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1. INTRODUCTION

Semiconductor surfaces have been investigated for many years. Since the
discovery of the transistor effect (1948), these investigations have been concentrated mainly on germanium and silicon crystals, particularly because
various surface phenomena were found to have a detrimental influence on the
properties and the stability of pn-junction devices made with these materials.
In 1959 it was reported by Atalla and coworkers 1 - 1 ) that thermally grown
silicon-dioxide films can have a stahilizing action on the surface properties of
silicon. Since about that time Si0 2 coatings have found a wide-spread use in
the silicon-transistor technology, although not only for the reason of surface
stabilization. The films are also employed for selective masking against impurity
diffusions, used to make pn junctions in the silicon. They can also separate metal
electrades from the semiconductor. Such metal electrades may be used for
example to conneet elements such as transistors, diodes and resistors made in
silicon "integrated circuits".
The work to be described in this thesis was carried out to obtain a better
understanding of various functions of the oxide film and the properties of the
boundary between the film and the silicon substrate. Chapter 2 is a general
discussion of surface phenomena in semiconducting material and possibilities
of Si0 2 coatings. The first sections (2.1-2.4) review a number of possible effects
of impurities and crystal defects on the bulk and surface properties of silicon.
After that various technologkal aspects of oxide coatings are considered (sec.
2.5). One of these aspects is the possibility to construct MOS (metal-oxidesemiconductor) transistors. The action of these devices is based on modifying
the surface conductance of a semiconductor by varying a voltage applied across
the MOS structure. Their properties are therefore strongly dependent on the
surface properties of the semiconductor. In the work to be reported they were
often used as tools to study surface phenomena in oxidized silicon. The construction of MOS transistors and the influence of surface imperfections on their
properties are therefore reviewed insome more detail (sec. 2.6). Another metbod
which was used to obtain information on the surface properties of oxidized
silicon was measurement of the differential capacitance of a MOS structure as
a function of a d.c. voltage applied across it. This metbod is described in sec. 2. 7.
Several oxide-preparation methods and properties of Si02 films are given in
secs 2.8 and 2.9. The last two sections of chapter 2 give a survey of the influence
of oxidation and further treatments on the resulting surface properties (sec. 2.10)
and of various stability probieros which may be encountered in oxide-covered
silicon devices (sec. 2.11).
The chapters 3 to 7 give detailed descriptions of studies carried out by the
author. These chapters are (nearly) equal to a number of papers 1 - 2 - 6 ), pub-

2lisbed elsewhere. (A part of the work has also been described in a review
paper 1 - 7 )).
Chapter 3 considers the formation of surface films during diffusion of phosphorus into silicon and the masking action of Si0 2 films against such diffusions.
The masking action will be shown to he accompanied by the formation of a
mixed oxide of silicon and phosphorus on the top of the Si0 2 films. In the
following chapters it will appear that the presence of such a "phosphate-glass"
layer can be of large inftuence on various phenomena, observed in oxidized
silicon.
These phenomena are related to heat treatments (chapters 4 and 7) and ionizing irradiations (chapters 5 and 6). To explain the results it will appear to be
necessary to take into account the inftuence of imperfections at the Si-Si0 2
interface as well as the possibility of charge being distributed through the oxide
film. Both the number of imperfections and the charge distri bution may change
during heat treatments and ionizing irradiations. In practice this also means
that eertaio properties of oxide-covered devices may change during such treatments. Such instability effects are generally increased when electric-potential
differences are present in the oxidized-silicon structure. These effects are tried
to be understood in order to find ways to imprave the properties of oxidized
silicon.
A large number of heat-treatment and irradiation effects show that the presenee of hydrogen can have a large influence on the oxide and interface structure. In chapter 7 it will be shown that alkali (sodium) impurities can play an
important role too, although in the model of oxidized silicon given there a role
of hydrogen is again obvious. Finally it will appear to be possible to make fairly
stabie and ideal oxidized silicon surfaces, i.e. surfaces with a very small number
of effective interface and oxide imperfections.
REPERENCES
1 - 1)
1 - 2)
1

~3 )

1- 4)
1

-

5

)

1- 6)

1- 7)

M. M. Atalla, E. Tannenbaum and E. J. Scheibner, Bell Sys. techn. J. 38, 749-783,
1959.
E. Kooi, J. electrochem. Soc. 111, 1383-1387, 1964 (nearly equal to chapter 3 of this
thesis).
, Phil. Res. Repts 20, 578-594, 1965 (chapter 4 of this thesis).
, Phil. Res. Repts 20, 306-314, 1965 (chapter 5 of this thesis).
, Phil. Res. Repts 20, 595-619, 1965 (chapter 6 of this thesis).
, Phil. Res. Repts 21, 477-495, 1966 (chapter 7 of this thesis).
, IEEE Trans. ED-13, 238-245, 1966.
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2. GENERAL REVIEW OF THE EFFECT OF SILICON-DIOXIDE
COATINGS ON THE SURFACE PROPERTIES OF SILICON AND THE
IMPORTANCE OF THESE COATINGS IN SEMICONDUCTOR-DEVICE
TECHNOLOGY
2.1. Bulk properties of silicon

At room temperature pure (intrinsic) silicon does not contain many mobile
charge carriers: about 1·6.1010 electrans and the same number of positively
charged holes per cm 3 • Impurities can he incorporated to get an increased
number of either electrans or holes. Suitable donor elements are found in the
fifth column of the periadie system, for example P, As, Sb. When atoms of
these elements are built in substitutionally in the silicon lattice, their ianization
energy is relatively low. At room temperature the equilibrium of the reaction
(D = donor impurity, eelectron)
(2.1)
lies almost completely to the right-hand side. In the energy-band picture of
silicon this type of donors can he represented by donor states close to the
conduction band (fig. 2.1).
Other impurities, like those of the third column of the periadie system (B, Al,
Ga, In) tend to accept an electron (give off a hole) when they are incorporated
in the silicon lattice. This acceptor action can he written as
A

(2.2)

Fig. 2.1. Energy levels of a number of donor and acceptor impurities îndicated in the energy
gap of silicon (1·1 eV at 300 °K). A more complete review can be found in ref. 2-1, fig. 8,
12.

-4where A is the acceptor impurity and e+ is a positive hole. In the energy-band
scheme of silicon these acceptars give rise to energy states close to the valenee
band. Other impurities like Au and Cu have much higher ionization energies
(fig. 2.1 ). Their effect on the dectrical properties of silicon is rather intricate.
Taking Au as an example, it eau be seen that this element can act as a donor
as well as an acceptor, which can be indicated by the following equilibria:
donor action
acceptor action: Au ::<±Au-

(2.3)

+ e+.

(2.4)

The consequence is that gold tends to capture electrous in n-type and holes in
p-type silicon. Consequently both types of material become nearly intrinsic (i.e.
electron and hole concentration equal) when a sufficient amount of gold is
incorporated.
Gold is introduced in many silicon devices in order to modify the lifetime of
electroos and holes in the materiaL The presence of gold eentres makes recombination of electrous and holes easier. Incorporation of such recombination
eentres is of importance in cases where storage of holes and electroos has to be
limited, for example in devices to be used for fast-switching purposes.
In fig. 2.1 no energy levels have been indicated for lattice defects like silicon
vacancies and interstitials. It seems that their influence on the electron and hole
concentrations is relatively small in pure single-crystal silicon. After quick
cooling of a silicon sample the average electron and hole lifetimes appear in
general to have decreased. This may be due, in any case partly, to the presence
of silicon vacancies and interstitials. Dislocations are often observed in singlecrystal silicon, but their effect on the average electron and hole concentration
in the crystal is small.
2.2. Imperfections at the surface of a silicon crystal
The ending of the regular lattice at the surface of a crystal is an obvious
reasou for the presence of eentres which may influence the semiconducting
properties of the silicon. At a "clean" silicon surface, i.e. a surface at which
there are no foreign elements present, unsaturated (perhaps "dangling") silicon
honds may occur. A "clean" silicon surface may be made and maintained in
a high-vacuum system. In practice, however, a silicon surface is always covered
by some oxide film. The structure of this film, the nature of its boundary to the
silicon, and the possible preserree of various impurities can then be assumed to
have a considerable effect on the semiconducting properties of the silicon near
the surface.
The various possible eentres at the semiconductor surface may be distinguished in the sametypes as those occurring in the bulk ofthe crystal. Donor- as well
as acceptor-type eentres may be present, which according to reaction (2.1) resp.
(2.2) tend to make a region near the surface n-type or p-type. Whether this

5happens or not depends on the concentration and the ionization energies of
these imperfections and the impurity concentrations in the crystal. It is common
usage to refer to the energy levels due to surface eentres by the term "surface
states". Surface states in the energy gap of the silicon have been indicated in
fig. 2.2 as if they are lying in a two-dimensional interface between the oxide and
the semiconductor. In most cases this has to he considered as an approximation,
as the states may also occur in the oxide or in the silicon at some distance from
the interface. That thennal oxidation of silicon may induce considerable
deviations in the concentration of donor and acceptor elements in the surface
region from that in the bulk will he discussed later. It is further questionable in
how far the junction between a thermally grown oxide film and the silicon
substrate can he considered as a two-dimensional plane. The junction between
the two phases may he gradual and it is hard to say how thick the interface
region is.
Donor-type surface states occurring not too close to the conduction band and
acceptor states situated not too close to the valenee band will tend to trap
electrous resp. holes near the surface and tend thus to make a silicon region
near the surface high-ohmic. These effects are reminiscent of the effect of gold
in bulk materiaL
Defects or impurities at the surface mayalso give rise to an increased recombination and generation velocity of holes and electrons. Surface recombination
effects can affect the characteristics of pn-junction diodes and influence the
amplification processes in transistors. A profound discussion of these effects
falls outside the scope of this work.

2.3. Physical model of an oxide-coated semiconductor surface
2.3.1. The surface potential
The presence of donors andjor acceptars due to imperfections at the surface
can result in a difference in electron and hole concentrations between the surface
and the bulk. Electronîc equilibrium between surface and bulk can then only
exîst if there is a potential difference which prevents the electrous and holes
from diffusing from the places of high concentration to the regions of low concentrations (it may also be said that this potential difference is set up because
of some displacement of electrous and holes from sites with high concentration to regions with low concentration). In oxidized silicon often a sheet of
positive charge seems to be present in the oxide near the interface; this oxide
charge induces negative charge at the silicon surface. The sheet of oxide charge
and interface states have been indicated in fig. 2.2.
In this tigure it is further shown how the ditierences between surface and bulk
material can he indicated in an energy scheme. In this scheme the energy gap
(1·1 eV for silicon at room temperature) between the valenee and conduction
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Fig. 2.2. Model of an oxide-coated semiconductor surface. The given charge- and surface
(interface)-state distribution may be considered to be representative for many thermally
oxidized p-type silicon samples. The negative space charge in the silicon, caused by the presenee of positively charged oxide centres, can be divided into a depletion charge Qdepl (acceptor eentres in a region depleted of holes) and an inversion charge Qinv (free electrous in a
layer close to the surface). The presence of a space charge is accompanied by a band bending
in the negative direction and a positive surface potential V 5 • Note that the band bending gives
donor-type surface states a tendency to be neutral and acceptor states a tendency to be charged
negatively. In this way the charge Qss in the interface states counteracts the effect of oxide
charge on the surface potential.

band bas been shown. The equilibrium density of electrans and holes is given
by the position of the Fermi level EF with respect to the middle E 1 of the energy
gap between the bands:
(2.5)
and
p

(2.6)

where n 1 is equal to the number of electrans or holes in intrinsic material, i.e.
when
coincides with
k is Boltzmann's constant and T the temperature
in degrees Kelvin.
In the example given in fig. 2.2 the material is p-type, indicated by the Fermi
level being below the middle of the energy gap and caused by the presence of
acceptor levels. Near the surface the bands bend in such a way that the material
becomes there n-type. The position of the bands at the surface with respect to
the bulk, the surface harrier height or band bending Es gives also the potential
difference Vs between surface and bulk, often indicated as surface potential. In
the case of fig. 2.2 V, is positive (Es
; e is the positive unit charge:
1·6.10- 19 coulomb).

7Depending on the band bending and the type of material various surface
conditions may he distinguished. In the case of fig. 2.2 an n-type inversion layer
is present at the surface of the p-type crystal. If the band bending would have
been less but of the same sign it might have been insufficient for inversion. Then
the surface layer would have been less p-type than the bulk. Such a layer may
he indicated as a depletion layer. Accumulation of holes near the surface will
occur when the band bending is in the opposite direction (V, negative).
In the case where the bulk material is n-type, accumulation of electrous
corresponds to a positive value of Vs whereas depletion of electrous and the
formation of a p-type inversion layer may occur when V, is negative.
The sign and the value of the surface potential depend on the number and the
properties of the various surface eentres present. A band bending and a distribution of surface states like that shown in fig. 2.2 is often found in thermally
oxidized silicon. It may be noted that the interface states fulfil bere the function
of traps. The charge in the acceptor-type states counteracts the effect of the
oxide charge.
2.3.2. The field effect; jast and slow surjàce states
It is often possible to change the surface potential by applying a voltage
between the semiconductor and a field plate opposite to its surface. The changes
in band bending may be noted by observing changes in the contribution of the
surface region to the conductance of the semiconductor sample. The principle
of these field-effect measurements and the information which they may give
will now be considered.
The conductance G of a sheet of semiconductor material is given by its dimensions, the concentrations of electrous (n) and holes (p) and their mobility
(fln and flp). In the case of a rectangular sheet with contacts on two parallel
planes (fig. 2.3) it is
G

abe
[ (nfln

+ Pflp);

(2.7)

a, b and l are indicated in fig. 2.3, e is the unit charge (1·6.10- 19 coulomb).
In eq. (2.7) the conductivity has been assumed to be the same everywhere in
the crystal. But in the previous section we have seen that the concentration of
holes and electrous at the surface may differ from those in the interior of the
crystal. An increase in the contribution to the conductance is expected when an
accumulation or strong inversion layer is present near the surface and a reduction when the region near the surface is depleted of charge carriers. Such layers
may be induced by applying a voltage between a field plate and the semiconductor (fig. 2.3), and one may calculate how the surface conductance is
expected to depend on the applied voltage. Many measurements of this kind
have been publisbed 2 - 2 ), especially for germanium surfaces. As only the con-
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Fig. 2.3. Field-effect experiment in which the conductance of a sheet of semiconductor material
can be inftuenced by applying a bias between the semiconductor and an electrode opposite
to its surface.

ductance of the surface region changes by the field effect, the measurements
are preferably done on thin samples of high resistivity so that the constant bulk
conductanceis small.
It appears that the field effect on the conductance is often less than calculated
from the induced charge. One reason for this is that the mobility of the holes
and electrans near the surface is decreased because the transverse electric field
causes extra scattering of the charge carriers at the surface. Corrections for this
effect have been calculated by Schrieffer
But even when mobility corrections are taken into account, the surface conductance is often much lower than
expected. This may then he explained by the presence of surface states in which
the induced charge can he trapped.
It takes always some time before the induced charge is trapped, so that the
primary effect of a change of the voltage between the metal and the semiconductor is always a change in surface conductance, which decays then afterwards. The time constant of the decay is a measure of the relaxation time of the
surface states. It has been found that on etched germanium and silicon surfaces
the time constauts can range from less than I0-6 s to several hours. It is believed
that the short relaxation times are due to eentres near the interface between the
crystal and the oxide layer present at the surface. These states are called "fast"
states. The "slow" states (time constauts more than 1 millisecond) may he due
to eentres in the oxide film ( or on the outer side of it). Transport of electron or
hole to these eentres takes more time than transfer to interface states. It is also
possible that certain slow-state effects are related to structural rearrangements
at the surface due to the increased electron or hole concentrations and the
electtic field.
The states which are most active in changing charge with the valenee or conduction band are those situated near the Fermi level. As the surface conductance
is related to the position of this level between the valenee and the conduction

-9band, careful measurements can yield information both on the number and the
energy distribution of the surface states.
Wh en an inversion layer is present at the surface, the effect of an electric field
on its conductance may be dctermined by measuring only between ohmic contacts applied to this layer. In fact the MOS transistor (figs 2.10 and 2.11), which
was used in manyinstances in the work to he reported, is based on this principle.
This type of measurement bas the advantage tbat the conductance of the bulk
material does not contribute to the measured conductance as this part of the
sample is separated from the inversion layer by a depletion layer. On the other
hand, the metbod bas the severe limitation of giving only little information on
surface conditions in which no inversion layer is present.
2.3.3. The discovery of the stahilizing action of thermally grown oxide layers on
the surface properties of silicon

In 1959 a paper was publisbed by Atalla, Scheibner and Tannenbaum 2 - 4 )
dealing with the stabiiization of silicon surfaces by thermally grown oxides. In
this paper it was reported that the surface conductance, induced at an oxidized
surface by a field effect did not depend on the ambient gas and remained constant over periods as long as 3000 hours. This indicated that the usual slow
states observed on unoxidized surfaces had been eliminated, a condusion of
great importance.
Although ambient-gas and slow-state effects may thus be eliminated, this does
not mean that there is no band bending at an oxidized surface and that no fast
states are present. It was already indicated in Atalla's work that the surface
properties depend on the metbod of oxide preparation and the presence of
impurities. During the last years many publications have appeared in which it is
concluded that thermal oxidation in either wet or dry oxygen always results in a
more or less n-type surface (like that shown in fig. 2.2). Also the experiments to
he described in this thesis show that in most cases donor eentres at the surface
predominate over acceptor centres.
2.4. The elfeet of the surface properties on semiconductor-device characteristics

Here we consider semiconductor devices, whose action is basedon the presenee of pn junctions, in partienlar diodes and transistors. The characteristics of
the pn junctions, such as breakdown voltageandreverse leakage current, depend
greatly on the doping levels of the p and n regions adjacent to the junction,
whereas the presence of recombination eentres for holes and electrouscan also
have some effect. At places where the pn junctions come to the surface, their
properties may be influenced by the surface conditions.
The value of the breakdown voltage, for example, can be lowered due to
surface effects. In fig. 2.4 this has been illustrated fora p+n junction (p+ means
heavily doped p-type) in a sample in which the band bending is such that the
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Fig. 2.4. Surface effects on the reverse I- V characteristic of a p+ n diode.
(a) Excess surface donors (i.e. the surface potential Vs is positive) cause the surface region
of the n-type material to be of lower resistivity than the bulk. This situation occurs frequently
in oxide-coated silicon diodes.
(b) When v. is positive, breakdown effects in the reverse-biased junction occur first at the
surface. The breakdown voltage is lower than expected from the doping levels of the p +- and
the n-type region. The breakdown voltage reaches a maximum when v. approaches zero or
is negative. However, for v. « 0 the leakage current may be large due to formation of a p-type
inversion layer at the surface of the n region.

n-type region is of lower resistivity near the surface than in the bulk *). As the
p region is heavily doped, its properties are scarcely affected at the surface.
An excessof donor-type surface states ( or positive oxide charge) on a sample
with an n+ p junction may induce an n-type inversion layer at the surface (fig.
2.5). Although in such a case the breakdown voltage is not very greatly affected,
electrous from the n+ region may find a path through the inversion-layer channel
towards regions (for example the edge of the wafer) where recombination with
holes from the p-type side may occur readily. The current flowing under reverse
bias conditions via a surface channel often shows a saturated character, which
means that, although it may be large, it becomes independent of the voltage after
this has reached a certain value. Such saturated current-voltage characteristics are also typical of MOS transistors, whose action is based on conduction
through an inversion layer. The MOS transistor will be discussed in sec. 2.6.
Apart from an effect of the band bending, the presence of surface states may
also cause an increased generation and recombination of holes and electroos
at the surface and in this way influence the diode and transistor characteristics.
The action of a junction transistor is based on the principle that charge carriers
injected from the emitter into the base region can be collected at the reversebiased collector-base pn junction. Any current which flows directly from the
*) In stmctures made by the "planar" technique (sec. 2.5) field crowding at the curvature
in the pn junction (which is essentially not plane in this technique !) can be another serious

reason for low breakdovm.
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Fig. 2.5. Surface effects on the reverse I- V characteristic of an n+ p diode.
(a) Surface donors (often present in the case of oxidized silicon) may cause the presence
of an n-type inversion layer on the p-type region.
(b) The presence of an inversion layer (V,~ 0) causes excess leakage of the pn junctions.
This would be prevented by making v. less positive. However, for V, < 0 the breakdown
voltage would be affected (compare fig. 2.4).

emitter to the base contact causes a decrease in amplification. Consequently
channels on the base layer and surface recombination effects can affect the
amplification properties.
Apart from the fact that it is often difficult for the diode or transistor maker
to treat the surface in such a way that the properties of the device are as good
as possible, another problem arises when the surface is to be put into such a
condition that its properties do not change during the further life of the device
(including tests at elevated temperature). In a large number of cases a reasonable
stability can be obtained by a suitable etching or other surface treatments and
a suitable choice of the substance in which the devices are encapsulated. In
many cases the best stabilization method for a certain type of transistor or
diode has been found by trial and error.
Surface stabilization is thus an important problem in semiconductor-device
technology. Since transistors and diodes were first made, people have been
looking into this problem. The finding of Atalla et al. 2 - 4 ) that the surface
properties of thermally oxidized silicon can iudeed show a much better stability
than those of the etched surfaces must therefore be considered as an important
step forward. However, the fact that nowadays Si0 2 films are used very extensively in the manufacturing processes of silicon devices is not only due to their
ability (when prepared well) to improve and stabilize the surface properties of
the silicon, but also because they can be used as a mask against donor- or
acceptor-impurity ditfusion into the silicon. In the next section we will consider
this property of oxide films and its consequences for the transistor technology.
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2.5. The use of SiOz films for selective masking against impurity ditrusion into
silicon

2.5.1. Dijfusion of donor and acceptor impurities into silicon
Diffusion of impurities into silicon is frequently used for makingpn junctions,
and this technique is also very suitable for making transistor structures with thin
base layers. In the latter case two diffusion processes are applied, an acceptor
diffusion foliowed by a donor-impurity diffusion for an npn structure (fig. 2.6)
log[l:jj

fl

n+

ard

lt:YJIAJ

'T

-x
Fig. 2.6. Double ditfusion processes can be used to provide transistor structures, in the illustrated case of the n+pn type. After difl"usion, it is difficult to make a contact to the thin base
layer.

and vice versa for a pnp structure. Such diffusions can be carried out by heating
the silicon sample in the vapour of the elementary impurity to be diffused or
some compound of it. In practice phosphorus is most frequently used for donor
diffusion and boron for acceptor diffusion. Both elements are generally offered
in oxidized form, P2 0 5 and B 2 0 3 , respectively, and have to bereducedat the
silicon surface. Consequently mixed-oxide layers (Si0 2 + P 2 0 5 or
Si0 2 + B2 0 3 , often referred to in the literature as glassy layers) form at the
surface. This results in protecting the silicon against evaporation, which might
otherwise cause pitting ofthe surface. The surface concentration ofthe impurity
in the silicon is related to the composition of these glassy surface layers. The
composition of these and other surface layers formed on silicon during phosphorus diffusion from a P 2 0 5 souree will be considered in chapter 3.
2.5.2. The masking action of Si0 2 films against impurity dijfusion
In the manufacture of transistors from diffused structures as shown in fig. 2.6,
the difficulty of making a contact to the thin base layer is encountered. This
contact can be made by local remaval ofthe emitter layer and evaporation (and
alloying) of a metal at the place where the base layer comes to the surface.
Fortunately there is another, much handier, technique in which the emitter
layer, and, when desired, also the base layer, can be diffused locally. This
technique makes use of the masking action of Si0 2 films against diffusion,
which was discussed in 1957 by Frosch and Derick 2 - 5). lts principle is illustrated in fig. 2.7. A silicon wafer partly covered by an Si0 2 film is subjected
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Fig. 2.7. The masking action of an Si0 2 film against impurity diffusion. By coating the surface
locally with oxide, the ditfusion may oecur in selected regions.

to a diffusion treatment to introduce impurities into the silicon. The Si0 2 film
may have been made by thermal oxidation of the silicon, after which it can be
removed locally by applying an etch-resistant mask on parts of the :film and
subsequently etching in an aqueous HF solution. In cases like diffusion from a
souree ofP 2 0 5 or B 2 0 3 the masking effect is accompanied by the formation of
a new phase on the top of the Si02 film, consisting of a mixed oxide ofSi0 2 with
P 2 0 5 or B2 0 3 • During the diffusion period the thickness of this "glassy" phase
may increase at the expense of the underlying Si02 ,and the masking action will
stop as soon as the pure-Si0 2 :film has disappeared. In chapter 3 the masking
action will be considered in greater detail for the case of diffusion of phosphorus
from a P 2 0 5 source.
2.5.3. The "planar" technology
In the "planar" process
diffusion and oxide-masking techniques are used
to make n and p regions of limited area, but aft er the last diffusion step the oxide
is not reraoved from the pn junctions, but only from a part of the diffused areas,
to allow roetal cantacts to be made to the various regions. A schematic review
ofvarious steps necessary to make a "planar" npn transistor is shown in :fig. 2.8.
The structure of fig. 2.8e represents almast the complete stucture of a planar
diode, only the metal cantacts are not present. In many steps of the planar
process use is made of photolithographic techniques, which make it possible to
make several semiconductor devices from one slice of silicon. 1t is also possible to
integrate various transistors and diodes in one piece of silicon, by connecting
them by me talleads deposited on the oxide film. In such structures diffused regions may serve as electrical-resistance elements. In :fig. 2. 9 an example of a (rather
simple) "solid circuit" is shown. This circuit, in which 3 transistors and 2
resistors are incorporated, is built in a piece of silicon with a surface area of
0·6 x 0·6 mm 2 • Several of such circuits may thus be made in a slice of silicon
with a surface area of a few cm 2 •
2.6. The MOS transistor
The discovery that silicon surfaces can be stabilized by thermally grown Si02
films has also made it possible to construct transistors which work on the
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Fig. 2.8. Preparadon of an npn planar transistor.

principle that the conduction of an inversion layer at a semiconductor crystal
can be modilied by a field effect. When a metallic field electrode is made on top
of the oxide film, these types of devices are indicated as MOS (metal-oxidesemiconductor) transistors. In this section we will con sider the principle of their
operation and the inftuence of surface imperfections on their properties.
2.6.1. Basic construction and operation

The basic structure of the MOS transistor is shown in fig. 2.10. It consistsin
fact of two pn-junction diodes made in one piece of silicon, the surface of which
is covered by an oxide film 2 - 7 ). A metal electrode on top of the oxide covers
the region between the pn junctions (there may besome overlapping across the
junctions). A conducting path (i.e. an inversion layer) between the two pn junctions can be induced or modilied by applying a bias to the metal electrode (the
gate electrode) with respect to the semiconductor substrate. The conducting
path or channel is separated from the substrate by a depletion layer. Two
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Fig. 2.9. An example of an integrated circuit in a silicon crystal; 3 transistors and 2 diffused
resistors are interconnected by aluminium leads across the oxide film (this photograph was
kindly made available by A. Schmitz of the Philips Research Labs).

Gate electrode

5emiconduc tor
Fig. 2.10. The basic structure ofthe MOS transistor; d 0 x
thickness ofthe oxide film, L the
channel length and W the channel width lsee also fig. 2.11).
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constructions are possible, the npn (n-channel) MOST (fig. 2.1la), in which the
channel conductance is increased when the gate electrode is made more positive
and the pnp (p-channel) MOST (fig. 2.llb) in which a p-type inversion layer may
be created by making the gate voltage negative.

lil
..-----11-'+--.,

s

n
p

a)
IV

b)
Fig. 2.11. (a) A cross-section through an npn (n-channel) MOS transistor. The drain current ID
can be varied by modifying the gate voltage VG·
(b) A cross-section through a pnp (p-channel) MOS transistor. Note that the polarity of
the drain voltage is different from that of the n-channel MOST.

The pn junctions are generally made by diffusion, using oxide-masking
techniques. In general the diffused regions are heavily doped in contrast
to the substrate, so that the field effect on the surface conductance is comparatively small in the diffused regions. The oxide film, used for masking against
diffusion, may be used as insulating gate material, but after diffusion the oxide
film may also be removed and replaced by another one.
In practice, a voltage is applied between the two diffused regions, so that one
of them is reverse biased with respect to the substrate. This region is called the
"drain", the other one the "source" (see figs 2.10 and 2.11). Leads are made to
these regions as well as to the gate electrode. A separate electrode may be
attached to the substrate, so that the device has four terminals. It is then possible
to influence the channel conductance between souree and drain by the voltage
between gate and source, but, when an inversion layer is present, its conductance
can also be lowered by reverse biasing the pn junction, i.e. by applying a reverse
bias between souree and substrate.
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In many practical applications, the MOS transistor may be used as a threeterminal device. The bulk is then directly connected to the source. In the
measurements to be mentioned in this thesis this was always done.
2.6.2. The saturation of the drain current
When there is a voltage difference (VG) between gate and souree so that an
inversion layer forms between souree and drain, this conducting channel will
be homogeneaus only so long as the voltage VD between drain and souree is
zero. However, as soon as this is applied, the voltage between the gate electrode
and the drain will be smaller than that between the gate and the source. Less
charge will then be induced at the silicon surface near the drain. Since the drain
region meanwhile becomes reverse biased with respect to the substrate, the
inversion near the drain decreases for that reason too. When VD is increased
to a sufficiently high level there will not be any inversion at all near the drain:
the channel is "pinched off". The value of VD at which this just occurs is called
the pinch-off voltage Vp. Due to the pinch-off effect the drain current ID finds
the highest resistance on its way immediately adjacent to the drain (fig. 2.12).
Gate electrode

I
I
\

/

''---1-----"~

Space'-<:h:Jrge region

p -type silicon substro te
Fig. 2.12. The pinch-off effect in the channel of a MOS transistor occurs near the reversebiased drain-substrate np junction. The space-charge region is very thin near the source, which
is assumed to be connected to the substrate.

