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A study has been earried out of the stability of silicon surfaces when they
are provided with a chemically bound solid-solid interface. Stable surfaces
have been obtained with the system silicon-silicon dioxide when the oxide is
thermally grown. This latter system has been studied in some detail. In this
paper the following phases of our investigation are presented: (1) some as-
pects of the thermal oxidation process and properties of the oxide; (i) the
electronic properties of the resulting silicon-silicon dioxide interface; (i%7)
the application of the process to devices and resulting device characteristics.

I. INTRODUCTION

In this introduction we will give a qualitative discussion of the prob-
lem of stabilization of semiconductor surfaces.

1.1 Atomically Clean Surfaces

Fig. 1(a) is a schematic diagram of a clean [100] silicon surface show-
ing the surface dangling bonds or unfilled orbitals. Since two electrons
can occupy a free orbital, surface atoms may become negatively charged,
thus acting as acceptor surface states [Fig. 1(b)]. The existence of these
states in crystals was first proposed by Tamm,! based on a special one-
dimensional model. A more general treatment by Shockley? showed that
surface states can oceur only if there is a separate potential trough at the
surface or if the energy bands arising from separate atomic levels over-
lap. He further concluded that surface states should oceur in the forbid-
den gap and their number should be approximately equal to the number
of surface atoms.

Experimentally, therefore, one expects to find that an atomically clean

* This work was supported in part by the Department of the Army under Con-
tract DA 36-039 sc-64618.
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surface would be strongly p-type, corresponding to a surface state den-
sity roughly equal to the density of surface atoms [Fig. 1(¢)], and strongly
sensitive to surface effects such as chemisorption. Measurements on
germanium surfaces prepared by the Farnsworth® technique (argon
bombardment, then annealing at 500°C in high vacuum), of work fune-
tion,*®% photoconductance,’ 3919 surface conduetivity®1®1! and field
effect”. 91! have indicated that there is a large density of surface states
and that these surface states are the dangling bonds which act as accep-
tor-type states by trapping bulk electrons and forming a p-type surface.
The data also indicate that the adsorption of gases which can bond co-
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Fig. 1 — (a) Atomic diagram of [100] surface; (b) surface states; (c) resulting
band bending near the surface of an atomieally clean intrinsic material.
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valently with these unfilled orbitals affects the density of surface states
and the electrical properties of the surface. More recent measurements,'
still only preliminary, on cleaved germanium surfaces in high vacuum,
appear to be in agreement with those obtained on bombarded and an-
nealed surfaces.

Measurements on atomically clean silicon surfaces are not yet as com-
plete as are those on germanium surfaces. There is strong evidence that
clean silicon surfaces are obtainable by high-temperature, high-vacuum
heating, as indicated hy field emission patterns,’®' secondary electron
emission'® and low energy electron diffraction.!® From the nature of the
surface states on germanium surfaces as outlined above, one would ex-
pect. considerable resemblance between clean germanium surfaces and
silicon surfaces.

From the standpoint of device technology, one may expect that truly
clean surfaces are not desirable. A junction device would not be operative
if its surfaces were atomically cleaned, since the resulting surfaces would
be strongly p-type (as present evidence indicates), regardless of the body
doping, and a low-resistance surface path would shunt the device.

1.2 Practical Surfaces

It is obvious from the above discussion that the usual processes of
“surface cleaning” as used in deviee preparation, such as etches or rinses,
do not provide “surface cleaning” in its true sense. A more appropriate
term is “‘surface doping,” since such processes generally provide surface
structures, complex and unknown, which are found empirieally to pro-
duce surface properties compatible with the device body properties
(through the attainment of a suitable density, distribution and type of
surface states, and hence the term surface doping).

Fig. 2(a) shows a possible distribution of surface states on an atomi-
eally clean surface. These are all acceptor-type states (neutral when un-
occupied, negative when occupied). Chemisorption of some foreign spe-
cies on the surface may produce the following changes [see Fig. 2(b)]:
(a) removal of some of the original acceptor states, (b) introduction of
new acceptor and donor states (neutral or positive) and (e) introduction
of outer states located beyond the interface, within or on the surface of
a grown film. Due to their usually longer relaxation times, these are called
“slow” states, in contrast to the interface or “fast” states [see Fig. 2(c)].

For a surface in equilibrium with the body, the potential distribution
near the surface is determined by the density, distribution and type of
all the surface states. In contrast to the atomically clean surface, which
develops a strongly p-type surface conductance [Fig. 1(e)], the surface
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conductance of a practical surface may be either p-type or n-type, de-
pending on the existing surface states as determined by surface treat-
ment. This important concept was first appreciated by Bardeen.” Fig. 3
illustrates potential distributions at the surfaces of n-type and p-type
materials when donor-type surface states predominate, hence producing
a net positive surface charge which must be compensated by an equal
negative charge in a surface space-charge layer.

A point of particular interest and basic significance follows from the
above. If a certain surface treatment produces a predominance of either
donor- or acceptor-type states (irrespective of body doping), it is evident
that the surfaces near the various regions of a device (p and n) can, at
best, provide a compromise compatible with the device. For instance, for
a p-n junction with predominantly donor-type surface states (net posi-
tive charge), the tendency is to make the p-region less p (and possibly
inverted), while the n-region becomes more n. For a multiple junction
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states on a practical surface; (c) outer or slow states on a practical surface.
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device it is obvious that the problem of simultaneous compatibility of
the surface with the various regions may become quite critical, particu-
larly with high-resistivity materials. This point will be considered in more
detail later.

1.3 Nature of the Surface Stability Problem

Practical surfaces obtained by the usual empirieal techniques involving
etches, rinses, etc., are known to show various degrees of instability.
They are generally sensitive to various ambients producing drifts in sur-
face properties that are usually not completely reversible. There are at
least three main reasons for surface instability:

i. Replacement of interface impurities where an impurity B may re-
place a previously existing surface impurity A, depending on their rela-
tive affinities for the semiconductor. This, in general, will modify the
distribution and density of the interface or fast states and, accordingly,
the surface potential.

ii. Tonization of adsorbed neutral impurities. This requires both the
availability of active sites at the free surface and electronic exchange
across a surface film between the adsorbed species and the semiconductor.
Depending on its relative electronic affinity, a neutral molecule located
at an active surface site (constituting an electronic state) will either re-
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Fig. 3 — Band bending at the surfaces of p and n semiconductors due to surface
states that are predominantly donor-type.
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ceive an electron from the semiconductor, producing a negative surface
charge, or give up an electron to the semiconductor, producing a posi-
tive surface charge. Tunneling or direct conduction are probably the
mechanisms responsible for the electronic exchange. These (i and ii) are
the outer or slow states.

iii. Replacement of these outer impurities may also occur, producing
a change in the density, distribution and type of the slow states.

