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Characteristics of FeSi, quantum dots on silicon
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Abstract. Self-assembled (-FeSiz quantum (QD) dots were grown on n-type Si and investigated in this
work. Secondary electron images show the shape and distribution of the quantum dots depends on the
temperature and thickness of the Fe deposition. Electrical characteristics were measured in MIS devices
prepared by covering the quantum dots by an oxide or by a photoresist layer. The cold deposited and
subsequently annealed Fe layers were found to generate large concentration of deep level defects, compen-
sating the upper few microns layer of the silicon wafer. Reactive deposition epitaxy (RDE) growth of QDs
— where the iron is deposited on hot substrate—generated much lower concentration of defect, in some
devices with characteristics comparable to the reference wafer. The significant scatter on the surface is
attributed to inhomogeneous growth conditions and to residual surface contamination on the surface.

PACS. 81.07.Ta Quantum dots — 71.55.Cn Elemental semiconductors — 73.40.Qv Metal-insulator-
semiconductor structures (including semiconductor-to-insulator)

1 Introduction

Metal silicide films have attracted attention because of
their scientific curiosity and their technical importance.
Their applicability in integrated circuit technology moti-
vated the studies of the properties of different silicides.
They have generally metal-like electrical resistivity, ex-
hibit good high temperature stability and oxidation
resistance [1]. ‘

Iron is a member of the VIIIB group, but Si atoms were
found to be the moving species during the growth of FeSi
phase [2], in contrast to other near noble metals. 5-FeSi,
is a semiconductor with a band gap of 0.87 eV [3]. For
this reason it was regarded as a potential material for op-
toelectronic applications in silicon integrated technology.
- A lot of efforts have been made to prepare semiconduct-
ing epitaxial B-FeSiy layers [4], whilst less work has been
done to understand the basic solid phase reaction of Fe
thin film and Si substrate. In [5] the formation kinetics of
iron-silicide was investigated, describing compound layers
of FeSi and Fe3Si formed at about 450 °C and FeSi, for-
mation at about 550 °C. Another paper reported the ap-
pearance of FeSi at about 400 °C, and a small amount of
FesSi was detected in samples annealed between 450 and
500 °C [6]. The iron-disilicide phase formed at higher tem-
perature and it came to light that the FeSi <=> §-FeSiy
phase transformation is a nucleation controlled process.
The nucleation controlled solid phase reactions produce
rough surfaces as a consequence of the coalescence of
growing nuclei from different spots. To avoid the rough
film morphology, the reactive deposition epitaxy (RDE)
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method was suggested to prepare 3-FeSiy films, where the
Fe atoms impinge on a hot substrate [7].

The preparation of artificial low dimension structures
for electron confinement is one of the most challenging re-
search fields of the solid state technology [8]. The phenom-

‘ena of self-assembly have been observed in a wide range

of material and substrate combinations [9]. Recently, het-
eroepitaxial growth of strained semiconductor structures
has attracted great interest owing to their scientific cu-
riosity and possible technical importance as QDs [10].
The generated quantum dots, through the combination
of growth kinetics and strain effects show a narrow size
distribution.

Earlier, a few publications reported island or wire-like
aggregations of the silicides on Si substrate. TiSi, islands
were observed both on Si(100) and Si(111) by Ti deposi-
tion at elevated temperatures followed by high tempera-
ture annealing [11]. CoSi; nanostructures were prepared
on Si(100) by reactive deposition epitaxy and their nu-
cleation and evolution were studied during the anneal-
ing [12]. Recently, two groups in case of the rare earth
(Er, Dy, Ho) silicides [13,14] reported nanowire forma-
tion. Suemasu and coworkers reported the aggregation of
monocrystalline 8-FeSi, islands on the top of Si(100) sub-
strate and the spherical transformation of islands inside a
Si overlayer [15]. ’

The motivation of the recent study was to demonstrate
the possibility of self-assembled epitaxial 3-FeSi; quantum
dot formation on Si(100) substrates, and to follow the evo-
lution of QD growth as a function of film thickness, and to
measure the effect of QDs on the electrical characteristics
of MIS structures.
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2 Sample preparation and experiment

N-type 280415 pm thick, (100) oriented Si wafers were
used as substrates. Their backside was implanted by
Ps; " ions (40 keV, 480 °C), cleaned by plasma and wet
processes, and annealed at 900 °C for 30 min in Ns
ambient. Before loading the samples into the oil free evap-
oration chamber (VARIAN VT-460), the native oxide was
removed using dilute HF. The time elapsed after clean-
ing to reach 1 Pa pressure in the vacuum chamber was
about 30 min. After evacuation down to 1x107¢ Pa and
prior to evaporation, the Si wafers were annealed in situ
for 5 min at 800 °C. Iron ingots of 99.9% purity were evap-
orated onto room temperature substrate using an electron
gun at an evaporation rate of 0.02-0.03 nm/s, at a pres-
sure of 3x107% Pa. The film thickness was measured by
a vibrating quartz. Immediately after Fe deposition the
wafers were annealed by resistively heated tungsten spi-
rals in-situ under 3-6x10~% Pa pressure. Three types of
samples were prepared on Si(100) substrates by evaporat-
ing Fe in thickness of 2, 4, and 7 nm. The samples were
annealed at 600 °C for 10 minutes.

