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OXIDATION OF GALLIUM ARSENIDE IN A PLASMA
MULTIPOLE DEVICE
STUDY OF THE MOS STRUCTURE OBTAINED

Conclusions /iii¥

Work planned: Physics-Electronles

Grantee - Organization and laboratory: Contract No. 77-7-1638
Laboratoires d'Electronique et de Starting Date: 11/14/77
Physique Appliquee

3, avenue Descartes

94450 Limelil-Brevannes

Scientific Director:

A, Mircea, assisted by S. Gourrier Duration: 12 months
Telephone: (1) 569-96-10 Cest: 352,000 F.

Number of investlgators involved: 3

Subject of contract:

Study of insulating layers on GaAs and of their interfaces,
with the view of using them for passivation and for fabrication
of MIS transistors.

Original Objectives:
Formation of an insulating layer, mainly oxide, on the sur-
face of GaAs by using plasma techniques.

Study of metal-insulator-semiconductor structures so obtained.

Have these objectives been attained?

Yes, for oxide on GaAs used as an insulator.
Manufacture of depletion and enrichment MOSFET transistors:s
can be anticipated.

¥Numbers in margins indicate foreign pagination.
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Have objectives other than those originally intended been
achleved?

Construction and perfection of a multipole plasma source
suitable for plasma oxidation of Gals.

Do you see any objectlon to dissemination of the final report?
No.

Have any sclentific publications already reported your work?
Yes.

Have any patents come out of thilis research?
No.

Can and should the contract have a continuation?
Yes, pursult of the research plan.

Would you wish to rezeive a possible DGRST contract for exploit-
ation of the results obtained?
A contract will be requested later to extend this work.

General conclusion about the investigation:
We have developed a plasma source well sulted to the problem

of oxidizing GaAs.

The results obtalned so far are encouraging.
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I - Introduction 13

Various techniques have been used over the last few years
to deposit or form an insulating layer on the surface of gall-
ium arsenide. These studles have been performed to produce
MOSFET fleld-effect translstors simllar to the silicon devices,
Use of galllium arsenide, in which the volume mobllity and satur-
atlon veloclty of the electrons are higher than they are in
sllicon, ought to lead to improved properties of MOSFET devices.

Various groups have already announced fabrication of such
transistors on gallium arsenide, operating mainly by enrichment
or depletion., For example, encoura~ing results have recently
been obtalned by a Japanese group at the Fujitsu laboratories,
working on the oxidatlon of GaAs by oxygen plasma [1]. With
a 2um gate length, an enrichment MOSFET has shown a maxlmum os-
cillation frequency of 13 GHz. For a depletion MOSFET with
a gate 1.8 um long, this frequency i1s about 22 GHz, 10% higher
than that for an equivalent MESFET transistor (with Schottky
gate) and of the same dimensions, made wlth the same technology
but without oxidation). The depletion MOSFET produced 0.4 W
at 6.5 GHz [2].

Such a promising result shows the value of this study.
The problem can be looked at in two ways;:
- deposition of a "foreign" insulator on the semiconductor;

- transforming the material itself into an insulator,
which up to now has meant oxidizing it.

In general, it appears that the main difficulties encoun-
tered in oxidation of GaAs are related to the differences in the
physical-chemical properties of arsenic, gallium, and their
compounds (heats of formation of the oxides, partial pressures).
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In particular, the oxides of arsenic are distinctly more vola-
tile than those of gallium: A8203 has a partial pressure of /U
1 atm at 350°C, while Ga203 1s virtually undecomposed up to
20000C, As a result, there are differences in arsenlc-gallium
stoichiometry in the oxlide (generally arsenlc-deflelent) and at
the oxlde/semlconductor interface (generally gallium-deficient
and containing unoxidized arsenic). These differences in stolch-
lometry could be related to the poorer electrical propertiles

of gallium arsenlde MOS structures, compared to those on sili-
con. They also very probably explain the poor results obtained
with "ordinary" thermal oxidation (without adding arsenic),

In particular, absence or low levels of arsenlic in the oxlde
greatly decreases the resistivity and the breakdown fleld.

Anodic oxidation of GaAs In an electrolytlc bath l1ls a slimple
technique to use, and has been studied very much lately [3],
[4], but the oxides obtalned this way contailn OH radicals (if
the electrolyte 1s based on water, which is the most frequent
case) and some lmpurities from the bath,

Since the very encouraging results mentioned above [1],
[2] and those of R.P.H. Chang [5], at Bell Laboratories [6],
oxygen-plasma oxldation of GaAs seems the most interesting tech-
nique. This is a "dry" technology which can easlly be inte-
grated Into a cycle for fabricating components without exposure
to alr. In addition, it 1s possible to work under high-purity
conditions (ultra-vacuum) this way. It 1s also a more flex-
ible technique: for example, by changing the plasma density
the experlimental conditions (oxidation time) and -the properties
of the oxides obtained can be modified. This is the technique
chosen at LEP.

II. Plasma Oxidatlon of GaAs

IT.1l. - Princilple

The general principle of' the method is the following: an /5
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wxygen plasma 1s created by various techniques. The sample
to be oxldized 1s placed in the plasma, and 1s generslly
biased positive with respect to the plasma. A blas current
then passes through it, This 18 plasma anodlc oxidatlon
(there are, however, some cases in which the sample 1s elec~
trically insulated).

In first approximation, this i1s an electrochemical anodic
oxldation in which the electrolyte has been replaced by an oxy-
gen plasma, But there are significant differences between the
two techniques, one of which is due to the high electron
component of the current received at the sample surface during
plasma oxidatlon (ef, II.4).

