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Abstract
This thesis discusses the fabrication and characterization of ultrathin insulator films.
These are essential for nanoscale semiconductor device fabrication. When the insulator
layer thickness is only a few times the molecule diameter, it is crucial that both film
homogeneity and the insulator/semiconductor interface quality are as high as possible.
The small dimensions must also be taken into account in characterization, because the
established measurement techniques and analyses used in more traditional MOS
characterization are not necessarily valid any more.

In this work, the metal/silicon dioxide/silicon structure (especially oxide and
oxide/semiconductor interface quality) and various silicon dioxide fabrication methods
are discussed. The focus in the experimental work is on the studying the plasma assisted
oxidation of silicon in an ultra high vacuum chamber and on characterizing the
fabricated films. Some of the film properties are found to be excellent: interface
smoothness is of a very high quality and interface state densities are low (1011 eV-1cm-2
or lower in the mid-gap) even without any annealing. Process control also seems to be
good, as is the breakdown field. The oxide charge, however, is quite high. This may
cause considerable harm. One of the consequences is an increased leakage current. This
also significantly decreases the device life time by increasing current generated defects.
In the annealing experiments carried out, the oxide charge was seen to decrease,
indicating that the quality of the silicon dioxide films can be significantly improved by
optimization of the thermal treatments.

The molecular beam epitaxy system used in processing is designed mainly for research
purposes, offering possibility to gain much information about the oxidation process
itself. Other, and cheaper, thermal oxidation procedures have in recent years already
been developed to a very high level, which means that the process developed is not
necessarily the best choice for conventional IC manufacturing purposes. It offers,
however, useful applications for research into silicon-based nanostructures, such as
silicon/silicon dioxide heterostructures.
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1 Introduction
During 1994 research interests at the Helsinki University of Technology Electron
Physics Laboratory started to shift increasingly from III-V compounds towards silicon
based devices. With the growing interest to use our molecular beam epitaxy (MBE)
system to fabricate silicon devices, it became obvious that, in addition to epitaxial
semiconductor layers, it was also necessary to have some thin insulator films. This
paved the way to our research on plasma oxidation in ultra high vacuum (UHV) 1,2,3,4.
Molecular beam epitaxy systems have been used in submicron MOSFET fabrication 5,6,
but these processes usually do not include oxidation in the MBE. There has, however,
been some work on cyclotron resonance plasma oxidation in UHV 7 or some other
oxidation/evaporation methods 8, for instance. In our research the aim was to maximize
the process purity and the quality of the materials produced by performing the oxidation
in an ultra high vacuum MBE system. The use of an MBE system allows for highly
accurate growth and there are almost no impurities at all. Our processing equipment also
provides the possibility for in situ native oxide removal and device processing, which
further improves process purity. This process not only allows us to fabricate high
quality films, but also makes it possible to get a more reliable picture on the oxidation
process on an atomic level.

The main impetus for our research was provided by the growing interest worldwide in
silicon/silicon dioxide based nanodevices. The aim has been to fabricate ever smaller
and faster devices and circuits. The decrease in the chip area, and by the same token in
the processing linewidths, means that the vertical dimensions of the devices also have to
decrease. This requires a fabrication method that produces very homogeneous and high
quality Si/SiO2 interfaces and SiO2 layers with accurately defined thickness. A 50-nm
channel length bulk MOSFET would have a 2-nm thick gate oxide for high performance
applications. That would give a maximum electric field of 5 MV/cm in the oxide, about
half of the breakdown field of good quality bulk oxide 9. Normal operation of a
MOSFET with an ultra-thin direct-tunneling gate oxide was first achieved in November
1995. In an n-MOSFET, with 1.5 nm gate oxide and 100 nm gate length,
transconductance above 10 S/cm and current drive above 1 mA/µm was measured at
1

room temperature 16. By decreasing the channel length of MOSFET to 80 nm and the
oxide thickness to 3.5 nm, cut-off frequencies of about 100 GHz have been reached 9.
Other silicon based devices in which ultrathin oxides are needed include, for instance,
memory structures based on silicon nanocrystals 10.

The tightening of process tolerances in order to satisfy more stringent defect density and
reliability requirements poses many difficult challenges. For purposes of fabricating
faster sub-micrometer MOSFETs and quantum devices, the thickness of the silicon
dioxide layer may be no more than a couple of nanometers. This greatly enhances the
impact of surface roughness scattering on drain current and carrier mobility 11. The
surface and the interface have to be flat on an atomic scale. Roughness may also
enhance tunneling currents. Furthermore, roughness increases the amount of traps and
charge at the interface, creates extra energy states, and leads to local variations in the
electric field and in the channel charge. It is widely accepted that low frequency 1/f
noise in MOS transistors is due to mobility or charge fluctuations arising from dynamic
trapping and detrapping of channel carriers by interface traps.

As the dimensions are reduced to the level where quantum effects begin to appear, it
also becomes possible to use silicon to fabricate versatile new devices, which could
earlier only be made from compound semiconductors. This would mean increased
process compatibility and reduced circuit prices. Research so far has produced such
innovations as luminescent silicon/silicon dioxide heterostructures, for instance 12.
Because the energy gap in silicon dioxide is above 8 eV and in silicon 1.1 eV and the
affinity of silicon is over 3 eV higher than in silicon dioxide (Figure 1.1), the barriers
can be much higher and quantum wells much deeper than in III-V heterostructures. This
means there can exist more quantum states at the same time, and quantum phenomena
can be utilized in room temperature. The state energies can be adjusted by changing the
quantum well dimensions.

Research on silicon-based nanodevices has also involved some trials to fabricate
resonant tunneling diodes (RTDs), but the resonant effect achieved has not been very
strong

13

. The quality of the interface between these two materials is not as good as

when using crystalline materials with low lattice mismatch, such as GaAs and AlGaAs.
This means that there always exist interface states and consequently there are several
2

possible states from which and to which the carriers can tunnel. For this reason it is hard
to see clear quantum effects. The strongest silicon based photon emission, also, has been
reached by using porous or multicrystalline silicon: not silicon/silicon dioxide
heterostructures. The origin of this luminescence is not clear, but it might be due to
some three dimensional quantum structures, formed by nanocrystals.

Figure 1.1 Schematic illustration of energy band structure of a a) RTD b) silicon/silicon
dioxide heterostructure. Ep0 and En0 represent the ground state energies in the potential
wells.
Another major problem has to do with the fact that silicon dioxide is an amorphous
material, and the average distances between silicon atoms in silicon lattice and in silicon
dioxide are different. Because of the ’lattice mismatch’ it is difficult to grow single
3

crystalline silicon on top of the oxide without holes through the oxide or in some other
way so that the epitaxial layer can come into direct contact with the substrate. After that
high temperature treatment is also usually needed to transform multicrystalline material
into single crystal. Some experiments have, however, succeeded in growing single
crystal silicon on SiOx, where the oxygen content is about 20 at.% or less (x < 0.25) 14.
This, of course, means that the oxide properties are changed.

There has been intensive research on the outermost limit of the downscaling of silicon
dioxide films. A decrease in device size, and the oxide thickness leads to an increase in
the tunneling current. Tunneling can have a significant effect on the transistor operation.
The stress induced leakage current (SILC) is considered to be the major limiting factor
for the downscaling of tunnel oxides. If the devices operate at elevated temperatures,
SILC increases. Present estimates are that the film thickness can not go much below
2.2 nm (1 V supply voltage) 15. After that the reliability decreases too much. Various
fabrication procedures and the set-ups for experimentation result, however, slightly
different properties. Device structures can also be modified to improve performance
without extended downscaling. One of the ways of tackling the problems occurring in
the ultrathin region has, in fact, been to change the MOSFET structure rather than just
scale down the dimensions 16. The drain and source wells can be made deeper, which
decreases sheet resistance. Smaller gate decreases leakage current and increases drain
current. Nonuniform channel doping in both vertical and lateral directions can be used
to minimize the short channel effects, while low temperature CMOS and double gate
MOSFETs can potentially lead to the outermost limit of silicon scaling 9. SOI and SiGe
devices offer performance and power advantages over bulk CMOS without channel
length scaling. The demands of the rapidly developing semiconductor industry will,
however, still require even smaller dimensions and thinner silicon dioxide films.

4

2 MOS Structure
The fabrication of good quality insulator layers requires a good molecular structure and
the complete absence of impurities: there may be no free bonds, traps or other defects
that might affect the oxide charge or conductivity. The interface between silicon and
silicon dioxide should also be as abrupt as possible, and there should be no interface
states. Electron mobility, for instance, has been shown to correlate directly with
oxide/channel interface roughness 17.

The basic MOS structure (Figure 2.1) consists of a metal (often aluminum) or heavily
doped polysilicon layer, insulator (silicon dioxide or silicon dioxide and silicon nitride
layers) and doped silicon.

Figure 2.1 Energy band structure of an aluminum/silicon dioxide/p-type silicon
structure with zero bias.
Oxide defects are traditionally divided into four general classes 18:
− fixed oxide charge
− mobile ionic charge
− interface-trapped charge
− oxide trapped charge

5

Interface traps communicate directly with the underlying silicon, whereas oxide traps
and fixed charge do not. There are also so-called ‘border traps’ 19, a term applied to
traps lying within about 3 nm of the silicon/silicon dioxide interface and in
communication with the silicon. These are near-interfacial oxide traps that can either
rapidly or slowly exchange charge with the silicon. They play an important role in
determining low frequency (1/f) noise levels in MOS transistors. Border traps can act
like either interface traps or bulk oxide traps, depending on the bias and the time scale.
They include so-called ‘slow states’ 20, ‘anomalous positive charge’ 21 and rechargeable
E’ centers 22. It must be noted that all defects in ultrathin oxides may act as border traps,
since the film thickness is on the 3-nm scale, or even lower.

Impurities also have an impact on energy band discontinuity at the silicon/silicon
dioxide interface 23. They induce changes in the band structure and have been found to
bring about a decrease in conduction band off-set and an increase in valence band offset. The evidence suggests these changes are almost identical in thermal oxide 23. The
magnitude of the energy gap is thus not changed, but the bands are bended. The
variations in the energy band structure between the bulk oxide and the interface region
depend of course on the impurity concentration and the oxide quality. In some
conventional dry oxidation experiments (below 800 oC) a typical value for the off-set
shift has found to be about 0.2 eV, on both silicon (100) as on silicon (111)
surfaces 24,25. This value can be reduced, however, by using ultra clean processes 23.

2.1 Silicon/Silicon Dioxide Interface
Almost all silicon wafers that are used in microelectronics are single crystalline. Silicon
dioxide, on the other hand, is amorphous. The average distances between atoms also
differ from one another. Once the silicon surface is oxidized, the interface between
these two materials can no longer be perfect. The volume per silicon atom in silicon
dioxide is about twice that in silicon crystal, which means that silicon atoms are
inevitably emitted from the interface to release stress during oxidation 26. The atomic
scale structure of the interface between crystalline silicon and its amorphous oxide
6

remains controversial 27. However, a very high degree of perfection has been achieved
in practice, which is evidenced by the very low density of defects observed at the
interface.

Depending on the oxidation procedure interface roughness between silicon and silicon
dioxide layer has been reported to be up to 1 - 1.6 nm

28,29

. Roughness is also affected

by surface orientation and film thickness. On (100) surfaces there is less roughness than
on (111) surfaces, but it increases with increasing thickness (film thickness 1 nm,
roughness about 0.06 nm; film thickness 2 nm, roughness 0.14 nm 30). On (111)
surfaces, however, the range of roughness depends hardly at all on thickness (about
0.3 nm 30), but the horizontal size of the protrusions increases with film thickness.

Several assumptions have been made about the possible interfacial structure of the
silicon/silicon dioxide interface. Non-reacted silicon - silicon bonds have been observed
at the interface by means of Auger spectroscopy. On this basis it can be assumed that
there is at least one monolayer of silicon dioxide into which some amorphous silicon is
mixed 31. Auger analysis has also shown that there is an interface layer in which there is
less oxygen and usually some silicon clusters 32. The same effect has been reported on
the basis of ellipsometric measurements 33, where the change in the refractive index
shows lower oxygen contents. There have also been made some measurements of the
structural nature of silicon/silicon dioxide interface (oxide thickness 5 - 27 nm) by using
infrared absorption associated with oxygen vibrational modes 29. These measurements
indicated that the interface difference is mainly due to stoichiometric changes, not to
stress or densification.

The interface region width depends not only on the substrate and oxide layer fabrication
procedure, but also on the measurement techniques used. This is because there are in
fact two kinds of distinct regions near the interface: compositional and structural
transition layers 34. The compositional transition occurs abruptly within one silicon
atomic layer, which due to cross linking consists of intermediate oxidation states 35,
such as Si1+, Si2+ and Si3+. The structural transition, by contrast, takes a much greater
extent from the bulk silicon to bulk silicon dioxide. On the silicon side it consists of one
or two silicon monolayers in which the atomic arrangement differs from the bulk 36.
Computer simulations of oxygen transport into silicon and the formation of bonds
7

indicate that within the first monolayer there are extra silicon atoms due to stress, before
oxygen diffuses into the silicon network 27,37. The same simulations provide a partial
explanation for the low interface defect densities 27: during oxidation the oxygen atoms
can momentarily be bonded to three silicon atoms, which allows the interface to evolve
without leaving dangling bonds.

On the silicon dioxide side the transition layer can be as wide as 1 nm, but there remains
some uncertainty about its structure. This may have to do with the difficulty of
preparing uniform ultrathin oxide layers 34. It has been proposed that the main structural
difference between the bulk and interfacial region is the difference in the
intertetrahedral Si-O-Si bond angle (Figure 2.2), otherwise the structure is the same
corner-sharing tetrahedron network (i.e. continuous random network of 4-, 6-, 7- and 8member rings of SiO4 tetrahedra, joined by bridging oxygens 38). In calculations where
experimental XPS data have been compared with the calculated energy levels of the
structure as in Figure 2.2, the calculated value for the reduced Si-O-Si bond angle has
been about 135o - 140o; the intratetrahedral bond angle used was 109.47o

34

. In the

oxygen interface region, within about 3 nm of the interface, the distribution changes so
that oxide consists of Si2O3, SiO and Si2O 38. Another possibility is that the coordination
for the corner-sharing tetrahedron network is changed, and the intratetrahedral bond
angle is not reduced. Then there are overcoordinated oxygen centers ( O 3+ , probably
associated with O-) 39.