In addition to the above mechanisms, one might also consider a dis-
tinctly different process of instability which is generally operative in the
vieinity of a junction. Here, surface ions produced by processes other
than electronic exchange with the semiconductor, such as hydrolysis,
ete., can migrate on the surface under the influence of the fringing field
of the junetion. A second paper to be published is entirely devoted to a
detailed study of this process.

II. TECHNIQUES FOR MEASUREMENT OF SURFACE STATES

In the course of this work several techniques have been used for meas-
uring the detailed surface properties of silicon surfaces, particularly as
related to surface states. These included the large-signal ac field effect
technique,8:19 the large-signal ac field effect technique with superimposed
de bias, a zero-frequency four-point probe field effect technique, the sur-
face photovoltage technique? and the n-p-n or p-n-p channel tech-
nique.?? The majority of the results presented here, however, have been
obtained. by the field effect techniques. It seems in order, therefore, to
present here a brief review of the basie principles and concepts underlying
field effect work.

2.1 Basic Concepls of the Field Effect

The object of this technique is to determine the density and distribu-
tion of surface states. Application of a field transverse to the semicon-
ductor surface produces a change in the band bending near the surface
to maintain charge neutrality. This, in effect, alters the location of the
Fermi level at the surface and, accordingly, changes the occupancy of
the surface states. One measures changes in surface conductance with
field (or plate voltage), from which the density and distribution of states
are obtained.

2.1.1 Field Effect with No Surface States

Fig. 4(a) shows the bands near the surface of an intrinsiec semicondue-
tor which are straight in the absence of surface states or charge on the
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field plate. The conductance of a region near the surface is due to elec-
trons in the conduetion band and an equal number of holes in the va-
lence band. When a voltage is applied to the plate with respect to the
semiconductor the bands near the surface must adjust to the point where
the net charge in the semiconductor is equal and opposite to that on the
plate, Fig. 4(b). If AN and AP are the changes in the number of elec-
trons and holes per unit area, due to plate charge Qp per unit area, the
corresponding change in surface conductance AG is given by

AG = q(uAN + p,AP). (1)

One defines the derivative dG/d@Q, , as the “field effect mobility” prp. .
It can be shown'® that AG exhibits a minimum value that corresponds to
a unique potential distribution near the surface for each body resistivity.
For intrinsic material, the bands are bent by an amount ¥ = —In b,
where b = p,/u,. If the bands are so strongly bent in either direction
that the number of one type of carrier is negligibly small as compared
with the number of the other, then a change in field-plate charge will
induce an equal and opposite change in the majority carrier and the field
effect mobility approaches the surface mobility of that carrier. Fig. 4(c)
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shows the variation of conductance with plate charge (equal and oppo-
site to space charge Q,,) with the corresponding values of surface poten-
tial ¥ [in (kf)/¢ units]. In Fig. 4(d) the changes in field effect mobility
with surface potential are shown. For any other resistivity one can cal-
culate the variation in surface conductance with charge and the corre-
sponding surface potential using the space-charge equations derived by
Garrett and Brattain,*® which are also conveniently available in graph
form.* In many cases, one needs to include the effect of surface scatter-
ing on carrier mobility. No direct measurements are available, however,
and the common practice is to apply Schrieffer’s theoretical results.2s

2.1.2 Iield Effect with Surface States

In the presence of surface states, part of the charge on the field plate
will terminate on charges in surface states. If one now changes the charge
by some amount, both the semiconductor space charge and charges
in the surface states will change. The resulting change in surface conduc-
tance, however, will always be smaller than one which would be obtained
in the absence of the surface states. The experimentally obtained curve
of AG versus @, is generally wider than that calculated with no surfaces
states. Experimentally,’®1? one varies @, at some frequency and observes
on an oscilloscope the variation of AG versus €, . Only states with relax-
ation times shorter than the period of the frequency used will be effective.
Slower states will only contribute a fixed charge.

The point of minimum surface conductance must be obtained in order
to provide the reference point for the quantitative evaluation of the re-
sults.’® It has been pointed out in the preceding section that the mini-
mum conductance corresponds to a unique value of the surface potential
Y for a given resistivity. Furthermore, the conductance in general is a
unique function of ¥ for each resistivity. Therefore, one adjusts the ex-
perimental curve of AG versus @, with the theoretical space charge
curve along the AG-axis until the two minima are matched, as shown in
Fig. 5. It must be noted that their lateral relative position is arbitrary.
Now one transfers the points of various values of ¥ on the theoretical
curve horizontally to the experimental curve, thus providing the value
of surface potential at each point on the curve. Furthermore, the hori-
zontal segments between the two curves at each value of Y represent
essentially the net charge in surface states @,, (difference between total
charge or plate charge and charge in space charge) with an unknown
additive constant. From plots of d@,./dY versus Y, one may then fit
the results with an approximate distribution of surface states. Rigorously
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speaking, an exact distribution is only obtainable if the experiment is
carried out throughout the range of ¥ = 4.2

2.1.3 Effect of Slow States

If one applies a step voltage to the plate, one will first get a corre-
sponding change in surface conductance resulting from a change in sur-
face potential, in conformity with the fast state occupancy requirements
discussed above. If no other states are present, the new value of surface
conductance would be maintained indefinitely. However, if slow states
are present, their occupancy, which is determined by their location with
respect to the Fermi level, must gradually change to correspond to the
new equilibrium condition. Since the total charge in the surface states
and the space charge must remain constant (equal and opposite to the
plate charge), a changein occupancy of the slow states will cause a gradual
redistribution of charge in the space-charge region and in the fast sur-
face states. Tt is obvious that this will always correspond to a decay in
the initial change in conductance. If the density of the slow states ex-
ceeds the plate charge density, the decay is almost complete, with a time
constant of the order of the relaxation time of the slow states. This is
evidence of electronic exchange between the semiconduclor and the slow or
ouler states. The same phenomenon is also observed in three different
ways in ac field effect measurements. First, if one superimposes a de bias
on the ac field signal, one observes an immediate shift of the field effect
curve towards p or n, depending on the polarity of the de bias. This is
followed by a slow decay towards the initial curve. Release of the de
bias will simply reverse the effect, with a final return to the initial con-
dition. Second, by changing the ambient, one may observe a shift to-
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Fig. 5 — Determination of charges in surface states from field effect experiments.
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Fig. 6 — Circuit diagram of the zero-frequency four-point probe technique.

wards p or n, depending on the ambient.”” This is an indication of a
change in the density of the slow states and in the magnitude of the fixed
charge they represent. It iz a further indication of the ionization of neu-
tral adsorbed impurities by electronic exchange with the semiconductor
through the surface film. Third, if the frequency of the measurement is
reduced to the range of frequencies of the slow states, one observes
smaller changes in conductance corresponding to very low field effect
mobilities.