We are now golng to look briefly at the various techniques
for generating an oxygen plasma, and at their application to
oxidation of gallium arsenide, and then present the technilque
used at LEP and the properties of the oxides obtained,

IT.2. Various technlques for plasma oxidation of GaAs

Table 1 lists the maln experiments on plasma oxldation
of GaAs up to the present time,

The technlques most commonly used today for generating
plasmas on the cold-cathode DC discharge [8] and the RF dis-
charge, elther with a coil [1], [9], [10] or between two
plates [5F]. The first is easy to use and glves plasmas of
large volume but low density¥* (a few times 109 cm'3) which
have low oxidatilion rates. The second technique 1s harder to
set up and to control, and glves plasmas of smaller volume but
higher density (up to 1012 cm'3). The LAMP (large-capacilty
multipurpose plasma reactor) bullt on thils principle at Bell

* A plasma 1s neutral overall. The density of positive ions
1s equal to the total density of negative species (negative
ions and electrons); this is the plasma density.
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Labs by R.P.H. Chang [5] has given the most encouraging results
up to now., It uses magnetic confinement of the plasma and allows

decoupling of the plasma-generating reglon from the sample reglon,/7

This 15 at present one of the most complete and well-developed
systems, allowing study and application of many plasma-state
chemical reactions,

II.3., The multipole system used at LEP

- g o oo oo — -

The device consists mainly of a hot cathode (filament) com=~
bined with 7 magnetic contalnment system (Figure 1). A hot fila-
ment blased . a few tens of volts negative wlth respect to ground
emlits electrons. These are confined by an arrangement of vertical
columns of permanent magnets placed faclng the plasma alternately.
Such an arrangement forms a "magnetic mirror" which reflects the
primary electrons from the filament, Thls confinement can bve
completed by two plates abt the top and bottom of the device, which
also have permanent magnets arranged in the same way.

The whole thing (magnets + filament) constitubtes a multi-
pole, a device which has been studied in plasma physics for years
113, [12], [13], [14]. It offers many advantages: a) Electron
confinement increases the mean free path of the electrons and
thus thelr probability of ilonizing an oxygen atom. The multipole
thus allows the plasma density to be increased by one or two
orders of magnltude, especlally at relatively low gas pressures
(10'” to 10™3 Torr). Consequently, in the multipole built at LEP,
densities ranging up to 5 x 1010 om™3 naye been attained with
oxygen pressures of 5 x 10'“ to 10’3 Torr. Flgure 2 shows plasma
density at 6 x :LO")4 Torr as a functlon of filament emission cur-
rent (primary electron current) Iem and of discharge power Pd
(product of emission current and filament bilas voltage), The plas-
ma density varies approximately as Iem 0.8. It has been possible
to obtain higher densities (in the rangsz of lOll om'3) by techni-
cal improvements which allowed a higher filament emlssion current.
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Figure 2. Plasma density n+ in the multipole as a function
of emission current Iem and discharge power Pd.

b) - The electrons confined and re-injected into the plasma give
good plasma uniformity, which is an essential conditlon for satis-
factory uniformity of the oxidation. This uniformity can also

be obtained in larger multipoles than the present one (15 cm diam-
eter,30cm high), as work with the "PARODIE" multipole at Ecole /8
Polytechnique (1 m diameter, 1 m high) has shown [14]: 0.3 m3
plasma can be generated in it, uniform to 1%. One can thus talk
about construction of large multipoles for simultaneous oxidation
of several wafers.

c) The low voltages needed to operate the multipole (a few tens
of volts) limlt sputtering from the cathode, which can be an im-
portant effect in other types of plasma, especlally in the cold-
cathode DC dischargel[15].

In addition (this is a general property of the oxygen plasma),

11
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there 1s a high proportilon of negatlve ilons in the mulbtipole
plasma. IMgure 3 shows B, the ratio of electron density to
total plasma density, as a function of plasma density. Tor a
plasma ranglng from 108 cm_3 to 5 x 1010 cm'3, the proportion

of negative lons lies between 30 and 50% of the negative species,
This is an interesting characteristic of the plasma, but it

1s not necessarily an advantage in the plasma oxidation of Gals,
because in this case 1t appears that the electron contribution
to the current ils essential (ef. II.U).

Estimates of the electron temperature give a value around
1l eV.

All the results mentloned above were obtained by interpret-
ing the current-voltape characteristics of a Langmulr probe.
12
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The calculations are dlscussed brilefly in Appendix 1.

Mass analysls of the lonle specles in the plasma has not
been performed as yet. However, an analysils of negative lons in
o similar plasma generated by a binsed. filament without magnetic
confinement has shown that the dominant Llonle specles depends on
the nature of the filament [16]: with a tungsten fllament, the
dominant negative lon 1s Noé {the nitrogen coming from the resi-
dual gases); with a rhenium filament it is Og, We have assumed
that i1t would be the same in the multipole, especlally for cal-
culating the plasma denslty and the proportion of negative lons.

The sample holder (Iigure 1) Lls a copper disc mounted on a
copper support which is 1in contact with a block through which
liquid nitrogen can be circulated. The sample holder disc 1s
electrically insulated from the support (at ground) by a thin
mlca sheet.

A temperature regulator is mounted on the sample holder.
At present, the temperature read by a thermocouple placed on the
sample holder disc doesn't go above 100°C during a typical oxi-
datlon.

A tantalum plate below the {ilament prevents any sample
contamination by line-of-sight evaporation.

A liguld-nitrogen cold trap 1s mounted under the sample
holder.

ITI.3.2. Oxidation of GaAs in the multipole

S (o Bt o - . v S " 4t S Gy DS M ol S B (. " —— —— t— o y— o

The system is pumped to about 19"6 Torr hy a diffusion
: .y -
pump, then back-filled with oxygen to between 5 x 10 ‘ and 1077
Torr.

13
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a) consbant bias current

The growth rate 1s approximately constant when the bilas
voltage 1is not greater than 20-30V, For example, at a plasma
density of 2 x 1010 cm'3 growth rates of 200 A/min and 250 A/min
can be obtained for bias current densities of 30 and 40 mA/cm2
respectively.

The ratio of final thickness to change in bias voltage is
about 40 K/V, which confirms the results of other groups working
on plasma oxldation of GaAs [5], [8]. This ratio 1s nearly half
as large (22 K/V) for electrolytic anodic oxidation [3], [4].
The origin of such a difference is still unknown,

The decrease 1in growth rate observed at high blas voltages
(above 20-30V) is probably due to partial sputtering of the
oxlde layer by oxygen ions which have become too energetic, An
estimate of the sputtering rate shows that 1t can be of the
same order of magnitude as the growth rate (several K/sec). This
phenomenon, observed elsewhere [8], is one of the differences
from electrolytic anodic oxidation. In the latter case, if one
works at constant current the polarization voltage generally
increases linearly with tilme.

b) constant blas voltage /10
The oxide thickness is observed to saturate after a few
(o]
minutes (Figure 4). A thickness of about 1000 A is reached in
4 min at a bias of 40 V and a density of 2 x 10lo cm-3.

If the blas voltage is held constant, the blas current

decreases with time but does not completely go to zero (Figure 5).