Figure 2.2 Schematic illustration of SiO4 tetrahedras joined by bridging oxygen.
The energy band transition from silicon to silicon dioxide cannot either occur without
some transition region. Calculated values for the valence and conduction bands indicate
8

that it takes about 0.4 - 0.5 nm before the energy gap corresponds to the bulk values,
even for an ideal interface between silicon and crystalline silicon dioxide 42. This is
consistent with simulations 27 indicating that the stoichiometry of the first 0.5 nm of
oxide is close to SiO.

Results have been published according to which there might be some crystalline silicon
dioxide near the interface, maintaining an epitaxial relation with the substrate 40.
However, it is estimated that the concentration of these crystallites is low (possibly a
few percent) and they are probably unstable 41. Thus, the possibility to form a totally
crystalline transition layer is highly dependent on the oxidation process. One very
prominent suggestion is that in an optimal case, the transition layer between crystalline
silicon and amorphous silicon dioxide could be an ordered, about 0.5 nm-thick
crystalline oxide, tridymite (Figure 2.3), a stable bulk form of SiO2. This stability is
assumed to decrease, however, when the layer thickness exceeds 1.5 nm 42. There is also
some evidence from transmission electron microscopy (TEM) studies which supports
this suggestion 43.

Figure 2.3 Schematic illustration of silicon/silicon dioxide tridymite structure 43.
First-principle calculations 44,45 have proven that in ideal structures the interfaces
between silicon and tridymite can be fully relaxed, so that there will be no electron
9

states in the silicon gap. In these calculations it has been assumed that a tridymite is
attached to the silicon (100) surface and the strain is localized to a transition region at
the interface and does not persist in the bulk oxide 45. The width of the transition region,
0.5 nm, accommodates the required change in silicon density. The amount of suboxide
of 1.5 monolayers is compatible with the best experimental results. The structure
corresponds to a local energy minima, but there might also be other minimas that are
even lower 45. Therefore in order to fabricate such crystals, the process has to be very
accurately controlled.

2.2 Tunneling, Leakage, Breakdown and Defect Generation
As was mentioned earlier, tunneling through the oxide becomes significant when the
film thickness decreases to about 3 nm. This may cause problems in device operation
and also during characterization. In the ultrathin region the direct tunneling current
increases by about one order of magnitude when the thickness of the silicon dioxide
layer decreases by one nanometer. For the direct tunneling (Figure 2.4a) the current
density can be evaluated from the approximate formula 46

J DT =

q 2 ( 2Φ M − Vox )
4 πhd ox2

 4 πd ox
exp −
h



qm * ( 2Φ M − Vox )  ,


(2.1)

where q is unit charge, h Planc constant, m* electron effective mass, ΦM the barrier
height at the metal/oxide interface, Vox the voltage across the oxide and dox is the oxide
thickness.

The so-called Fowler-Nordheim (FN) current might cause more trouble (Figure 2.4b).
The magnitude of it can be evaluated by using the following approximate formula 47

J FN =

 8πΦ M d ox
q 3Vox2
exp −
2
8πhΦ M d ox
 3hqVox


2m * Φ M  ,
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(2.2)

In addition, this tunneling current oscillates to some extent as a function of voltage. This
could, in theory, affect the measured impedance. However, the risk is not very great as
the oscillation is quite modest and starts at relatively high voltages. Often the oxide field
in ultrathin oxides exceeds the breakdown limit even before the Fowler-Nordheim
oscillation has started. It has been estimated 48 that direct tunneling dominates for oxides
thinner than 4.2 nm and FN-tunneling for oxides over 5.1 nm. This phenomenon,
however, has been used to determine the oxide thickness as the oscillation period is
dependent on the tunneling barrier thickness 49. FN-current causes also some stress on
the oxide, producing an oxide charge that becomes unstable upon continuing electrical
measurements 50. This further causes instability, possibly making it more difficult to
define the material parameters.

Figure 2.4 Tunneling in an MOS structure: a) direct tunneling b) Fowler-Nordheim
tunneling.
In real devices tunneling is not the only mechanism that allows current passing through
the oxide films. If the difference between the theoretical tunneling current and the
measured value is significant, this means the structure is non-ideal. Impurities increase
the conductivity of the oxide and form extra energy states, increasing the probability of
tunneling. Near the interfaces the molecular structure is not as perfect as in bulk

11

material, which also affects the energy band structure. That may significantly reduce the
potential barrier height. Various kinds of lattice defects may create conductive channels
through the insulator. Because the dimensions are small, any kinds of impurities may
diffuse, or spike, through the layers, especially during high temperature processing. The
probability of a major defect occurring within the device obviously increases with
increasing device area. This means that also the leakage current increases faster than the
area. One example of this phenomenon is shown in Figure 2.5. We measured the
forward current density in a larger area device to be considerably higher than in a
smaller one, even though on reverse bias the situation was the opposite which indicates
that the smaller device was not particularly good.
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Figure 2.5 Measured average current density through MOS structures with ultrathin
silicon dioxide layer; device area (100 µm)2 solid black line, (500 µm)2 dashed red line.
The geometry of the device can play quite an important role, particularly when the
structures are small. The charge tends to increase and the electric field to get higher
towards the edges and in the corners, which means that a significant proportion of the
current may in fact be going through the edges of the device rather than evenly through
the whole device. At the interfaces the likelihood of impurities occurring is greater,
which may also increase conductivity. An example of this can be seen in our
measurements presented in the Figure 2.6.
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Figure 2.6 Measured a) average current density b) current divided by the length of
device periphery, through two MOS structures. (Solid black line: Device area
(100 µm)2. Dashed red line: Device area (1 mm)2.)
When the tunneling current through ultrathin oxides is measured and compared to
simulated ones, it is possible to see indications of trap assisted tunneling components in
addition to direct tunneling 51. It is interesting that even when the number of traps is
eliminated as far as possible by careful processing, trap assisted tunneling can still be
seen in ‘thicker’ oxides, but when the film thickness drops below 2 nm, the only
mechanism seems to be direct tunneling 51. Tunneling straight through the film is then
therefore energetically more favorable compared to via-traps tunneling. The other
possibility, i.e. a sharp decrease in the amount of traps, does not appear very plausible.
However, when the film thickness is so small the current level becomes significant
anyhow even under normal device operating conditions.

One of the most important material parameters of insulators is the breakdown voltage,
or breakdown field. Dielectric breakdown of MOS devices is important both for
reliability considerations 52 and in the determination of suitable operation voltages. It is
of particularly great significance in the context of ultrathin insulators. Conventional,
‘thick’ insulator layers made from silicon dioxide have a breakdown field of about
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10 MV/cm 46. This may seem quite high, but expressed in other units it is 1 V/nm. It
follows that when the MOS insulator is only 2 – 3 nm, the maximum voltage that can be
used across the oxide is no more that a couple of volts. It has also been noted that the
strength and stability of these ultrathin oxide films is often not as good as the properties
of bulk oxide. This fact must be taken into account in device design.

In ultrathin layers, the breakdown effect differs from the one seen when measuring
thicker layers. Because the interface region, for instance, represents a significant portion
of ultrathin oxide films, this has an impact on such properties as reliability. It is often
possible to see a phenomenon called ‘soft breakdown’, i.e. a ‘smaller’ breakdown
occurs before the actual breakdown point. It has been suggested that when the bias
exceeds the soft breakdown value, electron transport through the film is mainly due to
multiple tunneling via generated electron traps 53. The breakdown effect in general has
been related to electron trapping 54, hole trapping 55 and interface state generation 56.
There are some results according to which interface state generation during voltage
stress is quite comparable in thermal oxides and N2O oxides, indicating that these state
generations are not necessarily the main reason behind the dielectric breakdown 57. In
constant current injection stress measurements, no widening of the breakdown points (as
a result of the spreading of thermal faults) has been observed 53. If, however, the current
is not limited, it is possible to see a roughening effect. TEM studies 58 have found that in
breakdown spots the silicon melts, deoxidization occurs and the interface is locally
shifted. It has been reported that the breakdown is due to a buildup of positive charge at
the cathode interface in localized areas 55. This, it is assumed, consists of holes
generated by impact ionization in the oxide and drifted to the cathode. This increases
the local field and, through barrier lowering, the current density, and further accelerates
the buildup until a very brief runaway process brings the oxide to destructive
breakdown.

When holes are trapped near the interface and electrons are subsequently injected,
recombination occurs. From the energy released in this process, interface states may be
formed 21. It has been found that the density of these states is dependent on the number
of recombination events, but independent of the average oxide field, and therefore the
electron energy. Superimposed upon this effect is the generation of interface states due
to hot electrons above the heating threshold (about 1.5 MV/cm). Because of this the
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defect generation rate also increases sharply 21.

Thin oxides stressed at high voltages have increased low level pre-tunneling leakage
currents 59. The leakage seems to be localized, not uniform. It is assumed to be due to
tunneling through stress-generated positive centers 60, or local lowering of tunneling
barrier due to the generation of local defects 61. Higher pre-tunneling currents and lower
breakdown distributions have been related to oxygen deficiencies at the silicon/silicon
dioxide interface 62. The intrinsic oxide decomposition reaction Si + SiO2 → 2SiO at the
interface is supposed to be nucleated at existing defect sites prior to the growth of
physical voids. These defects can become electrically active during annealing at
temperatures lower (e.g. below 900 oC in UHV) than needed for void formation. Unless
sufficient O2 is available, this can lead to low field dielectric breakdown 62.
It has been found that an increase in pre-tunneling currents correlates with the number
of traps generated within the oxide by high voltage stress 59. Low field leakage currents
introduced in the thin oxide during high field stress are related to defects produced by
hot electron transport 63. The generation of neutral electron traps is assumed to be the
dominant cause of this phenomenon. Atomic hydrogen exposure causes similar
leakages, supporting the conclusion that currents are related to hydrogen induced
defects 63. Oxide trap distribution is relatively uniform, and trap density increases as the
cube root of the fluence of electrons passing through the film 59. The trapped electrons
in stressed oxides seem to be located primarily at border traps: it has been estimated that
the centroid of the trapped positive charge lies as close as 1.2 nm to the silicon/silicon
dioxide interface 64. Capacitance-voltage (CV) characteristics analysis of thin oxides
stressed at Fowler-Nordheim region have also shown slow traps quite near the interface
(charge centroid located up to 2.5 nm from the interface) 65. The interface trap density
increases as the square root of the stress fluence 59. The high electric fields near the
interface and/or reduced barriers to local tunneling, or charge injection caused by hole
trapping, may trigger border trap formation as a natural response to increasing local
electric fields 64. It is, however, also possible to see an annealing effect of the defects
with increasing temperature 66.
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3 Fabrication of Thin Silicon Dioxide Films

3.1 Cleaning of the Substrate Surface
On the surface of silicon wafers, along with possible contamination, there is a native
oxide layer whose thickness is typically a couple of nanometers. This native oxide has
to be completely removed in order that a good quality thin oxide film can be produced
on silicon surface. It is also required that the sample surface is flat on an atomic scale,
because the thin oxide morphology seems to reflect the original surface of the wafer 67.
It is also important that the substrate, its cleaning procedures and other processing
stages are carefully selected. It has been shown 68 that oxide defects in thin films can be
associated with substrate defect: the defect density on Czohralski -silicon can be nearly
one order of magnitude larger than that for Float-Zone silicon. However, these defects
can be removed by a sacrifice oxidation procedure, in which the oxide thickness is at
least 0.4 µm. Etching of the substrate surface does not alone seem to suffice 68.

Usually the wafers are first cleaned by using some chemical cleaning procedure, such as
so-called RCA cleaning:
− 5 minute ultrasonic in acetone
− 5 minute isopropyl alcohol
− 10 minutes in H2O:NH4OH:H2O2 (5:1:1) at 80 oC
− 10 minutes in H2O:HCl:H2O2 (5:1:1) at 80 oC
Better results have been achieved by using 77:
− 10 minutes rinsing in deionized water
− twice 5 minutes in methyl alcohol agitation
− 15 minutes boil in trichloroethylene
− twice 5 minutes in methyl alcohol agitation
− rinsing in water
− 10 minutes in 69% HNO3 in 130 oC
− 10 s dips in 2.5% HF followed by rinsing in water until the surface becomes
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hydrophobic
− 10 minutes in 25% NH4OH: 30% H2O2:H2O (1:1:3) in 90 oC
− 10 s dip in HF
− rinsing in water
− 10 minutes in 37% HCl:H2O2:H2O (3:1:1) in 90 oC
− 10 minutes rinsing in water
Chemical cleaning procedures are used to remove all unwanted impurities from the
surface. The resulting surface is usually of a good enough quality for the fabrication of
conventional semiconductor devices. After chemical cleaning, it is possible to passivate
the surface by HF treatment, for instance, which will prevent reactions with oxygen in
the air or some other oxidizing species in the environment. This passivation, however, is
seldom perfect and even at best will not last for long. Recently it has also been
demonstrated 69 that the presence of a chemical oxide barely affects growth kinetics or
uniformity.

The best way to remove the oxide is to do it in situ. This means it is done immediately
before the beginning of oxidation and in the same processing equipment, reducing the
risk of sample contamination. Excellent results have been reported with this method
(e.g. thickness control of the layers fabricated and interface smoothness) 17. The most
common methods of in situ native oxide removal are plasma etching or the heating of
the sample in an oxygen free environment (in UHV or in inert gas, depending on the
process equipment). Since plasma etching is expected to roughen the surface, the
heating procedure is often preferred. During heating following reaction will occur 70
2SiO2(s) → 2SiO(g) + O2(g),
and reaction products will desorb form the surface. In situ plasma cleaning with
hydrogen has also been found to be suitable for silicon MBE processes (e.g. ref. 71).

