whose
lateral dimensions are below 20 nm, are in well defined positions with respect to the the
crystallographic axes of the substrate.

In the case of room temperature deposition, we obtained about 6 mdeg of MOKE signal,
which corresponds to 2.4 + 0.6 nm metal Fe layers. We may infer that the Fe layer is highly
likely magnetic and the Fe average magnetic moment in this layer is close to the bulk value of
2.2 up, or perhaps slightly less (1.8-1.9 pg). This value is quite similar to the reported value of Fe
layers on GaAs(001) or InAs(001), once the interface reaction ends [13].

For the sample synthesized at 500 °C, the saturation MOKE signal is one order of
magnitude lower than at room temperature, whereas the estimated bulklike Fe layer is about 2
nm. Therefore, an average Fe atomic magnetic momentum of about 0.12 + 0.03 pg is obtained in
this case. This is about 5.4 % of the bulk Fe magnetic momentum. Therefore, we might infer that
by depositing at high temperature some Fe is still magnetic, but with a very low magnetic

momentum.
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Fig. 15 MOKE hysteresis loops obtained on the samples synthesized (a) at room temperature and (b) at 500 °C.

4. Conclusions

The cleaning and contamination processes of Si(001) were reviewed by using a new MBE-
XPS installation, permanently monitored by LEED, AES and RHEED. A huge kinetic energy
shift of 15 eV was detected between the as-introduced sample and the sample when the cleaning
procedure has started. A simple cleaning procedure consisting of successive annealings at not too
elevated temperatures was set up, tested and proven. Fair LEED patterns were observed on the
clean samples, with (2 X 1) - (1 x 2) reconstructions. Another result was the unexpected success
in simulating Auger lineshapes with a convolution between a Beutler-Fano profile and a
gaussian. The systematic study of sample contamination in ultrahigh vacuum exhibited the
saturation-like behaviour of the oxidized silicon and of the oxygen signals; however, the
evolution of the signal attributed to "clean" silicon cannot be explained unless one assumes that a
quite similar energy is obtained from silicon reacted with carbon. In a partial pressure of some 3
x 10" mbar of contaminants, the sample is contaminated in slightly more than one hour.
Therefore, the sample contamination is quicker than one expects, and the contamination rate,

together with the measured partial pressures of contaminants, suggest a sticking coefficient close
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to unity (assuming that 1 x 10" mbar corresponds roughly to a contamination of one atomic layer
per second).

New results are also reported concerning the long range order, interface reactivity, and
magnetic properties of Fe/Si(001). By growing at room temperature no long range order is
detected; however, these small metal Fe particles exhibit noticeable ferromagnetism and uniaxial
magnetic anisotropy. When the growth is performed at higher temperatures, Fe reacts completely
with Si forming a long range ordered Fe silicide with weak, though detectable, ferromagnetism.

This study constitutes one of the rare ones combining MBE deposition with in situ AES
and LEED characterization, and with ex situ magnetic. We do believe that the facts presented in
the present paper will contribute to the elucidation of the interface formation in the highly studied

Fe/Si(001) system.
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