This residual current (about 20% of the initial current) has

also been observed by others [8]. Its origin has not been esta-
blished clearly: it could be a photocurrent due to plasma rad-
lation [8], a leakage current through the edges of the oxidized

15
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Figure 6. Photograph of an oxide (scale in centimeters)

area, which would be imperfectly screened by the alumlnum mask,
or a result of the sputtering noted above. In the latter case,
the limiting oxide thickness would be reached when the sputtering
rate 1s equal to the growth rate. This limiting thickness is
less than the theoretical thickness limit, toward which it ought
to tend if there were no sputtering, and for which the bias
current would tend to zero., The resldual current would then be

the current corresponding to the limiting thickness really ob-
tained.

We have not carried out any systematic studies of the effect
of plasma density.

In summary, by one technique or the other, uniform oxides
are obtained easily on a surface of up to 2 cm2 (Figure 6). This
limit 1s presently imposed by technical considerations, but the
good uniformity of the plasma in the multipole (see above) allows

us to expect oxidation of larger surfaces or of several samples
at a time.
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Oxldations have been made with various types of sample,
all with (100) orlentation: n-type, with doping of a few times
1016 em™3 to 2 x 1018 em™3 epltaxied on n+, and p-type doped at

7 x 1019 op~3 epltaxied on p+. The epitaxies were made at LEP.

IT.4., = Comments on mechanisms of plasma growth of oxide on
GaAs /11

The mechanisms of plasma oxidation of GaAs are still poorly
understood. They may vary with the type of plasma.

Oxide growth in a microwave plasma (O.,A, Weinreich [7], Table
1) has been interpreted as implantation of oxygen lons in a layer
about 10 X thick, followed by diffusion under the influence of
the field. 1In this way, the observed parabolic dependence of thick-
ness on time (xz = kt) can be explained. In such a mechanism,
only oxygen would be mobille.

For other types of plasma, and especially for the multipole
plasma, 1t appears that the mechanism is inward diffusion of oxy-
gen lons combined with outward diffusion of arsenic and gallium.
This conclusion follows from oxldation experiments wilith Al/GaAs
composite structures performed at LEP and at Bell Labs. After
oxldation of such devices, galllum arsenide 1s found on both
sides of aluminum layer, which is itself oxidized [6], [17].
Figure Ta shows an Auger profile (ef. III.1l).of an oxldized
Al/GaAs -sample. Such a result shows that there 1s good backward
movement of oxygen on the one hand, and of arsenic and gallium
on the other.

In addition, the oxygen ions responsible for the oxidation
could be extracted as such from the plasma, or even be formed at
the GaAs surface - for example by interaction between electrons
and oxygen molecules. To try to clarify this point, we have per-
formed the following experiment; we placed permanent magnets /12
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t Figure 7a. Auger profile of an oxldized Al/GaAs structure.

near the sample so that the magnetic field (several hundred G)
was parallel to the surface of the sample. A large drop in bias
current was seen. For example, with a plasma density of 2 x 1010
cm_3 and a bias voltage of +40 V, the bias current density drop-
ped from 40 mA/cm2 to about 1 mA/cm2. The magnetic fleld de-
flects the electrons near the sample and the electron component
of the blas current is suppressed or greatly reduced. On the
other hand, the ilons are heavier, and virtually unaffected by

the fleld. A very significant decrease in oxidation rate is thus
seen. This simple experiment shows clearly that the electron com-
ponent of the bias currents plays a fundamental role in the oxi-
dation mechanlism, and that the oxygen lons responsible for the
oxidation are - at least for the most part -formed at the sample
surface and not extracted as such from the plasma. This experi-
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ment also shows the relatlive importance of the lon and elec-
tron components of the blas current. The elec¢tron component is
undoubtedly the most important by far because of the higher mo-
bility of electrons. R.P.H., Chang arrived at the same conclu-
sion after a simllar experiment [5].

Note: The speclal case of oxldatlion by a cold-cathode DC dis-
charge has been studled in detall by Leslie, Kelth, and Knorr
[15], who oxidized various materials (Ta, Nb, Cu) by thils method,
using various cathodes (Ta, Nb, Al, C), and analyzed the oxide
obtained by Auger spectroscopy. Thelr conclusion was that
transfer of material from the cathode to the anode 1s not an inter-
fering effect, but takes part in the oxidatlon process. The oxlde
would be formed in two stages: first, deposit of a layer of oxi-
dized cathode materlal onto the surface of the sample, then ex-
change of oxygen between this oxide layer and the sample. If

the oxlde of the cathode material i1s chemically more stable than
that of the sample, the latter does not oxidlze (as with the
carbon cathode).

Auger analysis of GaAs oxlde obtained in a DC oxygen plasma
with an aluminum cathode [8] has revealed a layer of aluminum
oxlde on the surface. Similar results have been obtained at LEP
during preliminary tests of oxidation with a molybdenum cathcde.

/13

Because of the low voltages used, such a phenomenon should not
ocecur in the multipole, and in fact no contamination could be de-
tected by Auger or SIMS (see below).

IIT - Propertles of Oxides Obtalined in the Multipole Plasma

III.1. Physical-chemical propertles

—— Y oo . - 0 ‘e —— - -

Like the electrochemical anodic oxide [3], [4], plasma~-
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produced oxide on GaAs is chemlically delicate. It 1s attacked
by acids (HCL, H3P0u, ete,) and common bases; we have not yet
carried out systematic quantitative (attack rate) studies on this
subject however.

a) - structure
X-ray diffraction shows that the oxides are amorphous.
b) =~ optical properties

The index oforefraction of the oxldes, determined by ellip-
sometry at 632.8 A is 1.85 - 1.9, comparable to results published
elsewhere [1], [18].

¢) = composition

The composition of the GaAs oxldes produced in the multi-
pole has been studied at LEP by SIMS and Auger spectroscopy in
an lon-sputtering system.

SIMS has better detection limits than Auger spectroscopy.
It was used to check that no contamination was present in the
oxlide. However, because of the difficulty of interpreting
and quantitating SIMS spectra, we made most of the oxide~compo-
sition studies by Auger spectroscopy with ion milling. This tech-
nique 1s less sensitive, but the results can be made quantitative
by use of calibration standards. The quantitation technique is
detailed in Appendix 2.

