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SURFACE MODIFICATION USING LOW ENERGY
GROUND STATE ION BEAMS

BACKGROUND OF THE INVENTION

1. Origin of the Invention

The invention described herein was made in the per-
formance of work under a NASA contract and is sub-
ject to the provisions of Public Law 96-517 (35 USC
§202) in which the contractor has elected not to retain
title. 2. Field of the Invention

The present invention is directed to a process for
effecting surface changes on materials. More particu-
larly, this invention is directed to a process for fabrica-
tion of semiconductor devices.

DESCRIPTION OF THE RELEVANT ART

In the manufacture of semiconductor devices from
semiconductor wafers such as silicon and gallium arse-
nide, the processes typically include modifications to
the wafer surface, such as forming an oxide layer at the
surface of the wafer. In the past, the surface layer of
oxide is obtained by causing the surface of the wafer to
oxidize at a high surface temperature ranging from
900°~1400° X. in a diffusion furnace. The prior art pro-
cesses involve thermal diffusion which requires expo-
sure of the wafer to an oxidizing agent at such elevated
temperature. In such high temperature environments, it
is inevitable that thermal stress is induced in the wafer
which may damage its structure. This is especially true
for denser, and radiation-hardened structures that can
be destroyed by heating. Industry is currently investing
considerable money in the development of lower tem-
perature oxidation processes to sidestep these undesired
effects. Other circumstances where high-temperature
heating is undesirable include post-fabrication process-
ing of integrated circuits, hybrid devices (GaAs on Si,
where GaAs can be destroyed by oxidation; or where
an interface can be damaged, or where metal interfaces
can react), and in doped materials where the dopants
may diffuse at high temperatures.

Another kind of, oxidation process is described in
U.S. Pat. No. 4,251,712 to Cuomo et al. This is a surface
reaction process for combined oxide growth and sputter
etching using an ion beam. The process involves expos-
ing a wafer to a high density oxygen ion beam of ener-
gies ranging from 30 to 180 eV generated in a plasma
chamber. Although this process does not subject the
wafer to high temperature in a furnace as in the oxida-
tion process previously described, the temperature of
the wafer is raised as a result of the action of the high
energy ions thus requiring cooling the wafer in order to
prevent damage to the wafer by thermal energy
buildup. This process also possesses additional draw-
backs. The oxygen ions produced from the plasma are

of mixed energy. Some of the oxygen ions are of suffi-

cient energy to cause displacement damage at the wafer
surface, i.e., breaks in bonds at the uniform crystal sur-
face. Furthermore, the plasma contains mixed reaction
products including neutral particles, positive and nega-
tive ions, and electrons which may find their way to the
wafer along with the oxygen ions in the reaction cham-
ber. This causes contamination of the wafer which de-
grades the quality of the semiconductor obtained from
the process.

In order to overcome the drawbacks associated with
thermal energy buildup in the prior art processes, it is
desirable to employ a method of forming an oxide layer
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on a wafer which involves using minimal thermal en-
ergy.

SUMMARY OF THE INVENTION

In accordance with the present invention, the surface
modification of semiconductor wafers can be carried
out by exposing the semiconductor wafer to a beam of
low energy ions of known quantum state, purity, flux,
and energy. The present invention provides improved
control of the surface modification process, which can
be optimized by controlling the surface temperature and
the beam energy. Certain types of modification are
possible at room temperature which would otherwise
require elevated temperature. In addition, use of a
charged particle beam lends itself to direct-write tech-
niques by a combination of beam deflection and target
masking.

In one aspect of the present invention, the surface of
a semiconductor substrate, such as a silicon wafer, is
oxidized by bombarding with a pure beam of O— ions in
the ground state. The O~ ions may be generated by
directing a stream of electrons onto a high density beam
of molecules of the type which will emit O~ ions when
bombarded with electrons. For example, a beam of NO
molecules may be employed. The electrons are acceler-
ated to sufficient energy to produce ground state O—
ions, and not higher electronic states. The electrons are
separated from the O— ions thus produced by electro-
static deflection. The O~ ions are directed at the semi-
conductor surface to be oxidized.