Consequently the Iargest part of VD occurs across this region. When VD is
increased beyond Vp, all the extra voltage is taken up by this region. The
current can still pass due to the high electric field parallel to the surface in the
pinch-off region, and its value can be considered as being determined by the
voltage drop and the resistance of that part of the channel which is not pinched
off and is therefore nearly constant. This saturation effect of the drain current
is shown in the ln-VD characteristics such as given in fig. 2.13.
2.6.3. Relationships between the drain current and the gate voltage
We will first consider the (theoretica!) case that there is no infiuence of surface
states and oxide charge. The drain current has then to be considered as a function of the type and dope of the semiconductor substrate, of the dimensions of
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Fig. 2.13. An example of the drain characteristics of a MOS transistor; Vp is the pinch-off
voltage, i.e. the drain voltage (VD) where the drain current (JD) starts to saturate at the given
gate voltage (V6 ).

the MOS transistor and the potentials of the gate, the drain and the souree
electrode (the latter is assumed to be connected to the substrate). The relationship between ID and VG will be considered first for small valnes of VD, at which
the pinch-off effect described in the previous section may be neglected, and then
for values of VD where this effect causes the drain current to be saturated.
2.6.3.1. The channel conductance at low values of the drain voltage
At sufficiently low values of VD the current ID is given by the channel conductance G0 , which is directly related to the number of charge carriers available
for conduction in the inversion layer and further determined by their mobility
and the dimensions ofthe MOS transistor:
ID
=

VD

w

G0 =Nep-,
L

(2.8)

where Nis the number of contributing charge carriers per cm 2 surface area and
p, their mobility; e is the unit charge (1·6.1 Q- 19 coulomb). The channel width W
and length L are defined in fig. 2.10. Nis only a part of the total number of
charges present per cm 2 at the silicon surface (cf. fig. 2.2). The quantity of
immobile charge due to depletion of majority carriers depends on the doping
level of the substrate. Relations between the mobile charge in the inversion
layer Q1nv and the totalspace charge Qs 1 are given in fig. 2.14 for various doping
levels (based on calculations by Whelan 2 - 8 )). It can beseen that a certain charge
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charge Q81 for various doping levels of the silicon substrate (). = p 0 /n 1(p-Si) or n0 /n 1(n-Si)
with n1 1·6.10 10 cm- 3 ).

always has to be induced before inversion starts. In fig. 2.15 the charge density
(per cm 2 ) at an intrinsic surface is given as a function of the doping level of the
silicon substrate. A threshold value V 1 of the gate voltage below which no
channel conductance can occur may be calculated from this lower limit of
induced charge. Figure 2.15 shows values of V 1 (compared to the flat-band
• voltage Vf, which has been assumed to be zero until now) fora MOS transistor
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doping level of the silicon substrate. In a MOS transistor at least this amount of charge bas
to be induced before channel conduction can start. The gate voltages V1 needed to get an
intrinsic surface (compared to the flat-band voltage V1 ) have been indicated for an oxide
thickness of 1 micron.

with an oxide thickness of 1 micron. These have been calculated assuming that
the charge density at the silicon surface is given by *)
(2.9)
When a certain inversion is established, a further increase of the gate voltage
results mainly in an increase of the charge in the inversion layer, whereas the
depletion charge can be shown to remain almost constant. The slope of a
G0 - Va curve is then independent of the doping level and can be determined by
eq. (2.8), tagether with
(2.10)

giving
(2.11)

with

(2.12}
*) Equation (2.9) is only valid if the potential drop across the silicon space-charge region

is negligible compared to V0 . The surface potentlal of silicon is generally not more than
a few tentbs of a volt. In fig. 2.15 it can be seen that for an oxide thickness of a bout 1 IJ.
the threshold voltages calculated according to eq. (2.9) are mostly much larger indeed.
However, for very thin oxide films and silicon with a low doping level the voltages ,
across the oxide film and the silicon space-charge region may be of comparable value
when the surface is just intrinsic.
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For sufficiently large inversion, ft may be assumed to be constant (sec. 2.6.4)
and then G0 is a linear function of V6 •
2.6.3.2. MOS-transistor characteristics m the saturated region of
the drain current
For values ofthe drain voltage Vn where the drain current saturates (Iv(sat)),
the current is determined by the pinch-otf conditions. Forintrinsic material the
pinch-otf voltage Vp can be shown to be equal to the applied gate voltage V 0
(with the aid of fig. 2.1l, one can undcrstand readily that the voltage across the
oxide near the drain is zero when Vn equals V 6 , which means that no inversion
layer is induced at that place). The drain current can then be shown 2 - 9 - 11 )
to be
In(sat)
(2.13)
where the factor fJ is given by eq. (2.12).
The slope of the In(sat)- V6 line, often indicated as the transconductance (gm)
of the transistor, is thus dependent on the value of the drain current and is
proportional to V0 (assuming again {J, i.e. the mobility ft, to be constant):
(2.14)

For non-intrinsic material the relationship between gm(sat) and Vp remains valid, but Vp
and VG are no Jonger equal 2 - 11 ). Instead, they may be related by the following equation:
(2.15)

The parameters F and V0 both depend on the doping level of the substrate. The factor F
accounts for the fact that in doped material the pinch-off effect is caused partly by the reverse
bias across the pn junction near the drain. For intrinsic substrate material F would be equal
to unity, but it deercases when the material is more heavily doped with donors or acceptors.
The value of Va relates to the part of the gate voltage which can be assumed to account for
the immobile (depletion) part ofthe space charge at the semiconductor surface. As said before,
the depletion charge becomes nearly independent of the gate voltage after a certain amount
of inversion bas been established.
The transconductance is now given by
d/n(sat)
dVa

~~-'-- =

{3F(V0

-

V0 )

(2.16)

and the drain current by
(2.17)

For weak inversion Va is essentially a function of VG, approaching the threshold value V 1
when the surface is nearly intrinsic. At low valnes of the drain current the In(sat)- VG curve
cannot therefore be described by a parabolk law. The deviations become larger when the
doping level of the substrate material is higher.

-222.6.4. The mobility of the charge carriers in surface channels

A linear relationship between G0 and V 6 , resp. gm(sat) and VG (see eq. (2.11)
and eq. (2.16)) is valid only when the factor {J, i.e. the mobility ft, is a constant.
In practice it appears generally that a large part of the G0 -VGand/D(sat)-VG
curves can in deed be described by a constant mobility.
In sec. 2.3 it was discussed that the effective mobility may he influenced by
charge trapping in surface states and, at high transverse electric fields (strong
inversion), also by a surface scattering mechanism. Surface states become generally less effective in decreasing the effective surface mobility due to charge
trapping when the drain current is increased. This is due to the fact that in the
case of strong inversion even a small change of the surface potential already
causes a considerable change in the charge density in the inversion layer, whereas the occupation of the surface states is airoost not changed. Hall-effect
measurements on surface channels 2 - 12 • 13 ) show that the mobility is indeed
maximal for little inversion. Measurements of surface conductance cannot
indicate this clearly, as the influence of surface states and depletion charge is
then very large.
Recently, Arnold and Abowitz 2 - 14 ) have reported electron mobilities close
to the bulkvalues for surfaces of (I 00) surface orientation. These authors found
a relationship between the mobility values (measured at strong inversion) and
the number of interface states (electron-trapping centres). These eentres are
negatively charged when the surface is strongly inverted and may then deercase
the electron mobility due to scatteringeffects. Moregenerallyonemayprobably
state that the surface mobilities are highest for the most perfect crystal surfaces.
Experimental results to be discussed in chapter 7 indicate that the Si-Si0 2 interface contains generally the smallest amount of defects for silicon surfaces of
<WO) orientation.
2.6.5. The effect of interface stales and oxide charge on the threshold value of
the gate voltage

It was stated in sec. 2.6.3 that a certain threshold gate voltage will be necessary
to obtain a conducting channel in a MOS transistor. The value ofthe threshold
voltage was shown to depend on the doping level of the substrate material
(fig. 2.15). The threshold voltage V 1 has beendefinedas the voltage necessary
to obtain such a band. bending that the surface is just intrinsic. In practice,
however, it is more convenient to define a threshold voltage VT as the gate
voltage necessary to induce a certain drain current. This level may range from
4
w-iO to w- A (in chapters 4 and 5, VG at /D(sat)
w-s A is often used as
a reference point).
Firstly we may co ropare figs 2.16 and 2.17, which show the drain characteristics of n-channel MOS transistors made on the same material and under the
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Fig. 2.16. Drain current (In) and MOS capacitance (C, see sec. 2.7) at 500 kc/s versus gate
voltage (VG) of an n-channel MOS transistor in which many interface states are present.
This is indicated by the shape of the C-VG curve and the large difference between the
threshold voltage VT of the drain current and the "flat-band" voltage Vf. The MOS-transistor structure is given in fig. 4. 1.
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Fig. 2.17./n· V 0 and C-VG (at 500 kc/s; see sec. 2.7) curves of a similar MOS transistor as
that of fig. 2.16. The number of interfacestatesis made negligible as a consequence of a treatment ofthe oxidized slice in wet nitrogen at 450 °C.

same conditions, except for one additional heat treatment at 450 oe in wet
nitrogen in the case of fig. 2.17. Apart from a difference in slope of the
In(sat)-V6 curves, the threshold voltage appears to be quite different, about
80 V in fig. 2.16 and about -5 V in fig. 2.17. For the type of material (5 ohm-cm
p-Si) which was used and the oxide thickness (1·2 fLID) one would expect (from
fig. 2.15) a threshold voltage of about 7 V.
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To explain the observed differences, we must consider the influence of eentres
at the Si-Si0 2 interface (interface or surface states) and eentres in the oxide film
in which charge may be present. In the following considerations we will assume
that the oxide charge Qox (per cm 2 ) is present very close to the Si-Si0 2 interface
(when charge is distributed through the oxide film it is possible to account for
the effect which the oxide charge induces at the silicon surface by representing
it by a sheet of "effective" oxide charge at the Si-Si02 interface).
In fig. 2.18 Qox is shown tagether withother possibilities for charge in a MOS
. - - - - - - - ~(a-1.&) - - - - - - - - - .
Oxide

Semicondoctor

Effective
oxide charge

9ox

Fig. 2.18. An example of the charge distribution in a MOS system. Thc charge is distributed
between the metal electrode (QM), the space-charge region in the silicon Q 5; (Qs; = Qdepl +
+ Q 1nv; compare fig. 2.2), the surface states (Q ..) and the oxide film (Q0., here assumed to
occur only close to the Si-Si0 2 interface).

system: QM is the charge on the metal electrode, Q 81 that in the silicon spacecharge region and Qss the charge in surface states (all per cm 2 ). Ignoring the
voltage drop across the silicon space-charge region and the work-function
difference between the silicon and the material of the gate electrode, one may
say that a voltage VM (in a MOS transistor Vd between the metal (gate) electrode and the substrate induces an amount of charge on the metal electrode
equal to
(2.18)

Both the charge on the metal electrode and the oxide charge can be assumed to
induce charge at the Si-Si0 2 interface. This charge is distributed between the
silicon space-charge region and the surface (interface) states:
Qss)

(2.19)

or
(2.20)

25When the presence of surface states can he neglected, the presence of oxide
charge causes a shift of the threshold voltage equal to
(2.21)
As Qox is in most cases positive, this means a displacement of V1• in the negative
direction *). Assuming for example that in the case of fig. 2.17 the presence of
interface states can he ignored, the displacement of the threshold voltage from
7V (theoretica! case) to -5 V for an oxide thickness of 1·2 micron means the
presence of an effective oxide charge equal to
3·4.1Q- 13

- - - x - 12
1·2.10-4

=

3·4.10- 8 C,

(2.22)

conesponding to about 2.10 11 positive unit charges per cm 2 .
There are strong indications (sec for example chapter 7) that, in MOS structures in which the oxide is made by thermal oxidation, Qox always tends to be
positive. It is reasonable to assume that this is the case for the transistor in both
fig. 2.16 and fig. 2.17. In fig. 2.16, however, a high positive value of Vr is observed (in the order of 80 V), indicating the presence of immobile negative charge
in eentres at the surface. With Qox positive, this can only be explained by a
negative value of Qss (see eq. (2.19); Q51 is small at the onset of channel eonduction). The transistor of fig. 2.16 should exhibit at least 10 12 interface states
per em 2 in which electrons become trapped when the gate voltage is inereased
in the positive direction. Such surface states are shown in fig. 2.2 as acceptortype interface states in the upper half of the energy gap. Donor-type interface
states have been shown in the lower half of the gap. Presence of the latter may
cause high negative values of the threshold voltage in pnp (p-channel)-type
MOS transistors (see fig. 4.7).
The difference in slope of the I D" Vc curves of figs 2.16 and 2.17 can also be
explained by a difference in the number of interface states, but is probably also
due tothefact that the chargedeentres affect the electron mobility (see previous
section). The question why the transistor of fig. 2.17 shows mueh better eharaeteristics than that of fig. 2.16 will be discussed in detail in chapter 4, briefiy also
in sec. 2.1 0.
2.6.6. Effect of the electrode material on the threshold gate voltage
When the voltage applied between the gate electrode and the silicon is brought
*) Excess donors in the silicon near the oxide may also cause a shift of V·r to more negative
or less positive values. It is difficult to distinguish experimentally between these donors

and donor states (positive charge) in the oxide structure; Q0 x thus incorporates the charge
in both types of centres.

26to zero, there is in general still a small potential difference gîven by the contact
potential between the roetal and the silicon. The potential difference depends on
the type and resistivity of the silicon and the nature of the metal. The contact
potential between n-type silicon of about 5 f.!cm and an aluminium gate contact
may be assumed to be about zero. The use of aluminium in MOS transistors
made on p-type material will then cause a shift of a bout 0·7 V of the I D" Va curve
along the voltage axis in the negative direction.
The influence of the material of the gate electrode may be predicted from the
work functions of the various metals which may be used for this purpose. In the
Iiterature there is considerable confusion about these work functions and also
about the influence ofvarious gate-electrode materialsin MOS structures. When
MOS structures are heated, reaction of the roetal electrode with the oxide or
with traces of water may result in the disappearance of surface states (chapter 4),
whereas also ion-drift effects may ocur. Such effects depend on the nature of the
roetal and may be much greater than the influence ofwork-function differences.

2.6.7. Some considerations on the design and manufacture of MOS transistors
In the previous sections it was shown that the properties of MOS transistors
depend on the dimensions, the substrate and gate material, and the heat treatments during or a(ter oxidation which determine the amount of oxide charge
and the number of surface states. The designer of MOS transistors has thus
various possibilities to influence these properties.
A distinction can be drawn between npn- (n-channel) and pnp- (p-channel)
MOS transistors, made on p-type and n-type material, respectively. Both types
may be distinguished further into "enhancement" and "depletion" types. An
enhancement-type MOST doesnotconduct at zero gate voltage. In a depletiontype devièe, however, there is already a conducting channel at VG = 0. Taking
an n-channel MOST as an example, the drain current can then be decreased
by applying a negative gate voltage.
The presence of positive surface (oxide) charge is the reason why p-channelsilicon MOS transistors are in practice always enhancement mode (unless a
p channel is made by an additional acceptor diffusion). In MOS transistors made
. on p-type material the positive oxide charge may be the reason why an n-type
channel is already present at VG = 0, so that these transistors are often of the
depletion type. lt is possible, however, to make the number of positive charges
per cm 2 as low as 10 11 per cm 2 or even lower (by suitable processing and
preferably (100)-surface-oriented silicon material (chapter7)). As the doping
level of the substrate material causes the presence of a certain threshold gate
voltage compared to flat-band conditions (see fig. 2.15), enhancement-mode
n-channel transistors may be made, provided the doping level of the p-type
material is not too low. The enhancement-mode character mayalso be favoured
when a roetal with a high work function, e.g. nickel, gold or platinum, is used

27as the gate-electrode material instead of the more usual aluminium. However, the adhesion of the noble metals to the oxide is generally rather poor.
As was discussed in sec. 2.6.5, the positive oxide chargemayalso be compensated by negative
charge in interface states. Thethresholdvoltagecanthus be affected by modifying the number
of interface stat es (cf. for examplefigs2.16 and 2.17, sec also chapter 4). However, enhancementmélde n-channel devices prepared in this way mayshowinstabilitydueto slow-state effects 2 - 15).
Moreover, in order to obtain a high surface mobility, the sample should preferably be treated
in such a way that the number of surface states is minimized.
The transconductance of a MOS transistor is determined by the factors fJ( = t:0 ,p, Wjd0 ,L) and
Fin eq. (2.16). To obtain maximum transconductance n-channel (pn > P,p) devices should
be made on high-resistivity silicon (F approaches 1), with a thin oxide film. Further a small
channel length and a large channel width should be used.
There are of course other requirements for a MOS transistor besides a large transconductance. In some instauces the varîous requirements are conflicting and as there are also technologica! limitations in making components of small dimensions, the device made in practice
is nearly always a compromise. In high-resistivity material, for example, the pinch-off region
extends rapidly with the drain voltage and the remaining part of the channel thus rapidly
deercases in length. Consequently the better transconductance for high-resistivity material is
obtained at the cost of a deercase in the saturation resistance of the drain characteristic. The
same occurs when the channel length is decreased. Compare for example the slopes of the
curves of fig. 4.2 (channellength 400microns) with those of fig. 4.5 (channellength 15 microns).
For applications in which the MOS transistor has to be used at high frequencies it is desirabie
to keep some of the capacities of the device low. This, for instance, means making the areas
of the drain and gate region small and the oxide film thick. We have seen before that a thin
oxide film is desirabie for a high transconductance, and so again a campromise has to be
reached. It may be added that very thin oxide films also have the disadvantage that dieleetric
breakdown occurs even at a low gate voltage (the breakdown strength of a thermally grown
Si0 2 film is about 5.106 -10 7 V/cm) so that such devices are rather easily destroyed.
Practical MOS transistors have an oxide thickness between a bout 500 and 3000 A, a channel
width of a few hundred microns, and a channellength of only a few microns. In the work to be
described in the chapters 4 to 6, use was sometimes made of MOS-transistor structures with a
channellength of 400 11. and an oxide thickness of 1·2 11.· In these cases the MOS structures were
prepared only to be used as a tooi for measurement of surface properties of oxidized silicon.

2.7. Capacitance versus d.c.-voltage measurements on MOS structures

2. 7.1. The theoretica/ C-V curve (no surface states and oxide charge present)
Measurements of the differential capacitance (dQ/d V) of MOS structures as
a function of a d.c. voltage across it are often used, in this work too, to obtain
information on the surface properties of oxidized silicon. The principle of the
metbod will now bedescribed qualitatively. Capacitance versus voltage measurements can be carried out on MOS-transistor structures, but also simply by
applying a metal contact to an oxidized sample (fig. 2.19). A larger contact is
made to the other side of the sample so that the con tribution of the capacitance
on this side to the total capacitance can be neglected. The high-frequency
capacitance of such a MOS structure can be considered as the capacitance due
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Fig. 2.19. Simple structure for MOS·capacitance measurements made by applying a metal
contact to the oxide film. The oiher side of the wafer is provided with a larger metal contact,
so that any contribution of tbis metal·semiconductor contact to the effective differential
capacitance can be ignored.

to the oxide film Cox in series with the spacc-charge capacitance C81 , so that
the total capacitance is given by

(2.23)
(for ease of calculation C, C0 , and C 81 may be defined per cm 2 surface area). In
this equation C0 , is a constant, but Cs1 depends on the thickness of the spacccharge region, which is related to Qsi> the space charge per cm 2 and the impurity
concentration in the materiaL As Q81 depends on the voltage V across the MOS
system and the oxide capacitance C0 . , theoretica] C-V curves of ideal (no
surface states and no oxide charge present) MOS structures can be calculated
for each oxide thickness, if the impurity concentration in the silicon is known.
The relationship between C51 and Q 81 are ratheri ntricate, but have been publisbed in graphical form by Whelan 2 - 8 ), together with curves which relate
these parameters to the surface potential Vs (indicated as Ys
e Vs/kT).
Typical shapes of theoretica! C-V curves for MOS structures on p-type and
n-type material are given in figs 2.20 and 2.21, respectively. Qualitatively, the
shape of the curves can be explained as follows. Taking p-type material as
substrate by way of example, a negative charge on the roetal electrode will cause
accumulation of holes at the surface. Variations in charge caused by the a.c.
measuring signal then occur so close to the Si-Si0 2 interface that C 81 in eq. (2.23)
is high compared to Cox· The measured capacitance thus approaches Cox for a
negative voltage on the roetal electrode. However, when the negative bias is
low, i.e. when the band bending at the silicon surface is slight, the space-charge
variations due to the measuring signal no longer occur solely close to the interface. Consequently Csi becomes comparable to Cox· This is particularly true for
high-resistivity material and the consequence is that for zero and small negative
voltages the effective capacitance can be considerably lower than the oxide
capacitance. When the d.c. voltage at the roetal electrode is increased from zero
to positive values, a depletion layer forms at the silicon surface. An increase in
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Fig. 2.20. C-V curve of a MOS structure on p-type silicon for high and low measuring frequencies; the oxide charge, the number of surface states and the work-function difference
between the metal and the silicon are assumed to be zero.
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Fig. 2.21. High-frequency C-V curve of a MOS structure on n-type silicon under the same
"theoretica!" ciccumstances as in fig. 2.20. The effect of silicon resistivity on the minimum
capacitance is also shown.

the negative charge in this layer is accompanied by an increase in thickness.
The a.c. signal causes charge variati ons at the edge of the spacc-charge region.
Wh en the d.c. voltage is increased it looks as if the distance between the two electrodesof the MOS capacitor becomes larger, so that the capacitance decreases.
However, at a suf.ficiently high voltage the band bending becomes so great that
a layer of free electrons can be formed at the surface. As this inversion layer is
very close to the Si-Si02 interface, the effective capacitance may again become
equal to the oxide capacitance.
As sketched in fig. 2.20, a capacitance increase in the inversion region occurs
only when the measuring frequency is sufficiently low (below about 100 cfs).
At higher frequencies the supply of charge carriers to the inversion layer is
difficult because these (minority) carriers cannot be generated quickly enough.
In MOS-transistor structures, such as were employed frequently in the work
to be described, the inversion layer is connected to the souree and drain regions.
An increase in capacitance in the inversion region may then also occur at high
measuring frequencies. Supply of minority carriers may now occur via the diffused regions (moreover, the capacitance between these regions and the substrate

-30is connected in parallel with the silicon space-charge capacitance when inversion
occurs and the measured capacitance may then increase for that reason too).
An important part of the C-V curve is the accumulation-depletion region,
where considerable change in the capacitance is observed. Each capacitance
value between the maximum and minimum corresponds to a single value of the
band bending. When there is no voltage difference between metal and silicon,
the band bending is zero and the capacitance bas some value between the maximum and the minimum. As sketched in fig. 2.21, both this "flat-band capacitance" and the minimum capacitance are closer to the value of the oxide capadtanee when the material is of lower resistivity (for very low-resistivity material,
i.e. when the semiconductor approaches the nature of a metal, hardly any change
in capacitance occurs when the voltage is varied). The value of the minimum
capacitance can therefore be used to determine the resistivity of the materiaL
In practice the resistivity at the surface of oxidized silicon may differ from that
in the interior of the crystal, so that an "average" resistivity of the material near
the surface is obtained. Amongst the curves publisbed by Whelan 2 - 8 ) and
which can be used to obtain rapid information from C-V measurements a useful
graph is to be found from which the "flat-band capacitance" can be obtained
relatively easy after the minimum and maximum capacitance have been
measured. This graph, which was used frequently in this work to obtain the
"flat-band voltage" Vf from a C-V curve, is reproduced in fig. 2.22.
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Fig. 2.22. The relationship between the minimum capacitance C51 mln and the fiat-band
capacitance Cs 10 of the silicon surface (according to Whelan 2 - 8 )). This graph, in relation
with the equation C = C0 xCs1/(C0 x + Cs1), can be used to calculate the flat-band capacitance of a MOS structure after the maximum capacitance (C0 x) and the minimum capacitance
have been measured.

-312. 7.2. Displacement of a C-V curve due to surface charge
A measured C-V curve often looks very similar to the theoretica! one, with
the exception that it is displaced along the voltage axis. For thermally oxidized
silicon this shift is nearly always towards negative voltages due to the presence
of a positive surface charge, either in the oxide or in the silicon near the surface.
The shift is frequently expressed in a number of positive unit charges per cm 2
assumed to be present at the Si-Si0 2 interface (if the charge is distributed
through the oxide layer, only an effective part is measured). In the C-V curve
of the MOS transistor of which characteristics are given in fig. 2.17, the displacement (Vf) is equal to -12 V with an oxide capacitance of 27·2 pF for an
area ofthe metal electrode of 1 mm 2 • The effective number ofpositively charged
surface eentres per cm 2 is in this case thus equal to

QM
CoxVf
27·2.10- 10 .12
N= - - = - - - = - - - - - = 2·0.10 11 cm- 2
1·6.10-19
e
e

(2.24)

(the work-function difference iJcf>Ms is ignored).
The same value was calculated earlier (sec. 2.6.5) from the displacement of
the In(sat)- VG curve.
2.7.3. The C-V curve of a MOS structure in the presence of interface stafes and
oxide charge

When interface states are present, a change in the d.c. voltage across the MOS
system may cause a changeintheir occupation. For donor-type surface eentres
this is determined by an equilibrium with electrons in the silicon:
D +t n+

+ c(Si)

(2.25)

and similarly for acceptor-type eentres by
A

+ e-(Si) +t A-.

(2.26)

Various donor- and acceptor-type eentres may be present, for each of which a
certain energy level in the silicon band gap may be indicated. The total charge
per cm 2 in these eentres is represented in eq. (2.20) by the term Q,., which is
equal to e(Nn+ -NA-)when Nn+ and NA- are the densities ofionized donor
and acceptor eentres per cm 2 , respectively, and eis the positive unit charge.
Depending on the band bending and on the concentration and energy distribution of donor and acceptor states Qss may be either negative or positive. There
will be a tendency for Qss to become negative or less positive at a positive value
of VM. Both the donor and acceptor statestend to be occupied by electrons; the
donor eentres are then not charged, whereas the acceptor eentres tend to be
negative. In a similar way it can be seen that Qss tends to become positive at
high negative values of VM.
As Qss is thus not a constant value but depends on the voltage across the

-32MOS structure, the experimental C-V curve may show a non-uniform displacement compared to the theoretica! one. As each value of the capacitance corresponds to a certain band bending, the variation in the displacement can be
used to obtain information on the distribution of the surface states in the silicon
energy gap. However, the total amount of charge present in the states cannot be
determined as a function of the band ben ding, as an unknown amount of charge
may always be present in oxide centres. lt is also impossible to determine by
this metbod whether the states are of donor or acceptor type.
Detailed measurements of surface-state distributions with the aid of the C-V
metbod have not been carried out by the author. However, such studies have
been made by M. V. Whelan on surfaces which were oxidized and heat treated
in the same manner as used for several experiments to be described in chapter 4.
A set of C-V curves measured by Whelan 2 - 16 ) on a phosphate-glass-covered
oxide film on n-type silicon is reproduced in fig. 2.23. Especially at higher
frequencies the slope is considerably different from that expected theoretically,
pointing to presence of surface (interface) states. At lower frequencies the
presence of interface states has obviously a much less pronounced effect. These
results indicate that, in order to obtain information on presence of interface states,
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Fig. 2.23. C-V curves measured at various frequencies of a MOS structure on n-type silicon
covered by an oxide film similar to that of the MOS transistor of fig. 2.16. Measured by Wh elan 2-16).
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high measuring frequendes must be used. The reason is that it may be possible
to establish the equilibria given in eqs (2.25) and (2.26) while a lower-frequency
a.c. signal is applied, so that almost no change in the space charge Qs; occurs.
The capacitance value does then not correspond with the band bending at the
given bias. Instead, a capacitance value close to the oxide capacitance may be
measured.
In the work to be described in the following chapters the differential-capacitance measurements were always done at a frequency of about 500 kcjs. This
frequency is too low to obtain much information about the presence of interface
states from the slope of the accumulation-depletion part of the C-V curve.
The voltage (Vf) at which the flat-band capacitance is measured does not
necessarily correspond to real flat-band conditions either. One may argue,
however, that C-V measurements in this lower frequency range give a useful
indication of the amount of effective oxide charge (see sec. 7.4.1).
When a MOS transistor is considered, the C-V curve may be compared to
the lv-VG curve. Both curves have been shown in figs 2.16 and 2.17 for two
MOS transistors of the same dimensions, but with a difference in surface treatment. In the case of fig. 2.16 the difference between the threshold voltage and
the "flat-band" voltage is large (Vr ç:>;j 80 V, Vf = -30 V). When surface
states are absent, such a large difference between V r and Vf cannot be expected.
In sec. 2.6.5 it was already argued that this MOS transistor exhibits more than
10 12 interfacestatespercm2 • Then-type sample used for the C-Vmeasurements
indicated in fig. 2.23 had an oxidized surface which was treated in the same
manner. These measurements have been used 2 - 16 ) to get more information
about the surface states and indicate that fast states (time constant in the order
of to- 7 to I0-8 s) are lying about 0·1 to 0·3 V from the conduction-band edge.
High-frequency C-V measurements on p-type samples with the same oxide
show the presence of about the same number of states lying close to the
valenee band 2 - 16). Calculations of capture cross-sections done by Whelan
(private communication) indicate that the states near the conduction band are
of the acceptor type (become negative after electron trapping), whereas the
states near the conduction band are of the donor type (become positive after
hole trapping). They have been indicated as interface states in fig. 2.2.
A comparison of the C-V curves of figs 2.16 and 2.17 shows further that,
where many surface states are present (fig. 2.16), the capacitance curve shows
a broad minimum. This is also an indication of the presence of surface states,
as it means that the change from positive to negative band bending does not
occur readily when the d.c. bias is varied.
It may be remarked finally that one must be cautious in interpreting every
divergence of the slope of a measured C-V curve from the theoretica! one as a
surface-state effect. An inhomogeneons distribution of oxide charge over the
surface can have a similar influence.

-342.8. Preparation of silicon-dioxide films on silicon
2.8.1. Thermal oxidation of silicon in oxygen andfor water vapour and its effect
on the impurity distributton in the silicon substrate

Thermal oxidation of the silicon substrate is the method which is most widely
used for the preparation of oxide films for use as a mask against ditfusion and
passiva ti on layer at the surface. Oxidation may be carried out either in oxygen,
water vapour or a mixture of both. A simple oxidation apparatus is shown in
fig. 2.24. This metbod is known as open-tube oxidation, a bubbler serving as
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Fig. 2.24. Open-tube oxidation of silicon. When oxidation has to be carried out in dry oxygen,
the water bubbler is omitted. The tube and the jig for holding the silicon slices are in general
made of fused silica. Rate constauts for various oxîdation conditions are given in table 2-I.

the souree of water vapour. The carrier gas may be either an inert gas or oxygen.
The oxidation rate can be increased by increasing the water-vapour pressure,
i.e. by increasing the temperature of the Iiquid water.
A general relationship for the oxide growth on silicon under these conditions
has been given by Deal and Grove 2 - 17 ). These authors conclude that the oxide
thickness dox as a function of time t can be written as
dox 2

+

Adox

B(t

+ r).

(2.27)

The constauts A and < are only of importance for thin oxide films. F or films of
2000 A and more, grown at not excessively low temperatures (above about
1000 oq, the growth is limited by ditfusion of the oxidant through the film and
the growth can then be described by
Bt.

(2.28)

A number of rate constants for various oxidation conditions have been listed in
table 2-1. In this table "dry" oxygen means that the gas contained less than a bout
5 ppm water. Oxidation in oxygen in a furnace system like that shown in fig. 2.24
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may not be considered as oxidation in really dry oxygen because some water
may diffuse from outside tbrough the hot parts of the quartz tubes. Gregor and
Balk 2 - 21 ) report that by rigorous exclusion of water oxide growth is much
slower than indicated by the growth rate for dry oxygen in table 2-I. This
indicates some catalytic action of traces of water in the oxidation process.
Asthermal oxidation is most effective in the same temperature range (above
TABLE 2-I
Rate constauts for the thermal oxidation of silicon in an apparatus like that
shown in fig. 2.24. The oxidation is assumed to occur following the general
relationship 2 - 17 ) dox 2 + A dox
B(t + '!:') or, when no valnes for A and 7:
have been given, following the simple parabolic relationship dox 2
Bt, where
dox is expressed in microns (1 !L 1Q-6 m)

I
ambient gas

temperature

A(!J.)

eq
800
920
1000
1000
1100
1200
1200

dry oxygen

wet oxygen
(H 2 0 at 25

oq

wet oxygen
(H20 at 95

oq

steam
(boiling H 2 0)

0·370
0·235
0·165
0·090
0·040

1200
1300
920
1000
1100
1200

(Bx 1o-4 )
(~J- 2 /min)

0·2
1·0
1·95
1·5
4·5
7·5
7·4-7·6

r(min)

reference

540
84
22

2-17
2-17
2-17
2-18
2-17
2-17
2-18, 19

-

4·5
1·5

-

12-13
22
0·50
0·226
0·1
0·05

1000
1200
1200

-

oq

1200

-

oq

1200

-

2-18, 20
2-20

33
48
84
120
55
159
130

0
0
0
0

-

2-17
2-17
2-17
2-17
2-18
2-18
2-19

wet argon
(H 2 0 at 28

5·8

2-19

wet argon
(H 2 0 at 85

121

-

2-19
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about 1000 oq where ditfusion of donor and acceptor elements in the silicon
can be carried out, it must always be realized that some redistribution of these
impurities may occur. For cxample, pn junctions may be displaced, and near
the oxide-silicon interface redistribution effects may occur because certain
impurities (the acceptor elements Al, B, Ga, In) tend to move into or through
the oxide, whereas others (the donor elements P, As, Sb) are piled up near the
interface, because they are rejected by the growing oxide film. These effects thus
tend to make the surface less p-type or moren-type than the interior of the crystal
and caimot always be distinguished from effects of positive surface charge in
other centres. A thorough discussion of the redistribution effects, based on
MOS-capacitance measurements, has been given by Grove et al. 2 - 22 ).
During thermal oxidation, a considerable amount of oxygen may diffuse into
the silicon. Although it is known that oxygen in silicon can cause formation of
donor-type clusters at low temperatures, there are no clear indications that the
oxygen ditfusion is of great influence on the surface properties of oxidized
silicon.
There are some methods for making oxide films at lower temperatures so that
redistribution of impurities by ditfusion in the silicon does not occur. A number
of these methods, which all have certain disadvantages too, will be described
briefly in the next sections.
2.8.2. Oxidation of silicon in high-pressure steam
It has been found that oxide films of good quality can be made by oxidation
at relatively low temperatures if the water pressure is increased to several atmospheres. Results of this oxidation metbod have been described by Ligenza 2 - 23 - 25 )
for the temperature range between 500 and 950 oe and for steam pressures
from 25 to 500 atm. Within a certain range of pressures and temperatures
uniform films could be made, the growth of which appeared to be linear in time
and directly proportional to the stcam pressure. At excessively high pressures,
however, the oxide film may dissolve in the steam phase, so that no growth
occurs. The time-independent growth rate indicates that the rate-determining
step in this oxidation metbod is the oxidation of the silicon at the Si-Si0 2 interface. This explains also that in this oxidation metbod the oxidation rate depends
strongly on the crystal orientation and also on the impurity content of the
silicon 2 - 24 ).
We have carried out a number of oxidation experiments by placing the silicon samples
together with a calculated amount of water in a small met al bomb, similar to that described
by Ligenza. Oxide films with good insulating properties were obtained, whereas the oxidized
surface always showed an n-type character. The claim of Ligenza 2 - 25 ) that this oxidation
method can result in silicon surfaces with a p-type character when a certain pre-oxidation
cleaning treatment was given, was not confirmed.