Studies of oxygen desorption from silicon surfaces in UHV conditions have found that
the desorption starts inhomogenously, mainly at defect sites 72. Voids are therefore
formed at these sites. Low co-ordination number silicon monomers transform to be free
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mobile monomers, which diffuse (within the voids) and are incorporated into a reactive
oxide complex at the silicon/oxide boundary. The reactive SiOx complex and the
addition of silicon atoms can then form SiO(g), which desorbs from the surface 72. This
reaction consumes silicon, which means there will form a pit into the silicon surface at
the defect site.

An atomically flat silicon surface can be produced by flashing (heating rapidly) the
substrate to 1200 oC 73. Even though the silicon melting point is around 1400 oC, its
surface may start (incompletely) to melt at around 1150 – 1200 oC in ultrahigh vacuum
conditions; there may occur some sublimation of silicon even at lower temperatures
(though still above 1000 oC) 74. The use of high temperatures seems to smoothen the
surface. Interface roughness has been measured both from RCA cleaned and from
samples that were RCA cleaned and flashed at 1200 oC in UHV before thermal
oxidation at 900 oC 75. It was found that if only chemical methods are used to clean the
substrate, roughness increases as the layer thickness decreases from about 10 nm,
reaching its maximum at a layer thickness of 4 nm. In UHV cleaned samples, however,
roughness decreases with decreasing layer thickness. It is, however, not always practical
or even possible to use such high temperatures. It has been shown that at these
temperatures oxygen vacancies and charge traps are formed and there might exist some
gettering which roughens the silicon/silicon dioxide interface 76.

In our case the processing equipment is a UHV chamber. Thus the native oxide can be
removed simply by heating the sample. We can verify the desorption of the silicon
dioxide layer by monitoring the surface by RHEED (Reflection High Energy Electron
Diffraction): when the surface turns into a clean, monocrystalline silicon surface, the
RHEED pattern becomes clear. Even a thin native oxide layer totally prevents the
pattern to be formed. We have used two different native oxide removal procedures. The
first consists simply in heating the sample to 875 oC at 10-10 - 10-9 mbar 1. The native
oxide is then removed in less than 15 minutes. The second procedure we have used has
been shown to produce an excellent surface, entirely clean and flat by removing the
native oxide by keeping the sample at 850 oC and etching the oxide off by a low silicon
flux 77. When some silicon is introduced into the surface in gas form, the reaction Si +
SiO2(s) → 2SiO(g) happens on the surface, not in the silicon/silicon dioxide interface.
For this reason bulk silicon consumption should be lower than in conventional methods.
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This probably explains why this method produces quite flat surfaces, even though the
temperature is not that high. In fact, it has been suggested that even 780 oC may be
enough, given the background pressure of 7.10-11 mbar 73 and the chamber pressure of
1.5.10-9 mbar during silicon deposition. In our experiments 2-4 we have used this lower
temperature and seen that the native oxide is removed quite quickly, within one minute.

3.2 Thermal Oxidation
Thermal oxidation is the most common, and also the simplest way to produce silicon
dioxide layers. In microelectronics device processing the best silicon/silicon dioxide
interfaces are fabricated by thermal oxidation of (100) silicon 78. When the sample is
heated in an oxygen-containing atmosphere, its surface becomes oxidized. The oxygen
is normally introduced in gas form (‘dry oxidation’), but sometimes water vapor (‘wet
oxidation’) is used. It is also possible to use oxygen plasma, which increases the
oxidation rate, but in this case the process is more sensitive and it might increase
interface roughness and defect density (e.g. 79). This is because the plasma may also
etch the surface.

The main process parameters affecting the oxidation rate, and also the oxide and
interface quality, are temperature and oxygen concentration. An increase in either one of
these also increases the oxidation rate and the maximum layer thickness that can be
achieved. Oxidation temperature is the most important process parameter affecting
oxide quality; the hotter the better. Oxidation at high temperatures minimizes interface
roughness and produces the best quality material. In practice this is also seen in
decreasing interface trap density 80.

The most usual reactions
Si + O2 → SiO2

and

Si + 2H2O → SiO2 + 2H2

are also reversible. If the desorption rate from the surface is high enough, this may
increase surface roughness. The presence of hydrogen during oxidation, or annealing
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oxides in a hydrogen-containing atmosphere, is usually considered to have beneficial
effects on oxide quality. The addition of hydrogen has the beneficial property of
rendering charge traps inactive 46. One must, however, be careful in adjusting the
process, because there is evidence that the introduction of extra hydrogen into the oxide
may also aid in the creation of interface traps 81.

During the early stages of thin oxide growth the interface between silicon and its
thermal oxide undergoes atomic scale roughening 82. This reaches its peak and then
begins to diminish as growth proceeds. This is also an indication of a nonuniform
oxidation process: the growth of about 1 nm protrusions can be explained by a reduction
in the interface reaction rate brought about by local stress effects 82. At temperatures
above about 950 - 975 oC, oxide films grow stress-free, which is attributed to the
‘viscous flow’ of the oxide 83. The temperature limit above which this is possible is
called the ‘viscous flow point’. Relaxation of the silicon dioxide layer by this viscous
flow and the transition to diffusion controlled growth act to eliminate roughness. This is
reported to peak at a layer thickness of about 4 nm 82. Another defect-density-maximum
has also been found in Czohralski silicon wafers 84, with the oxide defect density
increasing with increasing film thickness between 5 and 40 nm, and decreasing above
80 nm. The dependence of defect density on thickness is probably much affected by the
substrate, impurity concentrations and oxidation procedure: for instance the ‘60 nm
defect maximum’ has not been found when using Float-Zone substrates 84. It has also
been noted that even thick oxides with seemingly low oxide defect densities do in fact
contain many small defects. These, too, may have serious adverse effects on oxide
reliability. This quality decrease is probably caused by oxygen molecules diffusing
through the oxide 82. With increasing thickness, the diffusion slows down. At the
beginning, on the other hand, there is less oxide structure to be damaged in the first
place.

First-principle calculations of stresses affecting the process have shown that a uniform
oxide layer can be obtained with any thickness by thermal oxidation once a uniform
surface oxide layer has been formed 26. Therefore the preparation of the initial surface
oxide is crucial for obtaining a uniform surface oxide layer with atomically controlled
thickness.
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The ‘rapid thermal oxidation’ (RTO) process is in widespread use in the fabrication of
thin oxide films. Typically this is done by oxidizing silicon with O2 or by using N2O.
The results have been excellent, and the processes are now so refined that thickness can
be controlled to the accuracy of a few Angstroms. On the thickness scale of 2 - 5 nm,
thickness can be controlled within 10% 85. The temperatures used are typically between
700 - 1200 oC, and the oxidation time is around one minute. After the oxidation of
ultrathin layers 85 the surface state densities can be as high as 1012 eV-1cm-2 but they can
be reduced by annealing to the level of 1010 eV-1cm-2. In the RTO method, too,
increasing temperature decreases leakage current and fixed charge density, but it has
also been found to decrease breakdown voltage 86. This may be due to pinholes or to
defects created by the high temperature processing into the oxide.

It is predicted that the interface quality declines when the oxidation temperature is
below the viscous flow point of the oxide 82. Using temperatures above this point helps
to avoid mechanical failure effects in IC-processing. High temperatures, which are
usually needed to fabricate good quality layers, also increase the oxidation rate and
therefore make it harder to adjust the film thickness. However, good results have been
achieved by using ultra clean processes and low partial pressures of oxygen in some
inert gases like argon 87, or low pressure oxidation 88. These not only help to achieve
more precise thickness control, but also a thickness uniformity may be improved 17.
This does not, however, mean that oxidation times would not be much shorter than in
conventional thermal oxidation. The oxide properties also tend to differ, sometimes
quite considerably, when the oxidation parameters are changed 89.

There has also been some research to study the use of temperatures lower than in RTO
(in practice usually above 650 oC

90

) in the fabrication of ultrathin silicon dioxide

layers. However, at temperatures below 1000 oC there may occur stress-induced
dislocations and edge cracking. The problems have been tackled by reducing oxidation
times to no more than a few seconds 31. On the other hand, oxidation at lower
temperatures can produce layers comparable to high temperature oxides. As well as
giving improved thickness control, low temperature processing also prevents
degradation of device performance due to the redistribution of impurities and the
formation of stress-induced defects in silicon 91. There still are, however, problems with
low temperature oxidation: the oxidation rate is slow, and the oxidation also saturates
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too early to form a layer thick enough for microelectronics purposes. To increase the
film growth rate, and especially to make it possible to fabricate slightly thicker layers,
additional techniques have been developed. It has been demonstrated 92 that by using
high pressure oxidation (10 bar), the temperature can be lowered to 650 oC and the
oxide still shows excellent characteristics. The use of activated oxygen and low pressure
also makes it possible to use low temperatures (300 - 500 oC) and still produce high
quality properties 93.

A typical way of increasing the growth rate is to use plasma instead of oxygen gas (or
N2O gas or water vapor). This allows the oxidation temperature to be dropped by a
couple of hundred degrees, say to 600 oC 94,95, or if no more than about two nanometers
are needed, even as low as 400 oC 96. This is due to the smaller size and increased
reactivity of oxygen atoms as compared to the ‘traditional’ oxidizing molecules,
molecular oxygen or water. To carry out oxidation at room temperature, one possibility
is to use a low energy ion beam 97 or a multipolar electron cyclotron resonance source
for plasma generation 98. One method that has been used to fabricate high quality silicon
dioxide films at room temperature (up to 11 nm) is oxidation by O2 cluster ion beams 91.
In this case less damage will be caused by the beam, since the acceleration energy is
divided between the single atoms of the cluster. It follows that the atom interactions
occur near the surface. Some annealing is needed after this process, but it has been
found that 30 minutes at 400 oC should be enough 91.

Nitrided Oxides

N2O has recently become an increasingly popular oxidizing gas. The main benefits
achieved with N2O in oxidation, or post oxidation nitridation of conventionally oxidized
layers, are the improved breakdown properties 52,99. There is less degradation under hot
electron stress and resistance to hot carrier induced interface state generation also
improves with increasing N concentration 100,101. It has been reported that increased
nitrogen concentration in the silicon/silicon dioxide interface increases interface state
densities, but decreases the tunneling current. This current reduction has been estimated
to be about one decade at any film thickness from 2.5 to 5 nm 102. This, it is assumed, is
due to the increase in the area of the tunneling barrier (Figure 3.1). The growth rate is
also significantly lower, helping with process adjustment 31,100.
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Figure 3.1 The conduction band structure of MOS structure with a) silicon dioxide b)
silicon dioxide with nitrided interfacial layer tunneling barrier.
There are also some results which suggest that interface state generation during voltage
stress is more or less comparable in thermal oxides and N2O oxides 57. However,
immunity to impurity state generation seems to be better with N2O oxides under
stress 52. Improved radiation hardness has also been shown 103. This is the result of both
suppressed electron trapping and enhanced hole detrapping due to interfacial nitrogen
incorporation 52. Impurity diffusion is decreased because the barrier properties to
impurity penetration are better 104,100 and the mobility under high normal field in the
MOSFET channel is higher 100,101,105. It has been concluded that this is due to a
combination of surface roughness scattering and the buried-channel nature of carrier
conduction 105. Peak mobility, however, decreases with the increase in nitrogen
concentration, at least as far as NMOS is concerned 101. In PMOS even peak mobility
has been found to improve 101. However, the fixed oxide charge and interface state
densities also increase with increasing nitrogen, and it is estimated that the optimal
nitrogen concentration is about 3% 101. There is also some evidence that oxynitride film
thickness may be more homogenous than in silicon dioxide films 106.
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3.2.1 Deal-Grove Model

In the conventional, so-called Deal-Grove model used for oxidation rate calculations in
thermal oxidation 46,107, an oxygen flux creates an oxygen concentration C0 on the
surface. Oxygen diffuses through the existing silicon dioxide layer (thickness z) into the
silicon. When the oxygen concentration in the silicon/silicon dioxide interface is CS, the
flux is defined as

F1 = D

C − CS
dC
≈D 0
,
dz
z

(3.1)

where D is the diffusion coefficient. The oxygen molecules coming to the silicon/silicon
dioxide interface react with silicon at a rate that is proportional to the concentration.
This requires the flux

F2 = kCS .

(3.2)

When

F = F1 = F2 ,

(3.3)

the oxidation rate is

(3.4)

dz F C 0
D
=
=
,
dt C1 C1 z + D k

where C1 is the concentration of oxidizing molecules in the silicon dioxide. The time
needed to grow a layer of thickness z can be calculated from equation (3.4). The result is

t=

[

]

1 2
z − d 0 2 + A( z − d 0 ) , z > d 0 ,
B

(3.5)

where d0 is the oxide thickness at the beginning. The parameters B/A ≡ 2kC0/C1 and
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B ≡ 2DC0/C1, which are usually referred to as linear and parabolic rate constants,
possess the temperature dependence exp(-EA/kBT) 46.
The Deal-Grove model assumes that there always exists an initial oxide layer through
which the oxidizing molecules have to penetrate and that this diffusion process is the
main factor limiting the growth (diffusion limited growth). The parabolic growth
behavior presented in equation (3.5) has been verified down to an oxide thickness of
5 nm 87. As the thickness of the insulator layer needed for MOS devices decreases
below 20 nm, some experiments 108 (thermal oxidation in atmospheric pressure and
temperatures around 1000 oC) have, however, indicated that the Deal-Grove model
tends to underestimate the initial growth rate. Therefore an extension has been
developed to this model 108. Here the parameter k from equation (3.2) assumes the form
k → rCgr ,

(3.6)

where Cgr is the concentration of so-called growth sites in the silicon/silicon dioxide
interface. These are suggested to be sites formed by silicon suboxides, silicon clusters or
interestial atoms that can react with the oxidizing species.