The Auger spectrometer, made by CMA, was used with a 10-
HA beam current at 2.5 kV, and 5-V modulation. Ion etching was
carried out at a beam density of about 6 pA/cmz, which gave an
eteh rate of 8 - 10 K/min.
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Figures Tb and 7c¢ show typlcal Auger profiles of an oxlde
before(7h) and after (7c¢) annealing in nitrogen at 350°C for
30 min.,

For the unannealed oxlde one observes:

a) a practically flat profile over most of the volume of
the oxide, with typlcal concentrations (in atom percent, a/o):
0 - 50 a/o; Ga- 35 a/o; As - 15 a/o.

b) an increase in the arsenic concentration and a decrease in
the gallium concentration in a surface reglon about 200 X thick,
¢) an oxide-semlconductor interface containing an excess of
arsenic (hatched regiong. The width of the interface can be
estimated at about 100 A if the distance over whlch the oxygen
concentration goes from 90% to 10% oi its maximum value 1s taken
as an indication,

By comparison, for the annealed oxide the concentration
in the volume 1s almost unchanged. However, the increase in
arsenlc in the surface region has dilsappeared: some of the ar-
senlc escaped during annealing. The linterface has been reduced
to about 50 K, and sti1ll contains an excess of arsenic., Finally,
the thickness of the oxide seems to have decreased (but this
change 1s small, and could be due to a lack of uniformity of
the oxlde).

The overall arsenic deficiency is probably explained by
the volatillty of the arsenic oxides, much higher than that of
the gallium oxides. /15

The deficiency of arsenic in the volume and the excess of
arsenic at the interface have been observed in other oxides made
by plasma i8], [19]. However, the width of the interface seems
to depend on the experimental conditions, mainly on the length
of the oxidatlon, For R.P.H. Chang, using a relatively high-
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density plasma (several times 1010 om'3) wlth short oxidation

[o]
times (2-5 min), ghe interface was legs than 30 A for an oxilde
thickness of 600 A, and less than 70 A for a thickness of 2800

K [19]. For L.A., Chesler and G. Y. Robinson, using a low~-density

plasma (DC discharge) with long oxidatiog times (3 to 4 hr) [8],
the interface was very wide: about 500 A, The oxldes produced
in the multipole are intermediate, which fits in quite well with
the oxidation conditions: density of the order of 1010 cm™3
oxldation times distinctly less than those of Chesler and Robin-
son but greater than those of R.P.H. Chang.

III.2. - Electrical properties

MOS (metal-oxide-semlconductor) diodes were manufactured
by evaporating aluminum through a mask containing holes 80 or
100 um in diameter.

The breakdown field of the oxides after annealing in nitro-
gen or nitrogen-hydrogen at 350-400°C was about 2 x 106 V/em.,
It decreased 1f the oxlde was annealed at temperatures above
450°C, especially if the annealing was done in hydrogen. This
speclal effect of hydrogen is probably due to the formation
of crystalline reglons of arsenic within the oxide [20],

The capaclty-voltage C(V) and conductance-voltage G(V)
curves of the MOS dlodes have been drawn for a 1-MHz measuring
frequency using a PAR 410 C(V) curve tracer and between 100 Hz
and 100 kHz using a PAR 128 A synchronous detector with the 410
curve tracer,

The results varied with the type of semliconductor oxidized. 416

:EII-E.:LD - p"'type

Figure 8 shows typical C(V) and G(V) curves obtained at 1

MHz for an oxide formed on p-type material (7 x 103’5 om'3) anneal-
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ed in nitrogen at 350°C for 30 min. Two very well-defined
horizontals of maxlimum and minimum capaclty are seen, together
with some counterclockwlse hysteresis which increases when the
amplitude of the volvage sweep is lncreased. The sense uf this
hysteresls shows that it 1s probably due to capture of holes

in the oxide or at the interface when the MOS dlode i1s negatively
blased.

Il the voltage sweep is faster, an additlonal hysteresis
loop appears in the reglon of minimum capaclity. This can be
seen in Fipure 9 for the same sample as that of Flgure 8, but
annealed in nitrogen at 300°C for 30 minutes. The capacity in
the maximum shows a "deep depletilon" behavior: the sweep is
too fast for the capacity to follow it and reach 1ts equili-
brium value, represented by the horizontal seen at lower sweep
speeds, Comparlsons of Igures 8 and 9 also shows that annealing
affects this phenomenon; at 0.2 V/sec the deep depletion
change is visible in the oxide annealed at 300°C but not in
the oxlde annealed at 350°C, where it appears only at speeds
of the order of 1 V/sec. We have studied the response of the MOS
capaclty to a voltage step which brings it Into the deep-depletion
zone, When this step ls applied, the capaclty goes to a value
below the equilibrium value, then tends towards that value more
or less rapidly. Physically, the width of the depleted zone
exceeds the equilibrium value, then returns to it by recombina-
tion of the majority carriers with ionized impurities. Inter-
pretation of the capacity-time curves makes 1t easy to determine
the rate at which electron-hole pairs are generated (Zerbst
plot [21]), provided :these palrs are created in the depleted

zone and not through surface states. If the C(t) curve has /17

an inflection, volume generation wlthin the depleted zone pre-
ponderates in the return to eguilibrium; if the curve does not
have an inflection, but rather has a concavity pointing downward,
surface generation predominates. The latter case 1s precisely
what 1s observed in our MOS or p-type diodes. Return to equi-
librium is thus dominated by processes generating electron-hole
pairs to the surface. This took place in about 30 sec for the




sample of Figure 8 when 1t wys subjected to a + 20-V step. A
simllar observation has been made on an electrochemlcal anodlc

oxide [22].

The minimum-capacity horizontal has been interpreted by
some writers [1], [8] to be proof that the semiconductor under
the oxlde can be made to invert. In polint of fact, for electro-
chemlical anodlce oxlde more preclse studles of the variation of
the surface potential [23], [24] seem to show that inverslon
1s not attalned, and that the minimum-capaclty horizontal 1is
due bto a high denslty of states at the oxlde-semlconductor inter-
face which would trap the IFerml level and limlt any extension
of the depleted zone and thus of any change in capacity.