-37
2.8.3. Accelerated oxidation of silicon in the presence of PbO

This method was reported by Kaliander et al.
The temperature necessary for oxide-film formation can be lowered by rate-accelerating additives.
Lead oxide especially has appeared to be a suitable accelerating agent, and may
be added through the vapour phase.
We have done a number of experiments using this method and found that the effects were
greatest when a PbOsouree was plaeed elose to the silicon sample to be oxidized. Fora PbO-Si
distance of 0·2 mm and an oxidation temperature of 650 "C the oxide thickness appeared to
increase linearlywith time with a rate of 0·01 micron per minute, for oxidation periods between
10 and lOO minutes. The rate can be influenced by the temperature, the oxygen pressure and the
PbO-Si distance during oxidation. At 625 "C and the same PbO-Si distance the rate was a bout
half that at 650 "C. When in experiments at 650 oe the PbO-Si distance was doubled, the
oxidation rate decreased to about a quarter.
The great influence of the distance from the PbO souree to the silicon may be explained by
consictering that the oxide Jayer which grows on the silicon does notconsist of pure Si0 2 but
must contain a certain amount of PbO, to the presence of which the oxidation rate is related.
Consirlering the oxide film thus as a lead glass, it is apparent that the vapour pressure of PbO
at the surface ofthe leadglassis lower than the PbO pressure near the PbO source. The amount
of PbO transported to the silicon is thus determined by a ditfusion process.
From a number of other experiments it became apparent that a certain lower limit of PbO
bas to be present to guarantee accelerated oxidation at a given temperature. When samples
which had been subjected to accelerated oxidation were further heated in oxygen without any
PbO source, some further oxidation appeared to occur. After some time (a few minutes
at 650 °C), however, no further noticeable oxide growth occurred. When the temperature was
increased, again some increase in thickness could be observed. Apparently the PbO content
necessary for accelerated oxidation deercases with increasing temperature. Analysis of the film
with an X-ray electron-p;obe microanalyzer showed that at 650 oe the limiting PbO content
was in the order of 20 mol.%. The results pointtoa relatively easy ditfusion of oxygen through
the lead glass, whereas the oxidation rate is limited by the oxidation process at the silicon
surface or by the rate with which the Si0 2 formed is "dissolved" in the lead glass. Below a
certain PbO content (determined by the temperature) the latter probably no Jonger occurs.
A very thin Si0 2 layer between the lead glass and the silicon wil! be sufficient tostop the
oxidation of the silicon completely at the relatively low temperature.
The properties of silicon surfaces covered by these Jead-containing oxide films appeared to
depend greatly on heat treatment. Although in many cases almost intrinsic surfaces were
obtained, it appeared to be possible to make the surface either strongly n-type or p-type by
certain heat treatments (sec. 2.10.1.2).
Lead-glass coatings may a lso be prepared by evaporating PbO or Pb on Si with or without
an Si0 2 film on its surface foliowed by heating in an oxidizing environment.

2.8.4. Growth of Si0 2 films from a reaction

bet~veen

silicon halides and water

In this case and also in the methods to be discussed in the next sections the
oxide film is notmade by oxidizing the silicon substrate, but is deposited on the
substrate. It is well known that Si0 2 can be made from a reaction of SiC14
and H 2 0:
4 HCI.
(2.29)
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Steinmaier and Bloem 2 - 27 ) have shown that this reaction is very suitable for
the preparation of Si0 2 films on silicon, especially when it is combined with
epitaxial growth of silicon from the vapour phase. In such an epitaxial process
a silicon layer is deposited on a single-crystalline substrate (generally silicon)
by heating this substrate in a mixture of SiC14 and H 2 , so that a reduction of
the SiCL,. occurs at the hot substrate:
SiCl4 + 2 H 2 +:t Si+ 4 HCI.

(2.30)

After a layer of silicon is deposited in this way, water vapour may be added so
that Si0 2 forms, Instead of H 2 0 it is convenient to inject C02 , which results
in formation of water according to the reaction

+:t H 2 0

+- CO.

(2.31)

In the experiments of Steinmaier and Bloem the growth rate of Si0 2 increased
from about 0·2 (1. per hour at 1000 oe to about 100 (1. per hour at 1350 °C.
According to Rand and Ashworth 2- 28 ) Si0 2 films can be prepared at a
lower temperature (800-850 aq if SiBr4 is used instead of SiCl4 • The method
may then also be used for making Si02 films on other semiconductors such as
germanium.
The properties of oxide films made by the SiC1 4 method have appeared to be
comparable to those of layers grown by thermal oxidation of silicon in dry
oxygen. The surface charge is rather low (in the order of 2.10 11 positive charges
per cm 2 ).
lt is possible to prepare doped oxide films by addition of suitable compounds
(e.g. PC1 3 , BC1 3 ) to the vapour phase during growth.
2.8.5. Pyrolysis of organic silicon compounds

A rather convenient methad for preparing Si0 2 films at relatively low temperatures is heating the substrate (silicon) in the vapour of organo-oxy-silanes
such as tetra-ethoxy-silane (Si(OC 2 H 5) 4 ). Preparation of such films has been
described amongst others by Klerer 2 - 29 • 30) and Jordan 2 - 31 ). Each oxy-silane
has its own decomposition range, in general lying between 600 and 800 °C.
When oxygen is added, Si0 2 films can be grown at temperatures as low as
350 °C.
The films do notconsist of pure Si0 2 , but still contain a number of organic
groups. Their structure is less dense than that of oxide films made by thermal
oxidation. Densification may be carried out after the deposition by heating at
more elevated temperatures 2 - 32 • 3 3).
2.8.6. Deposition of Si02 films by vapour-transport methods

It is possible to make Si0 2 films by vapour deposition. However, very high
temperatures are needed to evaparate pure Si0 2 , so that sputtering processes
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are feit to be more suitable. Evaporation of the more volatile silicon monoxide
(the solid SiO must probably be considered as a mixture of Si and Si02 ) in
systems containing oxygen or water may lead to the formation of films with a
composition somewhere between SiO and Si02 , depending on the growth
conditions z-- 34).
Chu and Gruber 2 - 35 ) have described a chemica} transport metbod of depositing Si0 2 films or silicon, using hydrogen fluoride as the transport agent
in a closed system. The silicon substrate was heated to 400-600 oe, the Si0 2
souree to a lower temperature.
Until now the deposited types of Si0 2 film mentioned in this section have not
found major applications as coatings directly on the silicon. Films made by
thermal oxidation appear to yield better surface properties.
2.8.7. Anodic oxidation of silicon

Silicon can be oxidized anodically in a suitable electrolyte, although the ioniccurrent efficiency of film growth is low. For n-type silicon the anodic current is
in the reverse direction for a surface harrier on the silicon, and the rate of oxide
growth is limited by the supply of minority carriers, holes, to the Si-Si0 2 interface 2 - 36). Illumination with light causes an increased oxidation rate and local
illumination allows of local oxide growth. Schmidt et al. 2 - 37 • 38 ) have shown
that certain donor and acceptor impurities may be incorporated in the Si0 2
film by a suitable choice of the electrolyte. The doped oxide film may then be
used as a souree of impurity diffusion into silicon during subsequent heating.
Anodic Si02 films have not yet found many applications in semiconductordevice technology. Atalla 2 - 4 ) states that films ofthis type have a much larger
content of ionic impurities than films made by thermal oxidation, which may
make them less suitable as a passivating agent. However, this may depend on
the nature of the electrolyte which is used. Schmidt 2 - 39) has pointed to a
difference in the stress present in oxide films made by thermal oxidation or by
the wet anodic process. In the former case the oxidation reaction proceeds via
oxygen diffusion and the films are under strong compressive stress, partly
because of the difference between the coefficients of thermal expansion of Si02
and Si. However, anodic films are formed by a cation-migration process 2 - 37)
and show no stress at all or even tensile stress. It might well be that the stresses
in oxide films have an intluence on the structure of the Si-Si0 2 interface, but at
the moment there are no indications for it.
Silicon can also be oxidized by making it the anode in a gas discharge, a
metbod which was described by Ligenza 2 - 40 ). Considerable oxidation rates
were obtained at temperatures as low as 300 oe.
2.9. Chemicaland physical properties of thermalJy grown Si02 films

The phase diagram of Si0 2 is shown in fig. 2.25 as given by Singer
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Fig. 2.25. The phase diagram of Si0 2 , according to Singer

2 - 41 ).

Several crystal modifications can exist, each consisting of a regular network of
Si04 tetrahedra. Fused silica may be considered as an undercooled liquid with
a more or less random network of Si04 groups. During heating of fused silica
crystallization may occur, particularly in the range 1000-1200 oe if certain
impurities are present.
The oxide films which are made by thermal oxidation of silicon are often
considered to have a fused-silica-like structure, i.e. a random networkof Si04
groups. When oxidation has been carried out in dry oxygen, a considerable
degree of order may exist in the Si-0 network. Crystals may be observed if the
surface was not cleaned in a proper way before oxidation, an effect which is
reminiscent of the devitrification of fused silica mentioned above. Some of these
crystallites have been identified by electron diffraction as ct-crystobalite
Silicon-oxide films containing many crystallites often show a comparatively
low electrical resistance, probably due to leakage along the crystal boundaries.
Clean and dust-free working is therefore essential for preparing oxide films of
good quality.
An idea of the electrical conductivity of the films can be obtained by depositing metal spots on the oxide and measuring the current between metal and
silicon when a voltage is applied. For good oxide films the resistivity is higher
than 10 16 .Ocm. When the voltage across the oxide is increased, dielectric breakdown may occur, generally when the electric field is in the order of 5.106 -10 7
Vjcm, but at a lower field when weak spots are present. The metbod is thus
suitable for obtaining an idea ofthc quality ofthe film. From thickness measurements combined with capacitance measurements on MOS structures, the dielectric constant of the oxide film may be determined. For thermally grown
oxides the dielectric constant appears to be about 3·8, a value which corresponds
with that of fused silica or quartz. The refractive index of the oxide films has
been found 2 - 43 ) to be about 1·46. These figures and also infrared-transmission
spectra correspond quite well with those of fused silica 2 - 33 • 42 ).
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The presence of pores in the oxide film can be detected by a chlorine etch
technique 2 - 4 ). The oxidized samples are heated in chlorine gas, e.g. at 900 oe,
for a couple of minutes. The chlorine does not attack the Si0 2 , but penetrates
through the pore and etches the silicon, thus undercutting the Si0 2 layer. The
etched area can be seen later under a microscope. Etching in Cl 2 or HBr may
also be used to remove the silicon substrate from the oxide layers. Ing et al.
did gas-permcation studies on such Si0 2 films, from which they concluded to
the preserree of micropores of atomie dimensions.
Deal 2 - 18) has observed that, in oxides formed by oxidation in steam, small
pits and etched areas may occur. Moreover, in these cases the amount of Si02
present is not quantitatively equal to the amount which one would expect from
the amount of silicon which disappears during the oxidation. This points to
incomplete oxidation. In pure oxygen the "oxidation efficiency" was found to
be 100%, in wet oxygen (H 2 0 at 95 oq 95-100%, insteam (1 atm.) 75-100%.
This means that in the latter cases the oxide layer has a lower oxygen content
than corresponds with the formula Si02 , or that some silicon is transported
into the vapour phase. Claussen and Flower 2 - 19) report differences of oxide
growth obtained during oxidation in wet oxygen and wet argon. In the latter
case the growth rate (at 1200 oq appeared to be very low during the first minutes of oxidation. During oxidation in wet but oxygen-free environments some
SiO may possibly form, because of the reducing action of the hydrogen due to
reduction of water:
(2.32)

In the early state of oxidation the concentration of hydrogen will be fairly high
near the Si-Si0 2 interface and the formation of SiO is favoured:
(2.33)

These phenomena may also be described due to reduction of Si0 2 by H 2 :
(2.34)

When oxygen is also present, SiO will not form so easily and, as soon as an oxide
film is present, the reaction will slow down, so that the hydrogen concentration
deercases and formation of volatile SiO is no Jonger a serious effect.
It is interesting to note that Edagawa et al. 2 -- 42 ) have found by infraredabsorption measurements that oxide films made in steam contain a region near
the silicon surface which does not contain as many SiO honds as may be expected from an Si0 2 composition. This may again be considered as being due to
the reducing action of hydrogen formed during oxidation.
The hydrogen content of oxide films is of course much larger for oxidation
in wet gas than for oxidation in oxygen. The hydrogen is probably mainly
present in the form of OH groups, although possibly partly also in SiH groups
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as 10 20 atoms per cm 2 in steam-grown oxides have been measured 2 - 45 ).
Differences in properties between various oxide films may also be detected
from etch-rate studies. A suitable etch salution was developed by Pliskin 2 - 33 ).
This "P-etch" consists of 15 parts hydrofluoric acid (49 %), 10 parts nitric acid
(70 %) and 300 parts water. As examples of the sensitivity of this etch to packing
density, the etch rate of pyrolytic films formed at 675 oe is 13 Á/s, whereas the
etch rate of thermally grown Si0 2 films is only 2 Á/s at 25 ÓC. Pliskin and
Lehman 2 - 33 ) report etch rates of20-70 Á/s for electron-gun-evaporated siliconoxide films and 4 Á/s for oxide films made by a reaction of SiC1 4 and H 2 0 at
high temperatures. Mixed oxides ofP 2 0 5 and Si02 dissolve rapidly (300-500 Á/s)
in the P-etch, which can therefore be used to determine the thickness of the
phosphate glass present at the top of an Si02 film after this is subjected to a
heat treatment in P 2 0 5 vapour.
To answer the question whether an oxide film prepared by a certain method
wiJl be suitable for surface stabilization of silicon devices it is not suftkient to
know the density, the refractive index and the etch rate of the layer. One would
prefer a density which is as high as possible to guarantee a good isolation of the
silicon surface from the ambient atmosphere. However, ion transportmayalso
occur in more dense Si0 2 films under the influence of an electric field, as a
consequence of which oxide-covered devices may show instabilities. It is therefore important also to have information about the presence of small concentrations of impurities in dependenee on the way of oxide preparati on. A nurnber
of measurements and considerations a bout this subject can be found in chapter 7
(see also sec. 2.11).
2.10. Effect of oxidation and forther treatments on tbe properties of the Si-Si02
system
In the fabrication of "planar" devices, any oxidation and ditfusion process
does not necessarily provide a good device. Furthermore, when a eertaio oxide
coating has been proved to be suitable fora certain type of diodeortransistor,
this does not necessarily mean that it can be used for another type of device
too. lt is felt that in most cases the surface properties are determined by the
charged eentres in the oxide and interface states at the oxide-silicon interface.
How these properties can be influenced by various processes is discussed extensively in the chapters 4 to 7. The main conclusions of this work will now be
reviewed.
2.10.1. The effect of the oxidation process and further heat treatments on the
surface properties
2.10.1.1. Interface states
After thermal oxidation of silicon a considerable number of surface states can
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be present. These states are probably due to unsaturated silicon honds at the
Si~Si0 2 interface. They are able to capture holes or electrons depending on their
concentration at the silicon surface. Consequently in MOS transistors, both of
the n·channel and the p~channel type, a high gate voltage may be necessary to
start conduction through the inversion layer (see for example fig. 2.16), whereas
the transconductance can be very low.
Fortunately there are methods ofinfluencing the concentration of these inter~
face states. The surface orientation of the crystal appears to be of great influence.
The lowest numbers, for a given oxidation procedure, are found when the sur~
face consists (more or less completely) of a (100) plane. More states are found
on a (110) plane and again more on a (111) plane 2 - 46 ).
It appears that the number of interface states depends in a rather intricate
manner on the water content of the ambient gas during oxidation and further
heat treatment. lt is proposed that the hydrogen component of the water plays
an important role in this behaviour. At elevated temperatures hydrogen may
create unsatured silicon sites at the Si~Si0 2 interface due to its reducing action
on the oxide structure (impurities like sodium may cause a similar effect, see
sec. 2.10.1.2 and chapter 7). On the other hand, a reaction with the unsatured
bonds may result in the formation of SiH honds, so that surface states disappear.
SiH honds are not very stabie at high temperatures. Consequently treatments of
oxidized silicon in water vapour or hydrogen are most favourable for the dis~
appearance of interface states when the temperature is below about 600 °C.
When the oxide is in an oxygen-deficient state (heat treated in an inert gas at
elevated temperature) only traces of water are needed to cause the effect. Low~
temperature treatments in wet nitrogen or hydrogen may be used in order to
obtain a good transconductance in MOS transistors (eompare for example fig.
2.16 with fig. 2.17). It can be dangerous to remove all interfacestatesin oxide~
covered n+p diodes or p+np-junetion transistors, as residual oxide charge may
then induee an inversion layer on the p~type material.
The annihilation of surface states during a low-temperature heat treatment
can also occur in an inert gas if a reactive metal contact (for example aluminium)
is present on the oxide film. The experiments indicate that this is probably due
to a reaction of the metal with hydroxyl or water in or at the top layer of the
oxide film, so that hydrogen atoms can diffuse towards the Si~Si0 2 interface.
This effect can cause difficulties (channels) during heat treatment (for example
the contacting procedure) of devices in which metal-oxide~silicon structures
occur. This is the case, for example, in silicon solid circuits, where vapourdeposited aluminium is often used as a material for leads across the oxide film.
When an oxidized sample is subjected to a P 2 0 5 ditfusion in a dry environ~
ment, the number of interface states ean increase considerably. This is probably
due to the fact that oxide becomes very dry under these circumstances. It
appears that the presence of a phosphate glass on top of the oxide film

44makes the introduetion of water (or hydragen atoms) into the oxide film during
low-temperature treatments much slower. As such the phosphate glass has a
stahilizing action on the properties of the Si-Si02 interface (the phosphate
glass deercases also the possibility for certain ions to drift into the oxide film;
this effect will be considered in sec. 2.11.4).
Although the work described in this thesis refers mainly to diode and MOStransistor characteristics, it may be noted that there are clear indications that
the amplification factor of planar junction transistorsis also dependent on the
number of the indicated surface states 2 - 47 ). Treatments which are known to
improve the quality of MOS transistorsmayalso be used to increase the currentamplification factor of oxide-coated silicon transistors, especially at low current
densities, where surface-recombination effects can have considerable inftuence.
The same treatments may also deercase the noise in planar transistors. For
MOS transistors a relationship between 1/fnoise and surface states has recently
been indicated 2 --4 8 ).
2.10.1.2. Oxide charge
The surface properties of oxidized silicon cannot be described by the presence
of interface states alone. Several experimentspoint to a likelibood of positive
charges being present in the oxide film, although it is in general difficult to
distinguish positive oxide charge experimentally from donor eentres with a low
activatien energy at the Si-Si0 2 interface. The positive surface charge may be
related to the presence of unsaturated silicon bonds in the oxide structure near
the silicon surface. The number of these bonds depends on the presence of
impurities such as hydrogen and sodium. In particular when sodium is present,
the surface-charge density is much higher for (111) than for (100) silicon
surfaces. Oxidizing treatments, especially when carried out cat relatively low
temperature, generally cause an increase of the charge and treatments in an
inert environment a reduction. Low-temperature treatments which can decrease
the number of interface states (see previous section) can also cause a deercase
of the positive surface charge. These and other ex perimental results may be explained by a model ofthe Si-Si0 2 interface structure, to be discussed in chapter7.
The amount of surface charge in oxide films made by thermal oxidation of silicon in the
preserree ofPbO (sec. 2.8.4) can be very low. It has been observed 2 ·-4 4 ) that in this case the surface charge can even be made negative when a temperature gradient is applied across the oxidesilicon system in such a way that the oxide is "cool" with respect to the silicon. This effect is
most readily explained by accepting that the mixed lead-silicon oxide contains eentres which
are able totrap electrons. Under the described circumstances electrons may tend to flow to the
oxide. Similar effects, although much smaller, were observed with oxide films grown in steam.
In these cases, however, the oxide charge always remained positive. The effects are a warning
against making too quantitative conclusions from measurements on oxidized silicon. During
the cooling process after thermal oxidation or further heating, temperature gradients may
occur readily.
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2.10.2. Effects of ionizing irradiations

Various effects of ionizing irradiation are described in chapters 5 and 6 in
which it is shown that a tendency for electron transport from the silicon to the
oxide can be created with irradiation by u.v. light. The pboton energy of the
light should beat least 4·2 eV. However, whether the electrans can be trapped
there so that the positive oxide charge is decreased, depends on the structure
of the oxide film. Such a deercase appears to be hardly possible after oxidation
in dry oxygen, but considerable effects can be observed when the oxide can be
supposed to contain water or hydroxyl groups. It is difficult to say whether the
trapping eentres were present already before or induced during irradiation, as
it may be expected that hydroxyl groups can be attacked by u.v. light.
X-ray irradiation tends to cause an effect opposite to that of u.v. light, i.e.
the positive oxide charge increases. This effect can be explained by the creation
of free electrans in the Si0 2 which are "trapped" in the silicon, i.e. they need
an energy of several electronvolts to go back from the silicon surface to the
oxide. This reverse transport is helped when the X-ray irradiation is foliowed
by illumination with u. v. light. Then it may turn outthatthe X-rays have created
trapping eentres in the oxide film: the u.v. effect is often increased compared to
before X-ray irradiation. Creation of eentres in the oxide film (and at the
Si-Si0 2 interface) is most effective when the oxide is grown in a wet environment.
The effect of ionizing irradiation can be influenced when an electric field is
applied in a metal-oxide-silicon system. The amount of oxide charge after such
a treatment appears to depend on the properties of both the metal-oxide
and the oxide-silicon interface (chapter 5).
Although ionizing irradiation can thus have a great influence on the surface
properties of oxidized silicon, these effects are not of particularly great practical
importance for cantrolling the surface properties, as the induced effects disappear during heating above 200 °C. Because, however, the irradiation effects
depend greatly on the metbod of oxide preparation, they can be used as a tooi
to detect ditierences in the oxide-silicon system after various treatments.
2.11. Stability probieros in oxide-coated silicon devices

In the previous section it was indicated that changes in the surface properties
of oxidized silicon may occur during ionizing irradiations. Oxide-covered silicon
devices, particularly those containing MOS structures with a voltage across it,
may therefore show considerable instability under these conditions.
Instability effects mayalso be observed in the absence of ionizing irradiation.
Not every oxide film is suitable for the proteetion of every type of device to be
made. The properties of an oxide-protected silicon surface depend on the energy
distribution of surface states at the Si-Si0 2 interface, on the field due to the
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distribution in the silicon near the interface. Any change in these parameters
during the life of the device may cause instability of its properties. It can be
assumed that the impurity distribution in the silicon does oot change during a
life test, which is generally carried out at or below 300 °C, although some
donor formation due to the presence of oxygen may occur under eertaio
circumstances. Various reasoos for instability will now be considered in more
detail.
2.11.1. Slow-surface-state effects
As was already indicated by Atalla 2 -4), such effects are generally oot
observed in oxidized silicon surfaces. They may be noted after ionizing irradiation, indicating that this can induce oxide traps in which electroos or holes
from the silicon surface may be trapped with relatively long time constants.
Usually, slow trapping effects are not observed in MOS transistors, because
slow states are either not present or cannot be observed due to ion-drift
effects which work in the opposite direction and may be greater. The absence
of slow-state effects point to a fairly perfect, in any case trap-free, oxide structure near the silicon surface. It may be interesting to remark that we have
observed slow-state effects occasionally when an imperfect interface structure
was also indicated by the presence of a large number of fast surface states.
These observations may correspond with eertaio slow-state effects mentioned
in the literature 2 - 15 ). We have found, however, that by suitable treatments
(chapter 4) both the fast- and the slow-state effects cao be minimized. It is
thought that this is due to the reaction of unsaturated silicon bonds at the
interface and in the oxide with hydrogen.
2.11.2. Charge motion on the top of the oxide film
In 1959 Atalla et al. 2 - 49 ) described instability phenomena in oxide-protected
silicon pn junctions under reverse bias. The leakage current of pn junctions cao
increase markedly under these conditions, especially when the ambient gas
contains moisture. The phenomena were thought to be due to displacement of
i ons on top of the oxide due to the fringing field of the reverse-biased pn junction. Shockley et al. 2 - 50 ) did experiments under similar conditions and observed clearly that a positive charge forms above the p region and a negative
charge above the n region.
One may explain this in the first instanee by consirlering the oxide surface
as a "conductor" (i.e. the conduction at the top of the oxide, whatever it may
be due to, is large compared to conduction in the oxide). When areverse bias
is applied across an underlying pn junction, the "conductor" on top of the oxide
tends to be charged in a manoer as indicated in fig. 2.26: it forms a capacitor
with respect to both the p- and n-type region. Because oxide-covered silicon
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Fig. 2.26. A reverse bias applied across an oxide-coated pn junction tencts to cause charge
redistribution atop the oxide. When the oxide surface is "conductant", e.g. due to the presence
of moisture, negative charge forms above the n region and positive charge above the p region.
Charge of opposite sign is then induced at the silicon surface.This may result in the formation
of inversion layers at the p- and/or n-type region wîth the consequence of large leakage currents.

surfaces have already a tendency to be n-type, the surface of the p region may
readily be inverted. The surface of the n-type region tends to become less 11-type
and, when the charge becomes high enough, even p-type. Consequently the
effects may cause an increase in the 1eakage current of an n+p junction (n-type
channel on the p region), and an increase in the breakdown voltage of a p+n
junction, eventually followed by an increase in leakage current (p-type channel
on the n region, or n-type channel on the p+ region).
The effects indicate that it is desirabie to have oxide-coated silicon devices
encapsulated as dry as possible. Where this is not possible or wanted, a thlck
oxide film should be used. This may also be achieved by depositing Si0 2 or
another glassy film on the thermally grown oxide film. It may be remarked that
the effect is also slight when the oxide is made in such a way that a large
number of charge-neutralizing surface states is present at the Si-Si02 interface.
The effect may be prevented by applying metallayers on the top of the oxide
above the p and n regions and connecting them to these regions. The top layer
of the oxide is then always at nearly the same potential as the underlying semiconductor.
Charge motion at the outer surface of the oxide film may also be induced by
applying a voltage to a roetal electrode partly covering the film. The oxide surface around the electrode then tends to obtain the same potential. In MOS
transistors in which the gate electrode does not completely cover the region
between souree and drain, this effect can cause serious instabilities. When, for
example, a conducting channel is induced by applying a bias across the MOS
system, the conduction tends to increase in the course of time because charge
leakage from the roetal electrode over the oxide surface also tends to induce a
channel in the region which is not covered by the roetal electrode. The effect
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can be minimized by ensuring that there is little surface contamination and that
the ambient gas is dry. In MOS transistors it can be prevented by ensuring that
the metal electrode covers at least the whole area between souree and drain
region.
2.11.3. Charge motion in the oxide film

When mobile charge carriers are present in the oxide film, similar phenomena
may occur during reverse biasing of a pn junction as described in the previous
section for charge migration on top of the film. As ions move more easily at
higher temperatures, these effects are increased when the temperature is raised.
It has been shown that such effectscan be caused by sodium contamination 2 - 51 ).
In MOS structures the presence of a transverse electric field in the oxide film
may result in shifts of the lv-Va and C-V curves along the voltage axis. To
obtain a good idea of the influence of the charge-transport processes under
these conditions, it is necessary to know which charge carriers in the oxide film
can contribute to this transport and which electrode reactions may occur at the
M-0 and the 0-S boundary. Presumably the number of free electronsin the
Si02 film is very small (except when ionizing irradiations are applied) and charge
transport in the oxide film may be assumed to be due primarily to ion migration.
At the boundaries these ions may be neutralized or generated, but when neither
of these processes occurs readily, space charge will be built up near the electrode
where the charge transfer is most difficult. In silicon oxide univalent ions such
as alkali ions can be assumed to be capable of migrating under the influence
of an electric field. lt has been found that contamination of the outer oxide
surface with sodium ionscan cause serious instahilities in MOS structures where
the metal electrode is made positive with respect to the silicon 2 - 52). The drift
of sodium ions into the oxide can be speeded up by increasing the temperature.
The increased positive oxide charge causes the C-V curve of the MOS structure
to be displaced towards more negative voltages until an equilibrium situation
is established in which the displacement of the C-V curve corresponds with the
quantity of sodium deposited on the oxide surface. This indicates that the
sodium ions are not easily neutralized at the Si-Si0 2 interface so that they
accuroulate there and form a layer of positive surface charge.
Contamination of thermally oxidized silicon with sodium may also occur
during the various stages in the preparation of MOS structures. Contamination
of the vapour-deposited metal electrode can be a serious cause of ion-drift
effects. However, oxide filmsmayalso be contaminated by sodium in the furnace
during oxide growth or further treatments (see chapter 7). The sodium concentration is then highest in the top layer of the oxide film. These sodium ions may
also cause instability effects, especially when the metal electrode is made positive
with respect to the silicon in a bias-temperature treatment of a MOS structure.
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However, the effect of such a treatment is generally much lower than expected
from the number of sodium i ons being present, indicating that are they not all
displaced very readily under the influence of an electric field.
Hofstein 2 - 53 ) bas pointed to the fact that the activation energy which may
he measured from ion-drift effects as a function of the temperature is not a
measure for the activation energy of the ditfusion of the i ons under the influence
of the applied electric field. Instead, some dissociation or ion-generation effects
at the metal-oxide interface determines the velocity of the drift phenomena.
This is apparent from the fact that removal of the bias applied during an iondrift experiment causes a very quick decrease in the induced oxide charge,
pointing toa very fast ion ditfusion in reverse direction. Moreover, the ion-drift
effect in the forward direction can he increased considerably by the preserree
of traces of water.
It may he that in the preserree of water protons may also cause ion-drift
phenomena in MOS structures 2 - 53 ), but a definite answer to this question is
difficult to give at the moment. Only slight ion-drift effects may he observed
when a MOS structure is heated with the metal electrode negative, even when
the oxide film bas been grown in a wet gas. This indicates that the hydrogen
present in the oxide is tightly bonded, probably mainly in hydroxyl groups.
Near the oxide-silicon interface often some SiH groups may he assumed to
occur, and the hydrogen may then he considered to he present as "negative
ions" (chapter 7). One might speculate that "neutralization" of this hydrogen
can he the reason of the increase of the number of positive charges and interface states which may he observed to occur 2 - 54 - 56 ) after heating MOS structures at 300 oe or higher with a negative bias applied to the metal, although
explanations in terms of creation of positive silicon ions or oxygen vacancies
may not be excluded.
2.11.4. The stahilizing action of phosphate-glass layers

Although contamination of MOS structures may he largely prevented by
careful processing (chapter 7) it has been found that also contaminated oxide
films may he stabilized by subjecting them to a P 2 0 5 ditfusion of some kind.
A phosphate glass is then formed at the top of the oxide film. This phosphate"glass" layer appears to getter sodium from the underlying Si0 2 and prevents
the ion-drift effects observed in "bare" oxide films 2 - 57 • 58 ). Another instability
effect is introduced, however, because polarization effects may occur in the
phosphate-glass layer 2 - 58 ). These effects are not clearly understood but can
he minimized by making the glass layer thin compared to the underlying Si0 2
and they depend further on the metbod of preparation of the phosphate glass.
A phosphate glass with a low P 2 0 5 content may he preferred in this respect.
Methods of influencing the P 2 0 5 content are discussed in chapter 3.
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In condusion it may be said that, by using careful processes, oxidized silicon
samples and also MOS structures can be made which contain a minor number
of oxide charges and interface states. Fr om the point of view of most practical
applicatfons the surface properties can then be considered stable, except when
the samples are subjected to ionizing irradiations.
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-523. DIFFUSION OF PHOSPHORUS INTO SILICON AND THE MASKING
ACTION OF SILICON-DIOXIDE FILMS *)
Abstract
A neutron-activation analysis was used to study the behaviour of phosphorus during its diffusion into silicon and silicon-dioxide films. Certain
correlations were found between the compositions of the oxide layers
formed during the diffusions and the existing phase diagram of the
system SiOrP 2 0 5 • In several experiments the concentration of phosphorus in silicon had reached the solubility limit, and a layer with very
high phosphorus content was found to be present between the oxide
film and the silicon substrate.