2.2 Zero-I'requency Four-Point Probe Field Effect Technigue

In many cases, particularly for device purposes, one requires a meas-
urement of all the states, fast and slow. This may be done by the ac
method, by repeating the measurements at various frequencies. Another
alternative is the zero-frequency* four-point probe technique, shown in
Fig. 6. The outer electrodes are used to feed in the current and the volt-
age drop is measured across the inner electrodes. The voltage drop across
the specimen is initially balanced against a reference resistor R, in series
with the specimen. The change in conductance AG produced by a field
is obtained from the voltage difference AV between the specimen and
the reference resistor, | Vo — Vi |:

_ AV(L/w)
AG = LRI

* The term ‘‘zero-frequency’ is used to distinguish between this method and
the conventional de field effeet method used to observe conductivity decay.

mhos/0O, (2)
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where L and w are the length and width of the specimen, I, is the cur-
rent and &, is the sample resistance. The plate charge is obtained from
the voltage applied and the measured eapacity of the plate specimen.

2.3 Characterization of a Surface Treatment

A complete characterization of a surface is a detailed description of
the type, density and distribution of all the surface states. This allows
one to predict the surface potential obtained for any resistivity material
as a result of these same surface states. In many cases, however, partic-
ularly in device applications, it may suffice to know whether a certain
surface treatment will or will not produce surface inversion. To extra-
polate field effect results obtained on a material of some resistivity to
other resistivities, one must show that the surface treatment and the
resulting fast surface states are not dependent on concentration and
type of body doping.

Fig. 7(a) shows a field effect curve produced at zero-frequency and
hence includes all the states. Point o corresponds to zero charge on the
field plate. Point 1 corresponds to an intrinsic surface or ¥'; = w, , where
uy = Ink and A = po/n;, with p, the hole density in the body and n;
the intrinsic density. Fig. 7(b) corresponds to the “onset of surface in-
version”. To change the surface potential from its initial value Y, to
the onset of inversion Y; one must apply a charge —Qo_; to the plate.
Luvoking the condition of charge neutrality at point 1:

[Qulr = Qoor — [Quclr, 3)

where Qo_; is measured and [Q..]; is caleulated for the particular resis-
tivity of the specimen used. This gives [N..]: = [Q..]:/q, the absoluie
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Fig. 7 — Determination of type and strength of surface treatment.
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number of charges in all the surface states when the Fermi level coincides
with the tnirinsic level at the surface corresponding lo the onsel of inversion.

Now, for any doping, the number of charges in the space charge at
the onset of inversion is given by*

(Nu)s = nils [h(e—“" 1+ )1\ @ —1) + (x - )_1\) ub]'. (4)

Hence, for any resistivity material, the surface states will just bring about
the onset of inversion if (N,,);, obtained experimentally, is equal to
(N,.)r in (4). For higher resistivity, inversion will occur and, for lower
resistivity, inversion will not occur. Fig. 8 is a plot of (4) for both p- and
n-type silicon.

The procedure we have used for characterizing the effect of a surface
treatment is simply as follows:

i. Determine [N,,]; from the field effect data as outlined above. If
this number is positive, it indicates that inversion will occur on n-type
material.

ii. From Fig. 8 determine po or no corresponding to [N,,]; . This deter-
mines the limiting resistivity below which inversion will not occur; all
materials with resistivities above this value will form inversion layers.
Now we will introduce some terminology which concisely describes the
properties of an oxidation treatment as related to inversion: p-fype oxides
or n-type oxides — this indicates the tendency of the oxidation process
to Znduce a p-type surface or an n-type surface, respectively, or to induce



STABILIZATION OF SILICON SURFACES 761

inversion in n-type material or in p-type material, respectively. The
strength of an oxide is defined as the limiting resistivity above which in-
version will oceur and below which no inversion will oceur. To illustrate,
let the oxide be characterized as n-type oxide of strength 10 ohm-cm.
This means that this oxide produces sufficient surface states to invert
the surface of all p-type material of resistivity above 10 chm-ems.

III. THE OXIDATION PROCESS

3.1 Introductory Remarks

In the search for a coating for stabilization of silicon surfaces, several
possibilities were considered. These included two general categories:
coatings that are deposited by methods such as dipping, painting or
evaporation followed by various processes such as baking, and eoatings
that are grown from the silicon surface itself. The first category generally
suffers from such difficulties as: (a) ionic impurities (remembering that
1/10,000th of a monolayer is sufficient to invert the surface of 1 chm-cm
silicon) which will drift with field, producing device instability; (b) lack
of uniformity of chemical bonding (if there is any bonding) at the silicon-
film interface, particularly with an ill-defined initial silicon surface; (c)
poor structures of the coatings from the standpoint of permeability to
various ambients and (d) various incompatibilities such as dielectric
strength or coefficients of expansion.

For coatings grown out of the silicon surface, we have restricted our
efforts to silicon dioxide. We considered two alternatives: oxides grown
anodically in electrolytes and thermally grown oxides. Measurements of
their transverse conduction indicated substantial differences. The resis-
tivity of the anodic oxide is of the order of 10 ohm-em, while that of
the thermal oxide (grown at about 1000°C) is of the order of 10'. Fur-
thermore, in the anodic oxides, part of the conduction is due to mobile
ionic impurities of the order of 10" per em?, while the ionic content of
the thermal oxide is less than 10™ jons per em?