We have estlmated the density of interface states by Terman's
method [25]. This consists of comparing the theoretical C(V)
curve with a C(V) curve traced at a frequency assumed to be high
enough that all the interface states are unable to fellow., Under
this ocondition the states are charged or discharged only by the
voltage sweep. They behave as 1f the total charge in the oxide
were altered, and displace the C(V) curve by an amount which
varies wlth V. The variliation of the difference between the theo-
retical and experimental curves then allows the density of
Interface states to be calculated. Sources of error In thils me-
thod are the following:

a) Even at 1 MHz there can be interface states which follow
the sipgnal. In fact, measurements on electrochemlical anodle
oxide slLow that the slope of the C(V) curves decreases above
1 MHz [24], [26].

b) Drawing the theoretical curve assumes good knowledge of the
doping of the cemiconductor and precise determination of the
capaclty of the oxide, Cox' This is comparable to the maximum
capaclty measured at low frequency. Examination of the equi- 418
valent clrcuilt of a MOS structure (oxide capaclty Cox in seriles
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with a depleted-zone capaclty CD, the latter in parallel

with the conductance GSS and the capaclty CSS of the interface
states which follow the signal) shows that 1f the measuring
frequency decreases, the number of states which can follow it
increases, and thus CSS increases rapldly and makes the capa~
clty tend toward the capacity of the oxide, C_  [22]. For oxide
on the p-type material, we have not observed any slgnificant
change in maximum capaclty between 100 Hz and 1 MHz. We have
taken the value of this maximum capacity to be Cox'

¢) The rate at which the C(V) curve is scanned must be low
enough that slow charge captures and losses in the oxlide or
at the interface (responsible for the hysteresis) can take
place. If the sweep 1s too fast the slow traps in the oxide
and at the interface cannot follow, and are not taken into
account in the calculation.

With all these assumptions, one can estimate that the den-
sity is around a few times 1Ollcm'2 eV-1 about 0.4 eV above
the conduction band. This value is only approximate, however;
it is very probably ar underestimate. Capacity measurements
at frequencies above 1 MHz [24] will soon give a more exact
value.

III.2Q2. - n_type

The capacity-voltage curves made on n-type material have
a very different appearance from those of the p-type.

Figure 10 shows the C(V) curves of an MOS diode made on
an n-type semiconductor (doped to 1017 cm’3) after annealing
in nitrogen at 350°C for 30 min.

A certain amount of hysteresis is ohserved, with 1ts sense
opposite to that of the p-type material; this shows the exis-
tence of electron trapping and deep-depletion behavior near the /19
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capaclty minimum, The most characteristic feature 1s the in-
crease 1in maxlimum capacity (positive bias) when the frequency
of the measuring signal decreases, This frequency dispersion
of the capacity has been observed by other authors working with
plasma-produced [1], [8] or electrochemical [3] anodic oxide on
GaAs.

The shape of the capacity-time curves, when a voltage step
1s applied which brings the diode into deep depletion, is similar
to what is seen for the p-type material. Return to equilibrium
is dominated by electron-hole palr generation at the interface.

The frequency dispersion is probably due to a high density
of interface states which, when they follow the measuring signal
contribute to the total measured capacity and make it tend toward
the capaclty of the oxide. In fact, if the maximum capacity at
low frequency is taken to be the capacity of the oxide, Terman's
method can be used to estimate densities of interface states of
the order of 103 em™® eV™T in the middle of the band gap. This
density of states limilits the excursion of the Permi level, which
cannot reach the upper half of the gap. The semiconductor under
the oxide i1s always in a depletlion state.

The first fabricatlons of MOSFET transistors on n-type mater-
ial using electrochemical [3] or plasma [2] anodic oxide showed
that in fact such a density of states does not directly limit the
ultra-high-frequency properties of these devices. These states
are quilte incapable of following input-signal changes at the fre-
quencies used (GHz band). On the other hand, the distortions
which they introduce into the C(V) curves can keep an optlimum
steady-state operating point from being chosen for the device.

A Japanese team at the Fujitsu laboratories has fabricated
MOSFET transistors from plasma oxide layers which have comparable

capacity-voltage curves [1], [2]. The performance of the device /20
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1s as follows: 13 GHz maximum enrichment oscillation frequency ;
(positive gabe bilas), 22 GHz maximum frequency (with a 1.8 uh gate)

and 0.4 W output power at 6.5 GHz. To place the performance of
the MOSFET transistor 1n perspective, these authors also bullt a
metal-contact-semiconductor transistor (MESFET) the same size

as the MOSFET, using the same technology without the plasma {
oxldation step. The maximum frequency of this MESFET was 20 GHz,
or 10% below that of the depletion MOSFET,

As mentioned above, the anneallng abtmosphere can play an
important role in [determining] the electrical propertles of
MOS structures. Figure 11 shows a C(V) curve of an oxide on
n-type material (4 x 1016 om'3) annealed in hydrogen at 450°C
for 30 min. Compared to the sample annealed in nitrogen, the :
variation in capacity 1s clearer even for low sweep rates (40 mV/ 2
sec). A similar curve has been published by R.P.H. Chang for |
plasma oxide produced in the "LAMP" at Bell Labs [5]. This
result is a significant improvement over the properties of
nitrogen-~annealed oxide.

However, annealing in hydrogen degrades the dielectric
strength much more than annealing in nitrogen at the same temper-
ature does., For the sample of Figure 10, it was of the order
of 0.6 to 1 x 106'V/cm. Prolonged annealing in hydrogen above
500°C actually destroys the oxide for all practical purposes
[20].

In conclusion, on n-type material the behavior of MOS diodes
is controlled by a high density of interface states near the
middle of the gap. From the work of Hasegawa and Sawada [23], 7
who studied the electrochemical anodic oxide, it can be expected
that this same density also exists on p-type material and explains
the minimum capacity horizontal observed in the C(V) curves.
For both types of semiconductor the Fermi level can never reach
the upper half of the band gap. Thus, a MOS diode on n-type
material could be inversion biased but not accumulation biassed,
and vide versa for a diode on p-type material.
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ITII.2.3. Prospects for improving electrical properties

/21

Because of the very different physical and chemical proper-
tles of arsenlc and galllum, the oxides produced in the multipole,
as in other plasma-oxldation devices [8], are arsenic-deficient
within the volume and have an arsenlc-rich interface., In addil-
tlon, ellipsometric measurements made at various wavelengths [27]
and Auger observations [19] have shown that the oxlde and the
interface contain an excess of arsenic, partly unoxidized, in pro-
portions whlch depend on the experimental oxidation conditions.
It 1s possible that differences in arsenlc/gallium sbolchiometry
and the presence of unoxldlzed arsenic are responsible for the
poorer electrical properties of MOS structures on GaAs compared
to those on Si. In particular, the high density of interface
states deduced fromthe C(V) curves could be due to the unoxidized
arsenic,

Two results published recently seem to confirm these hypo-
theses; a) - A Japanese team at the Matsushita Electronics
Corporation [23] has produced a high-quality thermal oxide

(resistivity 10149 - cm, breakdown fileld 5-7 x 106 V/em) by
oxidizing GaAs in A5203 vapor. Compared to "ordinary" thermal
oxides (without external arsenic supply) the stoichlometry is
distinctly better. This example shows that the stolchiometry in
the volume of the oxide controls the volume properties (break-
down, resistivity) of the layer.