3.1. Introduetion

It bas been shown by several authors 3 ~ 1 . 3 ) that ditfusion of phosphorus in
silicon cannot be described by a single ditfusion coefficient. Tannenbaum 3 ~ 2 )
and more recently Maekawa 3 ~ 3 ) found a difference between the actual diffusion patterns and those obtained from resistivity measurements. The results
can be explained in terms of an extra fast ditfusion mechanism at high phosphorus concentrations. This may be due to ditfusion of interstitial phosphorus atoms. Their presence mayalso affect the electron mobility in diffused
layers. Both Tannenbaum and Maekawa found that phosphorus-doped silicon
had a lower limit of resistivity of about 0·00035 i1cm.
These conclusions are in agreement with the results of our experiments in
which the ditfusion of phosphorus into silicon and the masking effects of Si0 2
layers were studied by a neutron-activation analysis. P 2 0 5 was applied as a
souree for the diffusion. Various P 2 0 5 pressures were used, and the temperature of the silicon was varied from 920 to 1310 °C.
The phosphorus which diffuses into the silicon can be supposed to be formed
according to the reaction

2P 2 0 5

+ 5Si-+ 4P + 5Si0

2•

(3.1)

A eertaio amount of oxygen will also diffuse into the silicon, but because the
solubility is low compared to that of phosphorus, this will be neglected. The
oxide layer which forms at the surface is not a pure Si0 2 layer, because it will
react with phosphorus oxide from the vapour. Assuming that the average composition of the oxide can be given by y Si0 2 .P 2 0 5 , the value of y could be
determined by activation analysis. When the diffusions are carded out in an
oxygen ambient, the picture is somewhat more complicated because more Si02
will form than corresponds with reaction (3.1).
Reaction of P 2 0 5 with Si0 2 can also be supposed to occur when the silicon
*) Publisbed: J. electrochem. Soc. 111, 1383-1387, 1964.

-53surface has been provided with an SiOllayer beforetheditfusionstarts. Ditfusion
of phosphorus (oxide) through SiOl films has been studied by Sah et al. 3 -4)
and Allen et al. 3 - 5 ). In both cases p-type silicon underneath the oxide films was
used as a phosphorus detector to check whether the masking conditions
were fulfilled. Sah et al. concluded that a glassy layer of unknown composition
was built up at the top of the oxide films and that a :;harp boundary existed between the glassy layer and the oxide. This condusion was confirmed by our
analysis in which the phosphorus distribution in the oxide layers was measured
directly.
In several cases the compositions of the oxide layers could be correlated with
the phase diagram of the system Si0 2 -P 2 0 5 as given by Tien and Hummel 3 - 6 ).
This was especially the case in two stage processes, both for oxide layers formed
during ditfusion in silicon and formed at the top of a masking Si0 2 film.
If the ditfusion of phosphorus in silicon is not fast enough to carry otf all the
phosphorus formed by reduction of phosphorus oxide, the phosphorus concentration in silicon will reach a saturation value and a new phase may form. In
several cases we found indeed a layer with very high phosphorus concentration
just at the interface between the silicon and the oxide layer formed during the
ditfusion. This enabled us to determine the solid solubility of P in Si.
3.2. Experimental procedure
Silicon wafers we re cut perpendicular to the (111) direction of a float-zone
single crystal of 5-f.!cm p-type silicon. After lapping with fine alundum powder,
the slices were etched in a mixture of 2 parts HF (50 %) and 5 parts HN0 3
(65 %), so that 60 11. were removed from each side. The final thickness of the
slices was about 250 11.· The ditfusions were carried out in a two-zone furnace,
supplied with a quartz tube of 2·5 cm diameter (fig. 3.1). A quartz boat filled

Quartz support

Fig. 3.1. Open-tube metbod for the ditfusion of phosphorus into silicon.

with P 2 0 5 was placed in the low-temperature zone (either 210 or 300 °C}. The
temperature of the silicon slices was varied between 920 and 1310 °C. Dry
nitrogen or oxygen was used as carrier gas (gas flow 0·2 I/min). Heating of the
silicon slices occurred by pushing them into the hot furnace, cooling by pulling
them into a cold region of the quartz tube.
In a number of cases the ditfusions were carried out in two stages: a preditfusion at 920 °C, foliowed by ditfusion at a higher temperature in a second
quartz tube, the walls of which had been exposed previously to P 2 0 5 vapour

54at the ditfusion temperature. However, before the silicon slices were inserted,
the tubes were heated for a few hours at this temperature, without supply of
P 2 0 5 • Under these conditions the amount of phosphoms per silicon slice did
not change noticeably during the heat treatments.
After the ditfusion the silicon slices tagether with a phosphorus standard
(about 40 mg (NH 4 hHP04 ) were irradiated in a neutron flux of 5.10 11 neutrons/cm2/s for a period of 5-10 days *). Except activity due to P 32 (half-life
14·3 days), we found always some activity due to Au 198 (half-life 2·7 days),
which had also been formed during the neutron-activation process. This gold
had been introduced during handling, etching, washing, and subsequent heat
treatment of the slices. The also formed Si 31 bas a relatively short half-life
(2·6 h) and decays practically completely in a few days.
If P 32 as well as Au 198 activity was present, the measurements were done
with an Nal(Tl) well-type scintillation detector coupled with a gamma spectrometer. In those cases we measured both the distri bution of phosphorus and of
gold in the silicon and in the oxide film. The gamma-radiation spectrum of
Au 198 with a peak at 412 keV is superposedon the bremsstrahlungsspectrum
of P 32 (fig. 3.2). The amount present of both Au and P was determined by
counting in two channels A and B according to the metbod of Elleman et
al. 3 - 7 ). Comparisons were made with irradiated standards. The conditions of

Fig. 3.2. Gamma spectrum of an irradiated silicon sample containîng both phosphorus and
gold (recorded after decay of SP 1 ). Dasbed curve: Au 198 ; dashed-dotted curve: P 32 ; drawn
curve: total.
*) For the irradiations we had the help of the Centre d'Etudes de !'Energie Nucléaire at

Mol in Belgium. The samples were irradiated in the reactor BR I.

55measurement for samples and standards were made as alike as possible by
pipetting some of the standard solution onto non-irradiated silicon slices of the
same thickness as the samples.
In the cases in which we were not interested in the behaviour of gold, we
waited until the Au 198 had disintegrated to a very Iow amount and measured
the activity simply with a Geiger-Müller counter. The lowest amount of phosphorus which could he detected in this way was 10 13 atoms.
3.3. Composition of oxide films formed during ditfusion of phosphorus into silicon

3.3.1. One-stage processes
The activity of the silicon slices was counted before and after removal of the
oxide layer (by a quick dip in an aqueous HF solution). The average composition
of the layers could then be calculated by correlating the weigh deercase with the
decreasein activity.
If no oxygen was present, a second metbod could be used. After the oxide
layer had been removed, the residual activity gave the number of reduced
P atoms ànd so, according to eq.(3.l),also the number of Si0 2 molecules in
the oxide layers. Both methods gave the same results within 10%.
The oxide layers formed during the diffusion did not always show a "glassy"
appearance. In some cases a crystalline structure was present; in other cases
only very minor structure differences could be seen. According to the phase
diagram of the system Si0 2 -P 2 0 5 given by Tien and Hummel 3 - 6 ), compounds
with compositions Si02 .P2 0 5 and 2Si0 2 .P 2 0 5 exist (fig. 3.3). )Vhether one or
bothof these compounds were present in the oxide layers could not be ascertained, but the presence of crystallites certainly occurred more frequently when the
amount of P 2 0 5 in the oxide layers was higher.
Using dilfusion temperatures of 920, 1050, 1180 and 1310 oe, a P 2 0 5 temperature of 210 oe, nitrogen as carrier gas, and diffusion periods of 15 and
60 min, the compositions of the oxide layers varied from 2Si02 .P 2 0 5 to
4Si0 2 .P 2 0 5 . When the souree was held at 300 oe, the P 2 0 5 content was sametimes higher, but effects of non-constant P 2 0 5 pressures due to aging of the
souree were of more influence in this case. It was found that a new souree of
p zÛs held at 210 oe could give a larger amount of deposited phosphorus than
a souree held at 300 °C, which had already been heated for a few hours.
When oxygen was used as carrier gas instead of nitrogen, the phosphorus
contents of the oxide layers were lower, especially when the temperature of the
silicon was relatively low and the diffusion time short. With a ditfusion period
of 15 min, the average oxide composition ranged from 10Si0 2 .P 2 0 5 for experiments at 920 oe to 4Si0 2 .P2 0 5 at 1310 oe. For diffusion times of 60 min the
difference between oxygen and nitrogen ambients became muchlesspronounced.
Variations between 2Si0 2 .P2 0 5 and 4Si0 2 .P2 0 5 were found, depending on the
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Fig. 3.3. Saturation values of oxide-layer compositions intwo-stage ditfusion processes, plotted
in the phase diagram of Si0 2 -P 2 0 5 •

state of the source. The large effect of the presence of oxygen in the short diffusion runs is explained by the fact that the oxidation velocity of silicon depends
on diffusion through the oxide layer, which grows thicker during the experiment.
3.3.2. Two-stage processes
The prediffusion was clone at 920 oe for 15 or 60 min in a nitrogen ambient.
In the second stage the silicon slices were heated separately at a higher temperature for varying periods, using either a nitrogen or oxygen ambient. During
the first stage oxide layers were formed with a composition of about2Si0 2 .P 2 0 5 •
During the second stage their compositions altered, owing to further reaction
of P 2 0 5 and Si resulting in Si02 and P. The changes of the oxide-layer compositions as a function of time have been given in fig. 3.4a for a diffusion in
N 2 at 1050 °C. In the beginning the phosphorus content deercases rapidly, but
then appears to become more or less constant at a lower limit (7Si0 2 .P 2 0 5 ).
This means also that the amount of reduced phosphorus reaches a nearly constant value after some time (fig. 3.4b). The limiting composition of the oxide
layers appeared to vary with temperature. Less phosphorus remained present
when the temperature was higher. The values found at 1060, 1120, 1180 and
1310 oe have been plotted in fig. 3.3. They appear to coincide more or less with
the solubility of Si0 2 in the phosphorus-containing liquid, as given in the
phase diagram of Tien and Hummel.
A possible explanation can be obtained if one assumes that the rednetion of
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Fig. 3.4. Behaviour of P concentrations in oxide layers, silicon and interface layer during the
second stage of a two-stage process, consisting of a preditfusion at 920 oe for 30 min foliowed by a ditfusion at 1050 oe for a variabie time T.
(a) The oxide Jayer obtains a constant composition, the surface concentration of P in Si
remains constant as long as the interface Jayer is present.
(b) The total amount of phosphorus in silicon and interface layer goes to a constant value.

phosphorus oxide occurs at the interface between the silicon and the oxide layer.
As the reduction of phosphorus oxide goes together with oxidation of silicon,
one can understand that the reaction stops more or less as soon as a thin Si0 2
layer forms at the interface. This wilt occur when the oxide layer has reached
such a composition that Si02 can no longer remain dissolved. The presence of an
Si0 2 layer between the phosphorus-containing oxide layer and silicon could be
shown clearly in the case where the second stage of the ditfusion process was
carried out in oxygen instead of nitrogen. By removal of successive layers of the
oxide films, we could demonstrate the presence of an Si0 2 film between the
phosphorus-containing oxide layer and the silicon substrate. This Si02 film may
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have contained some phosphorus, but we could not detect any, which means
that it contained less than 10 19 phosphorus atomsjcm 3 • These oxidation experiments prove also that the species diffusing through the (phosphorus-containing)
oxide layers was oxygen and not silicon.
3.4. Solubility limits and ditfusion profiles of P in Si

If at a certain temperature the concentration of P in Si reaches the maximum
solubility, one would expect the formation of a second phase of the diagram
Si-P. In several cases we found indeed that after removal of the oxide layer by
a quick dip in an HF solution, a thin layer with a high P content remained present
at the surface. In our experiments this layer was always thinner than 0·1 fl· It
could be removed by heating the slices in hot water or acid solutions, for
example, immersion in an aqueous HF salution for several minutes. It was also
possible to remave successive partsof the layer by anodic oxidation in a salution
of KN0 3 in N-methyl acetamide and subsequent rinsing in an HF solution.
The concentration of phosphorus in these layers was between 2.10 22 and
4.10 22 atomsjcm 3 in experiments below 1100 oe. In ditfusion experiments at
1180 and 1310 oe the concentration appeared to be somewhat lower, although
still of the order of 10 22 atomsfcm 3 • This is in agreement with the phase diagram of the system Si-P as given by Giessen and Vogel 3 - 8 ), partly given in
fig. 3.5. In this system a compound SiP can be in equilibrium with silicon
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Fig. 3.5. The system Si·P (according to Giessen and Vogel

3 - 8 )).

saturated with phosphorus, as long as the temperature is below 1131 oe. Above
that temperature equilibrium can exist between silicon saturated with phosphorus and a melt with a rather high phosphorus content. It seems probable
that the interface layers which were found in several of our experiments are due
to formation of one of these phases, although some oxygen may have been
incorporated. When an "Si-P" phase was present at the surfaces, the surface
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concentration of the phosphorus diffusion was found to be determined only
by the temperature of the heat treatment. Therefore we were able to determine
the solubility Iimits of phosphorus in silicon for a few temperatures. Resnlts
are given in fig. 3.6. Our results show a higher solubility ofphosphorus in silicon
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than reported by Abrikosov et al. 3 - 9 ), whose values were obtained from
microhardness measurements in the system Si-P. The results are very close to
the lower limits of solubility found by Mackintosh 3 - 10). This agreement is
rather fortuitous, however, because Mackintosh's results were obtained from
measurements of sheet resistance and pn-junction depth.
In a way similar to that described by Tannenbaum 3 - 2 ) and Maekawa 3 - 3 )
we measured both the diffusion profiles and the distribution of electrical conductivity in the diffused layers. Good agreement with their measurements was
found, such as a minimum in resistivity of 3.10-4 flcm for phosphorus-doped
silicon. We found that this minimum corresponded to a phosphorus concentration of 6·5.10 20 per cm 3 . The minimum in resistivity did not necessarily occur
at the silicon surface, as the solubility of phosphorus in silicon can be higher.
The surface concentration ofphosphorus found in a two-stage processis often
Iower than corresponds with the solid solubility. However, as long as a siliconphosphide phase is present at the surface, the surface concentration of phosphorus will have its maximum value at the given temperature. As an example
of the behaviour of P concentration in the oxide, interface layer and silicon
in a two-stage process, a schematic picture has been given in fig. 3.4a. In this
case both diffusion steps were carried out in nitrogen; in the first step the silicon

60was held at 920 oe for 30 min with P 2 0 5 at 220 oe and in the second step at
1050 oe for various times.
Formation of surface films with phosphorus concentrations as high as
1022 cm- 3 has been reported neither by Tannenbaum nor by Maekawa. Also
in our experiments such a layer was not always found to be present. Obviously
the experimental conditions play an important role. We found that the presence
of these surface layers was less pronounced if the P 2 0 5 content of the oxide
layers was decreased and the temperature of the silicon increased. This can be
understood if one considers that the formation of an Si-P pbase wiJl be enbanced wben more P 2 0 5 can be reduced and wben tbe diffusion into silicon is
not fast enough to carry away the reduced phosphorus atoms from the surface.
As discussed before, tbe P 2 0 5 content of the oxide layers depends on many
factors sucb as tbe presence of oxygen. It may well be that in Tannenbaum's
experiments the highly doped layers were not found because the silicon was
preheated at the diffusion temperature for lO min in oxygen before admitting
the P 2 0 5 (private communication). In Maekawa's experiments the souree was
H 4 P 2 0 7 , so that comparison is more difficult.
3.5. The masking action of Si02 films against P 2 0 5 diffusions

Some study on tbis subject was done using thermally grown Si0 2 layers as a
mask. These oxide films had been made by heating the silicon slices during
16 hours at 1200 oe in wet oxygen (oxygen bubbled tbrough water at 30 °C),
resulting in an oxide thickness of 1·1 micron. The oxidized slices were then
subjected to phosphorus diffusion like described in sec. 3.2. To get an impression
of the distribution of phosphorus in the oxide layers, the slices were irradiated
by neutrons and the deercase of P 32 activity was measured after successive
removal of sheets of the oxide film in a diluted solution of hydrofluoric acid.
In each case the activity disappeared after removal of a part of the oxide film,
pointing to a sharp boundary between a phosphorus-containing top layer and
the remaining part of the oxide film. Intwo-stage processes (no P 2 0 5 offered
during the second stage) again an equilibrium composition of the glassy layer
was found, if the diffusion period was sufficiently long. In a case in which the
second stage of the process was carried out at 1120 oe, the final glass composition was calculated to be between 8Si0 2 .P2 0 5 and 12Si02 .P 2 0 5 , again showing
a reasonable correspondence with the solubility of Si02 in the glassy phase at
this temperature.
There will probably be some diffusion from the phospborus-containing top
layer into the underlying "pure"-Si0 2 film, but this could not be detected. It is
feit that this diffusion bas not much influence on the masking action of the
Si0 2 film: masking will be effective until the phosphate glass bas completely
penetrated through the Si0 2 film. We heated p-type samples covered by an
Si0 2 layer with phosphate glass on top for several days at 1100 oe in nitrogen

61and did not notice any phosphorus ditfusion into the silicon when no extra
P2 0 5 was otfered during the heating. Si0 2 films are thus most etfective in
masking in the described two-stage processes.
3.6. The use of phosphorus diJfusious in planar processes

Phosphorus ditfusions are used frequently for making planar structures, i.e.
structures in which the pn junctions formed during ditfusion are protected by
the same oxide film, which was used for masking. Figure 3. 7 shows planar-diode
structures assumed to be formed by local ditfusion of phosphorus into p-type
Cl. Structure ~for~ diffuslon
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Fig. 3.7. Ditfusion of phosphorus in a "planar" process. During P 2 0 5 deposition an "SiP"
ph ase may form at the boundary of the phosphate glass and the silicon when the P 2 0 5 concentration is high. When during the second stage no more P 2 0 5 is offered, the SiP phase
tends to disappear and the phosphate g!ass, both on top of the oxide and in the window,
tends to become saturated with Si0 2 •

silicon through a window in an Si0 2 film. In semiconductor-device technology
P 2 0 5 is oftenmadein the ditfusion tube by areaction ofP or compounds such
as POC1 3 or PH 3 with oxygen. This prevents much troubles due to a non-
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constant vapour pressure ofP 2 0 5 as a consequence ofaging ofthe P 2 0 5 source.
This phenomenon, which was mentioned earlier in sec. 3.3.1, is probably due
toa change in the structure ofthe P 2 0 5 • Traces of water may play an important
role in this effect.
As described in the previous sections, phosphorus ditfusion with the aid of P 2 0 5
will result in formation of a phosphorus-containing oxide, both in the area
where the silicon is not covered by Si02 and in the top of a masking Si0 2 film.
When P 2 0 5 is offered only duringa part ofthe ditfusion time the phosphoruscontaining glassy layers in both instauces wilt tend to have the composition
given by the solubility limit of Si0 2 in the glass at the ditfusion temperature
(fig. 3.7 c2 ). As was discussed in sec. 3.3.2, the n-type region formed by the
phosphorus ditfusion may also become separated from the phosphate glass by
a "pure"-Si0 2 film when the ditfusion is carried out in oxygen (fig. 3.7 c3 ).
3.7. Gettering of metallic impurities by surface films
In our samples nearly always some activity of Au 198 was present after irradiation and therefore we were able to study the behaviour of small amounts
of gold during oxidation and ditfusion treatments. After oxidation (wet 0 2 ,
1200 oq we detected an accumulation of gold at the Si-Si02 interface varying
from 10 10 to 10 13 atoms per cm 2 • In other experiments we found similar
amounts of copper. There are indications 3 - 11 ) that the major part of these
metallic impurities is not distributed homogeneously, but rather is present in
local precipitates at the Si-Si0 2 interface. As such they may cause soft reverse I- V characteristics of planar pn junctions.
It bas been found 3 - 12 • 13) that the properties of pn junctions can often be
improved by a gettering treatment, i.e. a treatment of the silicon in contact with
a material in which the metal impurities tend to be dissolved. Phosphate glass
is often considered as such a materiaL We found iudeed that the gold concentration in the silicon and at the Si-Si02 interface became often very low
aftera P 2 0 5 diffusion. The gold appeared to be present in the phosphate glass
and in the SiP phase. Gettering appeared to be improved by a high P 2 0 5 content
of the glassy layer and a high temperature. Below about 1100 oe gettering of
gold appeared to be not very effective.
In chapter 7 the gettering effects of a phosphate glass for alkali i ons in siliconoxide films will be considered. This effect is sametimes of large importance for
improverneut of the surface properties of oxidized silicon.
Note Si nee this work was presented ftrst (Meeting of the Electrochemical Society, Pittsburgh,
April 1963) various authors 3 - 13 - 15 ) have shown that precipitates may exist at the
surface of a silicon crystal after this has been subjected to phosphorus diffusion. Precipitates may also form in the diffused region during cooling. In some cases they could
be shown to consist of SiP 3 - 13 ). A number of compositions of phosphate-glass
layers grown under various conditions were verifted by Snow and Deal 3 - 16) using
gravimetrical methods.
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4. EFFECTS OF LOW-TEMPERATURE HEAT TREATMENTS ON THE
SURFACE PROPERTIES OF OXIDIZED SILICON*)
Abstract
Oxidized silicon slices were subjected to heat treatments in various environments in the range 300-500 "C either withor without an aluminium
electrode present on top of the oxide. Several results point to a large
effect of hydrogen in these heat treatments, after which the surfaces
often exhibited an increased n-type character. These effects are primarily
due to the disappearanceof interfacestates, although insomecases charge
redistributions in the oxide-silicon system also play a significant role.

4.1. Introduetion
In chapter 1 it was discussed how capacitance measurements on metal-oxidew
silicon structures can give information about the charge distributions at an
oxidized silicon surface. Certain relations were shown to exist between highfrequency capacitance measurements, carried out by Whelan 4 - 1 ), and MOStransistor characteristics. The presence of electron-trapping eentres at the SiSi02 interface as well asfixed charge in tbcoxide bas aninfiuence on these electrical
characteristics. In this paper we will further relate capacitance and channelcurrent measurements on MOS-transistor structures to the changes in the surface properties of oxidized silicon which may oc.cur during heat treatment at
relatively low temperatures (300-500 °C). We studied the effect of the ambient gas
in such treatments and also the infiuence of an aluminium electrode if present
on top of the oxide during heating. lt is known that heating in the presence of
such an electrode may cause formation of n-type surfaces
Presence of hydragen and water vapour during heat treatment often causes
similar effects 4 - 5 - 8 ). Although the n shifts have been explained in a few cases
as being due to formation of donor-type surface states, other experiments 4 -4· 6 • 9 )
indicate that annihilation of electron-trapping eentres plays a more important
role. Balk 4 - 9 ) bas proposed that the effect of hydragen during annealing is due
to a chemica! saturation with H atoms of certain unsaturated honds at the oxidesilicon interface. The experiments to be described in this paper suggest that the
main effect of water and an aluminium electrode on the oxide during lowtemperature heat treatments bas to be explained in a similar way, although
charge redistributions in the oxide-silicon system cannot always be neglected.
In the experiments we generally made use of oxide films which were covered
by a phosphate glass, i.e. the sametype as Whelan 4 - 1 ) used in some capadtanee versus voltage measurements. The large number of active surface states
in these cases made it convenient to study the influence of heat treatment on
the electrical characteristics of the MOS structures.
*) Published: Philips Res. Repts 20, 578-594, 1965.
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4.2. The MOS transistor
4.2. L Structure and method of prepara/ion
The circular geometry of the MOS devices employed is shown in fig. 4.1. The
structure was made by local phosphorus diffusion into p-type materiaL Slices,
cut perpendicular to the <Ill) axis of a 5-Qcm indium-doped silicon crystal,
Circular

gate contact

f -type substrate

I·

4{)(]p

·14

400f.i

·I·

4{)(]p.

·I·

4QQ/!_

.j.

400ji

·I

Fig. 4.1. A cross-section of the MOS-transistor structure used in several experiments.

werc first lapped with fine alundum powder, and then etched in an HF-HN0 3
mixture so that a layer of about 60 microns was removed from each side.
Thermal oxidation was carried out at 1200 oe for 16 hours in wet oxygen, made
by bubbling oxygen through water at 30 oe. Photo-etching techniques were used
to make windows in the oxide filmwiththeviewofproducingn-type "source" and
"drain" regions. The phosphorus diffusion was performed in nitrogen, employing a souree of P 2 0 5 • The silicon was first heated for 30 minutes at 920 oe in a
two-zone diffusion system, in which the P 2 0 5 souree was held at 220 oe. The
souree was then cooled toroom temperature and the silicon slices were heated at
l150 oe for 4 hours. The samples were cooled rather slowly by turning off the
power supply to the furnace. The pn-junction depth obtained after this procedure was 6 microns. The total oxide thickness at this stage was about 1·2 micron.
The top layer (about 0·5 micron) of an oxide film made in this way consisted
of a mixed oxide of phosphorus and silicon with a composition of about
12 Si0 2 .P 2 0 5 4 - 10 ). The contacts indicated in fig. 4.1 were made by vapour
deposition of aluminium foliowed by photo-etching. During the evaporation
process the silicon was not heated.
4.2.2. Interpretation of electrical characteristics
Information about surface properties of oxidized silicon was obtained by
measuring the current between souree and drain contact of the MOS transistors
as a function of the gate voltage. The drain region was made positive in these
measurements and thus reversely biased with respect to the bulk. In general we
measured the channel current Un) at a drain voltage (Vn) which was larger than
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the pinch-off voltage, thus in the saturated region of the ID-VD characteristics.
In fig. 4.2 an example of these characteristics bas been given. An essential part
of the preparation of this sample was a heat treatment in water vapour at the
end of the phosphorus diffusion. Without such a treatment much higher gate
voltages would have been needed to induce the samedrain currents. In sec. 1.7
it was shown that measurements of the capacitance of the MOS structure as a
function of gate voltage suggest that this is due to the presence of surface states
in which the induced negative charge is trapped instead of being mobile.

Fig. 4.2. In- Vn characteristics of a MOS transistor with varying gate voltage. This sample had
been heated during 30 minutes at 450 cc in wet nitrogen before the aluminium electrades
had been deposited.