3.2 Preoxidation Treatment of Stlicon Surfaces

Preliminary studies, using various silicon diodes, indicated a strong
dependence of reverse characteristics on the surface treatment preceding
the oxidation process. Impurities left on the surface can be partially
maintained at the 8Si—Si0, interface through the oxidation process, and
may affect the interface characteristics and the device characteristics.
To illustrate, by purposely varying the preoxidation treatment on the
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same junctions, it was possible to obtain a range of reverse current of
10710 to 10~® amperes. This work provided an extensive empirical back-
ground on the effect of preoxidation treatment and indicated the desira-
bility of obtaining as clean a Si—SiQ, interface as possible. Accordingly,
all the details of the procedure prior to and during the oxidation proe-
ess were chosen to achieve this objective. A suitable preoxidation process
must be capable of: (a) removing surface imperfections, damage, ete.;
(b) removing the bulk of organic surface residues (weakly bound); (c)
removing chemically bound organic substances; (d) removing metallic
impurities and (e) providing in a controlled fashion a lightly oxidized
surface prior to thermal oxidation.

3.3 Monitoring the Preoxidation Process

In exploring the effects of preoxidation treatments, it appeared de-
sirable to have some simple monitoring technique to indicate qualita-
tively certain effects of the various treatments on some property of the
surface. A technique was used which determined whether the surface was
hydrophobic or hydrophilic. The technique is based on the water break
and water spray tests, whereby the contact angle of water droplets de-
termines whether the surface is wettable (hydrophilic) or not (hydro-
phobic). The surface to he examined is dipped in liquid nitrogen for
about 10 seconds, then mounted under a high-power microscope (400 X)
in a closed chamber where wet nitrogen is circulated. One first observes
a thin sheet of ice forming uniformly on the surface. After the ice melts,
a distinctive pattern of water droplets forms which remains for a few
minutes before final evaporation. It has been observed that the shape
and size of the droplets and the uniformity of the pattern is sensitive to
the surface treatment. This process may be repeated (without re-treating
the surface) about five to ten times before observable changes in the
pattern start to oceur, indicating surface deterioration.

The following is a summary of our observations: (i) A silicon surface
that has been freshly etched in HNO;—HF mixtures is strongly hydro-
phobic. A typical pattern of this surface as obtained by the “liquid ni-
trogen test” is shown in Fig. 9(a). The droplet size is of the order of
0.0001 inch. (i) After the etched surface has been boiled in deionized
water for as long as one hour, the surface remains hydrophobic. The size
of the droplets, however, may slightly increase. (iii) After having been
boiled in organic solvents the surface remains hydrophobic, although the
shape and size of the droplets may change, [Fig. 9(b}]. (iv) Boiling in
water containing detergents does not produce a hydrophilic surface. (v)
When the surface is heated in hot oxidizing agents such as HNO; for
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(a) (b) (c)

Fig. 9 — Silicon surface examination by the “liquid nitrogen test’’: (a) after
exposure to HF; (b) after subsequent boiling in xylene; (¢) after boiling in nitrie
acid.

10 minutes or more the surface becomes uniformly hydrophilie. Fig. 9(c)
shows the optical interference pattern of such a surface just before com-
plete evaporation of the once continuous film of water. (vi) After having
been boiled in water this hydrophilic surface remains hydrophilic. (vii)
If, however, the hydrophilic surface is exposed for a few seconds to HF
vapor, it reverts to a strongly hydrophobic surface. (viii) If the hydro-
philic surface obtained by the HNO; treatment is exposed to room air,
it becomes gradually and nonuniformly hydrophobic. Boiling the exposed
surface in water or organic solvents will not restore the surface to its
former hydrophilie state. (ix) A thermally oxidized surface is hydro-
philie, and shows similar behavior to the nonoxidized one when treated
with IINO; exposed to room air. A major difference, however, is that
its original hydrophilic state can be largely restored simply by rinsing
in an organic solvent. This suggests the relative inertness of an oxidized
surface compared to a freshly etched surface.

3.4 The Thermal Oxidation Process and Properties of the Thermal Oxide

Silicon surfaces were oxidized at temperatures in the vieinity of 1000°C
and at atmospheric pressure in both dry and wet oxygen. The oxidation
rates in oxygen and in water vapor have been measured® using a vacuum
microbalance technique. For the range of film thicknesses of about a
hundred to thousands of angstroms the oxidation process follows the
following parabolic laws:

Os: X? =84 X 100 pifif ¢-1i0/xn, (5)
H.O: X? = 2.54 X 108 ps5g o170/, (6)
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where k is the Boltzman constant, 7 the absolute temperature, X the
film thickness in angstroms, p the pressure in atmospheres, ¢ the time
in minutes and ¢ the electronic charge. It is of particular interest to note
that the activation energies are equal for both Oy and H,O oxidation,
suggesting that the two types of oxides have the same structure. The
high activation energy of 1.7 electron volts is also significant, since it
presumably corresponds to extraction of silicon from the lattice and its
diffusion in the oxide network.

The following are some properties of the thermal oxide:

i. Electron diffraction studies of thermally grown silicon oxides have
indicated no erystalline structure. The film is essentially continuous and
amorphous.

ii. The dielectric constant of the film is about 4. It has a resistivity
of about 10'® ohm-cm, measured in a transverse direction to the oxi-
dized surface. The dielectric strength of the film is between 5 and 10 X 10°
volt/em,

iii. If the surface impurities are not carefully removed prior to oxida-
tion, oxide crystallites will form on the surface that become visible under
the microscope if the film grown is of sufficient thickness. This provides
rather serious discontinuities in the film.

iv. Discontinuities in the film are also observed at some surface im-
perfections, due either to the nonuniform growth of the oxide at the im-
perfection or to impurities trapped at the imperfection and subsequently

MAG 500 X

Fig. 10 — Oxide imperfections as revealed by the hot chlorine technique.
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affecting the loeal oxidation. These local imperfections are made beau-
tifully visible, even for films a few atomic layers thick, by the “chlorine
etching” technique. At a temperature of about 900°C, chlorine gas will
etch silicon at a rate of the order of 0.001 inch per minute but will not re-
act with silicon dioxide. To test for film imperfections, the oxidized spec-
imen is placed in the chlorine oven for a few minutes, allowing the chlo-
rine to etch through diseontinuities in the oxide. Fig. 10 shows a
chlorine-treated oxide surface indicating some imperfections along
well-defined surface damage.

v. Uniform oxides have heen ohtained consistently. They showed few
imperfections as indicated by the chlorine test. Oxidized surfaces stored
for more than 12 months before exposure to the chlorine test have in-
dicated the permanence of film uniformity. Furthermore, oxidized de-
vices given the 900°C chlorine test indicated no change in their electrical
characteristies.