The growth site concentration changes due to a generation mechanism (which is
assumed to have an Arrhenius-type temperature dependence) and to recombination, in
which the dominating factors are the concentration of these sites and the amount of the
silicon atoms. The atom concentration is constant, therefore

dCgr
dt

= G0 e − EA

kBT

−

(3.7)

1
Cgr ,
τ

and since we are talking about ultrathin layers, the growth rate is about the same as the
linear rate constant

dz
dt

≈
x = small

C
B
= r 0 C gr ≈ e − E A
A
C1

k BT

(l

0

)

+ a 0 e −t τ .
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(3.8)

On this basis the initial growth rate is exponential rather than constant. Deductions
made from simulations of quantum molecular dynamics suggest that there might indeed
be a very fast oxidation step that precedes the diffusion limited growth. It has been
estimated that the oxide layer has to be at least about 0.7 nm thick before the oxidation
becomes diffusion limited 109.

3.3 Other Fabrication Methods
One of the most common ways of fabricating thin silicon dioxide layers in
microelectronics is by the means of chemical vapor deposition (CVD). In this method
the oxide, and especially the electrical quality of the silicon/silicon dioxide interface, is
not as good as in thermal oxidation, but the use of post oxidation annealing has
produced some good results. In fact results have been published according to which the
MOSFET transconductance can be even higher than in devices in which the gate oxide
is fabricated by thermal oxidation. One possible reason for this is the smoother
silicon/silicon dioxide interface, which is defined only by the original high quality
silicon surface 110. It is also possible that the explanation lies in some resultant tensile
stress in the oxide 111. The higher oxide charge may also have some effect, rejecting
carriers from the interface and thus decreasing the interfacial roughness scattering.

The plasma enhanced CVD (PECVD) method is widely used in microelectronics, not
least on account of its low processing temperatures, usually below 350 oC. Using this
(at 250 oC) in which after
annealing the surface state densities are in the range of 1 - 4.1010 cm-2eV-1. These values
method, silicon dioxide layers have been fabricated

112

are comparable to thermally grown layers. Hydrogenated silicon oxide films have also
been fabricated by PECVD at temperatures as low as 15 - 150 oC

113

. However, this

tends to produce a low oxygen concentration (SiOx:H, x < 2) and a porous film
structure. This precludes applications in devices, but it is still possible to take advantage
of the fact that the layer will be easily oxidized 113.

In plasma assisted processes there is the risk that the exited oxidizing species may
damage the substrate surface upon impact. For this reason there has been quite a lot of
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interest in the low pressure CVD (LPCVD; e.g. 0.13 mbar 114 or ≤ 0.01 mbar 115)
process. This process gives a slower growth rate and thus allows for easier control of the
thickness of ultrathin layers. In this process the silane and oxygen are mixed prior to
entering the reactor, and deposition is achieved by a pyrolytic process at the substrate
surface 114. In remote plasma enhanced CVD (RPECVD) the process temperature can be
lower. The activation energy in the process is also much lower, about one order of
magnitude, than in thermal oxidation 93. It must also be noted that if higher temperatures
are used in RPECVD, some thermal oxidation will occur and affect film growth 93.

As-grown chemical oxides are uniform, have a low density, and contain a variety of
defects such as Si-H bonds, dangling bonds, voids and OH groups, both in the oxide and
at the interface. Therefore in order to reach gate oxide quality, it is necessary to have
high temperature (800 - 1000 oC) process stages 116. For example absorbed hydrocarbon
contaminants dissociate and become chemically incorporated into thin oxides as
additional silicon oxide, carbide, hydrid and hydroxyl species. In UHV conditions these
persist up to the SiO desorption temperature (up to 850 - 1000 oC) so that once formed,
these defects will be present in the final device structure 116.
Deposited (LPCVD at 420 oC, as well as RPECVD at 300 oC) thin oxides show
enhanced Fowler-Nordheim tunneling currents compared with thermal oxides, even
after some high temperature (750 oC 40 minutes N -O 117) annealing. They also exhibit
2

2

very large electron trapping, with the traps reside close to the silicon/silicon dioxide
interface 117. It has also been reported that after annealing layer quality (oxide fixed
charge and surface state density) can be comparable to thermal oxides, although the
measured electron barrier height is still significantly lower 114.

To maximize the benefits achieved by the low temperature CVD process and to
combine those with the high quality interface properties achieved with thermal
oxidation, a two-step process has also been used 118. Here a low trap-density
silicon/silicon dioxide interface has been fabricated by plasma assisted oxidation. After
this the ‘bulk oxide’ is made by RPECVD deposition of silicon dioxide with device
quality properties. The first stage, which produces an oxide film about 0.5 nm thick,
also removes carbon residuals from the surface and prevents nitrogen incorporation at
the interface.
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As mentioned earlier in chapter 3.2, nitrogen incorporation into the oxide improves
some insulator properties. CVD can also be used to grow these nitrided oxide films. The
difference between these silicon dioxide and nitrided films are quite similar to thermal
oxides: above 3% the positive oxide charge increases linearly with the nitrogen
concentration, and above 4% there is also a sharp decline in mobility 119.

The silicon surface can also be oxidized chemically, for instance simply by keeping it in
a hydrogen peroxide solution. This gives a very slow oxidation process, however, and it
is only possible to produce very thin layers. This oxidation procedure has been tested by
oxidizing monohydride terminated atomically flat silicon (111) wafers in an ultrapure
30% H2O2 solution at room temperature 120. The first bilayer was oxidized within 30
minutes and then the process saturates; after two months only 60% of the next bilayer
has been oxidized. This is obviously not a practical procedure for producing layers for
most device applications: the tunneling probability is too high (chapter 2.2). Also, the
average composition of the first bilayer is about SiO1.2, and hence the layer quality does
certainly not correspond to the properties of SiO2.
Another way to fabricate thin silicon dioxide layers on silicon is to use the method of
anodic oxidation. By using NH4OH:H2O

121

or 0.1M HCl

122

, for instance, as

electrolyte, it is possible to grow layers 1 - 10 nm thick. The resulting oxide thickness is
strongly dependent on the visible illumination intensity 123, which can be used to adjust
the process.

The atomic layer epitaxy (ALE, also Atomic Layer Deposition (ALD) or Atomic Layer
CVD) method has also been used to fabricate thin silicon dioxide layers. One of the
binary reaction sequences used is (asterisks indicate the surface species) 124
SiOH* + SiCl4 → SiOSiCl3* + HCl
SiCl* + H2O → SiOH* + HCl
As each of the half-reactions is self-limiting, growth is controlled layer by layer. The
resulting surfaces are very flat 125, as flat as the original silicon substrate surfaces. The
measured deposition per one processing cycle (at 330 oC and 1 - 13 mbar) is only
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0.11 nm. This is quite interesting as one silicon dioxide monolayer should be more than
two times that. This might mean that the layer is strongly ordered. The ‘growth rate’, i.e.
the thickness of one deposited layer, decreases with increasing temperature (at least
between 330 and 530 oC

125

surface functional groups

), which correlates with the thermal stability of the SiOH*

126

. The other reaction used in ALE 127 is based on the

deposition of CH3OSi(NCO)3 and H2O2. This process can be performed at room
temperature with a deposition rate of 0.2 nm/cycle. After 100 cycles surface roughness
is only ±1.0 nm, but the measurements indicate that the layers formed are silicon rich
(SiO1.73).
Thermal oxidation produces higher quality material than any other method, but all of
these other methods are nonetheless usable, if not for MOSFETs or tunneling devices
then at least for other purposes. Poor quality oxide may even result in higher intensity
light emission for instance. Although the method of sputtering, for example, is quite a
’rough’ way of making such fine structures as nanometer scale silicon/silicon dioxide
devices, it has been used to fabricate some luminescent structures. The results seem
very encouraging, but the usability of these layers in electronic devices remains to be
established. In photoluminescent devices the non-homogeneity of the silicon dioxide
and the grain boundaries may even serve to improve the luminescence. The main
benefits of sputtering are its low costs and low processing temperatures. On the other
hand, the interface state densities tend to be high and the breakdown fields too low 128.
One of the methods employed in an attempt to improve the layer quality has been to
carry out the sputtering in an oxygen-containing atmosphere and to use some post
oxidation rapid thermal annealing (RTA). RTA has been found to drop the interface
state densities to the level of 1.8.1012 eV-1cm-2 and by post metallization anneal
(350 oC) to 3.5.1011 eV-1cm-2 129. A lowering of the sputtering pressure also seems to
produce better layers.

3.4 Annealing
Device processing always involves in practice some post oxidation thermal treatments.
Annealing after oxidation decreases the amount of oxide charge and the silicon/silicon
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dioxide interface trap density. There are two basic annealing procedures: low
temperature annealing, which typically continues for tens of minutes, and rapid thermal
annealing at high temperatures.

Although the general preference is for high temperatures, it has been shown that
temperatures as low as 300 - 400 oC are sufficient to decrease the surface state
densities. Values between 1.1010 and 5.1010 cm-2eV-1 have been measured after
annealing from samples fabricated by the PECVD method 112,115.

When studying high temperature annealings, it has been observed that a few minutes of
annealing (at 900 oC 28) reduces trap density exponentially as a function of time.
Interface roughness, especially on the (100) surface, has also been reported to decrease
dramatically during post oxidation annealing. In RTA experiments 129 an increase in
annealing time (50 - 500 s) has been found to be more effective in decreasing interface
trap densities than an increase in annealing temperature (700 oC - 1000 oC). Oxygen
defects and traps are removed 86, and the strain between the silicon and oxygen bonds is
probably also relieved. There is also some evidence that an increase in temperature
decreases leakage current. The underlying mechanism may be an increase in barrier
height. If, however, the temperature rises above 1000 oC, the barrier height might on the
contrary decrease 86.

Dealing as we are with ultrathin layers and processing in high vacuum conditions, high
temperature processing gives rise to certain problems. Diffusion or spiking may quite
easily cause impurities to penetrate into or even through these films. It has also been
noted 130 that voids are formed in about 1 nm thick layers when annealed at 750 oC.
This is caused by the reaction Si + SiO2

→ 2SiO(g)

in the silicon/silicon dioxide

interface 131. Because this reaction also consumes silicon, the silicon surface is lower in
the void spot 132. It has been suggested 133 that these voids start to form at defect sites.
Layers fabricated with different processes, therefore, should have different void
densities. In fact, it has been observed that on layers grown by rapid thermal oxidation,
the average void distance is only half the corresponding distance on thermal oxides 134.
This is probably due to the fact that higher temperatures are used in RTO which as
mentioned serves to improve the oxide quality.
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It has been proposed 135 that the primary result of (inert atmosphere) high temperature
(above 950 oC) annealing might be the creation of oxygen vacancies or oxygen vacancy
related complexes, like oxygen vacancy center/silicon interestial complex 136, in the
silicon dioxide. In addition, there are also oxygen related donors in the silicon. These
defects result from the outdiffusion of oxygen from the silicon dioxide network into the
silicon 136. The driving force behind this mechanism is the chemical potential difference
between oxygen in silicon and silicon dioxide 135,136. These oxide defects appear to be
the major source of enhanced hole trapping, and it has been concluded that they extend
from the interface into the bulk of the oxide. This suggests that they should affect not
only the density of bulk oxide traps, but also the border and interface trap densities 135.
The mechanism behind thermal post oxidation interface degradation, which begins
when temperatures above 640 oC are used, has been identified as permanent
paramagnetic point interface defect creation (so-called Pb defect: trivalent interfacial Si
backboned to three Si atoms in the substrate: •Si≡Si3

137

). This reveals that interface

breakdown mechanism on an atomic scale is interfacial Si-O bond rupture 138. However,
it seems that this process is reversible even below 400 oC 81.

The atmosphere in which the annealing is done has quite a major impact, especially at
lower temperatures. Annealing Si/SiO2 structures in an ambient containing hydrogen at
relatively low temperatures (typically 250 - 450 oC) is an effective way of reducing the
surface state density 81. Low temperature annealing in nitrogen, by contrast does not
seem to have any effect on the surface state density 81. Elimination of traps like trivalent
Si centers (Si dangling bonds), involves the chemical saturation of the free bonds by
forming an Si-H configuration. At 500 oC and above, these bonds tend to dissociate and
the interfacial trap density increases again 81.

Differences have also been found between argon and deuterium annealing, for instance.
Annealing at 500 oC in argon was not found to cause any changes in the interface trap
density, whereas in deuterium the density was clearly decreased 80. Annealing in a
hydrogen containing ambient has been a common method of passivating silicon
interface, because this allows the hydrogen ions to passivate the dangling bonds of the
SiOx in the interface region. However, a positive charging of silicon dioxide layers has
been found while annealing Si/SiO /Si structures at temperatures above 500 oC. This
2

has been assumed to be due to the formation of positively charged oxygen centers 139. In
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contrast to hydrogen, so called water-related species, Si-OH or loosely bound H2O, in
the bulk oxide are undesirable because they act as electron traps 140. Bulk electron
trapping, especially water-related traps, can be reduced by low temperature annealing in
a hydrogen ambient, but this process is also reversible 81. Hole trapping is not reduced
to the same level as in subsequent low temperature hydrogen annealing, but on the other
hand there is also no reversibility 81. It has also been shown that annealing in a helium
atmosphere can yield better films than similar annealings in vacuum, for instance 141. In
particular, the electrical integrity and the density of hole traps are clearly improved.
These effects seem to be linearly dependent on the helium pressure, at least as the
pressure is between 0.1 and 22 bar 141.
Another method that has been used is microwave annealing in N2O at high pressure 94.
This significantly improves the oxide quality, although more than one hour is needed to
decrease the plasma oxidized sample interface state density.

Sometimes annealing after metallization is either preferred or needed. A metal
commonly used on top of the oxide film is aluminum, although in MOSFET
manufacturing highly doped polysilicon is more popular. The aluminum consumes
silicon dioxide, causing spiking of aluminum into the oxide 46. Studies of metal film
evaporation and the metal/oxide interface have shown 142 that (in UHV, substrate at
room temperature) the aluminum first clusters around each surface O and then grows
Al2O3 by reducing oxide to SiOx (x < 2), leaving excess silicon at the interface. An
unannealed metal/silicon dioxide interface, aluminum evaporated at room temperature,
can be atomically abrupt 143. Annealing, however, can start the oxidation - reduction
reaction. This proceeds linearly with time. The predominant structure of the reaction
products is most likely to be SiO2/Al2O3/Si/Al in which the interfacial width can be
varied by changes in processing 143. Annealing of MOS structures with aluminum gate
in a neutral ambient has produced similar results as post oxidation annealing in a
hydrogen containing ambient 144. The reaction between the metal and hydroxyl groups
at the oxide surface is assumed to liberate active (probably atomic) hydrogen, which
eliminates the traps 144.