In the work presented in this chapterinadditionto/D-Vameasurementshighfrequency (500 kcjs) capacitance measurements on the MOS structures were
used also to study the effect of low-temperature heat treatments on oxidized
surfaces. The capacitance measurements were primarily used to obtain the
voltage that was necessary to obtain "zero band bending" at the silicon surface.
In many cases this value will be given in tabular form tagether with the voltages
which are necessary to induce various channel currents I D· The difference L1 Va
between the gate voltage which is needed to in duce a drain current of 10 iJ-A and
the voltage which bas to be applied for zero band bending is used as an iudication of the number of electron-trapping eentres at the surface. The lowestvalue
of L1 Va which we obtained was about 8 volts. It can be calculated that a voltage
difference of this order of magnitude can be expected when no surface states are
presentand a reasanabie value ofthe electron mobility in the channels is assumed. We found, however, that insome cases L1 Va was even larger than 100 volts.
The values of these voltage differences are not a quantitative measure for the
number of surface states (electron-trapping een tres), because the mobility of the
electroos in the channels is not known, and is presumably also affected by the
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presence of these centres. Moreover, only a part of the surface states will exchange charge with silicon when the band bending is varied from zero to the
value which corresponds toa channel current of 10 [LA. Nevertheless, wethink
that the large variations in the indicated voltage difference L1 VG point to large
variations in the surface-state density.
4.3. Effect of ambient gas during heat treatments
Table 4-I shows the effect of ambients for heat treatments of 30 minutes at
450 oe. Wet oxygen or nitrogen was made by bubbling the gas through water at
room temperature. These heat treatments were carried out directly at the end of
the phosphorus diffusion. After the heat treatments photo-etching and vapour
deposition were employed to make aluminium contacts to source, drain, gate
and p-type substrate. A rough idea about the varia ti on of surface charge with
bias can be obtained from table 4-I and the following tables by applying the
formula L1 Q = co,L1 V. As the oxide capacitance COX was about 2·7.10 9 F/cm 2 ,
a voltage difference of 1 volt corresponds to a change in surface charge of about
1·7.10 10 unit charges per cm 2 .
TABLE 4-1
Effect of ambient g'ls during heat treatmcnt of oxidized silicon for 30 min at
450 oe. The gate voltages V 0 necessary for flat-band conditions (Ys
0) were
obtained from C-VG measurements on MOS-transistor structures, which were
also used to measure the gate voltage necessary to induce various values of the
drain current

L1 Vo (V0 at

V0 (in volts) necessary to induce:

lv = 10 [LA

I

I

minus
lv =
[D
Ys=O fv
fv =
In
0)
(Vf) 1 fLA 10 fLA 100 fLA 1 mA 2·5m A VG at Ys
--30

66

90

115

1

180

120

after treatment in:
dry N 2
-29

70

97

121

153

180

126

dry 02

-42

50

75

I 102

142
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117

wet N 2

-12

-6

-4

2

19

34

8

wet 0 2

-16

23

37

53

86
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53

--16

-10

-8

-2

16

30

8
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-
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Obviously, heating in dry nitrogen did not have much effect. The main effect
of dry oxygen seems to be that of a shift ofboth the C~V6 and the In- V6 charac~
teristics to more negative or less positive gate voltages. This may be explained
as an increase of the effect of flxed charge in the oxide. The number of active
electron~ trapping eentres at the interface remains of the same order of magnitude.
As was also discussed by Whelan 4 - 1 ), the effect of a treatment in wet nitrogen
has to be explained as being primarily due to the disappearance ofthe active trap~
ping centres. It is not well possible to conclude whether the flxed charge increases
or decreases during the treatment (in chapter 7 it will be made plausible that
V6 at "Ys
0" (Vf) is an indication for the effective oxide charge; this would
mean that the fixed charge has slightly decreased).
The effect of hydrogen did not differ very much from the effect of wet nitro~
gen. The surface states disappeared in both cases. The remaining surface charge
was somewhat more positive than in the case of heat treatment in water vapour.
The disappearance of the surface states at the Si~Si0 2 interface during heating,
both in hydragen and in water, suggests that also in the latter case the effect is
due toa reaction ofthe trapping eentres at the interface with hydrogen. To cause
such an effect, the hydragen component of the water should diffuse through the
oxide. One might suppose that H 2 0 can be chemically reduced in the top layer
of the oxide film (the phosphate glassin these cases). Oxygen may then be built
in in the oxide, whereas the hydragen component of the water diffuses partly
through the oxide film and reacts with the trapping centres, thus making them
inactive. This assumption is supported by the results of the treatment in wet
oxygen instead of in wet nitrogen (table 4-1). The presence of oxygen during
heating diminished the influence of water vapour. This may be explained by
assuming that the presenee of oxygen makes rednetion of water less easy or, in
other words, that the hydragen becomes partly trapped at the exeess oxygèn
atoms instead of at the silicon surface, so that diffusion of hydrogen (or hydroxyl
groups) into the oxide is slowed down.
We observed that during heating in dry nitrogen or oxygen a eonsiderable
number of trapping eentres disappeared when the heat treatments were not
carried out directly after the phosphorus diffusions, but instead after the samples
had been storedinroom air for several minutes. Presumably a suffieientamount
of water is adsorbed in this time to have some influence during heat treatment.
We also found that channel formation during heat treatment in a wet ambient
occurred much sooner when the phosphate glass was removed before heating.
By combining this knowledge with measurements of C- V6 curves of MOS struc~
tures we concluded that this is partly due to a more rapid disappearance ofthe
electron-trapping centres, but also that the amount of fixed surface charge was
larger after heat treatment when the phosphate glass had been removed before
heating. Obviously the phosphate glass has a masking action for the diffusion

69of water and perhaps other impurities into the oxide. This effect may be of
importance in conneetion with the stahilizing action of a phosphate glass on
planar structures 4 ~ 11 ).
4.4. loftuenee of an aluminium electrode during heat treatment of MOS structures

It is known that during heat treatment of oxidized silicon samples in the range of
300 to 700 oe the silicon surface may acquire a considerably stronger n-type

character if the metal can be supposed to react with Si0 2 4 ~2 - 5 ). One of these
reactive metals is aluminium, which is often used for the metal contacts on
planar structures. Formation of n-type surfaces may occur during contacting
processes or life tests of such structures, especially in these cases where an
aluminium electrode lies on top of the oxide film. The effect of such an electrode
can often be increased when an electrical conneetion is made between the metal
and the semiconductor. This has been explained 4 ~ 2 ) by relating the phenomena
to the charge redistributions which may occur when a bias is applied across a
MOS system. When this external voltage is made zero, chemical-potential differences in the MOS system may cause similar phenomena.
On the other hand, however, it is known that the presence of an aluminium
electmde on oxidized silicon during healing can cause the disappearance of
active surface states, just as in the case of heat treatment in hydragen or water
vapeur as discussed in the previous section. lt has been proposed ~ 7 ) to use
this metbod to increase the transconductance of MOS field-effect transistors.
Inversion-layer formation on p-type silicon during heat treatment in the presenee of an aluminium electrode may thus be related both to charge redistributions and to the disappearance of the influence of trapping eentres at the surface.
As in our samples a large number of such eentres were present at the end of
the phosphorus-diffusion process, it was relatively easy to cbserve the effect of
heat treatment (which was done in dry nitrogen) in the presence of an aluminium
electrode on their disappearance. Again C-VG and 10 -VG measurements on MOS
transistors with the dimensions given in :fig. 4.1 were used to study these annihilation effects, which we re found to be very fast at temperatures in the range of
400-500 oe. The trapping eentres disappeared within a few minutes in these
cases. As these eentres are presumably present near the Si-Si0 2 interface, a fastdiffusing species should be encountered in this process, as the effects are due to
the presence of aluminium at the top of the oxide. To answer the question
whether the diffusing species was charged or neutral, we tried to influence the
effect by applying a bias across the MOS structure during heat treatment. The
results of heat treatments without bias and with either positive or negative bias
on the metal electrode are shown in fig. 4.3. The increase in transconductance
does not seem to be influenced by the bias, although its presence has certainly
some effect on the / 0 -VG curve in the sense of a shift in the direction of less
positive voltages. This effect can be explained as due to a charge redistribution
4
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Fig. 4.3. Effect of a heat treatment on the In· V0 characteristics of MOS-transistor structures
with and without an applied bias between the aluminium electrode and the silicon substrate.
The indicated bias was applied during the whole heating cycle in which the samples were
heated in 8 minutes from room temperature to the indicated temperature, which was maintained for 5 minutes, after which cooling to room temperature was carried out in less than
1 minute. The ambient gas during heat treatment was nitrogen.

in the metal-oxide-silicon system. The experiments suggest therefore that, although certain charged species may move during the heat treatment, the diffusing species that causes the disappearance of the surface statesis neutraL Measurements performed by Whelan 4 - 1 ) on the changes of the C-V curves of MOS
structures due to heating under bias point in the same direction.
The effect of heat treatment in the presence of an aluminium electrode is
strongly similar to the effect of hydrogen and water vapour during heat treatments, discussed in the previous section. In the cases of treatment in hydrogen
or water it bas been suggested that in both cases the trapping eentres disappeared due to reaction with hydrogen. Therefore a possible explanation for the
observed effect wou1d he that during the reaction of Al and Si0 2 hydrogen is
formed, which diffusesin a neutral form (molecules or atoms) through the oxide
to the silicon surface. The influence of the aluminium electrode could then he
considered as an enhancement of the effect of the presence of water during heat
treatment, discussed in the previous section. This is caused by the fact that the
aluminium acts as a reducing agent. "Remember that the presence of oxygen had
a retarding action on the effect of water on the annihilation of the surface states
(table 4-1).
The formation of hydrogen due to areaction of aluminium and oxide can he
understood when the oxide contains hydrogen. We have found, however, that
the considered influence of aluminium is present for oxides made in wet as well
as in dry ambient. It may be, however, that even in our driest ambients sufficient
water or hydrogen was present to form a certain amount of hydroxyl groups in
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the oxide. More likely, water adsorbed at the oxide or aluminium surface during
handling between the end of the oxidation or the phosphorus-diffusion process
and the following heat treatment plays an important role.
In table 4-II the action of an aluminium electrode has been compared with
the action of hydrogen without the presence of an aluminium electrode. In both
cases heat treatment was carried out at 300 oe for 10 minutes. In the case of
TABLE 4-II
Effects of heat treatment on MOS-transistor characteristics.
Sample A: no heat treatment.
Sample B: heat treated in H 2 at 300 oe during 10 min. No Al electrode present
during heating.
Sample C: heat treated in N 2 at 300 oe with an Al electrode present u pon
the oxide.
The voltage needed to obtain zero band bending was deduced from capadtanee measurements
Va (volts) at:

L1Va

I

Ys

0

In

Va(ln = 10 [LA)
0)
-Va(Ys

10 fLA

A

-30

91

B

-29

60

c

-22

26

121

I

89
48

the treatment in hydrogen the electrades were applied after the treatment. It is
clear from this table that the infiuence of an aluminium electrode on the disappearance of electron-trapping eentres was faster at this temperature than the
effect of hydrogen of 1 atm. As it can hardly be expected that due to the reaction
of Al and water at the oxide surface more H 2 will form in the oxide than can be
introduced in a hydrogen ambient, the comparison of these results leads to the
condusion that the effect of a reacting Al electrode is not simply due to formation of H 2 , but that a more reactive species is encountered in this process. lt is
suggested that a chemical reaction of Al and the oxide or water at its surface
results in the formation of hydrogen atoms which live long enough to penetrate
through the oxide before they have been able to recombine with another H atom
or to react somewhere in the oxide.
The influence of temperature on the effect of a reacting aluminium electrode
on the disappearance of surface statesis illustrated in table 4-III. The value of
L1 Va may again be considered as a measure for the number of these states, as it
represents the difference between the gate voltage necessary to induce 10 fLA

-72channel current and the voltage to obtain flat-band conditions. In a case of "no"
surface states (table 4-I, heat treatment in H 2 or H 2 0 vapour) Ll VG is about
8 V. This value is also reached in a short time for the treatment at 400 oe with
aluminium present, but not at the lower temperatures. Instead, the reaction
seems to slow down after a few minutes. This may he explained by consiclering
that during heating the aluminium electrode becomes covered by an aluminiumoxide film, which inhibits further reaction, especially at the lower temperatures.
TABLE 4-III
Influence of an aluminium electrode on the disappearance of electron-trapping
eentres at oxidized silicon surfaces during heat treatment in nitrogen at various
temperatures; Ll VG is the difference in gate voltage, necessary to induce a
channel current of 10 11-A and the voltage which had to he applied to obtain
a MOS capacitance corresponding to zero band bending at the silicon surface.
Before heat treatment Ll VG was about 120 V
Ll VG after various heating periods

temperature of
heat treatment CC)

10 min

30 min

60 min

90 min

300

28

20

18

17

350

15

11

10

10

400

11

8

8

I

I

8

It also appeared to he possib1e to retard the effect of a reactive aluminium
electrode by heating the samples in an oxidizing ambient before the aluminium
was deposited. As shown in table 4-I, heat treatment in dry oxygen had only a
little influence on the number of active surface states. In table 4-IV the effect of
an Al electrode on these states during heat treatment at 300 oe has been compared for various samples of which one was first treated in oxygen at 450 oe
for 30 minutes. The effect of a pre-treatment in oxygen is analogous to the
influence which oxygen showed during heating of oxide-covered samples in
water vapour (table 4-I) and may he explained in a similar way. Hydrogen,
formed at the oxide-aluminium interface may become trapped at the excessoxygen sites instead of moving to the silicon surface. Another explanation could
he that the presence of some excess oxygen causes an easier formation of an
aluminium-oxide film, which retards further reaction.
Table 4-IV also gives results for heat treatments in wet nitrogen at 400 oe
(at this temperature there was only a small influence on the number of surface
states) and re-heating in dry nitrogen at 300 oe with an aluminium electrode
present. In these cases the effect of the reactive electrode was diminished even
more than in the case of a pre-heat treatment in oxygen. This result is somewhat

-73surprising, because one would expect more formation ofhydrogen in the reaction
of the oxide with aluminium, i.e. an increased effect on the disappearance of
surface states, when water is present in the oxide. But one should realize that the
effect of heat treatment in water vapour has been explained in the previous sec ti on
as an oxidation of the upper layer of the oxide, during which the evolved hydragen diffuses partly through the oxide to combine with the active surface states.
From this point of view it seems reasanabie to assume that during heat treatment of the oxidized slices in a wet atmosphere fewer hydroxyl groups form in
the upper layer of the oxide than correspond with the excess oxygen built in.
The heat treatment in water vapour may thus have caused formation of defects
in the oxide, in which the evolved hydragen atoms may become trapped instead
of reaching the silicon surface. The experiments indicate in any case that the
interaction between Al, H 2 0 and Si0 2 is more complex than would be expected
from a simple chemica! point of view.
TABLE 4-IV
Influence of pre-heat treatment in oxygen or wet nitrogen on the effect of an
aluminium gate electrode on the disappearance of surface states during heating;
L1 V G is the difference in the gate voltage to obtain a drain current of 10 !L<i\ and
the gate voltage at zero band bending
no preheat
treatment

J V0 (V) befere and
A VG (V) after various
heat treatments in
presence of an Al
electrode

~~;;),

pre-treatment
30 min 110 min
02
wet N 2
450 "e 400

oe

30 min
wet N 2
400 oe

120

115

116

107

00

oe

28

55

60

94

30 min 300

oe

20

40

40

88

50 min 300

oe

18

37

32

83

4.5. Low-temperature treatments of silicon oxidized in dry oxygen
Up to now we have considered in this paper oxide films to which a phosphorus diffusion in nitrogen had been applied. The top layer of this oxide consisted
thus of a mixed oxide of silicon and phosphorus. We have also considered oxide
films made in dry or wet oxygen on structures similar to that in fig. 4.1, with the
exception that the distance between the n-type souree-drain regions was only
18 microns. In this process the phosphorus diffusion was also carried out in two
stages, but after the first stage (30 min 1050 oq the oxide layer was dissolved in

-74an aqueous HF solution and a new film was regrown by thermal oxidation in
dry or wet oxygen.
On the surfaces coated by steam-grown oxides we found a much lower number
of surface states than in the cases of dry oxidation. In this section we will further
discuss only experiments carried out after oxidation of the samples in dry oxygen at 1200 oe for 1 hour. The oxide thickness was 0·2 micron in these cases.
Apart from npn structures we considered also pnp structures made by boron
ditrusion into 1-0cm n-type materiaL The ditrusion was again carried out in two
stages: deposition of B2 0 3 for 5 minutes at 1050 oe, after which the oxide film
was removed and a new oxide film was regrown in dry oxygen at 1200 oe for 1
hour. As regards the method of oxidation, the npn and pnp structures are thus
comparable.
4.5.1. npn structures
Measurements of capacitance together with channel conductance versus gate
voltage pointed to the presence of interface states, althoughless in number than
in the case of oxides covered by a phosphate glass, considered in the previous
sections. Low-temperature heat treatments in hydrogen, in water vapour or in
the presence of an aluminium electrode could be used to decrease their number.
water vapour had already large effects at 400 oe, which was not so much the
case in the samples considered in the previous sections (table 4-IV). The difference in behaviour between the various types of oxide suggests again (compare
also the last paragraph of sec. 4.3) that a phosphate glass can have a masking
action for the ditfusion of water or componentsof it into the oxide, although the
thickness of the oxide may also be of influence.
A pre-heat treatment in water vapour at 400oe could therefore not be used
either to slow down channel formation below an aluminium electrode during
heating. However, at lower temperatures similar effects were observed as in the
case of the oxide covered by phosphate glass, shown in table 4-IV. In fig. 4.4 a
number of drain characteristics have been given before and after various heat
treatments at 300 oe. The transconductance of the devices increased after heat
treatment in dry nitrogen with an aluminium electrode present and also to a
certain extent during heat treatment in wet nitrogen, when no electrode was
present on the oxide. Ho wever, a secoud heat treatment at 300 oe for 10 minutes
with an aluminium electrode present had then almost no effect on the ln-VG
curves.
Using an oxidation of l hourindry oxygen at 1200 "e and 1-10 Ocmp-type
silicon as starting material, an inversion layer was always found at the surface,
when low-temperature heat treatments had been carried out to remove the
electron-trapping eentres at the surface. With suitable heat treatments a number
of these eentres can remain present so that, even after mounting of the device on
a transistor header (heating is then carried out with aluminium present u pon the
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Fig. 4.4. Measurements on npn-type MOS transistors, with an oxide made in dry 0 2 at
1200 oe. The drain-current versus gate voltage is shown before and after heat treatment in
dry nitrogen at 300 oe for 10 minutes, with an Al electrode present. These treatments had
no effect on the characteristics when a pre-heat treatment in wet N 2 at 300 oe had been given.

Fig. 4.5. ID- V 0 characteristics of an npn MOS transistor with varying gate voltage. This
sample had an oxide thickness of 0·2 t.t and a souree-drain distance of 18 t.t·

-76oxide), the channel conductance at VG = 0 is very low, but starts to increase at
low positive gate voltages. In fig. 4.5 the drain characteristics of such a transistor
have been shown for various values of VG. In fig. 4.6 the C·V curve, measured
at a frequency of 500 kc/s, has also been given. This curve indicates that for zero
band bending a considerable amount of negative charge (1 volt corresponds to
about 10 11 unit charges per cm 2 ) still has to be applied to the gate electrode.

Fig. 4.6. High-frequency (500 kc/s) C-VG curve and the JD. VG curve of the MOS transistor
of fig. 4.5.

4.5.2. pnp structures
Measurements of the capacitance curve and the drain current as a function of
gate voltage are presented in fig. 4.7. These measurements point to the pres·
ence of surface states, which must be considered as hole·trapping centres.
Again the transconductance could be increased by heating in hydrogen or water
vapour. In fig. 4.7 the C-V and JD.vG curves have also been given aftera heat
treatment in wet nitrogen at 450 oe for 15 minutes. The presence of an alumi·
nium electrode during heating had a similar effect, in accordance with the
experiments of Cheroff et al. 4 - 4 ).
The large similarity in behaviour of the oxide·covered npn and pnp samples
during heat treatment indicates that both the electron·trapping surface states
and the hole· trapping surface states disappear due to a reaction of the eentres
to which they belong with hydrogen atoms. It may well be that the sameeentres
can act in one case as a trap for electrous and in another case as a trap for holes,
depending on the electron and hole concentrations at the surface of the silicon
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Fig. 4.7. High-frequency (500 kc/s) C-VG curve and the In- VG curve of a pnp-MOS-transistor
structure, made before ldrawn curve) and after (dashed curve) heat treatment ofthe oxidized
sample in wet nitrogen at 450 oe for 15 minutes. The oxide had been made by oxidation in
dry oxygen at 1200 oe during 1 hour. Souree-drain distance: 25 microns.

crystal. It is interesting to note that due to the reaction with hydragen the ID- VG
curves showed much larger shifts than the accumulation-depletion region of the
C-VG curves (tables 4- I and 4-11 and fig. 4. 7). Th is indicates that the eentres tend
to become positive when large negative gate voltages are applied and tend
to become negative when the gate voltage is made positive.
4.6. Surface charge, present after annihilation of the fast surface states
The C-VG as well as the lv· V G curves measured after annihilation of fast surface states indicate that in the experiments described in this paper some positive
charge always remairred present at the surface. Although it is questionable
whether all interface states were removed in these treatments, it is plausible to
associate the remairring displacement of the C-VG and I v- VG curves from the
theoretica! cases of no surface charge to a charge distribution between oxide and
silicon.
The results, given for the oxides covered by the phosphate glass, appeared to
be very reproducible. The lowest surface charge was obtained after heat treatment in water vapour (table 4-I) and was equal to 2.10 11 unit charges per cm2
with a spread from one experiment to another ofless than 2.10 10 • This reproducibility suggests that the positive charge is not due to the preserree of accidentally introduced impurities but rather tosome fundamental property ofthe oxide
or its boundary with the silicon. The reproducibility was less favourable when
the oxide had not been subjected to a phosphorus diffusion, which suggests that
the phosphate glass has a getterîng action for certain impurities. (In chapter 7

-78it will he shown that the presence of sodium impurities can have a considerable effect on the interface properties, and that such impm·ities can he
gettered by the phosphate glass).
It can be argued (see chapter 7) that Vf, as indicated in table 4-1, gives
a qualitative indication for the effeetive amount of oxide charge. One may
assume that this positive charge is related to the oxygen-deficient state of the
part of the oxide film present very close to the interface or, in other words, to
the presence of donor-like unsaturated silicon honds in the oxide structure.
A reaction of these honds with hydrogen may explain the decrease of Vf during
various treatments mentioned in table 4-1. It may he noted that Vf increases
due to treatment in oxygen. This may he explained by ditfusion of traces of
hydrogen, already present at the Si-Si02 interface, towards the oxygen-rich top
layer of the oxide. This would cause an increase of the number of unsaturated
silicon honds in the oxide near the interface and thus result in an increase of
the positive oxide charge.
Further considerations on the relationship between tbe structure of the oxide
and certain properties of oxidized silicon will be given in the chapters 6 and 7.
In chapter 6, which deals with effects of ionizing irradiations on oxidized
samples, it will be shown that although the effect of water vapour and hydrogen
on the interface states may be comparable, the effect on the oxide structure is
different.
4.7. Conclusions

In oxidized silicon charge distributions in the oxide-silicon system have an
important hearing on the properties of the surfaces. Apart from fixed charge in
the oxide film, in many cases interface eentres arepresentwith whichchargeinthe
silicon can easily he exchanged.ln this chapter wehavededucedtheirpresenceby
correlating C- V 6 and /D- V 6 measurements of MOS-transistor structures. The
experiments indicate that in general a larger number of these eentres is present in
samples which have been oxidized or heat treated in a dry ambient than in
samples oxidized in a wet ambient. The number of the surface states is further
increased when the oxidized samples are subjected to a phosphorus ditfusion in
a dry ambient, so that the top layer ofthe oxide film is converted toa phosphate
glass.
In this chapter special consideration has been given to the latter types of samples. The phosphorus ditfusion was carried out in nitrogen. A comparison of
these samples with those made in a dry or wet ambient without phosphorus
ditfusion suggests that during the phosphorus ditfusion the oxide becomes extremely dry. Both the large number of surface states, the low oxide conductance
and the absence of hysteresis effects in C-V measurements 4 - 1) of the phosphorus-containing samples indicate this. A part of these properties mayalso be
caused by a gettering action of the phosphate glass for certain impurities.
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The influence of hydrogen on the number of surface states is confirmed by the
fact that during low-temperature heat treatments of oxide-covered samples in
hydrogen the number of surface states deercases considerably. Water vapour has
a similar effect, but in this case the effect is slowed down by the presence of oxygen, whereas it is enhanced when the oxide is in a reduced state. It is suggested
that an aluminium electrode, present on top of the oxide during heat treatment,
can be considered as a reducing agent for the oxide or for water present at its
surface. Consequently hydrogen atoms may form at the aluminium-oxide interface, when one does not work under extremely dry conditions, and diffuse
through the oxide and react with the trapping centres, supposed to consist of
unsaturated silicon honds, near the oxide-silicon interface.
The effect of water vapour and of an aluminium electrode on top of the oxide
film during heat treatment can be slowed down by making eentres in the oxide
film in which hydrogen atoms can be trapped instead of reaching the silicon
surface. The presence of a phosphate glass on top of an oxide has such an action.
Also a pre-heat treatment in oxygen and under certain conditions water vapour
at a low temperature can have such an effect.
Surface states are found onp-type as wellas on n-type samples after oxidation
in a dry ambient. In npn MOS transistors they influence the dependenee of the
channel current on the gate voltage because they are able to trap electrons. In
pnp samples the presence of hole-trapping eentres bas an influence on the transistor characteristics. After annihilation of the interface states a fixed positive
surface charge always appears to be present. The exact nature of the various
eentres which determine the surface properties of oxidized silicon has not yet
been found. It seems probable that the active surface states are related to unsaturated silicon bonds near the oxide-silicon interface, which can loose their
electron- or hole-trapping action after they have become saturated with hydrogen. A more extensive model of various possible eentres at the Si-Si0 2 interface
will be given in chapter 7.
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5. INFLUENCE OF X-RAY IRRADIATIONS ON THE CHARGE
DISTRIBUTIONS IN METAL-OXIDE-SILICON STRUCTURES *)

Abstract
lnsulated-gate silicon field-effect transistors were irradiated by X-rays.
The properties of the devices altered considerably depending on the
total exposure to irradiation and the gate voltage as applied during the
irradiation. The alterations can be explained by assuming that electric
currents can flow in the MOS system under these conditions. This
causes charge redistributions, which can be locked in at the moment
that the irradiation is stopped. Due to these effects MOS devices may
offer certain possibilities for detection of ionizing radiations.

5.1. Introduetion

In the investigations to bedescribed use has been made of MOS (metal-oxidesemiconductor) transistors of circular structure. A cross-section is shown in
fig. 5.1. They were made by diffusion of phosphorus into a p-type silicon substrate, using oxide-masking techniques. In such a structure a conducting n-type
channel is often present between the "source" and "drain" regions, even if no
voltage is applied to the metal gate contact. This is due to a charge distribution
between the silicon and eentres in the oxide or at the silicon-oxide interface.
When the gate contact is made positive with respect to the silicon, an additive
negative charge is built up in the silicon and the channel conductance is thus
increased. The increase also depends on the mobility of electronsinthen-type
channel and the number of surface states in which the electrons may become
trapped. The channel conductance can be decreased by applying a negative
potential to the gate electrode.
The amount of charge induced at a silicon surface by the application of a
certain gate voltage can alter in the course of time if charge carriers are able
to move in the oxide film, or if charge transfer takes place between eentres in
the oxide and silicon. In many cases these effects are slow at room temperature,
Circu/ar
gate contact
Circu!ar
souree contact

l

1

Drain contact

Aluminium

SiO.a-~05 gbss

p-type substrate

Fig. 5.1. A cross-section of the circular MOS-transistor structure used in the experiments.
*) Published: Philips Res. Repts 20, 306-314, 1965.

-82but can have a considerable influence at somewhat higher temperatures s- 1 • 2 ).
Apart from the nature of the charge carriers in the oxide film, the chargetransfer processes at the metal-oxide and the oxide-silicon boundary can also
have a marked influence on the change in the charge distributions s-3 ), which
can be locked in during cooling to room temperature.
We have observed that the charge distributions at oxidized silicon surfaces
may also be changed considerably if they are subjected to ionizing irradiations.
In this paper we shall discuss the influence which the presence of electric fields
across the oxide can have during X-ray irradiations. The experiments were done
at room temperature, so that any change in the characteristics of the field-effect
transistors could be observed immediately. Wethink that most of the observed
changes can be explained by assuming that, as a result of ionization processes,
electrous are able to move in the oxide. The results indicate that in these
irradiation experiments, too, the bottleneck of charge transfer in the MOS
structure often lies at some boundary in the system.

5.2. Experimental procedure
The MOS transistors, whose dimensions are given in fig. 5.1, were made by
oxide-masking techniques. The starting material was 5-Qcm indium-doped floating-zone p-type silicon. Slices were cut perpendicular to the <111) axis of the
crystal. After lapping with fine alundum powder, the wafers were etched in an
HF-HN03 mixture to remove a layer of about 60 microns from each side.
Thermal oxidation was carried out at 1200 oe for 16 hours in wet oxygen, made
by bubbling oxygen through water at 30 oe. Photo-engraving techniques were
used to make windows in the oxide film with a view to producing n-type souree
and drain regions by phosphorus diffusion, which was carried out in nitrogen.
Phosphorus was deposited for 30 minutes in a two-zone open-tube diffusion
system with a P 2 0 5 souree held at 220 oe and silicon at 920 oe. The silicon
slices were then heated at 1150 oe for 4 hours. In this time n-type diffused
regions were formed with a pn-junction depth of 6 microns. The samples were
cooled rather slowly by turning off the power supply to the furnace. The total
oxide thickness obtained in this process was about 1·2 microns.
In this stage the samples showed little channel conductance, probably owing
to electron-trapping effects at the surface. Such effects can often be diminished
by suitable annealing treatments (see chapter 4). We applied treatments in air or
oxygen at 500 oe to make samples with various channel conductances. Source,
drain and gate cantacts were then made by vapour deposition of aluminium and
a subsequent photo-engraving process. The p-type substrate was alloyed to a
gold-plated transistor header, and gold wires were attached to the source, drain
and gate electrodes. The devices were capsulated in dry air.
The X-rays were obtained from an X-ray tube with a tungsten anode, to which
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150 kV was applied. The radiation was sufficiently energetic to penetrate through
the metal can of the transistor header. The exposure rate of the irradiations
applied to the transistors was 104 röntgensper minute. During the irradiations
the voltage between the gate and the souree electrode was variable. Source,
drain and p-type substrate were externally connected, except during short intermediate measurements, during which a voltage was applied between souree and
drain contacts to be able to observe alterations in the channel conductance. If
such a voltage had been maintained during the irradiations, the results would
have been different, because the field distribution at the surface would have been
affected.
5.3. Results and discussion
Figure 5.2 shows the drain characteristics of a non-irradiated transistor. The
drain current ID bas been plotted against the drain voltage VD between drain and
source, while the gate voltage VG between gate and souree is a separate parameter. The souree and the p-type substrate were short-circuited. Before metallization this sample had been subjected to a heat treatment in air at 500 oe for
15 minutes.
Figure 5.3 gives an example of what happened when an X-ray treatment was
given to such a sample with a constant gate voltage applied, in this case equal to
-2 V. The drain current (at a drain voltage of 25 V) was measured from time
to time in the course of the irradiation. Considerable changes were observed,
until after a few minutes a more or less stabie value had been reached. The
channel conductance was seen to alter again when t;le gate voltage was changed,
until a new saturation value had been reached. The saturation values of the
drain currents were measured for various values of the gate voltage applied
during the irradiations. The results are plotted in fig. 5.4 (points along the
dasbed line). When positive gate voltages were applied during the irradiations,
the channel conductance became so large that no saturation value of the drain
current (at VD = 25 V) could be measured.
Another remarkable effect was that the changes in charge distribution in the
MOS system, to which the alterations in the drain currents are correlated, could
be locked in at the moment that the irradiations were stopped. That is to say,
the changes then became markedly smaller. This is demonstrated in fig. 5.3 for
a case where the saturation value of the drain current for the given gate voltage
had already been reached during irradiation.
The marked storage effects which the devices showed for the conditions of
irradiation allowed us to measure the drain characteristics of the transistor for
various induced charge distributions in the MOS system. Results have been
plotted in fig. 5.4. The dotted line shows the dependenee of the drain current
(at VD = 25 V) on the gatevoltagebeforethesamplewasirradiated. Thedrawn
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Fig. 5.2. Drain characteristics of a MOS transistor;
VD
voltage on the drain contact with respect to the source,
ID
current through the drain contact,
VG
voltage on the gate electrode with respect to the source.

curves were measured after various irradiations. In these cases the irradiations
had been stopped after a more or less stabie charge distribution at a given gate
voltage had been reached. The values of these gate voltages are indicated on the
various lines. The parallelism of these lines indicates that the transductance
(defined as d!DfdV6 ) was not markedly inftuenced by the irradiation process,
except perhaps at low drain-current values. The effects of the irradiations may
therefore indeed be ascribed to changes in the amount of locked surface charge
or its distribution in the oxide film. Neglecting interface states we may say that
these changes are directly correlated to the values of the drain current at a
certain gate voltage, for example at VG
0. Figure 5.4 shows that the drain
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Fig. 5.3. A typical example of the dependenee of the drain current on the time of irradiation
with the gate voltage kept constant (in this case at -2 V). The tigure shows also the behaviour
of the drain current during 5 minutes after the irradiation had been stopped.

current at Va = 0 exhibited an increase both when positive and large negative
gate voltages had been applied during irradiation. In this device a minimum in
the drain current at Va
0 was obtained when the gate voltage during irradiation was maintained at -20 V. Note that the irradiations never resulted in a
p-type surface (at Va 0).
In fig. 5.5 the samekind of measurements has been plotted foranother device.
This device was one from a series that had been made in the same way, except for
the low-temperature annealing being carried out before metallization, which had
now been done in oxygen at 500 oe for 60 minutes. The device already showed
a fairly high channel conduction at Va
0 befare irradiation (dotted curve in
fig. 5.5). lts behaviour during irradiation is camparabie to that of the previous
device. Nevertheless fig. 5.5 shows a remarkable difference compared with fig.
5.4. In fig. 5.4 the saturation value of the drain current was equal to zero when
large negative gate voltages were applied during the irradiation. In fig. 5.5,
however, the saturation value remains practically constant at a rather high value
of the drain current over a wide range of applied gate voltages during irradiation.
The effects are most readily explained by consiclering that a voltage applied
across a MOS structure eau cause charge redistributions only if electric currents
eau flow. In a stationary state the net electric current will be the same everywhere in the circuit. Therefore the largest electric field tends to arise in that part
of the system where charge transport is most difficult. The measurements clone
during the irradiations indicate that a stationary value of the drain current could
often be reached fora given applied gate voltage. The drain current is correlated
to the surface potential of the silicon, and thus one may also say that in the
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5.4. The drain current of a MOS transistor as a function of the gate voltage, while the
voltage was held constant (25 V); dotted curve: before irradiation; dasbed curve:
saturation values obtained during irradiation by X-rays at an exposure rate of 104 R/min,
measured at the same gate voltage as applied during irradiation; drawn curves: after irradiation with the indicated gate voltage applied until a stationary state at this voltage had
been reached.
In the procedure for making this sample, a heat treatment during 15 minutes at 500 °C
in air was an essential part.

stationary states obtained during various irradiation experiments the electric
field at the silicon surface reached a saturation value depending on the irradiation conditions.
When positive gate voltages were applied during the irradiations, the drain
currents, and thus the electric fields at the 0-S boundary, became very large and
were highly sensitive to the applied voltage. This indicates that charge transfer
from silicon to the oxide was difficult in these cases. It may be assumed that
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Fig. 5.5. The drain current of a MOS transistor as a function of the gate voltage, while the
drain voltage was held constant (50 V); dotted curve: before irradiation; dasbed curve:
saturation values obtained during irradiation by X-rays at an exposure rate of 104 R/min,
measured at the same gate voltage as applied during irradiation; drawn curves: after irradiation until a stationary state at the indicated gate voltage had been reached.
The samples differ from that of fig. 5.4 in the low-temperature heat treatment at the end
of the dilfusion process. In this case annealing had been carried out during 1 hour in oxygen
at 500 °C.