IV. FIELD EFFECT MEASUREMENTS ON THERMALLY OXIDIZED SILICON:

Both the large-signal ac field effect technique, using a frequency of 40
to 500 eps, and the zero-frequency four-point probe field effect technique
were used. The sample resistivities ranged from 80 to several hundred
ohm-ems, both for p-type and n-type silicon. Pulled erystals, rotated
and nonrotated, as well as floating-zone erystals were used.

4.1 Kvidence for the Absence of Slow States

Fig. 11(a) shows the ae field effect pattern obtained at 70 cps for a
300-ohm-em p-type pulled erystal with an oxide thickness of about 500

: '521%
-E it

ZERO BIAS

L
E-I-ll
(C) +90 vOLTS BIAS (d)-90voLTS BIAS AFTER 2 HOURS

Fig. 11 — Large-signal ac field effect — effect of a superimposed dc bias.
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angstroms. The field-plate signal was 4280 volts. For an etched silicon
surface, if one superimposed a de bias on the ac signal, the pattern would
shift to one side or the other, then drift back within about a minute to
the initial pattern. For the oxidized silicon, however, an application of
—90 de volts produced the shift indicated in Fig. 11(b) and +90 volts
produced the shift indicated in Fig. 11(¢), all figures having the same
calibrations. If one superimposes all three curves, one finds that the
actual measured shift of the eurves corresponds closely to the 90 volts
which have been applied. This indicates that the usual slow slates observed
on unoxidized surfaces have been virtually eliminated. Furthermore, the
—90 volts de bias was left on for two hours with no change in the field
effect pattern, which is shown in Fig. 11(d) at the end of two hours. To
determine the possible existence of slower states, we have also maintained
a de field in a four-point probe experiment (discussed in a later section)
for over 3000 hours with no measurable decay in surface conductance.
To explore the possibility of states with relaxation times corresponding
to higher frequencies than the 70 cps used above, a frequency run was
performed. This was done on a 300-ohm-cm p-type rotated crystal with
an oxide thickness of 180 angstroms. The field effect pattern was ob-

(c)
500 CPS

Fig. 12 — Large-signal ac field effect — effect of frequency.
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served at 11 different frequencies from 40 to 500 cps. Fig. 12 shows the
patterns obtained at 40, 200 and 500 cps, all drawn to the same scales.
Due to distortions at the higher frequencies, lower plate voltages had to
be applied at 200 and 500 eps. Here again, if one superimposes all three
patterns by making the midpoints coincide, one obtains one identical
curve. This shows that no slow states (or not-so-slow states) are observ-
able up to 500 eps. Unfortunately, our measuring set is limited to 500
eps and, accordingly, we have no knowledge of the lower limit of the
relaxation time of the surface states.

4.2 Effect of Ambients

The experiments reported in the above section were performed in dry
oxygen. To study the effects of ambients, the following gases have been
circulated: dry oxygen, dry nitrogen, wet oxygen and wet nitrogen (~40
per cent relative humidity), ammonia and ozone. No shifts in the field
effect pattern were observed over several hours. On replacing the oxi-
dized sample with etched silicon and germanium samples, shifts in the
field effect patterns were observed in accordance with the usual experi-
ence.

1.3 Effect of Presence of External Impurities During Oxidation — Nol-So-
Fast States

This effect was first observed accidentally when the oxidation tube
was cracked and impurities from the heating elements of the oven were
present during the oxidation process. The general effect is to produce
“not-so-fast states,”’ as indicated by both the zero-frequency technique
and the ac technique. The zero-frequency technique indicates a very
small change in conductance with applied field. The ac field effect tech-
nique, however, by simple changes of the frequency, shows the effects of
the not-so-fast states. Fig. 13 shows the results obtained from a sample

CPS

l-

5

-=. mE
.. 25

Fig. 13 — Large-signal ac field effect — effect of frequency when not-so-fast
states are present.
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Fig. 14 — Zero-frequency four-point probe field effect — etched silicon surface.

showing this effect. From bottom to top the frequencies are 25, 50, 75,
100, 150, 200, 250 and 300 cps. As shown, the tendency is for the sur-
face to become more p-type with increased frequency, indicating that
the responsible states are mainly donor type (neutral or positive). It is
of further interest to note that most of the change in the pattern oc-
curred between 50 and 300 cps, setting a range of relaxation times for
these states between 3 and 20 milliseconds.

4.4 Zero-Frequency Field Effect Measurements on Oxidized Floating-Zone
Silicon

First we will demonstrate the typical behavior of etched silicon sur-
faces when they are examined by the zero-frequency four-point probe
technique. Fig. 14 shows, for a p-type silicon specimen, a typical decay
with time of surface conductance of 180 ohm-cm produced by the float-
ing-zone technique.* The change in conductance decays to practically
zero in a little over one minute. The plate voltage was —200 volts, cor-
responding to a plate electronic charge density of 7 X 101/cm?. On re-
moval of the plate voltage, the reverse effect is obtained.

Samples of the same erystal were oxidized to various oxide thicknesses.
The field effect results were quite reproducible for each sample and from
sample to sample. In all cases, no decay in the change in conductance
was observed. Fig. 15 shows the results from one unit, plotted as the
change in surface conductance versus plate charge. The calculated space

* These samples had 22 zone passes in a hydrogen atmosphere. It is believed
that most fast-diffusing impurities, as well as oxygen, have been removed.
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charge plot is also shown, from which the values of surface potential
were obtained. They are shown on the experimental curve. Note that,
with this technique, the lateral location of the theoretical space-charge curve
is absolute. The horizontal segments between the theoretical and the
experimental curves represent the total net charge in surface states (and
also fixed charges if present — which is not the case, as will be shown
shortly from data on the effect of time). The point of intersection cor-
responds to zero net charge in the surface states; to the right, there is a
net positive charge and, to the left, a net negative charge. From this, it is
concluded that the surface states present are of two types, donor and ac-
ceptor. By analyzing the data in the usual way, the following approxi-
mate distribution of states was obtained:

i. An acceptor level located at about 0.4 electron volt below the in-
trinsic level of density of the order of 10"/cm?

ii. A donor level located higher than 0.3 electron volt above the in-
trinsie level of density of the order of 10!°/cm?.

iii. A nonuniform and less significant distribution near the center of
the band of average density of the order of 10°/cm? volt.