While post oxidation annealing processes are required to reduce the oxygen charge, they
must not at the same time degrade the dielectric breakdown characteristics of the
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oxide 145. Oxygen deficient annealing in vacuum tends to lead to the formation of
electrical defects in the oxide. This phenomenon appears to correlate with the initial
stages of oxide decomposition. It has been found that high temperature anneals enhance
hole trapping in thermally grown silicon dioxide films. Breakdown can be prevented by
annealing in controlled O2 ambient at pressures above critical values, which are similar
to the SiO vapor pressure 145. In this way the decomposition can be suppressed by
reoxidation of the volatile SiO reaction product.
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4 Electrical Characterization of Ultrathin Insulators
There are several characterization methods that give information about thin films and
interfaces. The focus here is on electrical characterization, which provides useful
information particularly for the fabrication of electronic devices. Conventional
capacitance-voltage (CV) characterization techniques cannot, however, be used in the
separation of positive and negative trapped-charge densities, as they sense the total
charge, only 64.

The Poisson equation of ideal MOS structure (Figure 2.1) gives the relation between
charge and potential. As mentioned before our samples can be quite far from being
ideal. The non-idealities can, however, be taken into account in the characterization by
separating their effect from the measurements or some of them can also be excluded by
careful measurements and fabrication processes.

One-dimensional equations can be used as valid approximation when the area of the
MOS structure is large compared to the thickness of the insulator. Then

[

]

(4.1)

d 2V
dE
q
N A− ( z ) − N D+ ( z ) + n ( z ) − p ( z ) ,
=−
=
2
dz
dz ε Si

where, εSi is the dielectric constant of the silicon, q is unit charge, n is electron and p
hole density, z is position co-ordinate perpendicular to the interface, and N A− and N D+
are the densities of the ionized acceptor and donor atoms. V and E denote the potential
and electric field.

From equation (4.1), when the potential and electric field far from the silicon/silicon
dioxide -interface are defined as zero, a relation can be derived for electric field 46:

[

(

)

ε Si E 2 ( z ) = 2 k B T ( p( z ) − p0 + n( z ) − n0 ) + q N A− − N D+ V ( z )

when
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]

(4.2)

n( z ) ≈ n0 e qV

kT

∧ p ( z ) ≈ p 0 e −qV

(4.3)

kT

and n0 and p0 are the carrier concentrations in thermal equilibrium, far from the
interface. Then at the silicon/silicon dioxide -interface

Vs = V ( z = 0) =

ε Si
kT
p − p(Vs ) + n0 − n(Vs )] +
Es 2 .
+ [ 0
q( N − N D )
2 q( N A− − N D+ )

(4.4)

−
A

If there is no charge in the oxide, the surface field in the silicon is

E s = E ( z = 0+ ) =

(

)

ε ox
ε V g − V fb − Vs
E ( z = 0−) = ox
.
ε Si
ε Si
d ox

(4.5)

In this equation Vg is the gate voltage (potential on the metal), Vfb is the flat band
voltage and dox is the thickness of the oxide. The bending of the energy bands, and
consequently the charge densities, can be numerically calculated from equations (4.3),
(4.4) and (4.5) 146. It can be seen from Figure 4.1, that the band bending in accumulation
is relatively modest.
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Vg - Vfb (V)

Figure 4.1 Potential at the oxide/silicon interface of an MOS structure (NA = 1016cm-3,
dox = 2 nm) as a function of gate voltage.
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4.1 Oxide Charge
The most usual way to define the density of a fixed charge in the insulator layer is to
calculate it on the basis of the flat-band voltage shift.

If the insulator is charged, then the electric field will not stay constant, like assumed in
equation (4.5). If it is assumed that there exists a Dirac delta function (δ) like interface
charge (Ns) in the silicon/silicon dioxide interface and that otherwise the charge density
in the insulator is uniform (Nox), then the Poisson equation (4.1) in the oxide is
(structure like in Figure 2.1)

dE ( z )
d 2V
q
[N ox + N s δ(0)] ,
=− 2 =
dz
ε ox
dz

z ∈ [− d ox ,0] .

(4.6)

Then the electric field in oxide is

E ( z) =

ε
q
N ox z + N s ] + Si E (0+ ), z ∈[ − d ox ,0]
[
ε ox
ε ox

(4.7)

and potential

V ( z) = −

q
ε ox

1
 ε Si
2
N
z
+
N
z
ox
s
 − ε E (0+ ) z + Vs , z ∈[ − d ox ,0] .
 2
ox

(4.8)

In the metal/oxide interface the potential is defined by the gate potential

V ( − d ox ) = Vg − ∆V fb −

Eg
 N 
1
− k B T ln A  
Φ Met − Φ Si −
q
2
 ni  

for p-doped and
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(4.9)

V ( − d ox ) = Vg − ∆V fb −

Eg
 N 
1
+ k B T ln D  
Φ Met − Φ Si −
q
2
 ni  

(4.10)

for n-doped silicon. ni is intrinsic carrier concentration, ΦMet is the work function of
metal and ΦSi the work function of silicon. Eg is the width of the energy gap and
Vfb = ∆Vfb + Vbi ,

(4.11)

in which the Vbi is flat band voltage in an ideal MOS structure. The shift in the gate
potential caused by the oxide and interface charge is

∆V (− d ox ) = −

q
ε ox

1

2
 2 N ox d ox + N s d ox  ,



(4.12)

and therefore the relation between the flat band shift and the charge in the oxide and
silicon/silicon dioxide interface is

Ns +

ε ox ∆V fb
1
N ox d ox = −
.
qd ox
2

(4.13)

4.2 Impedance of Thin Oxide MOS Structure
It is extremely difficult to produce reliable measurements when the measured oxide is
very thin. It has been observed, for instance 147, that in MOS structures, the gate
capacitance is typically less than 90% of the ‘traditional’ oxide capacitance, and for
ultra thin oxide layers and relatively low doped polysilicon gates (< 1020 cm-3) it can
even drop below 75%. For thin oxides then, the effective electrical thickness exceeds
the physical thickness of the layer. This means that the established measurement
techniques and analyses used in more traditional MOS characterization are not
necessarily valid any more. It follows that the traditional formulas need to be developed
if we intend to achieve better reliability in MOS characterization.
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Some problems are caused in the situation where there is significant leakage through the
insulator layer and where it is not possible to exclude all of the series resistance from
the measurements. Equivalent circuit for this case is shown in Figure 4.2 .

Gmos

Cmos

Rs

Figure 4.2 Equivalent circuit of the MOS structure with leakage (Gmos).
The basic measurement required for the characterization of insulator layers is
impedance (or admittance) measurement. Our HP 4192A LF measurement unit 148,149
calculates parallel conductance and capacitance as well as series resistance and
capacitance from measured values. The measurement unit gives us the measured
admittance

(4.14)

Ym = Gm + iωCm,
or

Z m = Rm + iX m =

(4.15)

1
.
Ym

As the total impedance of the circuit (Figure 4.2 ) is
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Z = Rs +

Gmos

(4.16)

1
1
= ,
+ iωCmos Y

it follows that when this is assumed to be equal with the measured values

C mos

−1
 1
 
1
= Imag
− Rs   .
ω
 Ym
 

(4.17)

or

Cmos =

Cm

(1 − Rs Gm )

+ ( Rs ωCm )

2

2

(4.18)

,

It is, however, hard to define the real value of series resistance. If it is assumed that
Gmos = 0 (i.e. there is no leakage), then

Rs (Gmos = 0) =

Gm

Gm + (ωCm )
2

(4.19)
2

and

C mos (Gmos = 0) = −

(4.20)

1
.
ωX m

The main difficulty in characterization is presented by combining series resistance and
leakage current. If the leakage current is low, equation (4.20) gives quite a good
approximation of real oxide capacitance. If the leakage is high, then the real value of the
capacitance is closer to the admittance measurement (equation (4.14), example in Figure
4.3). Then it is not possible to calculate exact values for layer capacitance, but only
upper and lower limits.

Series resistance is usually taken into account by giving it a constant value. This is
calculated from the measured accumulation capacitance and conductance based on
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equation (4.19), assuming that the leakage current is low. The most important values are
those obtained for accumulation, providing as they do the most reliable picture of the
insulator layer capacitance and conductance. The high frequency depletion layer
capacitance can be ignored in accumulation. In accumulation, however, the leakage is
higher, which increases the error of the calculated series resistance. The series resistance
is also not constant, but increases with reverse bias, i.e. with increasing depletion layer
width and a decreasing amount of carriers near the oxide/silicon -interface. This change
is relatively small, however, and in practice can usually be ignored.
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Figure 4.3 Measured admittance from an MOS structure (oxide thickness 3.9 nm,
frequency 1 MHz). Squares are the imaginary and crosses the real part of the
admittance.
However, the equivalent circuit described is unable to present one important
phenomenon that can be seen in the AC measurements of MOS structures: it does not
take into account the interface effects, mainly interface traps and charge. In high
frequency measurements the depletion region capacitance can not be neglected. A better
equivalent circuit of the system is presented in Figure 4.4.
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Cox
Gmos

Cit
Rit

Csc

Rs

Figure 4.4 Equivalent circuit of MOS structure. Gmos is the leakage conductance
through the structure, Cox is the metal-oxide-semiconductor capacitance, Cit is the
capacitance of the interface traps, Rit is their resistance, Csc is the depletion region
capacitance and Rs is the series resistance.
As described in ref. 152, the effect of traps can be presented by a capacitor (Cit) in a
series with a resistor (Rit). The amount of interface traps is characterized by a parameter
called the surface state density (Dit)which is directly proportional to the interface state
capacitance Cit.
Dit ∝ Cit .

(4.21)

Because it takes some time the traps to change their occupancy the resistor, Rit, must
also be included.

The impedance of the circuit in Figure 4.4 is then

Z = Rs +

1
Gmos +

Z s − i(ωCox )

(4.22)

.

1

−1

where
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Z = R − i
, in accumulation
it
 it
ωCit

Zs = 
.
Zit

, in depletion
1 + iZit ωCsc

(4.23)

The depletion region capacitance Csc is defined by

Csc =

ε Si A
.
dsc

(4.24)

The width of the depletion region dsc is usually derived by using the assumption that
there is a region in which all donors and acceptors are ionized and there are no free
carriers. Outside this region there prevails charge neutrality. By using the Poisson
equation (4.1), one gets

d sc =

(4.25)

2ε SiVs
q N A− − N D+

.

A maximum length is usually defined for the depletion region. This is reached when
depletion turns into inversion, i.e. when the density of minority carriers at the interface
exceeds the majority doping concentration

max(d sc ) =

4ε Si k B T ln

N A− − N D+
ni

q 2 N A− − N D+

(4.26)
.

4.3 Oxide Thickness
The basic formula for the calculation of oxide thickness from an MOS structure can be
derived from equation (4.5). On this basis, the ideal differential low frequency
capacitance of an ideal MOS structure is
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C=

dQ
dε E
ε A
dV 
ε ox A
= A Si s = ox 1 − s  =
,
dVg
dVg
dox 
dVg  d + ε ox dVs
ox
ε Si dEs

(4.27)

where A is the area of the capacitor. By using equations (4.4), (4.5) and (4.27) it is
possible to derive the capacitance formula even further:

C=

ε ox A
.
ε ox Es
dox +
q( N D − N A − ps + ns )

(4.28)

Based on equation (4.27), the oxide thickness is 150
 A 1 dVs 
d ox = ε ox  −
 .
 C ε Si dE s 

(4.29)

When the MOS structure is biased into accumulation Vs should saturate, and
consequently its derivative should approach zero. This can also be seen from equation
(4.28), as the density of the surface majority carrier increases exponentially with the
surface potential, faster than the surface field (equation (4.5)). Then we get the familiar
equation for the relation between capacitance and insulator thickness:

Cacc ≈ ε ox

(4.30)

A
.
d ox

Cacc is the saturated accumulation capacitance of the MOS structure.
The first problem is how to define the real oxide capacitance. First of all, the series
resistance does not remain constant even during one measurement, because the bias
voltage affects the depth of the depletion layer and the interface charge. For the
measurement of thickness, the accumulation capacitance is more important. The
problem is that the leakage current peaks in accumulation, thus increasing the error in
series resistance given by equation (4.19). More reliable values can be obtained by
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fitting the whole measured curve with the formula presented in equation (4.28) instead
of using equation (4.30) and the estimated accumulation value of the capacitance. If
leakage is high and series resistance significant, the measured capacitance can be as
shown in Figure 4.5. The correct series resistance can be deduced from the slope of the
capacitance curve in the accumulation region.

Capacitance (F/cm2)

4,0x10-7

2,0x10-7

0,0
-2,0

-1,5

-1,0

-0,5

0,0

Voltage (V)

Figure 4.5 Measured (squares) and calculated (solid line) capacitance of the same MOS
structure as in Figure 4.3. The calculation is based on the following parameters: Oxide
thickness 3.9 nm, series resistance 310 Ω, doping density 4.1015 1/cm3, and flat band
voltage -0.68 V.
The calculated value for resistance in Figure 4.5 is quite high. However, this is mainly
due to the fact that the ‘bulk contact’ was on the other side of the wafer. This means that
the measurement current had to penetrate the whole high resistivity wafer. When the
wafer thickness is around 400 µm and the pad size is (100 µm)2, the substrate resistivity
has to be only about 7 Ωcm and an approximate formula 46 gives series resistance of
300 Ω, which does not include contact resistances.