X-rays induce free electrous in the oxide which can move to the positive metal
contact and possibly be carried off there. Presumably the X-rays also create in
the silicon a number of electrous at a sufficiently high energy level to enter the
oxide film *), but apparently this photocurrent is not sufficient to compensate
the electron flow in the oxide in the direction of the gate contact. Thus, a positive space charge can be formed in the oxide film, while electrans accuroulate
in the inversion layer in the silicon. In this way the field at the 0-S harrier
increases, whereas the field in the remaining part of the oxide film deercases until
a stationary value of the electric current throughout the MOS system has been
reached.
When the gate voltages were increased in the negative direction, the irradiations could also induce an increasing amount of positive charge in the oxide.
This remarkable effect may be explained by assuming that in these cases elec*) In other experiments with oxidized silicon surfaces we have noted that electron transfer

from silicon to oxide can also be stimulated by illumination with u.v. light with an energy
of more than 4·2 eV (see chapter 6).
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trons can flow rather easily from the oxide to the silicon, while this flow cannot
he compensated by the photocurrent at the M-0 harrier until in a stationary
state the charge distribution has changed in such a way that the current is again
the same everywhere in the system. If electron transport at the M-0 boundary is
iudeed very difficult, the electric current across this harrier possibly remains of
the same order of magnitude when the electric field increases. An increase of the
gate voltage in the negative direction may then (after sufficiently prolonged
irradiation) have only little effect on the electric field at the 0-S boundary,
because finally a bout the same current has to flow. This would explain the nearly
horizontal part of the dashed curve in fig. 5.5, which indicates that the electric
field at the silicon surface reached finally about the same value during irradiation, whereas the total voltage varied over a wide range.
It is also possible that, apart from the M-0 and the 0-S boundaries, other
parts of the oxide film play an important role in the charge-transfer processes.
In particular the presence of the phosphate glass at the top of the oxide and the
boundary between this glassy layer and the Si0 2 may he of influence. From
some introductory experiments with gold instead of aluminium as electrode
material, we concluded that in our samples the results depended in any case on
the properties of the metal. A comparison of figs 5.4 and 5.5 shows that the
process by which the samples were prepared can influence the properties of the
devices both befare and during irradiation. Both figures show that for small
negative voltages the effects ofirradiation were such that it seemed as if (in terms
of the given explanations) a positive voltage was applied. Wethink that this is
due to the fact that the M-0 and the 0-S boundaries are not identical with
respect to their properties. In addition to the difference in electrode material
(aluminium and silicon), the difference in composition of the oxide near the
electrodes may also he significant.
The way of prepara ti on of the oxide film also appeared to have a marked
influence on the behaviour of oxide-protected silicon devices which were irradiated during Jonger periods than those applied bere. We have observed that in
many cases the saturation values of the drain currents obtained at a given gate
voltage altered again during continued irradiations. Wethink that this is due to
the formation of new eentres in the oxide or at the oxide-silicon interface.
Presence of such surface states affects in many cases also the dependenee of the
drain current on the gate voltage. Negative charge induced at the silicon surface
may become trapped in surface states, instead of giving a contribution to the
channel conductance. Consequently continued irradiation of MOS transistors
may influence their transconductance (given by the slope ofthe drawn curves in
figs 5.4 and 5.5). Such phenomena have been observed previously by irradiation
of oxidized silicon surfaces with y-rays 5 - 4 • 5 ). We have found that these effects
can he very pronounced if the oxide films have been made or heat treated in a
wet ambient.
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5.4. Possible application for detection of ionizing irradiation
The experimental results suggest that MOS devices may possihly have certain
merits for use in dosimetry. Apart from X-rays, other kinds of irradiation, such
as ultra-violet light, could also possibly he detected, provided provisions are
made to ensure that the radiation can enter the oxide helow the gate electrode.
The sensitivity of the devices can he infiuenced hy varying the gate voltage,
although it depends also on the stahility ofthe drain current when no irradiation
is applied. With our deviees we were still ahle to see noticeahle infiuence with
exposure rates of X-rays as low as 0·01 R/min.
5.5. Conclusions
When oxidized silicon surfaces are suhjected to ionizing irradiations, a redistribution of charge may occur. The effects depend on the way in which the
oxide films have been prepared and also on the presence of electric fields such as
can easily be applied in a MOS structure. In the devices which we used, an increasing effect of positive surface charge was found by the application of either a
positive or a large negative potential on the metal electrode during irradiation
by X-rays. The charge can become locked in the oxide film after the irradiation
has ceased. During continued irradiation the sensitivity of the device for radiation may change, due to structural changes in the oxide-silicon system.
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-906. EFFECTS OF IONIZING IRRADIATIONS ON THE
PROPERTIES OF OXIDE-COVERED SILICON SURFACES *)

Abstract

The influence of ionizîng irradiations on the surface properties of
oxidized silicon was measured by observing changes in the conductance
of inversion layers, present at the surface of p-type silicon. In a number
of cases high-frequency capacitance versus voltage measurements of
MOS structures were employed too. From both kinds of mcasurements
it is concluded that in addition to an effect on the charge distribution
in the oxide-silicon system also new eentres may form at the surface
during irradiation. The latter effect was found to be most pronounced in
samples which had been prepared in a wet ambient. In these cases the
n-type character of the surface often tended to disappear during continued irradiation. Certain possible relations between the structure of
Si0 2 and the irradiation effects are discussed.

6.1. Introduetion
In the previous chapter it has been shown that X-ray irradiations on MOS
(metal-oxide-semiconductor) structures may result in charge redistributions
which depend on the voltage across the system. In those experiments it was also
noted that the number of eentres in the oxide or at the oxide-silicon interface
altered in the course of an irradiation. This is in accordance with the deercase
in transconductance of MOS transistors, due to y-ray irradiations, which was
observed by Rughes and Giroux 6 ~ 2 ). Edagawa et al. 6 - 3 ) found that n-type
inversion layers present at the surface of oxidized p-type silicon disappeared
during y-ray irradiations. They also observed changes in the infrared absorption
of the oxide films 6 - 4 ), which pointed to structural changes. These films had
been made by thermal oxidation in steam. In this chapter it will be shown that
irradiation by X-rays or ultra-violet light can also cause the disappearance of
inversion layers on p-type silicon present after oxidation in a wet ambient. The
way of oxide preparation will be shown to have a marked intlucnee on the effect
of ionizing irradiations. Certain possible relations, correlations between the
structure of the oxide films, the surface properties of the underlying silicon and
the radiation effects will he discussed in sec. 6.4.
6.2. Experimental procedure
In general the sample preparation was similar to that given in chapter 4. In
many cases, however, the oxide was removed after the phosphorus-diffusion
process and a new oxide was then grown in either a wet or a dry ambient. The
structure which was then obtained is shown in fig. 6.1. This is equivalent to the
MOS-transistor structure used in the work discussed in the preceding chapters,
*) Published: Philips Res. Repts 20, 595-619, 1965.
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Fig. 6.1. Cross-section of a sample used for measurements of channel currents through inversion Jayers at the surface of oxidized p-type silicon.

but without the metal gate contact. During the irradiations such a metallayer
was generally not present either, but in a few cases it was applied after the
irradiation was stopped in order to be able to measure the channel conductance
or high-frequency (500 kc/s) capacitance versus voltage characteristics of MOS
structures. In other cases only the channel currents were measured, without
applying a gate electrode.
The X-rays were obtained from an X-ray tube with a tungsten anode. Results
will be given for experiments with an anode voltage of 150 kV (a lower voltage
resulted in similar although somewhat smaller effects). During the irradiations
the oxidized surfaces were directed to the X-ray source. A few experiments were
done with y-rays from a Co 60 source. Ultra-violet illuminations were carried out
by placing the samples close to a 15-W low-pressure-mercury speetral lamp
(Philips 93109). The dominant light emission of this lamp lies at 2537 A. Near
the samples the intensity of the light at this wavelength was in the order of
10 19 photons per second per cm 2 • We have also employed illuminations from a
1600-W xenon lamp foliowed by a monochromator with quartz prisms. In these
cases we intended to study the speetral response ofthe light effect. As the intensity was rather small under these conditions (about 10 13 photons per secoud per
cm 2 at 2537 A), we could use this method only in a few cases.
6.3. Results of irradiation experiments
6.3.1. "Wet" and "dry" oxides

6.3.1.1. Irradiation by X-rays
In fig. 6.2 and 6.3 the infiuence of X-ray irradiations on channel leakage
currents bas been illustrated for a number of oxide-covered npn structures as
shown in fig. 6.1. The samples had been reoxidized after removal of the oxide at
the end of the phosphorus ditfusion in an aqueous HF solution. The behaviour
of a number of samples covered by an oxide, made in a wet ambient, is shown in
fig. 6.2. During the first period ofirradiation the leakage currents increased, but
soon a maximum was reached, and then the channel conductance decreased
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Fig. 6.2. Infiuence of X-ray irradiations (150 kV, exposure rate 104 R/min) on the channel
currents through inversion layers at the surface of 5-0cm p-type silicon, oxidized in various
wet ambients. The oxidation conditions are given along the various curves, which were found
by measurements after various periods of irradiations.

again, after some time leading to a channel current which was much lower than
the starting value.
The samples which had been reoxidized in dry oxygen showed much smaller
channel currents than those covered by "wet" oxides. During the first period of
irradiation the channel currents increased butaftera few minutes an equilibrium
value was reached and further change was very small. A few examples have been
given in fig. 6.3. "Wet" oxides, which had been reheated in a dry ambient (0 2 or
N 2 ) at the oxidation temperature behaved as "dry" oxides during X-ray irradiation.
In a few cases we also measured the capacitance versus voltage characteristics
of MOS structures made befare and after irradiation of oxidized samples by
vapour deposition of aluminium spots (diameter 1 mm) on the oxide film.
Figure 6.4 shows tbe influence of X-ray irradiation on the C-V curve of a sample
oxidized in a wet ambient; fig. 6.5 shows the same effectfora sample oxidized
in dry 0 2 • In bath cases a shift of the C-V curve to a more negative voltage can
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Fig. 6.3. Influence of X-ray irradiations (exposure rate 104 Rimin) on the channel currents
through inversion layers at the surface of 5-flcm p-type silicon, oxidized in dry oxygen.
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Fig. 6.4. Measurements of the C-V curve (at 500 kc/s) of MOS structures (diameter 1 mm)
before and after irradiation of a 5-flcm p-type silicon slice, which has been oxidized for 120min
at 1200 oe in oxygen, saturated with water vapour at 80 oe. The hysteresis effect shown in
the curve on the left-hand side was found by measuring first from positive to negative gate
voltages and reverse after maintaining -120 V on the metal contact for 3 minutes.

-94be noticed. For the sample with the "wet" oxide there is a secondary effect: the
slope of the C-V curve becomes markedly smaller after a certain period of the
irradiation. The relation between the changes of the C-V characteristics of figs
6.4 and 6.5 and the channel currents of figs 6.2 and 6.3 will be discussed in

~00~--oo~---ro~----~~--~ro~--~o--~~
Voltage m the metal electrode

Fig. 6.5. Shifts of the C-V curves (measured at 500 kc/s) of MOS structures (diameter 1 mm)
as a consequence of X-ray irradiation on samples oxidized in dry oxygen for 16 hours at
1200 °C. The shift-back due to illumination by u.v. light after an X-ray irradiation is also
shown.

sec. 6.4. We have also noted that a hysteresis effect in the C-V curves was induced during irradiations, in particular for samples covered by a "wet" oxide.
In terms of Whelan's interpretations 6 - 5 ) the type of hysteresis as shown in
fig. 6.4 is due to slow charge transport between eentres in the oxide and silicon
or vice versa.
In this section general rules were given for the irradiation effects on "wet"
and "dry" oxides. lt is feit (and will be discussed more thoroughly in sec. 6.4)
that the primary effect of irradiation is a charge redistribution between oxide
and silicon, while secondary effects are caused by formation of new defects.
6.3.1.2. Irradiation by y-rays
The effect of y-ray irradiations was stuclied in a number of cases. An exposure
to 2.107 R resulted in a large decrease of the leakage currents when the oxidation
had been carried out in a wet ambient. For example a channel current of 100 fLÁ
obtained during reoxidation in a wet ambient at 1200 oe became l!J.A after the
irradiation. The irradiation effects on the channel currents of samples with "dry"
oxides were of the same order of magnitude as obtained during X-ray irradiations.

956.3.1.3. Irradiation by u. v. light
Figure 6.6 illustrates that the leakage currents through the npn structures
when covered by "wet" oxides decreased considerably during illumination with
u.v.light. However, little or no effect was found when the oxides had been grown
in dry oxygen. The high-frequency C-V curves of MOS structures made before
and after irradiations of samples with a "wet" oxide by deposition of aluminium
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Fig. 6.6. Inftuence of u.v. light from a low-pressure-mercury lamp on the inversion layers
present at the surface of p-type silicon samples, oxidized in various wet ambients.

spots, showed often (not always) a shift to less negative voltages, while also the
slope decreased somewhat. In the case of "dry" oxides the influence ofu.v.light
on the C-V curves was negligible. The results indicate that whether or not u.v.
light is able to cause a charge redistribution in the oxide-silicon system, depends
strongly on the way in which the oxide is made.
6.3.1.4. Alternating X-ray and u. v. treatments
We have observed that the effect of u.v. light on the disappearance of n-type
channels became often much larger when primarily an X-ray or y-ray irradiation had been given. This effect was again very pronounced for samples covered

96
by a "wet" oxide. An example has been given in fig. 6.7 for an npn structure
covered by an oxide made by heating in wet oxygen (H 2 0 at 30 oq for 10 minutes at 1100 oe. For comparison the effect ofu.v.lighton a non-X-rayed sample
has also been shown.
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Fig. 6.7. Measurements of channel eurrents on a sample oxidized for 10 minutesin wet oxygen
(water at 30 °C) after various irradiations by X-rays (150 kV-10 4 R/mîn) and u.v. light (from
a low-pressure-mercury lamp).

The increase in channel currents during X-ray irradiation of samples which
had been oxidized in dry oxygen disappeared again duringa briefu.v. illumination. In the mean timeC-V curves which were obtained during X-ray irradiation
shifted back to about their original values. This effect has been illustrated in
fig. 6.5.
6.3.2. Oxide films covered by a phosphate glass
In these cases oxidized surfaces were considered, which had been subjected to
a phosphorus diffusion. The oxidation and ditfusion procedures to make these
films have been given in sec. 4.2.1. The final ditfusion stage was a heat treatment
for 4 hours at 1150 oe after which the samples were cooled rather slowly to
room temperature. Channel currents are very low in such samples due to the
presence of many electron-trapping eentres at the surface, but can be increased
by various heat treatments as was discussed in chapter 4. It will be shown that
the effect of various irradiations depend on the nature of these treatments as
well as on the presence of the phosphate glass upon the Si0 2 film.
6.3.2.1. Irradiation by X-rays
Channel currents of samples which had not been subjected to further heat
treatments after the phosphorus diffusions, were initially only little influenced by
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X-rays, but after several minutes of irradiation the n-type character increased.
The reason for the slow increase during the starting period of irradiation becomes clear after observing the change in MOS-transistor characteristics of such
samples, measured after applying a metal
electrode before and after irradiation (fig. 6.8). In the same figure one can see how the high-frequency C- Vc
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Fig. 6.8. lv-Vc and C-Vc curves of a MOS transistor before and after exposure to X-rays
(150 kV-10 4 R/min) for 15 minutes. During the irradiation no metal gate electrode was
present.

curve of the MOS structure shifted during the same irradiation experiments.
The condusion is that, although the shift of both the ID-Vc and C-Vc curves
is considerable, the channel current (at Vc 0) increases only toa small amount
due to the presence of a large number of active trapping eentres, which makes the
slope of the I D- Vc curve very small over a wide range of the gate voltage V G·
Samples which had been heat treated in such a way (discussed in chapter 4)
that the trapping eentres at the silicon surface had disappeared, showed immediately a considerable increase of channel current during X-ray irradiation. This
can be expected because the infl.uence of the changes in surface charge on the
channel currents is not masked now by the presencc of the active surface states.
We observed in these cases that during continued irradiation the slope of the
ID- Vc curve and the C- Vc curve often became smaller, indicating the formation
of new surface states.
Frequently the results of irradiation became somewhat different when the
phosphate glass had been removed from the samples. This is illustrated in
fig. 6.9. The effect was lessin the sample on which the phosphate glass was not
present. Removal of the phosphate glass from the other wafer after one hour of
irradiation did not have much effect on the channel current, but continued irradiation then caused a decrease of the channel current, until the two samples
showed again about the same properties.
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Fig. 6.9. Effect of the presence of a phosphate glass during irradiation by X-rays (150 kV104 R/min). From sample a the phosphate glass had been removed before exposure, from
sample b it was removed after 60 minutes of irradiation.

6.3.2.2. Irradiation by y-rays
In these cases too, the surface covered by Si02 + phosphate glass always
became stronger n-type. Together withother results a few examples can be found
in table 6-II. The C-V curves of MOS structures were measured in the frequency
range 50 kc/s to 5 Mcjs. They showed a shift to negative voltages but also their
slope became considerably smaller, especially for the high-frequency curves,
indicating formation of surface states with corresponding relaxation times.
However, also hysteresis effects were found after irradiation, indicating the
formation of much slower surface states.
6.3.2.3. lrradiation by u. v. light
The effect of u.v. light appeared to depend very much on the way in which
low-temperature heat treatments after the phosphorus ditfusion had been carried
out. The effects of various heat treatments have been given in chapter 4. It was
shown there that heat treatment at 450 oe in hydrogen or wet nitrogen, and
also in dry nitrogen when an aluminium electrode was present on the oxide,
resulted in the formation of n-type channels on the surface of the p-type material. This was explained as being due to the disappearance of electron-trapping
eentres rather than to a charge redistribution in the oxide-silicon system although this effect could not always be neglected either.
In fig. 6.10 a few results of u. v. illuminations on various samples have been
given. Remarkable differences can be noted. The channel currents ofthe samples
which had not been heat treated after the ditfusion were not affected. The
channels formed due to heat treatment in water vapour disappeared in the
course of an irradiation, and also those formed due to the preserree of an

99-

Fig. 6.10. Effect of irradiation by u.v. light on channel currents of samples which had b~en
subjected to a phosphorus diffusion in N 2 and subsequently to various heat treatments.
These heat treatments are indicated along the curves. In one case the sample was held at
200 °C instead of at room temperature while it was exposed to u.v. light.

aluminium electrode on the oxide during heating, although the effects were
somewhat slower in these cases. However, the channels formed during heat
treatment at 450 oe in hydrogen were hardly affected.
To find out whether the disappearance of thc channels was due to a charge
redistribution or (also) related to the formation of surface states in which
the electrens of the inversion layer became trapped, we made MOS transistors
in a few cases, both befere and after irradiation, by deposition of aluminium

-100electrodes. Both lv- V0 and C-V0 measurements (to find the gate voltage needed
to get "fiat-band" conditions) were then carried out, results ofwhich have been
plotted in table 6-I. This table shows that the characteristics of the sample
TABLE 6-I
Effect of u.v. illumination on the surface properties of oxidized silicon, in
relation to low-temperature heat treatments after the phosphorus diffusion.
Measurements were carried out on MOS-transistor structures.
Sample A: heat treated in wet N 2 during 30 minutes at 450 oe.
Sample B: heat treated in dry Hz during 30 minutes at 450 oe
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which had been heat treated in hydrogen were scarcely affected. The C- V0 curve
of the sample that had been heated in wet N 2 showed a shift to more negative
voltages, whereas more positive gate voltages were necessary to induce the
given valnes of the drain currents. It is thus concluded that u.v. light causes
formation of electron-trapping centres. The presence of these eentres causes
possibly also a lower electron mobility in the inversion layer, so that
the transconductance of the MOS transistor may have become lower for this
reasou too.
The electron-trapping eentres which form during irradiation by u.v. light are
not necessarily the same as those which disappeared during the preceding heat
treatment. The radiation-induced defects are presumably related to the structure
of the oxide film. We did a few other experiments to find out sarnething more
about that relation. A sample was first heated in H 2 at 450 oe for 30 minutes,
so that the electron-trapping eentres disappeared. After this heat treatment a
heat treatment at the same temperature was carried out in wet N 2 • It appeared
that the properties ofthe surfaces in relation to the u.v. illumination were about
the same as in the case where no preceding heat treatment had been given (fig.
6.10). In anothercase we heated first in wetN 2 , afterwards in dry H 2 • Ultra-violet
light caused again a disappearance of the channels, as if the treatment in Hz had
not been given. It may therefore be concluded that in the type of oxidized sur-

-101faces considered, water vapour as well as hydrogen causes the disappearance of
electron-trapping centres, but that water vapour at 450 oe acts also in such a
way on the oxide film that electron-trapping surface states can be formed easily
during illumination with u.v. light. A heat treatment in Oz aftera treatment in
Hz also had some effect in this respect (fig. 6.10), while heat treatment in Nz
instead of Oz had not. Heat treatment in Hz at higher temperatures resulted also
in channel formation, buttheeffect ofu.v.light increased. In fig. 6.10 an example
of illumination has been given for a sample which had been heated in H 2 at
700 oe during 30 minutes. As the vertical scale is logarithmic in this figure, the
effect is in fact very large in this case.
In contradistinction to the effects of X-ray irradiations, we have not found
any influence of the removal of the phosphate glass from the top of the oxide
on the results of illumination by u.v. light.
6.3.2.4. Alternating y-ray or X-ray and u. v. irradiations
In table 6-11 a few results of alternating irradiations have been given. The
general effect was again that the channel currents increased during X-ray irradiation, but decreased during u.v. illumination. The u.v. illumination had a
larger effect when first an X-ray or y-ray irradiation had been given. The effect
occurred very quickly, especially after the y-ray irradiation and after a long
period of X-ray irradiation.
The marked sensitivity for u.v. light in the latter cases allowed us to observe
the changes in the drain current as a function of wavelength, using monochromatic light (which was of much lower intensity than in the other u.v.illumination experiments). We could not observe any effect for wavelengtbs
higher than 2950 A. This corresponds to a threshold energy of 4·2 eV for the
transport of electrous from silicon to oxide. With light of the same intensity
the effect became larger when the energy ofthe quanta increased (measurements
were dorre up to 6 eV).
6.3.2.5. Thermal annealing of irradiation effects
Not much attention was paid to this aspect, although it may well be that a
profound study of these effects may give information about the structure of
SiOz and its relation to the surface properties of the underlying silicon. Results
of thermal annealing on five samples have been plotted in fig. 6.11. These
samples had been made by the same oxidation and phosphorus diffusion as
described before. Three of them were reheated at 450 oe in wet N 2 so that
channels formed. In one of these samples the channel current was further increased by X-ray irradiation for 1 hour (150 kV, exposure rate 104 R/min), while
another sample was illuminated by a low-pressure-mercury lamp for 30 minutes, so that the n-type channel almast disappeared. The results of heating in
the temperature range 200-500 oe in dry N 2 (fig. 6.11) show that the irradiation
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Channel currents in planar npn structures after successive treatments. The oxide
was covered by a phosphate glass. Irradiations were carried out with X-rays,
y-rays and u.v. light
planar process
w-s A

j
y-rays: 2.10 7 R
8.10-6 A

1

u.v. light: 10 s
4.10- 9 A

"'

heat treatment in air: 150 min 500 oe
2.10- 7 A
y-rays: 2.10 7 R
w-4 A

1

u.v. light: 10 s
3.10-9 A

1

X-rays: 10 5 R
I0-4 A

1

u.v. light: 10 s
3.10- 9 A

j
u.v. light: 10 s
1·9.10-7 A

I
X-rays:"' 10 R
2·2.10- A
6

6

I
"'

u.v. light: 10 s
1·5.10-7 A

effects were fairly stabie during heating at 200 oe for 1 hour, but considerable
changes were observed at 300 oe, and at 400-500 oe the irradiation effects were
soon annealed. It is interesting to note that the low channel current which was
obtained during u.v. illumination became even smaller during heating at 200 oe.
In fig. 6.10 it has been sbown that the u.v. light could become more effective
when the sample was held at 200 oe during illumination.
In fig. 6.1 f the effect of thermal annealing has been shown too for samples that
had not been subjected to a heat treatment in a wet ambient after the phosphorus diffusion. As was discussed before, the main effect of an X-ray irradiation on such a sample can be considered to be a charge redistribution so that a
more effective positive charge is incorporated in the oxide. Again, heat treat-
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Fig. 6.11. Thermal annealing in dry N z of irradiation effects, induced in planar npn structures.
The method of irradiation has been indicated at the various curves. For comparison the infiuence of the annealing treatment on non-irradiated samples is shown.

ment at 200 oe was not sufficient to anneal this effect, but this tendency became
stronger at 300 and 400 oe. The increase of the channel current during heat
treatment at 500 oe may he due to the effect of some moisture adsorbed at the
surface before heating. As was discussed in chapter 4, such a presence of water
may cause irreproducible results of heat treatments.
6.4. Discussion
6.4.1. General effects of tonizing irradiation on solids

Tonizing radiations are used frequently to observe changes in the light-
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cases the aim of such experiments is to correlate the ohserved phenomena with
the structure of the materiaL The primary effect of an ionizing irradiation is a
removal of electrens from ionsin the network. The free electrons (or holes) may
then hecome trapped somewhere else. In the new environments they may he
ahle to interact with photons of certain energies and thus give rise to formation
of new optical-ahsorption bands. The electrens may be removed again from the
trapping eentres hy addition of suitahle pboton orthermal energy. These processes are often indicated as optical and thermal hleaching, respectively.
In addition to a redistrihution of electrens over the various centres, irradiation may result in structural changes. In the cases of irradiations with particles
of high energy, such as neutrons, this may he caused hy direct displacement of
atoms or ions. In the case of y-rays, X-rays or u.v. light, new eentres may form
because chemica} honds may become weaker as a consequence of the removal
of an electron and certain ions or atoms may then be able to take a new position.

6.4.2. The structure of Si02 and its re lation to effects of ionizing irradiations
A numher of attempts have been made to learn more of the structure of fused
silica and quartz from irradiation experiments 6 - 8 • 9 ). Although it seems worth
trying to correlate these experiments with the results of irradiation on the
Si-Si0 2 system, one should realize that there are a few circumstances which
make the relationship difficult. In the case of ionizing irradiation on oxidized
silicon electrens may he excited in the silicon as well as in tbe oxide and both
have to he considered in the charge redistribution. Electrans which are excited
in the oxide may be captured in trapping eentres in the oxide but may also find
their way to the silicon. Various experÏ!)lents indicate that a considerable energy
is needed to transfer these electrans again into the oxide. Another complication
is that during irradiation of oxidized silicon Compton electrons, formed in the
silicon, may induce an increased irradiation effect in the oxide. As on the average
these Compton electrons have the samedirection as the X- or y-rays, a difference
may be found depending on the direction of the radiation. We have ohserved
that in many cases the effects of X-ray irradiation were somewhat larger when
the radiation had to pass the silicon before entering the oxide.
Although the presence of the silicon near the oxide influences the effect of
irradiation on Si02 , on the other hand the semiconductor properties of the
silicon may allow more information to be ohtained about irradiation of Si0 2 in
relation to its structure. The surface conductance of the silicon is related to this
structure, but also to the structure of the silicon near the interface. During
irradiation new eentres may form hoth in the silicon and in the oxide, which
make an explanation of the experimental results even more difficult.
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6.4.2.1. Imperfections in Si02
Systematics of imperfections in silicon·oxygen networks have been given by
Stevels and Kats 6 - 6 ). They based their considerations on a simple model in
which the Si4+ ions are bound together via "bridging" oz- ions. Oxygen
vacancies as well as interstitial oxygen ions were considered as most probable
imperfections. In many cases the interstitial oxygen ions may be considered as
"non-bridging" oxygen ions bound to only one silicon ion. In glasses another
cation is often present near such a non-bridging oxygen ion, so that electro·
neutrality is maintained. Hydroxyl groupsmayalso be considered as such combinations. They may form in high concentrations in Si02 during heating in an
ambient containing water or hydrogen 6 7 ). In both processes it may be supposed that Si·O-Si honds are broken up. However, in the case of heating in
hydrogen the Si0 2 is also chemically reduced. In the following hypothetica·
reaction equations this is indicated by converting an Si4 + ion to an SP+ ion:

+ H 0----.... -Si
+- + t H
-Si

Si4 +·ü-Si 4 +Si4 + -O-Si4

4

2

2 _,.

4

+ HO-Si4+,
+ -OH +
SP+.