For this high-purity floating-zone material, the general tendency after
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Fig. 15 — Zero-frequency four-point probe field effect — thermally oxidized
high purity p-type crystal.
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oxidation is to produce a p-type surface, indicating the predominance of the
acceptor-type surface states. In terms of oxide type and strength, discussed
previously, these results indicate a p-type oxide of strength of about 3
ohm-cm; i.e., the same surface states would invert all n-type silicon sur-
faces with resistivities above 3 ohm-ems.

To determine whether there is any significant number of very slow
states within or on the surface of the oxide, a sample was given a life test
in which, after its field effect characteristies were measured, a de bias of
400 volts was left on (corresponding to a plate electronic charge of about
1.5 X 101/em?). Periodically, the surface conductance was remeasured
and the field effect curve was re-obtained. The test has so far exceeded
3000 hours with no detectable change in the conductance or the field
effect curve. Since the film dielectric constant and resistivity are 4 and
101 ohm-cms, respectively, its relaxation time xp/4w (in electrostatic
units) is of the order of one hour. One concludes, therefore, that the
number of outer or very slow states is insignificantly small.

4.5 Surface Properties of Oxidized Silicon Pulled Crystals; Effect of Body
Impuritres

Tield effect experiments have also been performed on more than 20
samples from a number of high-resistivity pulled crystals, nonrotated
and rotated at different rates during growth. They generally exhibited,
when oxidized, the same general behavior as far as the absence of slow
states, high field effect mobility, and insensitivity to ambients. One very
significant difference that was observed, however, was that the surfaces
obtained were generally n-type; i.e., the oxides were n-type and had a wide
range of strength from 0.5 to 20 ohm c¢ms. This indicates that, in contrast
to high-purity floating-zone crystals, the donor-type surface states are
more predominant than the acceptor-type states. The variations in film
strength were observed both from erystal to erystal and from sample to
sample in the same crystal. In many cases, the surface was so strongly
n-type that no conductivity minimum was observed even when a plate
signal corresponding to about 2 X 10" electron charges per em?® was
applied, indicating a density of donor-type states in excess of this figure.
To show that the n-type surface was induced by charges in surface states
rather than by some body doping in a small region near the surface, the
oxides were removed by exposure to HF vapor for 30 seconds, followed
by a water rinse. Thermal probing of the surface indicated p-type mate-
rial, and ac field effect observations indicated the disappearance of the
initial n-type surface.

In view of the above results on the high-purity erystal, it was further
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concluded that a strong n-type surface, as is obtained with pulled erystals,
18 not a characteristic behavior of thermally grown silicon oxide. To ex-
plain this behavior of pulled crystals, the main remaining possibility is
erystal impurities, particularly the fast diffusants. This possibility has
been supported by two main observations:

i. Pulled n-type erystals have shown, in the majority of cases, rather
large increases in body resistivities during the oxidation process (as high
as two orders of magnitude). These were observed when the samples
were quenched from the oxidation temperature to room temperature,
This change, however, will decay at room temperature, and the decay is
nearly complete in the order of an hour. At 200°C the decay is complete
in less than 10 minutes. This phenomenon is not understood, but it is
presumably due to some body impurities producing donor-type levels*
possibly through formation of complexes with oxygen in the erystal or
precipitation of acceptors.®® In our work with high-purity floating-zone
erystals, on the other hand, these changes in body resistivity were either
absent or comparatively small, the largest observed increase being about
15 per cent. Therefore, it seems quite plausible that the source of the
high density of donor-type surface states observed with pulled crystals
is fast-diffusing body impurities which are gettered by the oxide.

1. The second observation was a result of the following experiment.
A 10,000-angstrom gold film was evaporated on the same high-purity
floating-zone sample for which results were given in Fig. 15. The sample
was then heated in an argon oven for 30 minutes at 950°C. The excess
gold was then removed and the sample re-etched. From the increase in
resistivity it was estimated that approximately 3 X 10" atoms/cm?® of
gold were added. This is based on published data®-* on the donor and
acceptor levels introduced by gold in silicon (donor level 0.35 eleetron
volt from valence band; aceeptor level 0.54 eleetron volt from conduetion
band), and on the assumption that each gold atom is electrically active.
The sample was oxidized (300 angstroms) and the zero-frequency field
cffect measurement was repeated. The results are shown in Fig. 16. One
now finds that the surface is n-type, the conductivity minimum is barely
observed and the field effect mobility has decreased markedly to about
80 em?/volt-sec. The oxide was then removed by HI vapor, followed by
a water rinse, and the surface reverted to p-type. From this, one con-
cludes that added body impurities such as gold (and possibly others that
were unknowingly introduced into the crystal along with the gold), ean
diffuse to the surface and produce donor-type surface states that will
induce a strong n-type surface. Finally, to determine the effectiveness of
the oxide in gettering body impurities, the same sample was re-oxidized
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Fig. 16 — Zero-frequency four-point probe field effect — effect of adding gold
to crystal.

for 65 hours at 920°C (4000 angstroms), the oxide was removed and a
one-half-hour oxide was regrown (300 angstroms). Field effect measure-
ments were made and are presented in Fig. 17. Comparing this with
Figs. 15 and 16, one finds the resulting surface stzll n-type, yet the field
effect mobility is slightly higher and the conductance minimum is more
pronounced. From body resistivity measurements, one caleulates a de-
crease in gold content from the initial concentration of 3 X 10" to
1 X 10" atoms/cm®.

4.6 Comment on the Nature of Surface States al an Ovidized Surface

It was pointed out in the introduction that surface states exist on an
atomieally clean surface. These are associated with the dangling bonds
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Fig. 17 — Zero-frequency four-point probe field effect — gold gettering by
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or free orbitals. These “Tamm” states are acceptor-type states which
are neutral when unoccupied and negatively charged when occupied. It
has further been shown, theoretically,® that, at the interface between
two dissimilar crystals, Tamm-type states will also exist. In the case of
a thermally grown oxide on a silicon surface, one may visualize a gradual
transition in structure (within a few atomic layers) from an all-erystal-
line structure to an all-amorphous strueture. The composition must also
undergo a gradual transition from all silicon to all silicon dioxide. One
intuitively expects, therefore, that such a transition should give rise to
some Tamm-type surface states, as well as states associated with vacan-
cies due to lattice mismatch. For the surface states observed in our ex-
periments with thermally oxidized surfaces, we propose the following
tentative model. The acceptor-type states observed are Tamm-type
states and vacaney states, while the donor-type states observed are asso-
ciated with impurities that may be introduced in a variety of ways.
From this, the concepts result of surface doping and surface-state com-
pensation, in exact analogy to their counterparts in the body of a semi-
conductor. For further examination of this model, it appears quite im-
portant to study the surface states on an atomically clean silicon surface
which has been thermally oxidized in pure oxygen. This study is cur-
rently in progress.