b) Using a thin aluminum film (~ 50 Z) deposited on the surface
of the GaAs, R.P.H. Chang at Bell Labs was able to improve the
arsenic/gallium stolchiometry of the plasma-produced oxide [17].
During oxidation, the aluminum acts as a filter and limits out—
ward diffusion of arsenic. At the end of oxidation, one finds

a layer of GaAs oxide, then a layer of aluminum oxide, then a
layer of GaAs oxlde. This latter oxide layer is stoichiometric
over a good part of its thickness, and especilally at the oxide-
semiconductor interface, which according to Auger measurements
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no longer has an excess of arsenic as GaAs alone does (cf,
IITI.1). After the oxlde is annealed in hydrogen at 550°C
for 30 min, the properties of the MOS structures obtalned seem
to be pood [6]: breakdown field 4 x 106 V/em, density of inter-
face states in the range of 1040 o2 eyl (using the Terman
method and the C(V) curve at 1 MHz).

/22

Similar experiments have beeg performed at LEP with evep-
orated aluminum films 50 to 100 A thick, However, the Auger
profiles of such a structure after oxidatlion (Figure Ta) show
that arsenic excess 1s stilll present at the interface (hatched
region). In this case, the aluminum layer did not act as a filter,
and did not significantly limlt the outward diffusion of arsenic.
The electrical properties seem to confirm this observation,
since they are not much better than for GaAs alone. Figure 12
shows C(V) and G(V) curves for such a structure (50 K of Al
over n-type GaAs doped to U x 1016 cm—3) after oxldation and
annealing in hydrogen (500 °C, 20 min).

Comparison of this result wlth those of R.P.H. Chang is
an additional indicator that differences in arsenic/gallium
stolchiometry in the oxide control the yvolume properties (resis-
tivity, breakdown fleld) of the layer, and that the partially
unoxidized arsenic excess at the interface is responsible for
the high density of states generally observed.

One must thus try to reduce these differences in stoich-
iometry. Various methods are possible: for example, oxidation
or annealing in an arsenic-rich atmosphere, improvement of
the filtering properties of a metallic f1lm deposited on the
surface of the GaAs, or very fast oxidation in a higher-density
plasma to avold too large a loss of arsenic in the volume and
formation of a large excess of partially unoxidized arsenic
at the inberface. These experiments, combined with more power-
ful analytical techniques (variable wavelength ellipsometry)
might result in improved volume and interface properties of

the oxide.
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IV- Conclusions

The multipole device 1s a simple way to obtaln an oxygen
plasma of good density (a few times 1010 c:m"3 with current tech-
nology) and good uniformity in a relatively large volume, It is
thus perfectly sulted to the study of plasma oxidation of GaAs.

In this way, we have been able to produceooxides on GaAs
which have usable thicknesses (at least 1000 A), typleally
in 5 min. After annealing in nitrogen, these oxlides have elec-
trical properties comparable to the results of other groups
working on this subject around the world [1], [5], [8], [10]:
breakdown fileld 2 x 106 V/em; capaclity-voltage curve for p-type
material shows a clear maximum and minimum and little frequency
dependence(to 1 MHz), for n-type material there is strong fre-
quency dispersion of the capacity maxzimum, probably due to a
high density of interface states (z10% .i% 4v"%) in the center
of the band gap. Annealing in hydrogen gives larger capaclty
modulation, but significantly reduces the breakdown voltage of
the oxide.

Comparable results have led to fabrication of depletion
and enrichment MOSFET transistors whose electrical properties
after lmprovement could be comparable to those of MESFET trans-
istors (Schottky gate) currently receiving wide attention.

Prospects for improvement are related to reducing the
excursions from stoichiometry within the bulk of the oxide and
at the interface. In particular, reducing the partially unox-
ldized arsenic excess at the interface ought to lead to a de-
crease in the denslty of states within the band gap, which would
allow a larger modulation of the capaclity of the MOS structures.
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TECHNICAL APPENDIX 1

/AT, 1~1
The important parameters of a plasma are the density n+,
the electron temperature Te (giving the thermal energy of the
electrons), the plasma potential Vp, and the relative electron
denrity B (the ratio of electron denslty to plasma density).

This appendlx describes the practical method used in this
work to determine n+ and B.

For a thin cylindrical probe (dlameter d, length 1, with
a4¢1 ) lmmersed in a plasma and blased by a voltage V with
respect to Vp, it can be shown in [a] that the current I, due
to lons of mass my (assumed to be singly ilonized) and density
ny 1s:

T

Iy =myea-did \( r'.?:’z‘ (e = the electron charge).
In particular, for negative blases, only positive lons
of mass mt+ will be attracted; thelr density n+ 1is the plasma

density:

AORAL 1 .
" {0 1 r*
12 1] "Wa")\n—-r o oarw Prtarveren
o 30l [reavuns
voe Y ~V

Vp is small, of the order of a few volts from ground., If the
probe is bilased to a few tens of volts, V can be taken to be

the blas voltage of the probe from ground, and Vb can be neglected,
If m+ is known, n+ can then be calculated by measuring I+. In

our study, inspired by similar experiments [b], we took O§ to be
the positive ion,

The relatliye electron density g was calculated by comparing
the currents in the probe for blases v on both sides of V
which were large compared to Vp[c] and to the thermal energies
of the components of the plasma. (In practice, it is sufficilent
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to take V to be a few tens of volts).

For a thin probe, 1t can be shown that:

mn?'-‘"
s ° “\[g& /AT, 1-2
3 - mv-umn "
ol -y fmt
» me a”

where R 1s the ratio of the probe current for V positive to the
current for V negative;

m- 1s the mass of the negative ilon (only one assumed);

Mg is the electron mass,

In our study we have assumed that the negative lon is NOE

[bl.
[a] See, for example
J. Virmont, Ductorat es-~Sclences-thesis - Ecole Poly~-
technique - 1969)

[b] M. Bacal, H. J. Doucet, Vacuum 24, 595 (1974).
fe]l H. I, Doucet, Phys, Let. 33A 283 (1970).
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Method of callibrating analysés by Auger spectrometry:

The Auger signal can be converted into concentration by the
sensitivity-factor method described by C.C. Chang [al].

H, = d\ihi /:Eyq‘y hy

3

In this expression, Hi 1s the concentration of element i,
hi is the Auger signal of element i'determined by the peak-to-
peak height in the spectrum of 3%§§LL as a function of E,
and oy is the lnverse of the sensitlvity factor for element
i.