One of the difficulties in the measurement of ultrathin layers is the finite thickness of
the interface charge. It is estimated that the classical extrapolation method of
capacitance-voltage characteristics gives film thickness values that are 0.3 - 0.5 nm
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larger than those produced by quantum mechanical analysis of the structure 15. The main
reason for this is said to be that in quantum capacitance calculations, the inversion
charge has to be calculated on the basis of the wave functions of every sub-band
forming into the interface when the energy bands are bended. For this reason the oxide
thickness given by equation (4.30) is really the average distance of the accumulation
charge in silicon from the interface charge between the oxide and the metal. Since the
accumulation capacitance also does not totally saturate when the bias increases, it seems
that the oxide layer becomes thinner in direct proportion to increasing voltage. Equation
(4.28) takes this into account, which means that this effect can be avoided by numerical
fitting of admittance measurements.

4.4 Surface State Density
Surface state density is a very important factor in MOSFET structures, since the current
flows along the silicon/silicon dioxide interface. If the density is too high, MOSFETs
will not work at all. The problem can not be avoided entirely, but in a good MOS
process it is possible to achieve state densities around 1010 eV-1cm-2.

The capacitance caused by interface traps (Cit) can be calculated on the basis of the
equivalent circuit presented in Figure 4.4. For the forward biased, i.e. accumulation,
case

Cit =

C ox

−1

 1

ωC ox Imag − Rs  − Gmos 


 Y

,

−1 


 −1


and for the reverse biased depletion case
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(4.31)

Cit =
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−1  −1 
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 Y
 
 C ox



  




.

(4.32)

When the trap capacitance is known, the interface trap density can be calculated by
using equations (4.14) and (4.21).

However, the voltage dependent impedance measurement on a single frequency does
not give a very reliable value for the surface state density as the traps tend to be ‘slow’.
It takes time for them to fill in. The existence of several separate energy levels, with
slightly differing properties, also underscores the need to develop the model further.
In the so-called conductance technique measurement of surface state densities 151,152,
impedance has to be measured as a function of voltage as well as frequency. In actual
structures the physical situation is not as simple as in Figure 4.2 , but this only describes
the ‘lumped parallel equivalent circuit’ of a more realistic one, which is shown in Figure
4.6 152. This represents the situation where there exist several trap levels rather than just
one. Since the small voltage oscillation in the measurements mainly affects the traps
near the Fermi level (within a few kBT), the bias voltage can be used to determine the
energy level of the traps that are seen. This makes it possible to measure the surface
state density as a function of energy allowing us to determine the sate distribution in the
energy gap.

Figure 4.6 Equivalent circuit of the MOS capacitor in depletion for a distribution of
single-level interface traps (leakage Gmos excluded).
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The surface state density at a defined energy level can be calculated by using the
relation 152

Dit =

Real(Yit (ω ) )
1
f
b
ω
q2 A

(4.33)
,
max

where A is capacitor area, fb is material dependent parameter, and

Yit =

[( Z − R )
s

1
−1

− Gmos

]

(4.34)
−1

+ i(ωCox )

−1

Figure 4.7 A schematic illustration of trap conductance as a function of angular
frequency.
The state potential that corresponds to a given bias voltage is

Vtrap

 E g kT  N A 
E
 + Vs (V g ) + v , for p - doped semiconductor
+
ln

q  ni 
q
 2q
=
,
E


E
N
kT
g

v
 D
 2q − q ln n  + Vs (V g ) + q , for n - doped semiconductor
 i 


(4.35)

where Eg is the semiconductor energy bandgap and interface potential Vs like in
equation (4.4).
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This model is quite commonly used. However, it has been criticized for not including
so-called ‘slow traps’, as there is some evidence that there are two populations of
defects at the silicon/silicon dioxide interface 20. The measurements are also timeconsuming because the admittance has to be measured as a function of both voltage and
frequency. This was nonetheless the method I decided to use in an attempt to get a more
reliable picture of the state densities in the gap as a function of energy.
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5 Ultrahigh Vacuum Plasma Oxidation (UPO)
In ref. 1 we have utilized plasma oxidation of silicon in ultra high vacuum. Since the
best silicon/silicon dioxide -interface is fabricated by thermal oxidation of (100)
silicon 78, the samples used in our experiments were ordinary p-type (100) silicon
wafers. The use of epitaxial silicon surfaces or high quality Float-Zone wafers would
probably decrease defect densities and the impurity diffusion, as they are usually of
better quality and have lower doping levels. We nevertheless decided to use ordinary
substrates as they were, in order to imitate actual device processing.
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Figure 5.1 Oxide thickness after 20 minute oxidation as a function of temperature
(Crosses; plasma on. Circles; without plasma).
We opted to use plasma instead of molecular oxygen because that gave a higher growth
rate (Figure 5.1) and increased maximum layer thickness. These are due to higher
reactivity and also faster diffusion, resulting from the smaller size of the oxidizing
species, which we hoped would also help to reduce the final amount of free bonds.
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5.1 Equipment
The equipment used was a modified two chamber VG Semicon V80M molecular beam
epitaxy (MBE) system. The sample temperature can be adjusted by a resistive heater
and verified by an optical pyrometer between 500 and 900 oC. The input oxygen is fed
through an inlet that is controlled by a mass flow controller. The gas is activated in a
plasma cell
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(Figure 5.2). Typical values for the RF-field used are 265 - 300 W. The

background pressure is around 10-10 - 10-9 mbar and during growth the pressure in the
chamber is 3.10-5 mbar and the oxygen mass flow about 1.2 sccm. The growth chamber
houses cells for silicon, doping materials and several metals including aluminum. There
is also a Staib Instrumente RHEED System EK-2035-R that can be used for in situ
monitoring of the substrate surface and a Sycon Instruments STC-200 Deposition Rate
Controller.

Figure 5.2 Diagram of the plasma assisted MBE growth apparatus.
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5.2 Electrical Characterization
The MOS structures (see chapter 5.4.1 for a description of fabrication and structure)
were characterized by using an HP4155A Parameter Analyzer for DC measurements
and an HP4192A Impedance Analyzer for admittance measurements. Both of these
units were connected to the same probe station. Layer thickness was defined by using
voltage dependent capacitance measurement, at 1 MHz frequency. Oxide charge was
calculated from the flat band shift (chapter 4.1). Surface state densities were calculated
from frequency dependent conductance measurements
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by using the relation in

equations (4.33) and (4.34). Series resistance was defined by comparing the theoretical
capacitance of an ideal structure (equation (4.28)) and the measured high frequency
admittance (equation (4.17)). Leakage current was assumed to be equal to the DC
current measurement.

Great care and caution has to be exercised in the characterization of these ultrathin
layers. When the thickness of the silicon dioxide layer is below 3 nm, the tunneling
current increases and becomes significant: the effect of both the tunneling current and
that of series resistance has to be taken into account. Dielectric breakdown also occurs
at fields of about 10 MV/cm
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, which means only one volt across one nanometer of

silicon dioxide. In our measurement system series resistance was only a couple of ohms,
which made the calculations easier. At the same time this meant that the measurement
itself had to be done very carefully, without using too high voltages, otherwise the
current density could rise to a level where it might begin to create defects.

5.3 Oxidation Rate
In reactions involving silicon and oxygen there occurs both oxidation and etching of
silicon: this applies particularly to low-pressure conditions. The higher the temperature
and the lower the pressure, the faster the etching. The critical conditions between these
two processes have been studied 154, and an exponential dependence between
temperature and critical pressure has been found. In their experiments the temperature
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was between 890 and 1150 oC and pressure from 0.07 to 70 mbar. It was noted that
etching and growth rates were equal when the pressure is

Pcr (T ) = P0 e − EA

kT

(5.1)

.

where P0 = 5.9.1012 bar and EA = 3.83 eV. These parameters seemed to be independent
of silicon doping and surface crystal orientation 155.

However, this formula was tested in a different temperature and pressure range than we
are using, which means it cannot be used as such. The best way to find the proper
process parameters is by way of experimentation.

5.3.1 Experiment

The samples used in the oxidation rate determination 1 were ordinary p-type (100)
silicon wafers, with a resistivity of about 10 Ωcm. These were cleaned using a standard
chemical cleaning process (5 minute ultrasonic in acetone and isopropyl alcohol, 10
minutes in H2O:NH4OH:H2O2 (5:1:1) at 80 oC, 10 minutes in H2O:HCl:H2O2 (5:1:1) at
80 oC). The native oxide was removed in situ in the MBE UHV chamber by keeping the
samples at 875 oC for 15 minutes. The surface was monitored by RHEED to check that
the oxide had been fully removed.
During oxidation the substrate temperature was between 600 and 850 oC as determined
by an optical pyrometer. The growth times varied from 20 to 30 minutes. In all our
experiments the oxygen flow was about 1.3 sccm. The background pressure was around
10-8 mbar, and during growth the pressure in the chamber was 2.5.10-5 mbar.

The oxide thicknesses were measured by an ellipsometer using the fixed value of the
refractive index n = 1.465, typical of silicon dioxide (wavelength 632.8 nm). All the
results are averaged from ten measurements, which varied by less than about 0.1 nm. It
is known, however, that the refractive index of very thin silicon dioxide films differs
from the value of thicker layers 33, which may give rise to inaccuracies. Also, the
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manufacturer of the ellipsometer does not guarantee the accuracy of the results below
1 nm. The ellipsometric measurements were, however, compared with results from
capacitance measurements as well as tunneling current measurements 156 and were
found to be in close agreement (differences within 0.1 nm, the film thicknesses being 2 3 nm).
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Figure 5.3 Measured thickness of the silicon dioxide layer as a function of time at
various temperatures 1 . The calculations are based on equations (5.3) and (5.4) which
are fitted with the measurements.
As we can see in Figure 5.3, the average growth rate is very slow for the first 15
minutes, less than 0.1 nm/min 1. It then increases very sharply, reaching about 1 nm/min
at 800 oC. This indicates that the sticking coefficient of oxygen molecules is smaller on
a pure silicon surface than it is on a silicon dioxide surface, like in ref. 157. This
contradicts the models presented in chapter 3.2.1. This behavior has been seen also in
some other thermal oxidation experiments 158. We observed an incubation period at the
onset of the oxidation procedure at temperatures from room temperature through to
1000 oC. Initially, there were no signs at all of any oxidation, but it only started after a
certain period of time. The duration of this interval seemed to decrease with increasing
temperature, and is supposed that it is sensitive to the nature of surface termination and
the presence of contamination. Growth behavior is therefore not as simple and
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straightforward as described by equation (3.8). There may be considerable variation in
initial growth, depending on the surface quality. We model this process using only one
parameter, i.e. effective sticking coefficient, to describe all the surface effects and
reactions 1.

Since the sticking coefficients of oxygen are presumably different for silicon and silicon
dioxide surfaces, the oxygen surface concentrations CSi and COx also differ from each
other. When the oxygen flux starts to ‘see’ the surface as a pure silicon dioxide surface,
the critical thickness dcr has been reached and C0 → COx. Below critical thickness, we
simply interpolate for the average surface concentration. Thus we obtain 1
COx − CSi

, when z < d cr
CSi +
d cr
C0 = 
C , when z ≥ d
cr
 Ox

(5.2)

.

Solving equations (3.1) - (3.4) and (5.2), we get
 2d   A rd cr    1  z  

 ln 1 +  − 1
z +  −
, when z < d cr
 B(1 − r )   2 1 − r    r  d cr  
,
t=
1 2
2
 B z − d cr + A( z − d cr ) + τ, when z ≥ d cr

[

(5.3)

]

where

τ = t (d cr ) =


2d cr 
 A rd cr 
 ln(r ) .
d cr −  −
B(1 − r ) 
 2 1− r 


(5.4)

The parameter

r = CSi/COx ,

(5.5)

is called the relative sticking coefficient. If r < 1, what it seems to be for good quality
silicon surfaces, the initial growth rate is slow but increases to its maximum when the
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thickness reaches around 1 nm 1.

The initial growth rate should decrease with increasing temperature

159

. Because the

linear rate constant tends to increase with temperature 46, the relative sticking coefficient
has to decrease even faster. From equations (5.3) and (5.4), it can be derived that

dz
dt

=
t =0

(5.6)

B
r.
A

The value of r is approximately the same as the ratio between the initial growth rate and
the growth rate after z > dcr , as
dz
dt

=
t =τ

(5.7)

B
.
A + 2d cr

The decrease in r with increasing temperature can be derived then from a comparison of
these growth rates at different temperatures. This means that the relative sticking
coefficient r is much lower than 1. It is a difficult task to measure the initial growth
behavior, but our results suggest it is also possible that r could even reach values over
one at lower temperatures. In other words the sticking probability would be higher on
silicon than on silicon dioxide surfaces 1 and should increase with decreasing
temperature.
Our measurements 1 indicate that the critical thickness dcr is about 1 nm for our samples
when the oxidation temperature is over 700 oC, and seems to increase slowly with
declining temperature. This can be interpreted to mean that the average layer thickness
increases at the moment when the entire sample surface is finally covered with dioxide.
This implies a deterioration of layer quality. If the growth starts from separate spots and
continues in a island form until they unite, it can be assumed that bigger the dcr is,
higher the islands get. Consequently there is more roughness. Another possible
explanation is that at the lower temperatures, the initial layer quality is in some other
way so poor that the reactions differ from those which are happening on high quality
silicon dioxide surface. A thicker layer is needed before the reactions begin to
approximate those occurring on silicon dioxide surfaces.
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As can be seen in Figure 5.4, the growth rate is closely dependent on temperature. For
maximum thickness control, it is better to use lower temperatures, because otherwise the
growth rate, when the critical thickness is exceeded, will increase too much.
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Figure 5.4 Thickness of the silicon dioxide layer as a function of temperature after 20
and 30 minutes of processing 1.
Figure 5.5 shows a typical thickness profile of a silicon dioxide layer. The
measurements were taken in four directions from the center. The thickness seems to be
more or less uniform, which means that the processing parameters and conditions used
are about right. The processing temperature does not seem to have any significant effect
on thickness uniformity. The minor variations in thickness can be partly explained by
the fact that in the MBE, the molecule flux is bigger in the center of the beam. There is,
however, considerable variation in the results from different wafers, which can be
explained by temperature changes on the wafer. Owing to the structure of the resistive
heating element and the sample holder, the temperature is usually somewhat higher in
the center of the wafer, and the same goes for growth velocity. The condition of the
heating element is, however, crucially important: when it starts to corrode before
reaching breaking point, part of the film will be clearly thinner because the sample will
not be evenly heated (Figure 5.6).
56

1.8
1.6

Thickness (nm)

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Distance from the centre (cm)
Figure 5.5 Thickness profile of a silicon dioxide layer processed at 750 oC for 30
minutes. The solid line is averaged from the measured values from four directions from
the center. The measurements are presented as squares. 1
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Figure 5.6 Thickness profile of a silicon dioxide layer in four directions from the
center. The sample was processed at 800 oC for 30 minutes with a corroded heating
element. 1
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5.4 Room Temperature Oxidation
As has been pointed out earlier, higher processing temperatures produce better quality
silicon dioxide layers. However, in a UHV system it is not possible to use very high
temperatures, because otherwise the desorption rate may exceed the oxidation rate.
Equipment limitations also restrict the temperatures available at below 900 oC. In our
experiments 1 we have noticed that below 700 oC, oxidation almost saturates after only
a few nanometers. This means that the useful process window is quite narrow. To
resolve this problem we have tried a completely opposite approach, i.e. oxidation at
room temperature, which is a more ‘gentle’ process. TEM measurements (Figure 5.7)
indicate that the process we are introducing seems to produce an extremely flat interface
and homogenous layer thickness 12.