V. CHARACTERISTICS OF THERMALLY OXIDIZED DEVICES

5.1 Characteristics of Oxidized Diodes

The oxidation process has been applied to several thousand diffused
junctions. These included n*-p and p*n diodes (graded junctions) in
the range of breakdown voltages of 20 to 400 volts, n-p-n and p-n-p strue-
tures and p-n-p-n switching transistor structures. Crystals used were all
pulled crystals, with phosphorus and boron the doping impurities.

The following results were all obtained on junctions with thin oxide
films, 150 to 300 angstroms, prepared at 920°C in dry oxygen (10 to 30
minutes oxidation time). After oxidation the junctions were quenched in
room air. No special precautions were taken for their storage; they were
usually stored in plastic boxes in room air. Units stored in this fashion
for as long as 15 months have shown no change in electrical character-
isties. Most of the measurements given below were obtained in room air,
and contacts were made by a point pressed on the top surface of the
device. By applying a sufficiently high voltage it is possible to break
through the oxide film (only for the thin films) and obtain satisfactory
contact for reverse bias current measurements.
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Fig. 18 shows the reverse V-I characteristics for two different boron-
doped crystals A and B. The junctions were obtained by diffusing phos-
phorus into a mechanieally polished surface, giving a junction which is
about 0.001 inch deep. The structure is essentially n*-p. Each slice had 12
individual diodes 0.025 X 0.025 inch, and slices 4 and B had body break-
down voltages of 36.5 and 43 volts, respectively. The circles indicate the
average current for each voltage; the range is also indicated. It is seen
that the spread is within a factor of 2 to 3, which has been typical for
all our results within one slice and within various slices with the same
history. From ecrystal to crystal, however, and sometimes from one diffu-
sion run to another, the reverse currents may vary by one to two orders
of magnitude. This is illustrated in Fig. 18. This figure also indieates
another significant effect that has been consistently observed with n*-p
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Fig. 18 — Typical characteristics of oxidized n*-p graded junction silicon diodes.
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Iig. 19 — Typical characteristics of oxidized n*-p graded junction silicon diodes.

diodes. For junctions giving higher reverse currents, there is less dependence
of current on voltage. In general, we have observed that for ntp graded
Junctions the reverse current is proportional to the applied voltage raised to
a power which varies from nearly zero to one-third. Crystal A in Fig. 18
gave o power of 0.11 to 0.18 (in the range 1 to 10 volts). Fig. 19 shows
the same effects for two other sets of n*-p diodes made from two differ-
ent erystals, with higher body breakdown voltage as indicated. For set
¢ the power dependence varied from 0.14 to 0.28.

From measurements of lifetime by the injection-extraction technique,*
it was shown that the body saturation current (due to diffusion accord-
ing to the simple diode theory®) is negligible. The contribution of body
current to the observed currents must, therefore, be due to space-charge
generation.*®¥.3 For graded junctions as used above, however, the
space-charge generation current is proportional to the applied voltage
(plus a built-in voltage) to the one-third power. Occasionally, this de-
pendence has been observed with oxidized units, but, in most cases,
the dependence observed is weaker for n*-p junctions, as discussed
above. This strongly suggests a separate contribution of the surface to
the observed currents.
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Fig. 20 — Separation of body and surface currents for oxidized diodes.

To illustrate this, the following experiment was performed. On one
slice of diffused n*-p material, 22 rectangular or square units of different
sizes were etched and oxidized to a thickness of about 200 angstroms.
The range of perimeter to area ratio obtained was 40 to 200 inch™. This
is based on the nominal dimensions rather than the actual dimensions,
including perimeter irregularities, resulting from etching, and accounts
for some of the spread of the data shown in Fig. 20. This figureis a plot,
of the I/A versus P/A, where I is the reverse current measured at 10
volts, A is the nominal area of the diode and P is its nominal perimeter.
If the currents observed were only body currents, this plot would be a
horizontal line, indicating that the current density is constant, regardless
of shape or size of the diode. One observes, however, that the experi-
mental points have a definite trend towards an increase in //A with an
increase in the P/A ratio. The median line is shown, together with two
other lines that contain all the points except one. From the intercepts
and slopes, one finds that the currents observed can be split into body
and surface components. From Fig. 20, the body component is 5.3 X
10— amperes/em? and the surface component is 3.5 X 10~° & 40 per
cent amperes/cm, both measured at 10 volts (for a 40-volt breakdown
voltage n*t-p diode) and at 25°C.

Tor further identification of the mechanisms of the body and surface
currents, one must repeat the above experiments at various tempera-
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tures and examine the activation energy in different temperature ranges.
Preliminary results indicate that, between room temperature and 250°C,
the activation energy inereases with temperature, approaching approxi-
mately 1 electron volt near 160°C and in some cases being as low as 0.55
electron volt at room temperature. Tentatively, this suggests that re-
verse currents near room temperature are due to space-charge generation
by traps located approximately at the middle of the energy gap, and
that, at higher temperatures, the usual saturation currents due to diffu-
sion will predominate (activation energy equal to the energy gap).

Now, returning to Figs. 18 and 19, one must explain why the depend-
ence of current on voltage is to a power less than one-third. This may be
explained in terms of our results from field effect measurements on pulled
crystals, as reported in previous sections. It was pointed out that, for
pulled crystals, the general tendency is to form n-type oxides, i.e., oxides
with a predominance of donor-type states which may invert the surface
of a p-type crystal. This means that a “‘channel” can form on the p-side
of an n*-p diode. The surface component of the observed current, there-
fore, corresponds to this channel current. Now, if sufficiently high voltage
is applied, the channel will “pinch off” and its current will essentially
saturate. This current, added to the body current which varies as V3,
gives the total current, which will appear to have a weaker dependence
on voltage. The stronger the channel formed, the higher its pinch-off
current, will be and the voltage dependence of the total current above
pinch-oft voltage will get weaker. For the results of Figs. 18 and 19, this
suggests that the pinch-off voltages were below one volt, the lowest volt-
age used in these experiments. More recent work on n-p-n structures,
whereby similar channels were formed by oxidation and the channel
characteristics obtained both before and after pineh-off, substantiates the
above explanation.