+-0H

(6.1)
(6.2)

At relatively low temperatures (below about 500 oq a large amount of hydrogen may be dissolved as hydrogen molecules instead of as hydroxyl groups.
Except on interstitial places foreign ca ti ons may also take the place of silicon
in the lattice. Elements like phosphorus and boron (which are frequently used in
silicon-transistor technology) may be built in substitutionally. When high concentrations of foreign elements are present, the glassy structure may become
completely different.
6.4.2.2. Effects of ionizing irradiations on fused silica
At this moment no clear information is available on the effects of irradiation
on Si0 2 in relation to its structure, deviations from stoichiometry or impurity
content. Many of the publications referred to 6 - 8 - 15) indicate that the effect
of irradiation on the optical-absorption and paramagnetic-resonance spectra of
fused silica depends very much on the way in which the samples have been
prepared. Before irradiation fused silica doesnotshow much optica! absorption
down to wavelengtbs of about 1800 A*) (corresponding to a photon energy
of about 7 eV). Certain correlations have been found between the internal
structure or impurity contentand the radiation effects. In particular the presence
of hydroxyl groups appeared to have a marked influence. X-ray irradiation on
water-containing fused silica at a low temperature (77 °K) has resulted in paralmagnetic-resonance spectra which could be explained as being due to the for
*) Fused silica with a low oxygen content may show optical abs~rption near 2400 A, but
there are indications that this occurs only if the silica is contaminated by germanium or

aluminium

6 - 9 ).
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mation of hydrogen atoms 6 - 12). It has beensuggested thatduringirradiationsat
higher temperatures these atoms cannot exist for a long time. They may move
so easily that they are able to combine with other centres.
In a study on the relation between certain colour eentres and hydroxyl groups,
Weeks and Lell 6 - 15) came to the condusion that the Si0 2 network contains
often a number of defects which are of a more complex nature than is accounted
for by a simpte model with single oxygen vacancies or interstitials.
Nelson and Crawford 6 - 13 ), supported by Arnold and Compton 6 - 11 ), have
suggested that in fused silica certain new eentres may form during ionizing
irradiations as aresult of the rupture of strained co valent bonds. The absence of
strained honds in crystalline Si02 could possibly explain that these eentres do
not form during irradiation of quartz. This possibility for formation of new
eentres may be of importance in irradiation of oxidized silicon. Except the strain
due to the fused-silica-like structure of the Si0 2 in these cases, other reasous
for strain are present because of the ditTerenee of expansion coefficients and the
mismatch between the structures of Si0 2 and Si.
Because X-ray as wellas u.v. irradiation was employed in our investigations,
it is interesting to note that as regards the formation of colour eentres in silicate
glasses both kinds ofirradiation havetoa certain extent the same influence 6 - 10).
On the other hand, it has been shown that absorption bands induced by y-rays
can be bleached by u.v. light 6 - 14). Thermal bleaching occurs fairly quickly at
temperatures above 300 oe.
6.4.2.3. The structure of oxide films grown thermally on silicon
The oxide layers which form on silicon during thermal oxidation have dielectric properties, an index of refraction and a specific density which are comparable to those of fused silica. It seems reasonable therefore to assume that
their structure consists also of a networkof Si04 tetrahedra. Imperfections may
be present which are camparabie to those which can occur in fused silica. However, the number and the nature of the imperfeetions will vary across the film.
Near the silicon surface an increased amount of defects has to be present to
account for the mismatch between the silicon lattice and the Si-0 network.
Moreover, deviations from stoichiometry can vary across the film. An oxygenconcentration gradient will be frozen in during cooling after heat treatment in
an oxidizing atmosphere. During etching, preoxidation cleaning treatments and
oxidation a number of impurities may be adsorbed at the surface and become
incorporated in the oxide film during heat treatment. Donor and acceptor
elements present in the silicon can be taken up in the oxide layers under certain
circumstances. Otherwise they may be introduced during experiments in which
oxide films are used as a masking agent against ditfusion of donors and acceptors
into silicon. When hydrogen or water bas been present during heat treatments,
a number of hydroxyl groups may have been built in.

-107
In chapter 4 it was demonstrated that heat treatment in the presence of water
or hydrogen had considerable infiuence on the surface properties ofthe oxidized
silicon. The now presented experiments indicate that the presence of hydrogen
might also have considcrable infiuence on the irradiation effects. In the discossion of the results we will mainly concentrate on this aspect.
6.4.3. Discussion of the experimental results
It bas been shown in chapter 5 that certain effects of ionizing irradiations in
MOS transistorscan he related to charge redistributions. In those experiments
the results were found to depend very much on the voltage which was applied
across the system during irradiation, and the charge-transfer processes at the
M -0 and the 0-S boundary had a marked infiuence on the results. The experimental results given in this chapter are mainly concerned with effects at the
0-S boundary, as in most cases no metal electrode was presentand no external
bias was applied during the irradiations.
The results will be discussed forther in terms of charge redistributions and the
formation of new eentres in the oxide-silicon system.

6.4.3.1. Charge redistributions in the oxide-silicon system
The results indicate that ionizing irradiations, whose pboton energy exceeds
4·2 eV tend to cause a redistribution of charge between the oxide and the silicon
substrate. Both the measurement of channel currents and the capacitance measurements show that the primary effect of X-rays was in general such that electrans were transported from the oxide to the silicon, leaving positive charge in
the oxide. Ultra-violet light tended to cause the opposite effect, thus electron
transport from silicon to oxide. Figure 6.6 shows one example (a sample oxidized in wet 0 2 at 1100 oe for 1 hour) in which the primary effect ofu.v. light was
of the same sign as that ofX-rays, that is to say an increase in channel current.
N ote that a comparable sample showed a very large increase in channel current
during X-ray irradiation (fig. 6.2).
Obviously the irradiation effects depend strongly on the metbod of oxide
preparation. The cooling procedure too may have a considerable infiuence on
the defect and charge distribution which has been frozen in. We point tothefact
that even temperature gradients during heat treatment may cause certain charge
redistributions, which can also affect the behaviour of a sample during irradiation
Therefore it is not readily possible to relate the irradiation effects
quantitatively to the oxidation process. Nevertheless a general distinction can be
made between the behaviour of "wet" and "dry" oxides during irradiation. The
small effects of irradiation on the channel currents of samples made in a dry
ambient are certainly related to the relatively large amount of electron-trapping
eentres at the surface in these cases. The presence of such eentres causes the
channel current to be rather insensitive to charge redistribution. A comparison

-108-

of figs 6.3 and 6.5 shows that the C-V curve shifted over 40 volts during X-ray
irradiation, while the channel current increased only from 0·05 to 1·1 [.LA in this
sample, which had been reoxidized for 16 hours at 1200 oe (oxide thickness
0·8 [.L). We noticed that X-ray irradiation tended to have an increasing infiuence
on samples with "dry" oxide layers, when these films were increased in thickness, thus made at higher temperature or (and) during a longer oxidation period.
This effect is probably related to changes in the structure of the oxide during
growth. It seems possible that in these cases more experiments may disclose
certain relations between oxide structure, irradiation effects and surface properties of the silicon.
We also point to the remarkable infiuence of a phosphate glass on top of the
Si0 2 film during X-ray irradiation. The preserree of this glassy layer influenced
the charge distribution, but not in the way that a part of the positive surface
charge was present in this layer; the channel current remained almast equal after
removal of the glass (fig. 6.9)! However, it decreased during further irradiation,
until the sample showed about the same properties as the sample from which the
phosphate glass had been removed at the early beginning of irradiation. An
explanation may be found if one assumes that there is still some external electric
conneetion present during irradiation, caused by leakage across the surface of
the oxide film, or, if present, through the phosphate glass. A difference in the
photo-electromotive force in the glass-oxide-silicon structure compared to the
oxide-silicon structure (glass removed) would then cause a different charge
distribution at the 0-S boundary.
6.4.3.2. Radiation-induced defects
A number of experiments point to the formation of new eentres during irradiations. Especially in the cases ofX-ray and y-ray irradiations their formation
leadstoa decreasein the transconductance of MOS transistors or a deercase in
the slope of the high-frequency C-V curve. Hysteresis effects in these curves as
well as their dependenee on frequency point to formation of new surface states.
Their formation is obviously much more pronounced in "wet" than in "dry"
oxides, because the slope of the C-V curve of a sample with a "wet" oxide
decreased considerably during irradiation (compare fig. 6.4 with fig. 6.5). In
fig. 6.2 it was shown that the channel currents of samples covered by a "wet"
oxide primarily showed an increase foliowed again by a decrease. In sec. 6.4.3.1
the increase was related to an electron flow from oxide to the silicon, which
corresponds also with the shift of the C-V curve to more negative voltages. The
deercase in channel current, which occurred during continued irradiation has to
be related to the formation of new centres, in which the electrans become trapped
instead of the silicon (the inversion layer) itself.
Obviously the formation of these new eentres was not very pronounced in dry
oxides. A decrease in channel current was still sametimes found after the first
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increase (fig. 6.3), but in many other cases continued irradîation gave a slight
increase in channel current, which may be due to formation of new donor states.
One should realize, however, that the samples covered by a "dry" oxide exhibited already a large number of electron-trapping eentres at the surface, which
makes it more difficult to observe the formation of new eentres. The same can be
said about the samples with an oxide covered by a phosphate glass. Here both
the C-V curve and the In- VG curve shifted over about the samevoltage difference
during X-ray irradiation (fig. 6.8), although this was not always true for samples
in which the electron-trapping eentres had been decreased by low-temperature
heat treatments. As water or hydrogen often played an important role in these
heat treatments too, ü is reasonable to suggest that the formation of new electron-trapping eentres at oxidized surfaces during irradiation is related to the
presence of defects such as hydroxyl groups in the oxide.
As discussed before, u.v. light with a photon energy of at least 4·2 eV can be
considered to be able to excite electrous in the silicon to a sufficiently high energy
level that they may enter the oxide film. When positive charge is present in the
oxide, this transport will be aided by the electric field at the oxide-silicon interface. However, this transport can only be effective in the disappearance of inversion layers at the surface of p-type silicon, when eentres are present in the oxide
film in which the electrous may become trapped. Obviously a sufficient number
of such trapping eentres was not always present, so that the effect of u.v. light
was often very small.
The samples covered by a "dry" oxide showed rather small inversion layers.
However, also in these samples there have to be positively chargedeentres either
in the oxide or in the surface region of the silicon to account for the negative
surface charge further present. As u.v. light had only very smalleffects on these
samples, one may conclude that these positive eentres do not easily capture an
electron. They behave Iike donors, whose activatien energy to donate an electron is rather small. It cannot be concluded whether these donor eentres are
present in the oxide or in the silicon. It has been shown (figs 6.3 and 6.5) that
X-ray irradiation on samples with a "dry" oxide can cause a transport of electrous from the oxide to the silicon. The eentres from which these electrous were
removed cannot be considered as such donors, but rather as trapping centres,
with a high activation energy to remove electrons. During illumination with u.v.
light the X-ray effects were soon offset again, which may be interpreted as a
return of the electrans to the eentres from which they were excited during X-ray
irradiations.
The samples with "wet" oxides sometimes showed an almost immediate decrease in channel current during illumination by u.v. light, as wellas a shift of
the C-V curvetoa less negative voltage. It may therefore be concluded that in
such oxides, besides the presence of positively charged donor eentres such as
occur in the samples with a dry oxide, also other eentres are present, in which
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of oxidation) and the number of such defects, but due to somewhat irreproducible results of the oxidation experiments, we were not able to find this relation.
It may be interesting to note that we have observed that n-type channels present
at the surface ofp-type samples covered by an oxide made by burning tetraethyloxy-silane in oxygen at 350-400 oe disappeared very quickly during irradiation
by u.v. light. These types of oxide probably contain many more defects than
those grown by thermal oxidation of silicon.
The effect of u.v. light on the transport of electrous from silicon to the oxide
is thus dependent on the number of trapping eentres in the oxide. As discussed
before, the number of such eentres may be increased during X-ray irradiation.
This explains why the effect of u.v. Jight could be increased by irradiating the
samples first with X-rays or y-rays (fig. 6.7, table 6-II). However, u.v. light itself
must also be considered to be able to induce new trapping eentres in the oxide
in some cases. This effect can again be neglected in "dry" oxides, but has a
greater influence in "wet" oxides (fig. 6.6). Formation of new surface states
during u.v. illumination is also clearly demonstrated in table 6-I (sample A).
There seem to be certain relations between the irradiation effects and properties of the oxide films, such as density, refractive index, and infrared-absorption spectra. Such measurements were carried out by Pliskin and Lebman 6 - 17 )
and led to the condusion that "dry" oxide films have a more dense structure
than "wet" oxides, while pyrolytically grown films contain many more defects.
Relating this knowledge to the effects ofu.v. illumination one may conclude that
channels disappear more rapidly during u.v. illuminations when the oxide contains more defects. Hydroxyl groups can be considered as imperfections which
may be attacked by u.v. light. As they are probably present in most ofthe "less
dense" oxides, they may play an important role in the formation of new eentres
during irradiation. In sec. 6.4.2 the possibility has been mentioned that hydrogen
is removed from a hydroxyl group during irradiation. The remaining oxygen ion
or the centre at which the hydrogen atom reacts may then he able to capture
an electron*).
In sec. 6.4.2 it was stated that hydroxyl groups can form during reaction of
water or hydrogen withSi0 2 , although the reaction ofhydrogen with Si0 2 is not
very pronounced below 500 oe. In this relation the effect ofu.v. light on samples
which had been subjected to a phosphorus ditfusion and subsequently to various
treatments at low temperatures is interesting (fig. 6.10). The samples which had
notbeen subjected to further heat treatment are not affected by u.v. illumina*) The oxides considered in this chapter probably contained traces of sodium. As the

preserree of this element may cause disorder in the structure of the oxide and its
boundary to the silicon (see chapter 7), its preserree may also be assumed to cause
some excess irradiation effects.

111tion. Also the effect of X-rays on such a sample (fig. 6.8) points to the fact that
new eentres are not easily formed in this oxide. In chapter 4 it has been
suggested that the good quality of this oxide as well as the large amount of
trapping eentres at the surface are due to the gettering action of the phosphate
glass on top of this oxide for water and possibly also for other impurities. Moreover, the oxide is presumably in a somewhat reduced state (the phosphorus
diffusion was carried out in nitrogen) and may have a low content of hydroxyl
for that reason too.
As was discussed in chapter 4, the formation of channels at the surface of these
samples during heating in water vapour or hydrogen is to be explained as being
mainly due to the disappearance of surface states, which can mask the influence
of fixed charge in the oxide and also of the voltage across MOS structures made
on such samples . .Because of the fact that water vapour and hydrogen gave a bout
the same result, it was thought that in both cases a reaction of unsaturated
honds wit hydrogen caused the disappearance of the surface states. The results
given in sec. 6.3.2.3 (fig. 6.10, table 6-I) seem to indicate that the heat treatment
in water vapour at 450 cc had moreover some destructive action (formation of
hydroxyl groups ?) on the oxide, while Hz did not, because there was no effect
of u. v. light in the latter case. Presumably Hz could not attack the SiOz network
at this temperature, but was able to react with dangling honds near the oxidesilicon interface, thus forming covalent Si-H bonds, which are not so readily
attacked by radiation as 0-H bonds. Otherwise it might be possible that eentres
formed during reaction of Hz and the Si0 2 structure are of a completely different
nature than those formed during reaction with H 2 0 (sec. 6.4.2.1). However, the
supposition tb at tbis is tbe reasou of the observed differences seems to be ruled
out by the fact tbat tbe sensitivîty to u.v.light was also present when a treatment
in water vapour was followed by a beat treatment in bydrogen or vice versa.
Heating at 700 oe in H 2 resulted in strong inversion at tbe silicon surface, but
tbe u.v. effect was very pronounced after tbis heat treatment, indicating tbat at
this temperature H 2 was able to attack tbe SiOz network. Wbetber this does
occur or not, probably depends also on tbe oxygen content of the oxide. Some
H 2 may dissolve in molecular form and wben a subsequent heat treatment in
Oz is given, tbe chance of formation of OH groups may be greater. This migbt
explain tbe increased effect of u.v. light in sucb a case (fig. 6.10).
An aluminium electrode present during heat treatment at 450 oe in dry N 2
bad about tbe same effect on tbe surface properties of oxidized silicon as heat
treatment of an oxide-covered slice in wet N 2 and the u.v. effects arealso comparable (fig. 6.10). Tbis may be considered as a support for tbe supposition given
in chapter 4, tbat the effect of tbe aluminium bas to be considered as an increased
effect of tbe presence of traces of water. Reduction of the water species ( or
OH groups in tbe oxide) by the aluminium may give tbe hydrogen needed for the
annibilation of tbe surface states. Ho wever, the effect of tbe aluminium cannot
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Abstract

Investigations carried out to study the influence of oxidation and further
heat treatments on the surface properties of silicon suggest that hydrogen
and sodium impurities have a considerable infiuence. The presence of
sodium was checked by neutron-activation analysis, the infiuence of hydrogen was investigated by heat treatments in a wet ambient. A model is
proposed which explains qualitatively why the presence of sodium causes
the formation of positive surface charge during heat treatment and why at
low temperatures hydrogen (or water) can cause a decrease ofthis charge
as well as a decreasein the number of surface states. Further experiments
indicate that the sodium content ofSi0 2 filmscan be decreased considerably by heat treatments under conditions of low oxygen pressure.

7.1. Introduetion

The coating of silicon surfaces by thermally grown silicon-dioxide films has
alrcady been the subject of a large number of investigations, many of which
indicate that the resulting surface properties depend on various processing
factors. For example, a distribution of donors and/or acceptor impurities
between the silicon and the oxide may occur during oxidation. These effects
tend to make the surface moren-type or less p-type than the bulk ofthe crystal.
In practice, however, the surfaces are in many instauces much moren-type than
may be expected from these effects. This can be considered as being due to the
presence of positive charge in the oxide film andfor a predominanee of donortype surface states to be related to eentres in an interface region at the
Si-Si0 2 boundary.
The presence of surface statescan be indicated by field-effect measurements, in
which one may make use of MOS (metal-oxide-semiconductor) structures. Both
differential MOS capacitance (C) versus d.c. voltage (V) and, in MOS transistors,
drain-current (ID) versus voltage measurements are suitable methods. However, it is difficult to distinguish charge in interface states near the valenee and
conduction bands from (fixed) charge in the oxide film, as they both cause
a displacement of the ID- V and C-V curves along the voltage axis. The slope
of the C-V curves may be affected by surface states distribnted through the
energy gap. Whether such states are present or not, the voltage Vf at which the
MOS capacitance corresponds toflat-band conditions may be used as a reference
point. From Vf a number (Nf) of surface charges per cm 2 at thc Si-Si0 2 interface may be calculated (approximately: eNf = Cox Vf, e unit charge,
C0 , = <;>xide capacitance per cm 2 ). Values of Vf of the order of 1 V or less
may be explained by a work-function difference between the metal electrode
*) Published: Philips Res. Repts 21, 477-495, 1966.
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and the silicon. When charge is distributed through the oxide only an effective
part of it is reflected in the value of Nf. In general, however, the (positive)
surface charge in oxidized silicon is located closely to the Si-Si0 2 interface as
a large part of the oxide film may be etched away before Nf is affected.
Changes in Nf may occur when ions are able to drift in the oxide film, for
example when a bias is applied across the MOS structure. Considerable instability effects can be observed when the drift e.v.periments are carried out at
elevated temperatures (above about 100 oq and the metal of the MOS structure is made the positive electrode. Snow et al. 7 - 1 ) have suggested that these
drift effects are due to the presence of alkali-metal impurities, especially sodium.
Iudeed it has appeared 7 - 2 • 3 ), and will be confirmed in this chapter, that aftera
usual oxide preparation the top layer of an oxide film may contain a fairly
large concentration of sodium ions. Snow et al. 7 - 4 ) report also that carefully
prepared oxide films do notshow such instability effects and that the Nf values
in MOS structures with oxide films of this type are low (in the range
1-3.10 11 cm- 2 , for oxidation at 1200 oe in oxygen). This suggests that excess
surface charge is due to (sodium) contamination. Indeed, it has been found that
the n-type character of oxide-covered silicon surfaces can be increased by heat
treatment in a sodium-containing environment 7 - 2 • 5 ).
In a publication of Revesz and Zaininger 7 ·-6 ) a relationship was shown to be
present between the oxidation rate at the end of oxidation processes in oxygen
and the resulting Nf values. The thicker the oxide film, the lower the oxidation
rate and the lower the resulting Nf, with a minimum of about 10 12 cm- 2 •
These authors relate these effects to disorder in the structure of the Si-Si0 2
boundary, which will have more time to become ordered when the oxidation
rate decreases. In accordance with this model the surface charge could be decreased by heat treatment of oxidized samples in an inert gas. Further evidence
for the in:fluence of the interface structure is given by the observations that the
surface orientation of the oxidized crystal can have a marked influence on
N/- 7 • 9 ) and on the number of surface states 7 - 10 • 11 ).
Effects of surface orientation and oxidation rate on the Nf values are confirmed in the work presented here, but it proves to be possible to relate theseeffects to the presence of sodium at the Si-Si0 2 interface. However, apart from
alkali i ons hydrogen is also known to be able to induce surface charge, although
the role of this element is more intricate. In earlier work 7 - 12 • 13) it was shown
that the number of surface states can be decreased by low-temperature treats
ments (below about 600 oq in the presence of hydrogen or water, whereasubsequently a slight decrease of Nf was often noted. At more elevated tem
peratures hydrogen treatments 7 - 13 ) as wellas treatment in water vapour 7 - 11 )
cause less deercase or even an increase of Nf. In this chapter a model will be
proposed which describes in a qualitative manner the relationship between Nr
and various experimental conditions.
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Silicon slices of both <111) and <100) surface orientation we re cut from
5-0cm p-type (boron-doped) and n-type (phosphorus-doped) crystals, made
by the floating-zone method. After lapping with fine abrasive powder they were
etched in an aqueous solution of HF (50 %) and KMn0 4 (4 %) so that at least
a top layer of 50 microns was removed. The samples were then washed in distilled
water and treated in hot nitric acid before oxidation.
Oxidation was carried out in a heated tube of fused silica, either in dry (boiling
liquid) oxygen or in wet oxygen (oxygen bubbled through purified water). In
some experiments the "dry" and "wet" oxygen were mixed to study the influence
of the water content of the oxidizing gas, which was checked at the end of the
furnace tube by dew-point measurements.
Oxides covered by a phosphate glass were prepared by subjecting oxidized
samples to a P 2 0 5 ditfusion from a mixed Si0z-P 2 0 5 souree for 30 minutes
at 1050 oe in N 2 • The composition of the phosphate glass formed in this way
was about 7 Si0 2 • P 2 0 5 , its thickness approximately 0·1 micron.
For MOS-capacitance measurements aluminium spots with a diameter of
0·5 mm were deposited on the oxide film. The silicon substrate was not heated
during the deposition; C-V measurements were done with a measuring frequency
of 500 kcjs. In the calculations todetermine Vf, the work-function difference
between aluminium and n-type silicon was assumed to be zero. The Nf values
given in various tables are average values measured on one or more samples.
The spread in results was always less than ± 10% of the indicated numbers.
The neutron-activation analysis of oxidized samples was carried out after
irradiating them together with a sodium standard for 3 hours in a neutron flux
of 10 14 neutronsjcm 2 /s *). The reaction Na23 (n, y) Na 24 results in activity of
Na24 (half life 15·4 hours). Sections of the samples were dissolved in suitable
buffered HF solutions, so that the sodium concentrations throughout the oxide
films could be determined. For this purpose the solutions of the various sections
were placed in a weil-type seintillation detector coupled with a gamma spectrometer. Measurements were done on the 1· 38-Me V peak of the gamma spectrum
of Na 24 • In order to increase the efficiency of removing radioactive sodium
from the samples, all etch solutions used in the analysis were contaminated with
non-irradiated sodium chloride.
7.3. Experimental results

7.3.1. Surface charge in the presence of sodium contamination
7.3.1.1. Influence of oxide thickness
In table 7-I a number of results have been summarized for p-type samples of
*) The irradiations were done in the reactor 2 at the Centre d'Etudes de !'Energie Nucléaire

at Mol, Belgium.

TABLE 7-I
Influence of oxidation time and further treatments on Nf values (from the "flat-band" point in 500-kc/s MOS C-V curves)
of p-type Si with <UI) and <100) surface orientation. For comparison numbers have also been given for <UI) n-type
samples with an oxide thickness of 0·2 micron. Sodium concentrations are given for a top layer of 100 A (total Na per
cm2 ) and in the remaining part of the films (average per cm 3 )
oxidati on
period

oxide
thickness

(h)

(~J-ID)

i

0·1
0·2
0·4
0·8

I

4
16

Nf (cm- 2 x I0- 11 ) after various treatments

after oxidation (0 2 1200 CO)
Na in Si0 2
top 100 A
(cm- 2 )

5.1012 -10 13
5.1012-1013

rest
(cm- 3 )

PzÛs (1050 oC)
Nz-HzO
(450 °C)

(cm- 2 X

w- 11 )

Nz-HzO
30 m 450 oe

<111)

I<tOO)

<lli)

<IOO)

<111)

<IOO)

{111)

<WO)

10
7 (n : 5)
3·5
2·5

7
3
1·5
0·5

15
7 (n : 2)
2
6

3
3
4
2

10
4·5 (n · 2)
1·5
2

3
3
2·5
2

Nf

28
11
2.10 17 -5.10 17 15 (n : 11) 6
11
5
5.1016_1017
9
2·5

P20 5
30 m 1050

oe

,_.
,_.
-..J
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both (lll) and (100) surface orientation, oxidized for various periods at
1200 oe in oxygen (dew point -40 °C). The oxidation time is seen to have a
considerable influence on Nf and the valnes for the <HI) samples correspond
closely to those found by Revesz and Zaininger 7 - 6 ). The (100) surface-oriented
samples, oxidized at the sametime as the (111) samples show lower valnes of
Nf, but in these samples, too, the lowest valnes are found for the thickest oxides.
Comparison of n-type and p-type <I11) samples shows lower Nf valnes for the
n-type materiaL
In a number of samples the sodium contamination was measured. It appeared
that a considerable amount of sodium was present on the top of the oxide
(5.10 13 to 10 14 atoms per cm2 ), but the major part of it could bewasbed off
in water. It is difficult to make out which part of this sodium contamination is
caused by the oxidation process. Samples from which the top layer (100 Á) had
been removed before the irradiation showed afterwards the same sodium contamination on the outer oxide surface. In the results henceforth presented we will
therefore pay no attention tothesodium that could bewasbed off in water. An
example of the sodium distri bution in an oxidized sample is shown in fig. 7.1 for
~

-maximum
and

~+-minimum
~

ofth~average

Naconc.ina ser:tiM

Fig. 7.1. Distdbution of sodium in an oxidized (lll)surface-oriented p-type silicon sample,
found by neutron-activation analysis employing subsequcnt sectioning of the oxide film and
the silicon substrate.

an oxide thickness of0·8 micron. Although the profile could not be determined
very accurately, there is a distinct accumulation of sodium near the top of the
oxide films and at the Si-Si02 boundary, in the latter case in the oxide as wellas
in the silicon. In comparing various samples, we found the amount of sodium
in the silicon to he much Iess reproducible than in the oxide film. Probably the
sodium is not distributed homogeneously along the surface. It has been suggested 7 - 2 ) that the pile up of sodium in the oxide near the interface is responsible
for the surface charge. Qualitatively such a relationship is certainly present. In
table 7-I a number of averagesodium concentrations in the top layer (100 À) and
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the remaining part of the oxide films have been given. The indicated numbers
correspond to results found for two to four samples with oxide thicknesses of
0·2 and 0·8 micron. The sodium concentrations in the interior of the oxide film
are lowest for the thickest films. The spread in the results made it impossible to
detect whether there was any difference in sodium-concentration profile in the
oxides made on ( lll) and ( lOO) surface-oriented samples.
7.3.1.2. Influence of a P 2 0

5

diffusion

A gettering effect of the phosphate glass for sodium, reported earlier 7 - 2 • 3 ),
was confirmed. However, the neutron-activation analysis showed that the
gettering action did not remove all the sodium from the underlying Si02 •
Probably there was some sodium profile in the Si02 film in these cases too, but
the sodium concentrations were too low to detect it accurately. Assuming that
the amount of sodium at the Si-Si0 2 interface is iudeed of large influence on the
surface charge, the presence of such a profile would cause the surface charge to
depend on the distance between the Si-Si02 and the phosphate glass-Si0 2 interface. This was in fact found, as can heseen in table 7-I: when samples with oxide
films of varying thickness were subjected to the same P 2 0 5 ditfusion the largest
amounts of charge were found for the thinnest films.
7.3.1.3. Influence of water vapour during heat treatment
lt is apparent from table 7-1 that the surface charge can also be lowered when
the oxidized samples are treated in wet nitrogen at 450 °C. This effect is still
present (although less) for samples covered with a phosphate glass. A possible
explanation will be given later (sec. 7.4).
The gas used for preparing the samples mentioned in theprevious sections was
not extremely dry. To investigate the influence of the presence of water during
oxidation we made oxide films of approximately 0·2 micron thickness by oxidation in oxygen with varying water content, using further the same oxidation
system as used for the samples of table 7-l. Together with (in two cases) the
averagesodiumconcentrationin the oxide film, the results are shown in table 7-11.
The surface charge is largest for the cases that the gas was very dry, but for the
higher water contents, too, an increase is observed. A tendency for the amount
of sodium to deercase when the water content was increased can he noted.

7.3.2. Oxidation under conditions of little sodium contamination
The results oftable 7-I show that the surface concentration of sodium in the
oxide film is the same for oxidation during 1 hourand 16 hours. This indicates
that in these cases the gaseous environment during oxidation contains a fairly
constant amount of sodium impurities. Alkali ions which are adsorbed during
etching or further "cleaning" treatments would probably tend to disappear
during heating if the gaseous ambient were free of sodium. It is feit that the
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main souree of sodium is due to contamination of the vitreous silica tube in
which the oxidation was carried out. Particularly contamination of its outer
surface (e.g. dust) may have been the predominant souree because the alkali
ions move easily through Si0 2 at elevated temperatures. However, the oxidizing
gas (e.g. not sufficiently purified water) and drying agents for it can also be
sourees of contamination.
TABLE 7-11
Nf values, determined from C-V curves measured at 500 kc/s, before and after

a treatment in wet N 2 at 450 oe (30 min), for (111) 5-f.!cm p-type silicon
samples oxidized at 1200 oe in oxygen of different humidity. The oxide thiekness is in each case approximately 0·2 micron. Sodium concentradons were
measured on two series of samples made under different conditions
dew point
ofOz

CC)
-70
-40
-34
-20
-6
25
65

90

oxidati on
(min)
60
60
60
60
60
30
12
7

Na in Si0 2

Nf (cm- 2 X I0- 11 )

top 100 A
(cm- 2)

rest
(cm- 3 )

after
oxidation

oxidation
+ wetN2

5.1012-1013

2.10 17-5.10 17

21
15
14

7
7
7
5
6
6
6
8

11

2.1012

4.1016

10
7
9
15

During further experiments we succeeded in making oxide films with minor
sodium eontamination. This is indicated in table 7-III by some measurements
of the sodium concentrations, which were at the limit of detectability. As the
detected amounts were only of the order of 1% of the sodium contamination
on the top of the oxide, which could he wasbed off in water, it is noteven certain
whether or not the detected concentrations are due tosome residues of contamination induced during handling and irradiation of the oxidized slice.
Table 7-III also presents Nf valnes of p-and n-type material ofboth (111) and
(100) surface orientation. A comparison with table 7-I shows that the deercase
of sodium contamination is accompanied by lower amounts of surface charge.
The influences of oxide thickness, of surface orientation, of the type of the
material, of a P 2 0 5 treatment and of a wet-nitragen treatment all become much
less pronounced.