Figure 5.7 TEM picture of a silicon/silicon dioxide heterostructure.

58

5.4.1 Experiment

Three-inch boron doped (100) silicon wafers (NA = 0.5 - 1.1016 cm-3) were used as
substrates. These were thermally dry oxidized at 1000 oC to form a 100-nm thick
insulator layer. 100 µm x 100 µm openings were etched using photolithography and
buffered HF. After an HF dip, samples were inserted in the MBE system, and the
sample temperature was raised to 780 oC. A low silicon flux was then used to etch the
native oxide layer off from the openings. The temperature used has been reported to be
the lowest possible for purposes of producing an atomically flat surface 73. Oxide
removal was verified by monitoring the surface by RHEED. The temperature was then
allowed to drop to room temperature. The actual oxidation was performed by feeding
pure oxygen gas through a plasma cell in which the RF power was 265 W. The pressure
in the chamber during oxidation was 3.10-5 mbar, and the oxygen mass flow was
1.2 sccm.
In our experiments 12 we have found that the maximum layer thickness that can be
reached at room temperature is 1 - 1.1 nm. In order to produce thicker layers, the
procedure we applied was to evaporate a thin, about 0.6 nm, silicon layer on the silicon
dioxide surface and to repeat the oxidation. The silicon layer thickness was defined
using the Sycon Instruments STC-200 Deposition Rate Controller. Each processing
cycle increased the layer thickness by one nanometer. We used 10 minutes for one
oxidation cycle to make sure that all of the vaporized silicon had been oxidized. Once
the desired thickness had been achieved, an aluminum layer of about 100 nm was
vaporized on top of the sample. No post oxidation thermal treatments were used. After
removal from the vacuum chamber, the test structures were patterned by using
photolithography and wet chemical etching (Figure 5.8). The bulk contacts were made
by using GaIn eutect, so that no sintering was needed. The MOS structures (capacitor
area (100 µm)2) were then characterized 152 as described earlier in chapter 5.2.

The method was used to produce two to five nanometer thick silicon dioxide layers. As
can be seen in Figure 5.9, the measured and the expected values are reasonably close to
one another 2. After two oxidation cycles, the measured values varied from 2.0 to
2.2 nm (calculated error is 0.3 nm, mainly due to the leakage current), after three cycles
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from 3.0 to 3.3 nm (error 0.1 nm), and after five cycles from 4.9 to 5.2 nm (error
0.1 nm). The measurements were taken randomly from different places across the
samples. The plasma oxidized silicon surface was first thermally oxidized and then the
silicon dioxide layer was partly chemically etched off, which might have an impact on
impurity concentrations on the surface and in the oxide. The results might have been
even better if the silicon surface had been epitaxial instead of the wet etched and
cleaned sample we used.

Figure 5.8 Schematic illustration of the MOS structure.

The results confirm our previous results according to which oxidation saturates after 1 1.1 nm and the thickness uniformity is quite good. The variation that can be seen in
these figures is mainly within error limits, but the quality of the sample surface may also
play a role.
The surface state density of these MOS structures seems to be quite good 2. Figure 5.10
shows that it is slightly above 1011 eV-1cm-2 in the mid-gap. An increase in surface state
densities can be seen in 2 nm oxide layer samples around 0.7 eV above the valence
band. This might be caused by the impurity energy levels of oxygen and silicon (0.72
and 0.78 eV in silicon 46). Broken Si-O bonds, caused among other things by annealing,
can be seen in the appearance of a localized peak of interface states at 0.8 eV. The
dangling bonds tend to form a peak at 0.3 eV above the valence band 160. However, the
situation improves significantly when the layer thickness increases to 3 nm. Because of
the fabrication method used, the silicon/silicon dioxide interface should always be
similar regardless of the layer thickness. At room temperature it is unlikely that there
will be many changes in the interface structure because of oxygen diffusion or strain

60

when new oxide layers are added to the structure. This phenomenon may also be caused
by impurities from the metal, or spiking of the aluminum, which tend to decrease with
increasing oxide thickness. 2
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Figure 5.9 Measured capacitance of MOS samples fabricated with a) two, b) three and
c) five oxidation cycles (frequency 1 MHz). Thick lines represent the calculated error
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Figure 5.10 Surface state densities in MOS samples: oxide thickness 2.2 nm (circles),
3.3 nm (squares) and 5.0 nm (triangles) 2.
The leakage current due to tunneling through these ultrathin films is significant and
increases exponentially, and therefore it is sometimes quite hard to spot the dielectric
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breakdown. However, the breakdown field of these ultrathin layers seems to be
somewhere above 107 V/cm (Figure 5.11a). This is about the same that has been quoted
in the literature for silicon dioxide 46. In addition, there may occur a so-called ’soft
breakdown’ in fields above 106 V/cm 53. This can be seen in sudden increases in film
conductivity (Figure 5.11b). These are rarely destructive, but they may badly interfere
especially with AC measurements. The leakage current itself (Figure 5.12a) seems to be
at the same level or slightly higher than the theoretical (equations (2.1) and (2.2) 47,46)
tunneling current. The other measurement (Figure 5.12b) is from a sample in which the
alignment was slightly off. The edge of the metal is partly on the thin oxide. In these
cases a significant part of the current seems to go through the edges of the device: the
current is more dependent on the length of the device periphery than on its area.
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Figure 5.12 Calculated (solid black line) and measured (dashed red line) tunneling
current through a) 2.2 nm and b) 3 nm ultrathin silicon dioxide layers as a function of
oxide field. 2

5.5 Effect of Oxidation Temperature on the Silicon Dioxide Quality
Given the key impact of temperature on oxide quality, we also studied the effect of
oxidation temperature. The range of temperatures covered was from room temperature
to 800 oC.

5.5.1 Experiment

The substrates were p-type, 10 Ωcm, (100) silicon wafers supplied by Okmetic Ltd.
These were thermally dry oxidized at 1000 oC in order to grow a 100-nm thick insulator
layer. The thermal oxide was patterned using photolithography and buffered HF.
Samples were cleaned using a chemical cleaning process (5 minute ultrasonic in acetone
and isopropyl alcohol, 10 minutes at 80 oC in H O:NH OH:H O (5:1:1) and
2
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4

2

2

H2O:HCl:H2O2 (5:1:1)).
After the samples had been inserted into the UHV growth chamber the native oxide was
removed in situ by raising the temperature to 780 oC and allowing a low silicon flux
etch the oxide off from the openings. Oxide removal was verified by monitoring the
surface by RHEED as described earlier.

UHV plasma oxidation was performed by feeding pure oxygen gas through a plasma
cell in which RF power was 265 W. The pressure in the chamber during oxidation was
about 5.10-5 mbar, and the oxygen flow was 1.2 sccm. The background pressure in our
MBE chamber was around 10-10 mbar. In high temperature oxidation the substrate
temperatures were adjusted by the resistive heater. The room temperature samples were
fabricated as described in chapter 5.4.1. No post oxidation annealing was applied to the
samples.
At temperatures below 850 oC and in a UHV environment, the initial oxidation rate on a
clean, good quality silicon surface is about the same regardless of temperature until the
silicon dioxide layer thickness exceeds 1 nm. This may take a relatively long time, up to
20 minutes 1. From that point on the effect of temperature becomes significant, with the
oxidation rate increasing with increasing temperature. At room temperature oxidation
virtually stops after one nanometer 2, when around 800 oC it reaches the maximum
growth rate after that 1. In the higher temperature oxidation process (600 - 800 oC) the
layer thickness can be defined by adjusting the oxidation time, although below 650 oC
the oxidation is really slow. It may take as long as 30 minutes to grow a 2-nm thick
oxide at 600 oC.

Once the predetermined silicon dioxide layer thickness was achieved, i.e. 2 - 5 nm, an
aluminum layer of about 100 nm was evaporated on top of the sample. Following the
removal of the sample from the vacuum chamber, the test structures were patterned by
using photolithography and wet chemical etching (Figure 5.8). The area of the devices
is about (100 µm)2.

The quality of oxide usually improves with increasing oxidation temperature. The best
quality ultrathin layers have been fabricated by thermal oxidation at around 1000 oC, or
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by using some post oxidation annealing (above 350 oC, for instance 161). However, the
equipment we used limited oxidation temperatures to below 900 oC. The use of high
temperatures is also prohibited by the ultra high vacuum environment; if the
temperature is too high, the surface will be etched rather than oxidized 154. In our
experiments 1 we have found that the native oxide layer is vaporized from the silicon
surface at 870 oC. Oxide evaporation from the surface increases surface roughness, at
least if the temperature is below 800 oC 77.

Studies of the quality of these 2 – 5 nm thick UPO layers have shown that the difference
between layers oxidized at 600 - 800 oC is quite small. The measured surface state
densities in the mid-gap are between 0.4 - 3 1011 eV-1cm-2 (Figure 5.13). Flat band
voltages are about -0.55 V (Figure 5.14). This corresponds to an interface charge of
about 2.1012 cm-2. Given that we are dealing with extremely small dimensions, even
minor changes in the measured values have a relatively major impact on the calculated
parameters. Therefore absolute values are uncertain, but these values can still be used
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Figure 5.13 Surface state densities from samples plasma oxidized at a) 700 oC (oxide
thickness: up triangles 2.5 nm, squares 3 nm and down triangles 3.4 nm) and b) 800 oC
(oxide thickness: up triangles 2 nm, squares 4.2 nm and down triangles 4.4 nm). 4
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The interface state densities seem to be more or less the same regardless of the
temperature that is used in oxidation 4 (Figure 5.15 and Figure 5.16). The lowest surface
state densities are usually measured from samples with oxide layers of about 3 nm or
little below. If the oxide thickness is below 2.5 nm, the average surface state densities
tend to be slightly higher than the values measured from 5 nm samples. This
phenomenon might also be due to increased leakage through the oxides which disturbs
the measurements. In some of these samples a peak can be seen at about 0.7 - 0.8 eV
above valence band (Figure 5.16). This corresponds to the oxygen and silicon impurity
states in silicon (0.72 and 0.78 eV, respectively 46), which are usually identified as being
caused by dangling bonds. We have previously seen this phenomenon in room
temperature oxides (chapter 5.4.1), but sometimes it can also be found after high
temperature oxidation. The surface state densities presented in Figure 5.16 are measured
from samples fabricated in the same way; the only difference between them is in oxide
thickness, measuring a few Angstrom. We have yet been unable to establish why the
peak that is seen in the other curve can sometimes be detected and sometimes not.
However, it seems that the probability of it occurring increases when the layer thickness
decreases to below 3 nm. 4
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Figure 5.17 Capacitance as a function of gate voltage from samples plasma oxidized at
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The oxide layer thickness has a major influence on the flat band voltage if the oxidation
is performed at room temperature (Figure 5.17). No such dependence can be seen in
high temperature oxide measurements (Figure 5.14). The oxide charge can be calculated
from the flat band shift as described in chapter 4.1. Assuming that the interface charge
is constant in every sample, the extrapolation of the thickness dependence of the charge
gives negative values for the interface charge, at least compared to the high temperature
oxides. The oxide itself, on the other hand, seems to be highly positively charged. It
seems that unit charge density can reach values as high as 1019 cm-3. 4

5.6 The Effect of Post Oxidation Annealing
As was discussed earlier self-terminating room temperature plasma oxidation of silicon
seems to be quite an interesting tool that can be used in the in situ fabrication of
silicon/silicon dioxide heterostructure devices 2. Annealing is a standard procedure in
the improvement of oxide quality. The fabrication of silicon/silicon dioxide
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heterostructures also requires certain thermal treatments in order to turn the amorphous
or multicrystalline silicon into single crystalline material.

The use of a UHV MBE system limits the use of post oxidation high temperature
treatments. Even at 870 oC the oxide is vaporized from the surface 1. As the metal we
are using is aluminum, it is also necessary to perform the post metallization heat
treatment at low temperatures; about 350 oC is preferred for ultrathin oxides 161.
Excessive temperatures increase the impurity diffusion and the spiking effect. We
studied the effect of two different post oxidation annealing procedures on the electrical
characteristics of thin oxide MOS structures.

5.6.1 Experiment

Three-inch boron doped, 20 mΩcm, (100) silicon wafers were used as substrates. These
were thermally dry oxidized at 1000 oC to make a 100-nm thick insulator layer.
Openings through this layer were etched using photolithography and buffered HF. After
an HF dip, samples were inserted in the VG Semicon V80M MBE system and the
sample temperature was raised to 780 oC. Oxide removal was verified by monitoring
the surface by RHEED. The temperature was then allowed to drop to room temperature.
The actual oxidation was performed as described in chapter 5.4.1. RF power was
265 W. The pressure in the chamber during oxidation was 3.10-5 mbar, and the oxygen
mass flow was 1.2 sccm. An aluminum layer of about 100 nm was evaporated in situ to
form top contact.