This type of formalism does not take account of the matrix

effects: change-of shape and energy of the Auger peaks, electron
backscattering, diffraction of primary electrons, etec,

This difficulty can be avoided by using standards to deter-
mine a new sénsitlivity factor for each matrix. This 1s the
approach which was chosen for the study of GaAs oxides,

In this calibration method it 1s not necessary to determine
the % absolutely, and consequently galllum was chosen as the
refeyrence element.

a) - Determination of the di coefficlents for gallium arsenilde

The sensitivity factors were determined on (001) surfaces
of GaAs for the following cases; after ion cleaning, after mole-
cular-beam growth, after cleaning the surface by thermal treat-
ment in ultra-high vacuum [b].

. = 1

Ga
o= 1,7 M

ASB,
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1
b) - Determination of the (x coefficients for GaAs oxlde. /A.T.2-2

The sensitivity factors were determined on pressed-powder
specimens; As C. C. Chang did [c], we observed a change in the
amount of arsenlic at the specimen surface whilch was produced
by the electron beam and caused us to make a correction to the
sensitivity factor for arsenic. In contrast, the sensitivity
factor for oxygen as measured on Ga203 specimens did not change
significantly during ion or electron bombardment.

46.” 1
\Lo = 0'67

»
$anw 2,61 (o)

¢) The sensitivity coefflclent of aluminum in the oxide was
measured by using a corundum specimen as therreference,

A'i\a = 1,54

(*¥) These inverse sensltivity factors are applicable only to
measurements made under the following conditilons:

peak-to-peak modulation: 5V

analyzer resolution; 0,3%

incident electron energy: 2.5 keV

incident electron flux; 8 x 1017 e/cm2 sec’l.

[al C. C. Chang, Characterization of Solid Surfaces (P. F.
Kane and G. B. Lattabel, Plenum Press, New York, 1974)

pp. 509-575.

[b] G. Laurence, F. Simondet and P. Sajet accepted for publi-
cation in Applied Physics.

¢l C. C. Chang, R.P.H., Chang and S.P. Murarka, J. Electro-
chem, 125, 481 (19 ).
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USE OF MULTIPOLY PLASMA
FOR THZ OXIDATION OF SEMICONDUCTORS
by

S. Gourrier, A, Mircea
Laboratoires d'Electronique et dea Physique Appliquéc
94450 Limeil=Brevennes, J avenue Descartes (Fronce)

and

‘M, Bacal
Ecole Polytechnioua
. 91128 Palaiseau Codex (Francae)

1. Introduction
In the last few yeors ther¢ has been an increasing interest in
GaAr plasme oxidation [1-4]. This interest is related to the potential use
of this semiconductor in M.0.S. (Metal-Onid&<Samicondictory diovices s The
oxide jayer should mect the following requirements @

= & high resistivity (at least Iald-lol%Q Cr) 3

?
= a high enough breakdown voitage to allow biases up to 20-30 V (break-

dovm fields higher than 2-3 106 V/cm for a typical oxide thickness of
° .
1000 A) ;

~ a density of interface states and fixzed bulk charges lower than 1011cm'2.

, Using a large capocity mulfipurpose plasma reactor (LAMP), Chang
and Sinha [1] have obtained promising results in oxidizing Gais in a ma-
ghetically confined oxygen plasma producéd.by a RI* discharge. The successe-
ful operation of a depletion MOSFET with plasma oxidized GaAs has also
been reported {4]. However, the equipment previously used for plasma

ox. Jation was generally sophicticated and costly.

Wa proposced and tested an oxygen multipole type plasma [5] for
studying the plasma.éxidation of Gais and other semiconducterse. Ye found
that this cheap and efficient plasmue source is adequatle for the oxidatinn

of GaAs surfaces.
This paper prescnks thne structure and characteristics of the
multipole plasma source as well as some preliminary recults conecerning

the aleclrical and physical propertices of the oxides prepared in this

NSO G .
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2. The multipole wvvanr plasma

A few years ago Limpaccher and Macilenzie [5] reported the vae
of o.mu!tipglc type dovice for producing jarge, homogeneous and quiescent
avrgon plasmue The muliipole device congisty of a plasma source locatad
inside a “magnatic" plasma container (Ficure 1). The plasma source consigts
of one or soveral clectron cmitters (e.g. kot tungsten filoments), biased
negatively with respect Lo the walls of tho magnetic plasma container ;
the primary clectrens ionize the low pressure gos admitted in the vessil.

The plasma conteiner is 2 magnetic structuro made of small per-
menent raghets prasenting alternatively their south and north polas towsrds
the plaosma. The permancnt magnets can be fixed outside the vacuum cliamber
in which the plasma is producced. The magnetic field crcated at tha plasma
surlace cen reflect the ionizing primery eleccerons az well as the plasma
electrons ond ions. For a given neutral density and electron emisgsien
current, the usc of the magnetic plazma contalner leads to an incrcase in

plasma density of two or three orders of moguitude.

Recently, the multipole device has been used in fields other
than the fundsmental research in plasma physics for which it hed been
originally destinated. Thus the use of fthe multipole configuration fot the
production of jntense pesitive nnd negmtive hydrogen iocn heems has basn
recently veposrted ['6,7]« The properties of the multipole plasma (homogencity,

3

large volume, high degrec of gas ioniwation) secms highly suitable for

application in plasma chemistry ; however, to the best of our knowledge, tha

use of a multipole device has not yet been described for this application.

It hzs been demonstrated [87 . that a "diffusion-type"
oxygen plasma of ~ 109cmm3 could be produced at vacuum levels ranging from
10-3 to 10—“ Tory, using Tungsten or Rheonium electron emittersg. The multipole
confinement can increase the pogsible lifetime of the electron emitters ;
an oxygen plasma density of 1010- 1011 cm"3 is produced using modest

1/ 1 3

electrical powver at z2n oxygen prassure of 107 "= 1077 Torr.

Our inultipole system is shown on Fig.i. ft consists mainly of a non-
magnetic stainless~steel cylinder around which columns of permanent magnets
are mounted. The magnetic confinement on top and bottom of the multipole
is géhicvedby two discs which also support stacks of permanenht magrets
and are located inside the vacuum chamber. The electron source is a tungsten
filament of 0,3 nm Qiameter. Under typical operating conditions, its Llife-

time is akout 15 hours.
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Figues 2 shows the varistion of picsaa denaity versus dischargs
current and discharpoe povor (the heating power dissipsatod in the £{ilarcnt
ta pot included), an obtained in the abova doscrilicd maléipolo.