The above reasoning suggests that one should obtain a markedly dif-
ferent behavior for p*-n structures. This is, indeed, the case, and Figs.
21 and 22 show typical reverse characteristics of two different samples,
E and F, of pt-n diodes. The junction depth is about 0.001 inch, and the
body breakdown voltages are 64 and 32.5 volts for samples E and F,
respectively. Sample E consists of 12 diodes and sample ¥ consists of 7
diodes. In the range of 1 to 10 volts, the current is proportional to the
voltage raised to a power of 0.4 to 0.64, which is in excess of the one-third
power expected for a graded junction on the basis of space-charge gener-
ation. This, again, is due to surface contribution, which is explainable
in the same way we have explained the behavior of n*-p junctions. The
oxide is n-type, which tends to form an enhancement or enrichment layer
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Fig. 21 — Typical characteristies of oxidized p*-n graded junetion silicon diodes.

on the n-region of the ptn junction. If this enhancement is not suffi-
ciently strong, one obtains softer reverse characteristics, as shown in
Figs. 21 and 22. It is believed that this soft characteristic is made up of
a succession of small localized surface breakdowns which oceur at various
voltages below body breakdown. We have seen cases where, instead of a
gradual softness, the reverse characteristic is made up of a succession of
distinet segments starting at some low voltage and proceeding until body
breakdown is reached. The slopes of these lines correspond to resistances
of the order of several thousand ohms. This suggests localized surface
breakdowns. These effects are now being studied for shallow junections
(of the order of a micron), using the light emission technique.”4" Pre-
liminary results indicate that the occurrence of each of these segments
(or knees on the V-I curve) corresponds exactly to the onset of light
emission (white light from one point on the junction surface).

5.2 Characteristics of Oxidized p-n-p-n Diodes

Another device that was oxidized was the two-terminal p-n-p-n strue-
ture transistor switch, which is an all-diffused diode with junction spac-
ings of the order of 0.0001 inch. Fig. 23 shows typical characteristics of a
set of 20 units processed on one slice, including the high impedance char-
acteristics in both directions. (All these units had a 300-angstrom
oxide.) The circles represent the average readings and the corresponding
spreads are indicated.
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In this device, as well as in various others, it is important to maintain
the lifetime in the oxidation process. For a switching diode, the life-
time will be mainly reflected in the turn-on current of the device. This
requirement is compatible with the oxidation process, provided that the
cooling after oxidation is controlled. It was possible to maintain the life
time, or even show some improvement, by cooling the oxidation oven at
a rate of a few degrees per minute. This was checked on both diodes,
using the injection-extraction technique for lifetime measurement, and
on the p-n-p-n switch, as reflected in its turn-on current.

VI. NOISE IN OXIDIZED DIODES

Excess noise in single-erystal filaments-# and diodes® usually exhibits
a 1/f* speetrum (e ~ 1) and is sensitive to surface conditions. Several
theories®4.45.4% have been proposed to explain this frequency depend-
ence. MeWhorter,® for instance, suggests that the 1/f noise is caused
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Fig. 23. Typical characteristics of oxidized p-n-p-n silicon switching diodes.

primarily by fluctuations in the occupancy of slow surface states. From
field effect measurements as a function of frequency he has deduced a
distribution of the relaxation times for the slow states on germanium
surfaces, and he has shown that the same distribution can account for
the 1/f dependence of excess noise. For single-crystal filaments, the
fluctuating oceupancy of slow states produces conductivity modulation
in the bulk. In diodes and transistors, it also modulates the recombina-
tion rate at the surface, because of the relation between surface recom-
bination velocity and surface potential.#

As discussed previously, thermally oxidized silicon surfaces show no
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Fig. 24 — Noise in a thermally oxidized silicon diode.
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Fig. 25 — Noise in silicon diode after removal of oxide and light etching.

effects of slow states, so that it is of interest to determine whether the
1/f noise also is absent. Preliminary measurements of excess noise in
oxidized silicon diodes have shown the following:

i. Reverse-biased diodes operated at 75°C in dry air show no noise in
excess of shot noise to frequencies as low as 30 eps (Fig. 24).

ii. Removal of the oxide in HF vapor generally does not introduce any
additional noise.

iii. After a light etching in an HF-HNQ; solution a 1/f°-% dependence
of excess noise was found up to a frequency of about 10 ke (Fig. 25).

VII. SUMMARY

The problem has been re-examined of the stabilization of silicon sur-
faces when the silicon surface is chemically bound to an appropriate solid
film that is well defined in composition and structure. We have studied
one such system, namely, the silicon-silicon dioxide system when the
oxide film was produced by high temperature oxidation of the silicon
surfaces.

i. Film properties. The films produced were amorphous, continuous
and uniform. Various thicknesses were studied from a few hundred ang-
stroms to tens of thousands of angstroms. The films had a resistivity of
about 10'® chm-em, dielectric constant of about 4, and dielectric strength
of about 107 volts/em. The concentration of impurities which were de-
tected as mobile ionic charges were less than 10/em?.

ii. Interface properties. A completely new kind of surface was produced
by thermal oxidation, with its own characteristic distribution of surface
states. These were fast or interface states; slow or outer states were not
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observed. The 1/f noise commonly associated with fluctuations in slow
states was also not observed down to a frequency of 30 cps. The fast
states consisted of both donor-type and acceptor-type states. Their den-
sities and distributions, which determine the surface potential (surface
inversion or accumulation), were affected by both the pre-oxidation
treatment and the concentration of certain impurities in the silicon
crystal. Furthermore, the resulting surface potential was virtually locked
and showed no sensitivity to wet ambients, ammonia vapor or ozone.

iii. Compatibility. We have demonstrated the applicability of the oxi-
dation process to certain device structures. We must stress, however,
that it cannot be considered as a universal process which ean be applied
to any arbitrary device structure and maintain some desired surface
properties. The oxidation process provides not only a stable surface but
a completely new kind of surface with its own characteristic properties.
In applying the process to devices, it cannot be considered simply as a
stabilization of surface properties but must, instead, be considered as
an integral part of the device structure. From this evolves the important
concept of “surface design” which should be incorporated in the early
stages of device design.
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