In accordance with the present invention, other sur-
face modifications can be obtained including diamond
film formation, hydrogen annealing and reduction of
silicon and gallium arsenide surfaces, development of
diamond based radiation hard semiconductors, oxygen
replenishment of thin film, high temperature supercon-
ducting films, and passivation of back surfaces of
charged-coupled devices. These applications can be
accomplished by use of suitable ion sources for the
respective applications:

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a schematic longitudinal sectional view of
an apparatus for oxidation of semiconductor surfaces
according to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The method of surface modification of the present
invention is described below in reference to oxidation of
a silicon wafer using an O— ion beam. In a preferred
embodiment, the O— ions may be produced using the
apparatus described in U.S. Pat. No. 4,644,273 to Chut-
jian et al., which is commonly assigned to the assignee
of the present invention, the disclosure of which is in-
corporated herein by reference. The apparatus is how-
ever briefly summarized below.

FIG. 1 illustrates the apparatus for modification of
the surface of a target material in the present invention.
The apparatus is generally cylindrical in configuration
and FIG. 1 shows the longitudinal sectional view along
the axis of the apparatus. A stream of electrons 12 is
projected along the axis of the apparatus perpendicu-
larly through a high density beam of molecules 14. The
beam of molecules is chosen to be such which will emit
O-— ions when bombarded with electrons. An example
of a suitable molecule is nitric oxide (NO). The elec-
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trons 12 are emitted by thermionic emission from an
electron gun 15-18 which comprises a filament 16
which is connected to an appropriate source of electri-
cal power (not shown). A plurality of electrodes 18
connected to an adjustable power supply V| are pro-
vided to accelerate the emitted electrons 12 from the
filament 16 towards the beam of molecules 14. As indi-
cated schematically, V| may be adjusted between a
negative potential and a positive potential. Electrical
coil 20 of the superconducting type is provided around
the electron gun 15 to produce an intense magnetic field
21 to confine the electrons in a high density stream. The
stream of electrons 12 is accelerated to a desired energy
as selected by the relative voltage applied to the elec-
trodes 18. Preferably, the electrons are accelerated to an
energy level between 1 to 15 eV in order to obtain O—
ions in the ground state. The specific energy level of the
electrons required is dependent on the particular has
being used to form the O— ions. For example, for NO an
energy of 8 eV is preferred.

When the beam of molecules 14 is bombarded by the
stream of electrons 12, O~ ions 22 are emitted. The O—
ions are in the ground state since the energy of the
electrons is low. The emitted O— ions 22 and the elec-
trons 24 from the electron stream 12 form a combined
stream 26 as indicated by the arrow. The combined
stream 26 is accelerated to a desired energy, preferably
less than 50 eV, by an additional electrode 28 connected
to a power supply V2. A pair of parallel spaced electro-
static plates 30 and 31 which are connected to a source
of electrical power (not shown) is disposed adjacent to
and on either side of the path of the combined stream 26
of electrons 24 and O~ ions 22. The electrons 24 and
O~ ions 22 are deflected by different amounts under the
action of electrostatic forces as they pass between the
electrostatic plates 30 and 31. The amount of deflection
is dependent upon the velocities of the electrons 24 and
O~ ions 22. O— ions being heavier, thus obtain a lower
velocity from the acceleration force provided by the
electrodes 28 than the electrons 24. The drift velocity
acquired by the ions between plates 30 and 31 causes the
ions 22 to be deflected by a greater amount than the
electrons 24 as shown by dotted lines 32 and 34, respec-
tively. A Faraday cup 36 is positioned to collect the
electrons 24.

The O— ions 22 are directed at the target silicon
wafer 10. In order to form a uniform oxide layer on the
wafer, the beam is scanned across the target wafer 10.
This can be done by moving the target wafer 10 with
respect to the beam in a manner such that the beam
scans the target uniformly, or by deflecting the beam in
a raster scanning manner.

The direct chemical combination of the oxygen parti-
cles and the silicon wafer results in the growth of a thin
film of silicon oxide on the surface of the silicon wafer
10. The initial rate of growth of the silicon oxide layer
in this process is much faster than that in an oxidizing
process involving thermal diffusion.

The results of the oxidation process as carried out in
a laboratory is summarized below. A silicon wafer was
exposed to a flux of O~ ions of approximately 1014
lions/cm2-s and 5 eV energy obtained by using elec-
trons of 8 eV. The ions were in the 2P quantum state.
The diameter of the O— ion beam was approximately
0.50-0.75 mm. The silicon wafer was exposed to the O—
ions for approximately 30 minutes.