The results presented are measured from samples that were either post oxidation (pre
metallization) annealed at 750 oC in UHV for 15 minutes, or post metallization
annealed at 300 oC in air. For comparison a set of samples were fabricated without any
post oxidation thermal treatments 3. After removal from the vacuum chamber, the test
structures (capacitor area (100 µm)2) were patterned by using photolithography and wet
chemical etching (Figure 5.8).
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capacitances (dotted green line 2 nm, dashed red line 3 nm and solid black line 5 nm
oxide) from samples fabricated without any post oxidation annealing. 3
As can be seen in Figure 5.18a, it is possible to produce fairly good surface state
densities, below 1011 eV-1cm-2 in the mid-gap, even without any annealing. The oxide
charge, on the other hand, may rise to quite a high level 4. It can be seen in Figure 5.18b,
that the flat band voltage shifts as the oxide thickness changes, which means that there
exists some charge not only at the interface but also in the oxide. The measured flat
band voltage is about 0.8 V in the 2 nm oxide samples, for 5 nm oxide it can even
exceed 2 V. Our measurements indicate 3 that the oxide charge density can be as high as
1019 cm-3 (unit charge in a volume) in room temperature UHV oxides and that there
exists some negative interface charge.
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After annealing the surface state densities are still about the same or slightly better than
before it (Figure 5.19). Even 300 oC seems to be enough to improve surface state
density. The oxide charge, on the other hand, changes more (Figure 5.20b). It can be
almost completely removed by annealing at 750 oC. At the same time the interface
charge shifts in a positive direction. It is more difficult to analyze the effect of post
metallization annealing. The depletion region capacitance seems to behave quite well: in
every sample the capacitance curve starts to rise at the same voltage value (Figure
5.20a). The accumulation capacitance, by contrast, only reaches its saturation value at
rather high voltages. This may be caused by impurities from the metal or from the
furnace, which act as a moving charge. Adjustment of the annealing time could help the
results. An encouraging observation was that neither of these annealings decrease the
layer thickness. 3
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Figure 5.20 Measured high frequency capacitances after annealing at a) 300 oC and b)
750 oC 3 (oxide film thicknesses from 2.6 to 5.8 nm).

5.7 Evaporation Technique
A major drawback of the room temperature process is that it is quite slow. The
maximum thickness that can be reached is no more than about one nanometer 12.
Therefore if thicker layers are required, the oxidation process will have to be repeated a
sufficient number of times, with a thin, no more than 0.6 nm, silicon layer evaporated
on top of the sample between each oxidation cycle 2. We have experimented with a
method in which oxidation and silicon evaporation are performed simultaneously. This
significantly reduces the processing time. A quite similar approach has recently also
been used elsewhere. In the so-called low-temperature low-pressure PEE (Plasmaenhanced Evaporation) process, argon is fed into a plasma source as the working gas for
the discharge, while oxygen is let directly into the chamber 162,163. The cracked oxygen
molecules then oxidize the silicon that is simultaneously evaporated. The surface state
densities reached are at the level of 1011 - 1012 eV-1cm-2 and the oxide charge 1011 1012 cm-2. The material density, however, is presumed to be low 162. The relative

72

dielectric constant (εox) can reach values as high as 8 - 10, which can be assumed to be
due to the oxide structural change and, as the net charge is low, local polarization.

5.7.1 Experiment

The substrates used in this study were p-type, 10 Ωcm, (100) silicon wafers. Samples
were cleaned using a chemical cleaning process (5 minute ultrasonic in acetone and
isopropyl alcohol, 10 minutes at 80 oC in H2O:NH4OH:H2O2 (5:1:1) and
H2O:HCl:H2O2 (5:1:1)). The processing tool used was the same modified VG Semicon
V80M molecular beam epitaxy (MBE) system as employed earlier 153. In this process
silicon is electron beam evaporated from a cell after the oxygen plasma has been turned
on. The oxygen is fed through an inlet, controlled by a mass flow controller. The gas is
activated in a plasma cell by using a 265 W RF-field.

Once the samples had been inserted into the UHV growth chamber the native oxide was
removed in situ by raising the temperature to 780 oC and allowing a low silicon flux
etch the oxide off. Oxide removal was verified by monitoring the surface by RHEED.

Great care has to be exercised when working with plasma. Although it increases the
process rate, it can also on the other hand damage the surface. One way to avoid this is
to use some remote plasma-enhanced process (e.g.

162

) in which a working gas is fed

into the plasma source and process gas directly into the chamber. In our case we fed the
oxygen directly through the plasma cell, while a silicon flux was generated by e-beam
evaporation into the chamber. This simplifies the process and the equipment set-up. To
avoid creating damage, we opted to use a slow room temperature process in a UHV
chamber which decreases the energies of the oxygen molecules colliding with the
surface. Also, we first grew a one nanometer thick silicon dioxide layer by oxidizing the
silicon wafer surface by oxygen plasma at room temperature as described in chapter 5.4.
This was done not just to form a protective layer but to improve the quality of the
silicon/silicon dioxide interface. Another benefit is that an oxide layer even as thin as
1 nm acts as a diffusion barrier at room temperature 164. This allows for more accurate
adjustment of layer thickness. This first layer was formed by feeding pure oxygen gas
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for ten minutes through a plasma cell in which RF power was 265 W. The pressure in
the chamber during oxidation was about 5.10-5 mbar, the oxygen flow was 1.2 sccm.

As soon as the first oxide layer is complete, silicon evaporation is started. The oxide
thickness is defined by adjusting the silicon flux and evaporation time. The silicon
evaporation rate was defined by using a Sycon Instruments STC-200 Deposition Rate
Controller. The silicon flux was 0.07 nm/s. Some previous samples have been
characterized by Auger measurement, which has indicated that the use of these
parameters produces silicon dioxide.
The samples were annealed in UHV conditions at 750 oC for 15 minutes. Some
reference samples were fabricated without any annealing. On top of the silicon dioxide
layer 100 nm of aluminum was evaporated. The test structures were then patterned by
using photolithography and wet chemical etching (Figure 5.21). The area of the devices
from which the presented results have been measured is about (100 µm)2.

Figure 5.21 Schematic illustration of the MOS structure.

Our experiments have shown that the process described produces silicon dioxide layers
with surface state densities of around 1.1011 eV-1cm-2 in the mid-gap even without any
annealing (Figure 5.22). This result is the same as that achieved with the ultra high
vacuum plasma oxidation process 2, which was used for the oxidation of the first
nanometer thick layer. However, the oxide charge tends to be quite high, which can be
seen from the flat band voltage shift in the high frequency capacitance measurements
(Figure 5.23). Values of around 1013 cm-2 have been measured.
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Figure 5.22 Surface state densities from MOS sample fabricated at room temperature
without annealing.
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Figure 5.23 High frequency capacitance from thin oxide MOS samples fabricated at
room temperature without annealing. Oxide thickness is 4.75 nm (solid black line) and
6 nm (dashed red line).
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The oxide charge can be reduced by annealing at 750 oC (Figure 5.24) which may also
decrease the surface state density but does not have any effect on layer thickness, as our
previous results have shown (chapter 5.6). After annealing, however, there may appear a
small peak around 0.8 eV above the valence band in the surface state densities
measurements (Figure 5.25). This can be interpreted as an indication of breakage of
some silicon - oxygen bonds in the interface area

160

. However, lower temperatures or

longer annealing times might improve the results.
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Figure 5.24 High frequency capacitance from thin oxide MOS samples (dashed red line
before and solid black line after annealing). Oxide thickness is a) 4.75 nm and b) 6 nm.
The silicon dioxide layer growth rate was estimated on the basis of the silicon flux. It
was assumed that when the flux is 0.07 nm/s, it takes about 10 seconds to grow 1 nm of
silicon dioxide. However, the measured electrical thickness of the layers exceeded the
predictions. It seemed that the first two nanometers grew quite rapidly, after which the
growth rate saturated and came quite close to what was predicted.
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Figure 5.25 Surface state densities from sample fabricated at room temperature and
annealed at 750 oC.
There is a problem then with the adjustment of layer thickness. In the case of layers that
are no more than a few nanometers thick, 2-nm onset is much too large. It is possible
that the first nanometer does not prevent the diffusion of silicon monoxide after all, but
this does not sound right as it stops the oxygen diffusion 2. Also, the surface state
density does not increase during the process, which indicates that the interface probably
remains more or less unchanged. The most probable explanation then is that the shutter
mechanism and the evacuation pumping in the growth chamber are not efficient enough.
It follows that there occurs some oxidation/growth before and after the actual growth
phase, which increases the layer thickness. This effect can probably be eliminated
simply by equipment development.
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6 Conclusions
We have fabricated 1 - 10 nm thick silicon dioxide layers by plasma oxidation of silicon
in ultra high vacuum (UHV). The UHV chamber is a very clean environment where
both temperature and molecule fluxes are easy to control. The main benefit of the room
temperature MBD (Molecular Beam Deposition) method is that it allows us to fabricate
versatile nanosize silicon-based heterostructures in situ.
In the temperature range 700 - 850 oC, oxidation is initially very slow. Once an uniform
layer has developed on the surface, the growth rate increases. At this stage the
increasing temperature also acts to accelerate the growth rate. During initial growth the
temperature dependence is probably the exact opposite. In thermal oxidation the oxide
quality improves with increasing oxidation temperature. Our MBE system, however,
limits the oxidation temperatures to below 850 oC. Because of the oxidation rate, on the
other hand, we have to use temperatures over 650 oC to achieve thicknesses over 2 nm,
otherwise the oxidation procedure has to be performed gradually one nanometer at a
time. Our measurements predict that in order to get a good quality as-grown layer with
this process, the oxidation temperature should be at least 700 oC.

Since high temperatures are not always desirable in processing, we have also studied
room temperature oxidation. The room temperature ultrahigh vacuum plasma oxidation
method has been proven to produce good quality ultrathin silicon dioxide layers, with
quite accurately controllable layer thickness, relatively high breakdown fields and low
surface state densities. It is predicted, that as higher temperatures smoothen the surface,
lower temperatures do not create as much roughness in the first place. At the room
temperature the oxidation saturates at around 1 nm which means that the fabrication
process can be so designed that it is fully automated, even if the system incorporates no
thickness measurement of amorphous layers. Also, processing does not require high
temperatures. The only exception is native oxide removal, where we use a temperature
of 780 oC. However, even this can be avoided by using chemical etching and
passivation of the sample surface. The precise effects of this on layer quality remain to
be seen, though.
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The ultrahigh vacuum plasma oxidation method seems to produce quite homogenous
silicon/silicon dioxide interface state densities, regardless of the oxidation temperature.
In layers oxidized at room temperature, however, the oxide charge tends to rise to quite
a high level. Some kind of annealing should therefore be used to decrease the oxide
charge. Our measurements showed that post oxidation UHV annealing at 750 oC and
post metallization annealing at 350 oC in air slightly decrease the surface state densities.
The oxide charge, which is quite high in these oxides, can be decreased by UHV
annealing. The effect of post metallization annealing on the oxide charge is less clear.
This is probably due to impurity diffusion. Neither of the annealings used decrease the
oxide layer thickness. This backs up our experiments which show that the desorption of
silicon dioxide from the silicon surface starts quite abruptly at 870 oC under a
background pressure of 10-10 mbar 1. This means that temperatures at least up to 750 oC
can safely be used when there is no protective layer covering the silicon dioxide film.

The silicon dioxide layers fabricated by evaporating silicon in a low pressure oxygen
plasma ambient seem to have the same surface state densities as layers fabricated by the
room temperature ultrahigh vacuum plasma oxidation method. The main benefit
achieved with this process is the increased growth rate. It also allows the oxide
thickness to be varied over a wider range. The main drawback is the high oxide charge,
but that can be lowered by annealing.

In our studies we have tested the UPO method to produce high quality silicon dioxide
films. The benefits of this method are good thickness control, a pure growth
environment, highly accurate material fluxes, and the possibility of in situ device
processing. However, the as-grown layers, especially those oxidized at room
temperature have a very high oxide charge, even though the interface state density is
reasonably low. The charge can affect on the leakage and the film stability in stressed
conditions can weaken. Our preliminary experiments have shown that the layer quality
can be improved by annealing, but the process needs to be further developed. Because
various oxide fabrication procedures worldwide have been able to produce very high
quality films, the usefulness of our UPO method remains controversial in conventional
IC fabrication. Various thermal oxidation methods (most notably rapid thermal
oxidation) have proven to be accurate and reliable and to produce an extremely high
oxide quality. Nonetheless there do remain other purposes for our process. Accurately
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controlled system can supply much information about the oxidation process itself. It
also can be used in device fabrication and then the most logical choice seems to be the
fabrication of the silicon/silicon dioxide heterostructures. For this purpose the process
has to be carefully adjusted and studied because the interface quality has to be even
better than in MOSFETs so that really separate quantum states may be formed. The
possibility of making fully crystalline structures seems to be particularly interesting.
The most probable crystalline form of SiO2 in low pressures in the temperature range
870 - 1470 oC is tridymite 165. However, processing will require a deep understanding of
the oxidation mechanisms and the parameters affecting these mechanisms. In addition,
the substrates used have to be of a very high quality and low resistivity, with epitaxial
buffer layers to form an atomically flat surface. It is likely that even quite small changes
in oxidation temperatures or oxidation rates will produce different oxide species.
Surface roughness causes local tensions during oxidation and in this way prevents
homogenous film formation. Traditionally hydrogen has been used to passivate
dangling bonds, but this is probably not the best method to use when fabricating
quantum devices because it can affect the interface charge as well as interface state
generation. Nitrogen incorporation into the oxide also has many beneficial properties,
but it can have an adverse effect on interface quality.
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