RDE growth reduces the inhomogeneity caused by the
nucleation-dominated character of the FeSi < 3-FeSiz re-
action [12]. The RDE QDs were grown by evaporating
2 nm and 5 nm Fe at 0.015 nm/s rate onto the 600 °C
Si(100) substrate. After evaporation it was annealed fur-
ther for 5 min at the same temperature.

In order to measure the effect of QD growth on the
electrical characteristics the QDs were covered by 100 nm
Balzers SiO powder or by 0.5 um photoresist. After dehy-
dration at 120 °C the Shipley 1805 photoresist layer was
deposited at 4000 r/m spin speed, soft baked at 90 °C, and
hard baked at 120 °C. Aluminum dots were evaporated on
the oxide and photoresist layers to form MIS structures
for the electric characterisation. A reference MIS struc-
ture was prepared without Fe deposition.

The samples were measured by X-ray diffraction,
by electron microscopy, by current-voltage (I-V), by
capacitance-voltage (C-V) measurements, and by DLTS.
The secondary electron images were taken by a LEO Gem-
ini 1540 scanning electron microscope. The C-V charac-
teristics were measured in a computer controlled Boonton
bridge based setup. The I-V measurements were carried
out in a Keithley 236 source-measure unit in the 80-350 K
range with better than 0.1 K stability. DLTS was mea-
sured in a SEMILAB 83D system.

3 Results

The X-ray diffraction shows the main component of the
grown material is J-FeSip, in agreement with earlier ex-
periments [7]. The secondary electron image in Figure 1a
shows the QDs on 2 nm cold Fe deposited wafer. The
lateral dimensions and density of the QDs is similar in
the 4 nm Fe thickness samples, and the image contrast is
improved. In Figure 1b the QDs grown from 7 nm cold
deposited Fe samples are shown. The height of the QDs
is increasing, and the QDs do not grow homogeneously.

In the positions between large QDs new, small dots ap-
pear in nucleation sites. The secondary electron images of
RDE QDs grown from 2 and 5 nm Fe are shown in Fig-
ure lc and d, respectively. In Figure 1d the magnification
is 3 times lower. In Figure 1c the QDs are small elongated
while in Figure 1d are definitely larger, with significant
scatter. The spot-size histogramms were used to numeri-
cally describe these features.

The I-V measurements in the photoresist MIS struc-
tures and in the oxide covered 7 nm cold iron deposited
MIS samples have shown few pA forward current. Typi-
cal C-V characteristics in the oxide-covered cold Fe evap-
orated and the RDE structures are shown in Figure 2a
and b, respectively. The dotted lines show the values mea-
sured under illumination. Measurements on four devices
are shown in all structures to illustrate the scatter. The
effect is smaller in photoresist samples. The smaller ca-
pacitance in Figure 2a is due to compensation of the Si
wafer doping (2x10'®/ cm?) by the generated point de-
fects. Thicker Fe layer compensate the Si substrate into
larger depth. In RDE QD structures the capacitance is
large, in some samples it is comparable to the reference
samples, indicating that much less point defects generated
by the RDE growth. The significant scatter is due to non-
homogeneous growth conditions on the surface. The mea-
sured devices are not comparable to a MOS structure, due
to the high contamination by Fe at the interface, its pur-
pose is to reduce the direct short-circuiting of the barrier,
and to make possible the estimate of the damage gener-
ated by the Fe-Si reaction. The presence of the inversion
layer can be observed, mainly in the RDE and reference
samples at low temparature.

DLTS were measured at —4 V reverse bias, with 0 V
excitation pulses of 200 us length, at 160/s repetition rate.
The DLTS spectra are shown in Figure 3a. In the cold Fe
evaporated samples the peaks were broad and small am-
plitude, in the RDE samples samples and in reference sam-
ples large peaks were found. The temperature dependence
at the reverse bias of the DLTS measurement is shown
in Figure 3b. The peaks are not related to point defects,
but to a balance of the generation-inversion at the oxide-
silicon interface, and to a pronounced compensated silicon
layer in the cold deposited samples.

4 Conclusion

FeSis QDs prepared by annealing cold deposited Fe layers
and by RDE deposition of Fe layers were investigated. Sec-
ondary electron images have shown the QD density and
its size scatter increases above a critical thickness, due
to new nucleation sites. In the RDE grown samples thick
Fe layers resulted in large, irregular size QD growth. The
electrical characteristics of MIS structures have shown
the cold deposited Fe layers during generated larger than
2x10'®/ cm? concentration of defect, compensating the
silicon wafer near the surface. The nature of the compen-
sating defect could not be identified by DLTS due to its
huge concentration. DLTS spectra in the RDE grown QD
samples show defects similar to reference samples, so these
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Fig. 1. Secondary electron images of the FeSiy quantum dots prepared by annealing of cold deposited 2 nm Fe (a) and 7 nm
Fe (b), and by RDE deposition of 2 nm Fe (c) and 5 nm Fe (d). :
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Fig. 2. C-V plots measured at room temperature in four samples in cold Fe deposited (a) and in RDE deposited (b) oxide
covered MIS structures. The dotted lines show the plots measured under illumination.
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Fig. 3. DLTS measured at —4 V reverse bias, 0 V, 200 us excitation pulses, at 160/s repetition rate (2) and temperature
dependence of the capacitance measured at —4 V during the DLTS scan is shown (b).

defects are not related to QD states, but to-the residual
surface contamination. The large scatter in characteristics
indicates the growth parameters are not homogenous on
the surface.
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