TABLE 7-lll

Results of oxidation and treatments under conditions similar to those of table 7-I, but with Iittle sodium contamination.
Values of Nf are given for (111) and <JOO)surface-oriented samples
aftcr oxidation (0 2 1200 cq
material

oxidation
period
(h)

5-f.km
p-Si
(B-dope)

I

4

I
4
16

5-0cm
n-Si
(P-dope)

I

4

I
4
16

oxide
thickness
(!J-m)

O·I
0·2
0·4
0·8

0·1
0·2
0·4
0·8

Nf (cm- 2

10 11 ) after various treatments

Na in Si0 2
top 100 A
(cm- 2)

I

rest
(averagecm 3 )

<2.10 12
<2.1012
< 1Q12
<2.10 12

< 1Q17
<5.10 16
<2.1016
< lQ16

<2.1012

<5.10 16

(cm- 2 X
(111)

5
4·5
3·5
3·5

4
1

1·5
3

w- 11 )

Nz-HzO
30 m 450 oe

(100) (111)

~

4·5
3
2·5
1·5

0·5
<0·5
<0·5
<0·5

3·5
I
0·5
1

2·5
1
2

PzÛs
30 m 1050

(100) (111)

oe

PzÜs(1050 °C)
+ N 2 -H20
(450 °C)

(100) (lli)

(100)

5
3·5
2·5
1·5

0·5
1·5
<0·5
0·5

5
3
1·5
0·5

1·5
1·5
0·5
0·5

I
<0·5

4·5

1

1

<0·5

1

0·5
<0·5
<0·5
<0·5

2
1
0·5
0·5

2
0·5
<0·5
<0·5

2

1·5
<0·5
0·5

1
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-124(sec. 7.3.3, note (6)) cannot eompletely be explained by a difference in the occupation of the indicated interface states. There is probably also a difference
in the number of other donor-type states, especially when impurities like
sodium are present.
7.4.2. Unsaturated silicon bonds at the Si-Sî0 2 interface
The valenee of four which silicons shows can be related to the fact that a
silicon atom has four electrous in its outer shell. When such an atom is bonded
to less than four other atoms, the remaining unpaired electrous may be considered as unsaturated. They may be present as "dangling" honds or give rise to
double bonds between two atoms. In the following model we wilt try to consicter
unsaturated silicon honds as a reason for various surface phenomena. For
simplicity we will consider them as dangling honds, of which we may distinguish
various types, depending on their location in the Si-Si0 2 structure.
A dangling bond in the silicon lattice, i.e. an unpaired electron at a silicon
atom bonded to three other silicon atoms, further indicated as Si< 3 >, may be
considered as being able to act as an acceptor
Si : Si : Si
Si
or

e-

~

Si : Si : Si
Si
(7.1)

However, the Si< 3 > centre may also be able to give off the unpaired electron
and act as a donor:
(7.2)
These types of eentres may be assumed to occur at a clean silicon surface, but
also when it is covered by Si0 2 • Because of some misfit or lack of oxygen, notall
silicon honds may be saturated. The Si(3) eentres may thus be considered as the
reason for the {acceptor-type) surface states near the conduction band and the
(donor) states near the valenee band. During heat treatment in the presence
of hydrogen the acceptor and donor action may disappear due to the reaction
(7.3)

SiH bonds are probably less stabie at elevated temperature and this explains why
especially low-temperature heat treatments in the presence of H 2 or H 2 0 are
able to cause the disappearance of interface states.
Apart from Si< 3 > centres, the Si-Si0 2 interface may also contain unsaturated
silicon honds at silicon atoms, which are bonded already to one, two or three
oxygen atoms, and to two, one or zero silicon atoms, respectively. These may
be indicated as Si(2), SiO) and Si(oJ centres. The Si(OJ centre mayalso be con-

-125sidered as a half oxygen vacancy or as an sP+ ion when the oxide structure is
considered to be ionic. Summarizing:
Sj(O):
0: Si: 0 or oz- SP+ oz-

oz-

0
Si(ll:

0: Si: 0
Si

Si<2J :

Si :Si : 0
Si

Si< 3 >

:

.

Si :Si :Si
Si

Due to the electronegative character of the surrounding oxygen ions the
Si< 0 > centre can be supposed to act more readily as a donor than as an acceptor:
Si< 0 >:<:±: Si<OJ+
e
(7.4)
or

oz-gp+oz- :<:±: oz- Si4+

oz-

oz-

oz-

e-.

(7.5)

Also the Si< 2 l and Si< 1 J eentres probably have more tendency to a donor
action than to an acceptor action, compared to the Si< 3 > centre.
The surface charge measured from the flat-band point in a (500-kc/s) C-V
curve must be related to eentres with donor action, a role which might thus be
fulfilled by the Si< 0 >, Si<l) and Si< 2 J centres. The Si< 0 >eentres may be present
as well in the oxide as at the Si-Si0 2 interface, whereas one is inclined to consider the Si<1) and Si< 2 > eentres to occur only at the interface. The donor action
of the eentres is in all cases related to the fact tbat they represent an incomplete
oxidation product of silicon. We will further consider the Si<o> eentres as an
example, but one should thus realize that the Si< 1 > and Si< 2 l eentres may behave
similarly. A possible relationship between the presence of Si< 0 >+ eentres and
impurities will be discussed in the next sections.
Until so far we have considered the Si< 3 > eentres to cause both the presence
of the acceptor- and the donor-type interface states near the conduction and
valenee band, respectively. It is not impossible, however, that at least a part
of the donor states is due to Si< 2 > or Si<l) centres. All eentres may react with
hydragen at low temperature, although some difference in reaction velocity or
reaction equilibrium might be expected. This might explain why in certain
hydrogen treatments the donor states near the valenee band disappear less
easily than the acceptor states near the conduction band 7 - 16 ).
7.4.3. The role of hydrogen in the structure of silicon dioxide

The structure of Si0 2 may be considered as a network in which Si4+ ions are

-126conneeteil via bridging oz- ions. Non-bridging oz- ions mayalso he present
when they are accompanied by "network-modifier" cations, such as protons
and alkali ions. Such combinations can he assumed to he present due to incorporation of H 2 0 and Na 20 and so on in the Si02. The combination of a nonbridging oxygen ion and a proton is often called a hydroxyl group. It is well
known, however, that hydroxyl groups can also form in Si0 2 as a result of
heating in hydrogen 7 - 17 • 18). This reaction has been described as
Si4+ 0 2- Si4 + + t H2 ::<:± Si4 + 0 2 - H+
SP+,
(7.6)
although also the following possibility was considered 7 4

Si + 0

2-

Si4+

+H

2

4

::<:± Si + 0

2-

H+

18

):

H-SP+.

(7.7)

In the previous section the SP+ ion (Si(oJ centre) was assumed to be able to
act as a donor at the silicon surface (reactions (7.5) or (7.4)). Areaction like (7.6)
may thus be the reasou for the formation of surface charge during heat treatabove
ment in hydrogen at elevated temperature (at too high temperatures
the reducing action of H 2 may even cause the formation of
about 1000 oe
volatile SiO). It was suggested before that the SiH honds become less stabie at
elevated temperature, but reaction (7.7) cannot he excluded and may limit the
number of surface donors. At low temperatures the formation of Si3+-H (or
Si< 0 )-H) seems even very probable (reaction (7.3)).
7.4.4. O.xidation of silicon in water vapour
Oxidation of silicon in water vapour can he assumed to re sult also in the formation of hydrogen at the Si-Si0 2 interface and one may therefore expect reaction (7.6) to occur or, better, the oxidation is not likely to he completed directly
at the interface due to a certain virtual hydragen pressure at that place. Indeed
it bas been found that the efficiency of oxidation in steam can be much less than
100 per cent 7 - 19 ), while infrared measurements have been reported 7 - 20 ) which
indicate a decreasing concentration of Si-0 honds in the oxide from the top towards the silicon surface. The concentration of hydrogen in steam-grown oxide
films has been shown to he in the order of 1020 cm- 3 , 7 - 28 ). In the top layer
of the oxide the hydragen may he present due to the incorporation of water
or OH groups. In the region near the interface the water tends to be reduced
and OH groups combined with sP+ i ons or SiH groups may he present. Due
to the donor action of the Si 3+ ion (Si(o) centre) a positive oxide charge may tend
to he formed, with the compensating electron occurring in the silicon:
Si4+ oz- H+ gp+ ::<:± Si4 + 0 2 - H+ Si4 + + e- (Si)
(7.8)
or

Si - 0 - H Si(O) ::<:±Si - 0 - H Si(Ol+

+ e- (Si).

(7.9)

The presence of these positive eentres may also he described as an incomplete
oxidation of silicon, which would be completed by rednetion of the proton:
(7.10)
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Oxidation of silicon in steam may thus result in the formation of positive oxide
charge due to the form.ation of hydrogen at the Si-Si0 2 interface and its reducing
action on Si0 2 • The charge may also, however although this means essentially
the same- be related to incomplete oxidation of silicon or incompletereduction
of the water species. Whether one wants to ascribe the positive surface charge to
the non-reduced protons or to the donor action ofthe Si<Ol eentres (compare the
reaction productsof reactions (7.8) and (7.9)), doesnotmake any essential differ
ence. The reduction of the positive surface charge by treatment in hydrogen at a
relatively low temperature may be ascribed to the formation of Si< 0 >-H bonds.
The donor action of the Si<0 > eentres is then lost. One may also say that the
positive charge of the non-reduced protons tends now to be compensated by the
negative charge in the Si<0 >H (Si4 +H-) bonds instead of by electrous in the
silicon. In the case of low-temperature treatment in the presence of water not
only the formation of Si< 0 >-H bonds but also the formation of Si< 0 >-0H combinations may play some role in the reduction of surface charge.
7.4.5. Oxidation of silicon in wet oxygen
In this case there are two oxidizing species, oxygen and water. Hydrogen
formed by the reduction of water at the Si-Si0 2 interface may move back towards the Si02 -gas interface, until it meets neutral oxygen (somewhere in the
oxide or at the oxide-gas interface) with which it reacts, after which oxygen ions
together with protons move back to the silicon, and so on. In this way traces of
water may act as a catalyst during oxidation in dry oxygen. Iudeed it has been
found that silicon oxidizes very slowly in extremely dry oxygen 7 ~ 21 ). The virtual
hydrogen pressure at the Si-Si0 2 interface will become lower when the oxygen
content of the gas is increased, and this may explain why steam-grown oxides
tend to induce more positive surface charge than (alkali-free) films grown in
"dry" oxygen. It may be remarked that the values of Nf given in table 7-II for
oxidation in wet oxygen cannot be ascribed completely to the role of hydrogen,
as these films were not sodium-free.
7.4.6. The role of sodium in the Si·Si0 2 system
We have seen that during oxidation in "dry" oxygen the preserree ofhydrogen
(water) may help the transport of oxygen ions through the oxide film. Apart
from that, the preserree of protons may catalyse the interface reaction due to
the formation of intermediate structures such as shown in eqs (7.8) or (7.9). A
similar role may be ascribed to sodium, which may be assumed to be present
as sodium oxide in the oxidizing gas. Sodium ions moving tagether with oxygen
ions towards the Si-Si0 2 interface tend to be reduced there. "Neutral" sodium
tends to diffuse into the silicon and back in the direction of the oxide-gas interface. This may be considered as the reasou for the peak in the sodium concentratien at the Si-Si02 interface shown in fig. 7.1. Although neutral sodium in
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Si0 2 probably does not exist, the virtual sodium pressure may give rise to the
formation of associates of Na+ and SP+ ions: Si4 + oz- Na+ Si3+ or, in
covalent notation, Si-0-Na Si(o). The motion of neutral sodium in Si0 2 may
be considered as displacements of these eentres due to motion of Na+ ions
together with unpaired electrous at the Si(o) centres. These electrous may also
be given off to the silicon, so that donor action occurs. The ionized donors
Si4 + 0 2 - Na+ Si4+ or Si-0-Na Si(Ol+ mayalso be considered as intermediate
reaction products. The density of these eentres depends on the virtual sodium
pressure at the interface. This pressure is determined mainly by the transport
of Na+ ions towards the Si-Si0 2 interface and the motion of "neutral" sodium
into the silicon or back towards the oxide-gas interface, and thus by the oxidation rate and the sodium contamination in the oxidizing gas. This explains why
the concentration of sodium at the Si-Si0 2 interface and the oxide charge tends
to decrease with increasing oxide thicknesses. Table 7-I shows that the effect of
oxide thickness remains presentaftera P 2 0 5 diffusion. This is probably due to
the fact that some oxidation of silicon still occurs during the ditfusion (P 2 0 5
may act as a souree of oxygen). This wou1d then mean that there is also some
transport of Na+ ions towards the Si-Si0 2 interface. In other experiments we
have observed that the N 1 values become higher when the P 2 0 5 ditfusion is
carried out in oxygen instead of in an inert gas.
Not only does the virtual pressure of sodium at the Si-Si02 interface deiermine the surface charge. There is also an apparent influence of the interface
structure, as is indicated by the different values of N 1 found after oxidation of
samples with different surface orientation. It is remarkable that the differences
are most pronounced when sodium is present (compare tables 7-I and 7-lil). Considering the formation of positive surface charge again as a result of a reducing
action of sodium on the Si0 2 structure, it is plausible to assume that this occurs
most readily in the interface region with the largest misfit between the structures
of the silicon and the oxide. From these points of view the results suggest that
the misfit is larger for (lll) than for (I 00) surfaces. This is also consistent with
the observation that the uurober of interface states, which in this work are
attributed mainly to Si(3) centres, is largest for (111) surfaces 7 - 10 • 11 ).
As was stated earlier 7 - 14), the explanation for the effect of surface orientation may also be described as follows. Structures like Si-0-Na Si(Ol+
(Si4+ 0 2 - Na+ Si4 +) represent an incomplete oxidation product of silicon.
Transformation of these structures to Si-0-Si means a deercase of positive
(oxide) charge (comparable to reaction (7.10)):
Si-0-Na Si< 0 H + e-(Si) ~ Si-0-Si +Na.

(7.11)

For this transformation the two silicon sites shou1d be at a suitable distance,
and the number of Si<OH eentres associated with the presence of sodium may
thus be affected by the misfit between the oxide and the silicon structure.
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In the preserree of sodium there is also a clear infiuence of the type of materiaL
The lower valnes of Nf for n-type insteadof p-type material were also found by
Revesz and Zaininger 7 - 6 ), who suggested that the difference might be explained
by incorporation of phosphorus in the interface structure. Consiclering the
positive charge as being present in the oxide, it is more likely that the larger
surface charge in p-type samples is due to incorporation of boron in the oxide
structure, resulting in some way in an increased number of donor-type eentres
when sodium is also present. The difference between n- and p-type samples
might also be explained by a difference in the frozen-in distribution of electrous
between oxide and silicon due to a difference in electron concentration at the
silicon surface during cooling. To eliminate this effect we did experiments in
which the samples were exposed to light during heat treatment and cooling.
Although some infiuence was noted, the major part of the difference of Nr in
n-type and p-type samples remained.
It appears from table 7-II that alkali impurities are more effective in creating
positive surface charge then hydrogen. This may he due partly to the possibility
of formation of covalent honds between Si<o) eentres and hydrogen. Formation
of Sito)_H honds and perhaps some Si<ol.QH honds can also explain that the
charge due to sodium can be decreased by heat treatment in water vapour and
hydrogen. This can he understood to occur most effectively at low temperatures
because of the instability of SiH honds at elevated temperatures. Some exchange
of sodium ions by protons mayalso occur and in this way the sodium concen-trations may be lowered (particularly during heating at high temperatures, table 7-11).
During various treatments there may also occur redistributions of charge in
the oxide, which can cause changes in the C-V curves. These effects and also
the infiuence of the way of cooling have been neglected in the given model*). There
are certainly still other effects and impurities than those mentioned which can
have some effect upon the surface properties of oxidized silicon. As an example
we may remind of the fact that even temperature gradients during heat treatment
can affect the charge distribution in an oxidized system 7 - 22 ).
7.4.7. Instability effects due tosodium-ion drift

In oxide-coated silicon devices ion-drift effects may cause instability. This is
in partienlar the case in devices containing MOS structures, where high electric
*) The experience that the amount of surface charge is increased when the oxidation tem-

pcrature is decreased 7 - 6 • 11 • 29 ) may be explained by high activatien energies ofreactions
such as (7.10) and (7.11). Further, thc ditfusion ofthe oxidizing species into the oxide film
will become more difficult when the temperature is decreased, whereas out-ditfusion of
hydrogen towards the oxygen-rich outer side of the film may still be relatively easy. A
larger number of unsaturated silicon bonds near the oxide-silicon interface may then not
be saturated with hydrogen. Fast cooling after oxidation may therefore yield lower values
of N1 than slow cooling. However, after heat treatment in an inert gas, slow cooling may
be preferred because traces of water (always present) may then cause a deercase of the
number of positive surface charges and interface states (presence of water in an oxidizing
gas is less effective in this respect; cf. table 4-I).

130fields may be applied across the oxide film.lt has been shown 7 - 15 ) that the surface charge in oxide films prepared in a wet ambient can be fairly stabie during
heat treatments with a negative bias on the metal electrode of a MOS structure.
This indicates that the protons present in the oxide film are not displaced easily.
Under the same conditions somewhat larger changes of the oxide charge were
found when the oxide was prepared in dry oxygen. This is probably due to
displacement of Na+ ions. However, it has not proved possible to make the
surface charge zero or negative with such a treatment, except when the oxide
contains trivalent ions (for example BH or AP+) 7 - 23 • 24 ). From literature about
vitreous systems it is known that the motion of univalent ions is then much
easier 7 - 25 ). In genera!, however, MOS structures show little instability during
bias heat treatment with a negative bias on the metal electrode, which indicates
that the sodium ions in the oxide films are not displaced very readily either.
Serious instability effects may be noted when the metal electrode is made positive during heat treatment. This is probably related to the drift of sodium i ons,
a considerable number of which may be present at the top of the oxide films.
The drift effects are enhanced when some moisture is present 7 - 26), suggesting
that instahilities due to proton drift may occur too. However, it seems also
possible that water deercases the activation energy necessary to make the sodium
ions free to move into the oxide film. Instability effects can be limited by excluding contamination from alkali ions during the processing or by gettering
them with the help of a phosphate glass. In the next section we will discuss an
alternative method of removing alkali ions from oxide films.
7.5. Reducing treatments of oxidized silicon

Apart from at the Si-Si0 2 interface, the hydrogen and sodium concentration
in the oxide may be related to an excessof oxygen being present. Kats 7 - 27 ) has
shown that quartz can befreed from hydroxyl (according to infrared measurements) by heat treatment in an inert gas or, more effectively, in a reducing
environment of carbon monoxide. The same effect can be expected to occur in
the case of sodium, so that such a treatment might offer the possibility of Jo wering the sodium concentrations in oxide films on silicon. Heat treatment in the
preserree of carbon monoxide or in high vacuum has the disadvantage that the
oxide film tends to disappear due to the formation ofvolatile SiO. We have clone
experiments under reducing conditions in which this evaporation was avoided
by heating the oxidized slices in an evacuated quartz capsule together with
silicon powder. During heating a gas mixture forms, consisting mainly of SiO,
formed by reaction between the silicon powder and the quartz wall, and further
a very low concentration of silicon and oxygen. In such an environment the
oxygen content of the oxide tends to become homogeneons throughout the film
(at both sides excess oxygen is extracted by the silicon) and under these conditions Na 2 0 and H 2 0 tend to be reduced to Na and H 2 , respectively. The
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of 0·2 micron thickness made by oxidation of (111 )surface-oriented p-type
silicon at 1200 oe in oxygen, showed a decrease in Nf from 15.10 11 before to
1-3.1011 cm- 2 aftera treatment under such reducing conditions at 1050 oe for
30 minutes. Neutron-activation analysis showed a deercase of the average
sodium concentration in the oxide by about a factor of ten, whereas ditfusion
into the silicon proved to have much increased. The low valnes of Nf would
not be expected to occur if the sodium pressure in the system were high. The
same may be said for the hydrogen pressure. We have iudeed observed that Nf
did not become very low when the system was not made sufficiently clean and
dry. A low hydrogen pressure, probably always present, is favourable to the
deercase of the number of unsaturated silicon bonds due to formation of SiH
honds. A disadvantage of the metbod is that the oxides may become leaky at
weak spots.
During bias tests carried out at 150 oe with an electric field in the oxide of
106 V/cm, MOS structures made of oxide films with low sodium content showed
no or little instability phenomena, and therefore it is apparent that alkali ions
are the main reasou for ion-drift phenomena in oxidized silicon.
7 .6. Conclusions

Positive surface charge in oxidized silicon can be caused by the presence of a
virtual sodium and hydragen pressure at the Si-Si02 interface during heat treatment. These pressures are related to the amount of sodium and hydrogen (water)
in the oxidizing gas and the oxidation rate of the silicon. Especially at low
temperatures hydragen and water tend to rednee the surface charge. These
effects show a similarity to the disappearance of interface states during such
treatments. Both low-temperature effects can be explained by the formation
of SiH bonds.
The sodium concentration in thermally grown oxide films can be diminished
by heat treatment under conditions of low oxygen pressure. Such treatments
can be used to decrease the flat~band surface charge and to increase the stability
of MOS structures.
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List of symbols

c

differential capacitance per cm 2 of a MOS diode
the minimum capacitance value in the C-V curve of a MOS structure
(per cm 2 )
capacitance of the oxide film per cm 2 ;
Cox = eoxfdox• where t: x ( =3·4.10- 13 F/cm) is the dielectricconstant of
the oxide and dox the oxide thickness in cm
silicon space-charge capacitance per cm 2
silicon space-charge capacitance for flat-band conditions per cm 2
the minimum silicon space-charge inversion capacitance per cm2
the unit charge, 1·6.10-19 coulomb
Fermi level
energy gap in a semiconductor (l·l eV for Si at 300 °K)
intrinsic energy level (in the middle of the band gap)
band bending at the surface (in eV), Es= -eVs
see at V0
0

Cs i
Csto
Cs! min

e

EF
Eo
E;
Es
F

transconductance of a MOS transistor, defined as gm
or, in the region where the drain current saturates gm

d lv(sat)

d V0
the drain current of a MOS transistor flowing when a voltage is applied between drain and souree
saturation value of the drain current
Boltzmann's constant
channellength of a MOS transistor (source-drain distance)
electron concentration (per cm 3 )
electron and hole concentrations in intrinsic material (for silicon
n 1 = 1·6.10 10 cm-3 at 300 °K)
number of charge carriers per cm 2 surface area
effective charge density (per cm 2 ) at the Si-Si0 2 interface, determined
from the flat-band-capacitance point in a MOS C-V curve
hole concentration (per cm3 )
immobile (depletion) part of the space charge at the silicon surface
(per cm 2 )
mobile (inversion) part of the silicon space charge (per cm 2 )
charge on the metal electrode in a MOS structure (per cm 2 )
effective oxide charge (per cm 2 ) represented as a sheet of charge at the
Si-Si0 2 interface
space charge at the silicon surface (per cm 2 )
charge in surface states (per cm 2 ) at the Si-Si0 2 interface
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V0

VD

V1

V6
V1
VM
Vp
Vs

Vr

W
Ys

fJ
À

p

a parameter in the relation between /D(sat) and V6 of a MOS tranBox pW/doxL and Fa
sistor; /D(sat) =! Ff3(V6 - V 0 ) 2 , in which {3
constant (between 0 and 1) depending on the doping level of the substrate material
voltage applied between drain and souree of a MOS transistor
the voltage which has to be applied on the metal electrode of a MOS
structure to get flat-band conditions in the silicon
the gate voltage (with respect to the source) in a MOS transistor
the voltage which has to be applied to the metal electrode of a MOS
structure to get an intrinsic surface
the voltage of the metal electrode of a MOS structure with respect
to the substrate
the drain voltage needed to get channel pinch-off in a MOS transistor
surface potential, related to the band bending by Es = -e Vs
threshold voltage of the gate voltage, where a certain (to be defined)
amount of drain current can start to flow
channel width of a MOS transistor
eV./kT
see at V 0
n 0 jn 1 for n-type material, p 0 /n 1 for p-type material (n 0 and p 0 are the
equilibrium electron and hole densities of the given material n 1
1·6.10-1 0 cm- 3 at 300 °K)
mobility of charge carriers

-135Samenvatting
De in dit proefschrift beschreven onderzoekingen werden uitgevoerd om een
beter inzicht te krijgen in de eigenschappen van met oxidelagen bedekte siliciumoppervlakken. In de siliciumtransistortechnologie zijn deze oxidebedekkingen, die meestal door thermische oxidatie van het silicium worden verkregen,
van groot belang voor het maken en afschermen van pn-overgangen.
Na een kort inleidend eerste hoofdstuk, worden in hoofdstuk 2 diverse
technologische en fysisch-chemische aspecten van siliciumdioxide-bedekkingen
nader toegelicht. Een van de mogelijkheden die ze bieden is het maken van MOS
("metal-oxide-semiconductor")-transistoren. De werking hiervan berust er op
dat men door de elektrische spanning over een metaal-oxide-siliciumstructuur
te variëren, een geleidingsverandering langs het siliciumoppervlak kan bewerkstelligen. Imperfecties aan of in de buurt van het grensvlak tussen het silicium
en het oxide kunnen de werking van een MOS-transistor in sterke mate beinvloeden. Oppervlakteonderzoek aan geoxideerd silicium is daarom vooral
voor dit type halfgeleiderelementen van groot belang. Anderzijds kunnen MOStransistorstructuren ook gebruikt worden om de eigenschappen van het Si-Si0 2
systeem te bestuderen. Als zodanig werden ze bij de beschreven onderzoekingen
vaak gebruikt. In hoofdstuk 2 vindt men daarom een vrij uitvoerige beschrijving
van de structuur en de werking van de MOS-transistor.
Een andere veelvuldig gebruikte meetmethode, eveneens in hoofdstuk 2 beschreven, bestaat uit het meten van de differentiële capaciteit van een MOSstructuur. Imperfecties aan het Si-Si0 2 grensvlak en lading in de oxidelaag beinvloeden het verloop van deze capaciteit als functie van een over de MOS-condensator aangelegde gelijkspanning.
Hoofdstuk 2 geeft voorts een beschrijving van verschillende methodes die
kunnen worden aangewend om silicium met een oxidelaag te bedekken en een
korte samenvatting van de praktische voordelen en problemen die oxidebedekking met zich mee kunnen brengen. Daarbij worden enkele belangrijke resultaten van de in de volgende hoofdstukken te bespreken onderzoekingen kort
vermeld.
Een belangrijk technologisch aspect van oxidebedekking is de mogelijkheid
(plaatselijk) diffusie van donor- enfof acceptorverontreinigingen in het silicium
tegen te houden. In hoofdstuk 3 worden experimentele resultaten besproken die
verkregen werden door siliciumplaatjes te verhitten in P 2 0 5 damp. In niet geoxideerd silicium treedt diffusie van fosfor op, waarbij zich aan het oppervlak een gemengd oxide van fosfor en silicium vormt, soms vergezeld van een
laagje siliciumfosfide aan de grens tussen het silicium en het oxide. In de geoxideerde siliciumplaatjes treedt geen diffusie op zolang niet alle Si0 2 oplost
in het "fosfaatglas" dat gevormd wordt door een reactie van het Si0 2 met
P20s.
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Verhitten van geoxideerd silicium in P2 0 5 damp heeft ook vaak tot gevolg
dat de hoeveelheid effectieve (positieve) oxidelading vermindert. Dit komt vermoedelijk doordat het fosfaatglas diverse verontreinigingen uit het Si0 2 kan
opnemen. Tijdens een P2 0 5 diffusie wordt het siliciumoxide ook zeer "droog",
d.w.z. arm aan waterstof. In hoofdstuk 4 blijkt dat bij dergelijke "waterstofvrije" oxidebedekkingen vaak veel imperfecties aan het Si-Si02 grensvlak aanwezig zijn. Deze imperfecties worden beschouwd als onverzadigde siliciumbindingen. Verhitting bij lage temperatuur (beneden ongeveer 600 oq in aanwezigheid van waterstof (of water) veroorzaakt een sterke vermindering van hun
aantal, hetgeen wijst op het vormen van SiH bindingen. De stroomspanningskarakteristieken van MOS-transistors kunnen door zo'n behandeling aanzienlijk beter worden.
Een siliciumdioxidelaag kan zich gedragen als een goede isolator. Het is
echter mogelijk dat zich in of op het oxide ionen bevinden die onder invloed
van een elektrisch veld in de oxidelaag gaan migreren. Vooral in MOS-transistors kan dit onstabiliteit veroorzaken. Een van de methodes om deze effecten
sterk te verminderen is het omzetten van de toplaag van het oxide in fosfaatglas.
De aanwezigheid van zo'n laag kan echter niet verhinderen dat er electronengeleiding in het oxide optreedt wanneer men geoxideerd silicium onderwerpt
aan ioniserende straling. De effecten die men krijgt wanneer men MOS-structuren onderwerpt aan Röntgenstraling, lijken in eerste instantie veel op die van
ionen-migratie in de oxidelaag. In hoofdstuk 5 wordt getoond dat de primaire
effecten van Röntgenstraling op MOS-transistors kunnen worden toegeschreven
aan het vrijmaken van electronen in het oxide. Deze bewegen dan, afhankelijk
van de spanning over de MOS-structuur, naar het silicium of naar de metaalelectrode. Het is vaak moeilijk bij de andere electrode weer electronen het oxide
binnen te brengen, zodat positieve lading in het oxide achterblijft.
Licht met een fotonen-energie van minstens 4·2 eV blijkt de positieve lading
die Röntgenbestraling in geoxideerd silicium veroorzaakt, te kunnen doen afnemen (hoofdstuk 6). Verondersteld wordt dat hierbij elektronen over de energiebarrière tussen (de valentieband van) het silicium en (de geleidingsband van) het
oxide worden geholpen. Vermindering van door thermische behandelingen gecreëerde oxidelading treedt hierbij niet op, tenzij het aannemelijk is dat het oxide
hydroxylgroepen bevat. Vermoed wordt dat zowel ultraviolet licht als Röntgenstralen dectronen uit deze groepen kunnen losmaken, waarna herstructurering leidt tot de vorming van nieuwe centra, die wel electronen kunnen invangen. Ioniserende straling kan ook de vorming van imperfecties aan het
Si-Si0 2 grensvlak tot gevolg hebben. Dit hangt echter sterk af van de omgeving
waarin verhittingen van het geoxideerde silicium zijn uitgevoerd. De effecten
bij ioniserende stralen kunnen daarom gebruikt worden om meer inzicht te
krijgen in de structuur van het Si-Si0 2 systeem. Zij geven een verdere aanduiding
dat oppervlaktetoestanden veroorzaakt kunnen worden door onverzadigde
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siliciumbindingen, die met waterstofbij niet al te hoge temperatuur gemakkelijk
SiH bindingen vormen.
Men mag in het algemeen stellen dat de beste oxidebedekking die is, waarbij
er geen imperfecties aan het Si-Si0 2 grensvlak zijn en de effectieve lading en het
aantal beweeglijke ionen in het oxide verwaarloosbaar klein is. Dit ideaal wordt
het best benaderd wanneer er tijdens de oxidatie en verdere behandelingen geen
verontreinigingen (uitgezonderd waterstof bij lage temperatuur) aanwezig zijn.
In hoofdstuk 7 wordt aangetoond dat vooral natrium vaak als verontreiniging in geoxideerd silicium aanwezig is en dan de aanwezigheid van positieve
lading aan het grensvlak tussen het oxide en het silicium kan veroorzaken. Dit
effect is echter ook afhankelijk van de kristalorientatie van het silicium waarbij
{100) oppervlakken de beste grensvlakstructuren blijken te leveren. In hoofdstuk 7 wordt een model gegeven waarmee vele experimentele resultaten kunnen
worden verklaard. Het blijkt dan verder mogelijk geoxideerd silicium inderdaad
zó te maken en te behandelen dat het siliciumoppervlak en de oxidelaag slechts
weinig merkbare imperfecties bevatten.
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H.B.S. te Groningen, waarin 1949hetdiplomaHBS-B behaald werd. Studieaan de
Rijks-Universiteit in dezelfde stad leidde in 1956 tot het met goed gevolg afleggen van het doctoraal examen scheikunde (specialisatie anorganische chemie,
bijvak microbiologie). Na het vervullen van de militaire dienstplicht (1956-1958)
hield hij zich als medewerker van het Philips' Natuurkundig Laboratorium te
Eindhoven voornamelijk bezig met problemen die verband houden met de
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Het is aannemelijk dat de oxidatiesnelheid van silicium in zuurstof in vele
gevallen niet wordt bepaald door diffusie van zuurstofionen, doch door
diffusie van zuurstofmoleculen door de oxidelaag.
F. C. Collins and T. Nakayama, J. electrochem. Soc. 114, 167-171,
1967.

li
De beschouwingen van Lindmayer over de overgang silicium-siliciumdioxide
als "heterojunction" worden door vele experimentele resultaten tegengesproken.
J. Lindmayer, Solid-State Electronics 9, 225-235, 1966.
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A.M. Goodman, Phys. Rev. 152,780-784, 1966.

V
Het is aannemelijk dat bij de bereiding van silicium door verhitting van een
gasmengsel van siliciumtetrachloride en waterstof direkte reductie van SiC1 4 moleculen door waterstof vrijwel niet voorkomt.
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