.

The plocma density Lo dsterrined from the ionie branch of the
chinracterictic of o thin cylindevical alectretiatic preha. This characte-

ristic also pives the relative olectren denwity it the plasmas [9]
n = nufh’

Pigurae 3 showrs  the meesured variation of the rolativo eluctrox density

versun the plasma density. . .

The muzs Pnalysim ol the fon specics progent in the multipole
plasma tras ot of foctuatad. However, tho analysis of tho naepative ion
species present in the diffusicn type oxygen pioswn [8] hea shown that
the domiimmt negative.lon species wag dependent on the npature of the used
election emi&teé. Hheé a ﬁuﬁgaten filamﬁﬁﬁ!;iu peed, tho dominant nogative
fon was the inpurity ion NO; ;90", 0; and No; ions aro  also procent.

WVhen a Rietilum erdttes is used, the deminant negative Hon fa 0,6
' e

3

3. Gohs nlorme aumicdation

The Livst saaple holdery that werw used did net allicy the conirol
of the temperature of tho pasplen dusing the oxidation, which under typical
oparationg canditione cenld ronch 1509C-200°C, Since the honting of the
sample during plasma axidatiop may be a seriows nroblem (it way affect
the denoity ond the stocchiarotry of the oxides) a sample

hielder: was dosigned which con Ge coolad by water or liguid nitrogen.

In this device, the samnle ia placed on a small copper disc
rount.ed on o copper pedestol in vihich water or lignid aitrogen con flow.
This Alge i8 electrically isolated by a thin mice sheet, whilst waintaining
a good thermnl contact with tho pedastal. The sarple adges are covered
by an alumina cap. In Shis way, any di.;ovsion of thg electsrcal field
which could bhe due te irregﬁlar adges and which ecould iead te oxidation
inhomogeneitics can o avoideds, Furtbiormore, with this ceoometry the sample
surface acts as lhe enly enode curface within the mwultipole volume. A small

tantolum plate hos been mounted under the filament fo aveid direct contaminaw

v

tion oi the samplew
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Uxidations have been carvied out mostly on n-type {2 101 cm-3)
and nometines on p~tyne (7 x lcxﬁcm'j) [200] GoAs. Before being
oxidizud, the wafers were degreasod, deonidized in bolling hydrochlopic
acid and thoroughiy rinsed in deicnised water. Moro elaborute swfoco
prepacation techniques are presently under study in ouwr laboratory and

Mill soon be employed in this vork.

The wholoe systom is pumped down to about 10"6 Torr ond then
filled with oxygen (99.9084). Undér typical oxidation conditions, the
exypen pressure is about 8 x 10-4 Torr, the cmigsion current ranges
from 20 to 1C0 mA (corresponding to plasma densitiesn from 5 x 109 cm”’
to 2 x 1Oiacm'3). The somple voltage is a few tenn of volts positive
with reapact to the plasma, and the current density ;n the saapla sur-
face is 1 ta 7 mﬁ/tmz. If this deusity is held constant, the varintion
el the sample voltage can,be menitored: after on initial (5-10 an)
vapid rise (23 V/m with a current density of 5=7 Qﬁ/cmz), a slower
rate io cburved. The ratio between the veoltage veariation and the Linal
oxide thiclness iz about L0 K/V, a value similar to that of other authors
working un Geds plasma oxadaticn  [1,3] end whick is M
two tines hicher than in  the case of anodic oxidation. Uning this
tachnicue, hopsgencous oxiden with thicknesses in the range 1000-2000 K
con he ebtained in 20-30 wi. The aaximum temperature during the o:.dation

ia about £0-90¢C with wator cooling.

o Pronerties of the oxide layers

Uy

The oxide layers have beon analyzed using Auger spectroscopy
and 5IMS. The Auger calibration method is enalogous te that of Chang
ct 2), [10] and yields approximetely the same correction factois. For
provicus oxides made without any cooling, an almost constant depth
profile is cbteined with typical conccntfuticnu of O = 50%, Ga ~ 35%,
As = 5%, The first Auger results concerning oxides made at loweyr tempu-~
rav res (Twnx = 40°C) give approximately the same values but with a
slight ducrease of the oxygen concentrotion (55% at the surface, 50%
at the interface) and a corresponding increase of the arsenic concentroe
tion (10% at the surface, 15% at the interface) while the gallium
concuntration remaing about 35%. For both tyges of sdmgles, the interface
transition was estimated to be ISOLZOO K. No pollution could he detected

aither by Augur or by SINS anulysis.
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EBllipucrictric weanurcments at 6328 A pave a "nrructhu indox
of 1.05-2.9. '

‘

M.0.S. diodey were fabricatod by evaporating.aluminium through
n ook v;th aperiures of 80 um diamatore. Thae diclectric bhrealdein fiedd of

the onide e about 2 x 10 V/cme C(V) curves of nnmesled n and p typa
sauples are shown in figuren 4y 5 eand G. They show some characteristic
features already mentioned by other workers for plasma [2,3] or anodic
[13] oxicese. For n {ype samples (Fig. 4) & clockwise hyntcroaiu and a
froquoncy dlopersion in thae ro-called uccumu!ation region can bo zeen.
ahiis lattor phcncricnon can be .wﬁorn"etcdp ‘an stated by ohher warleers
[11] by the presence of o high dennity (in the 10*en™2 ov”? ronge) of
interface states near the conduction band prcvcnting the sormnle to be
biased inte accumulation. For p typo samples (Fige 5), a well defined
ninirun capacitence and soma hystercesis are obgerved. Increasing the
awnop rote tends to crfnate a loop in the minidmum capscitence rogion bud
does pot change the amplitude of tho hysteresig (Fig. 6). Ko noticeabla
frequancy dispersion of the moximum and minimum capacifsnces voalues could
be sden fronm 100 He %o 1 MHz. For both types of samples, the effuctive-
ness of the aunceling treatment, c.g. 30 mn at 350°C in niivegun, Yag
clearly demanctrated, especially in reducing the hysteresis amplitude.
In conclusion, the multipole principle haws provided a simpls
encd convenlent plasma source allowing the study of plesma grow owldes
on Gads. Fusthyr studies are presently being parforned in order to
irprove {he clectrical propertiocs of thc oxides and (o obtain a beivter

knowledge of tho oxide-semiconductos interface.
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