At the end of the exposure to the O— ions, the wafer
was analyzed by X-ray photoelectron spectroscopy. It
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was found that a 20 A thick layer of silicon oxide had
grown at the surface that had been exposed to the O—
ions. This analysis also showed the presence of small
amounts of nitrogen and carbon atoms on the surface-
presumably from the background of NO gas and diffu-
sion pump oil. These contaminants can be eliminated by
the use of standard methods of differential pumping and
ultrahigh vacuum at the target exposure area.

One preferred embodiment of the present invention
has been described. Nevertheless, it will be understood
that various modifications may be made without depart-
ing from the spirit and scope of the invention. Surface
modifications other than oxidation of silicon wafers can
be obtained using appropriate beams of ions. For exam-
ple, the present invention can be advantageously uti-
lized for diamond film formation using C— ions, hydro-
gen annealing and reduction of silicon and gallium arse-
nide surfaces using H— ions, development of diamond
based radiation hardened semiconductors using C-—
ions, oxygen replenishment of thin film high tempera-
ture superconducting films and passivation of back sur-
faces of charged coupled devices using O— ions. For
these applications, suitable ion generating molecules are
used to generate the desired ions. Furthermore, by
varying the energy of the electrons used to bombard the
ion generating molecules, the desired quantum state of
the ions can be obtained for the specific surface modifi-
cation desired.

In summary, the present invention provides a method
for effecting modification at the surface of a material by
exposing the surface to a pure beam of low energy ions
of known quantum state and purity. The surface modifi-
cation process does not involve thermal diffusion at the
surface and therefore can be carried out at low tempera-
ture.

While the invention has been described with respect
to the preferred embodiment in accordance therewith,
it will be apparent to those skilled in the art that various
modifications and improvement may be made without
departing from the scope and spirit of the invention.
Accordingly, it is to be understood that the invention is
not to be limited by the specific illustrated embodiment,
but only by the scope of the appended claims.

We claim:

1. A method of effecting changes at the surface of a
semiconductor material in the fabrication of semicon-
ductor devices comprising the steps of:

supplying a stream of molecules which will emit ions

when bombarded with electrons:

bombarding the stream of molecules with electrons

which have been accelerated to sufficient energy to
produce a beam composed of ions in the ground
state; and

directing the beam of ions in the ground state at the

surface so as to effect changes at the surface with-
out generating substantial heat.

2. A method as in claim 1 wherein the ions produced
by bombardment of the molecules are accelerated to a
selected energy before the ions reach the surface.

3. A method as in claim 2 wherein the energy level of
the ions are selected within the range of 1 to 20 eV.

4. A method as in claim 3 wherein the surface is modi-
fied at room temperature.

5. A method as in claim 4 further comprising the step
of separating the electrons used to bombard the mole-
cules from the ion beam before the ion beam reaches the
surface.
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6. A method according to claim 5 wherein the elec-
trons are separated from the ions by providing electro-
static plates to deflect the path of the ion beam.
7. A method of oxidizing a surface of a semiconduc-
tor comprising the steps of:
supplying a stream of molecules which will emit
oxygen ions when bombarded with electrons;

bombarding the stream of molecules with electrons
which have been accelerated to sufficient energy to
produce a beam of oxygen ions in the ground quan-
tum state; and

directing the beam of oxygen ions at the surface of

the semiconductor material to oxidize the surface
without generating substantial heat.

8. A method as in claim 7 further comprising the step
of separating the electrons used to bombard the mole-
cules from the oxygen ion beam before the oxygen ion
beam reaches the surface of the semiconductor material.

9. A method as in claim 8 further comprising the step
of accelerating the oxygen ions to a selected energy
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before the oxygen ions reach the semiconductor sur-
face.

10. A method as in claim 9 wherein the oxygen ions
are substantially in the ground state and the energy of
the oxygen ions is selected within the range of 1 to 20
eV.

11. A method as in claim 10 wherein the semiconduc-
tor material is oxidized at room temperature.

12. A method as in claim 11 wherein the surface of
the semiconductor is exposed to the oxygen ion beam
for a duration in the order of 30 minutes to form a layer
of oxide of a thickness in the order of 20A on the surface
of the semiconductor material.

13. A method according to claim 11 wherein the
molecules are nitric oxide.

14. A method according to claim 13 wherein the
energy of the electrons is selected within the range of 1
to 15 eV.
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