PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 4 : (11) International Publication Number: WO 87/ 05152
HO1L 21/28, 21/316 Al | 13 International Publication Date: 27 August 1987 (27.08.87)
(21) International Application Number: PCT/US87/00272| (74) Agents: HIRSCH, A. E. Jr. et al.; Post Office Box 679,

(22) International Filing Date: 6 February 1987 (06.02.87)

(31) Priority Application Number:
25 February 1986 (25.02.86)
Us

833,884
(32) Priority Date:
(33) Priority Country:

(71) Applicant: AMERICAN TELEPHONE & TELE-
GRAPH COMPANY [US/US]; 550 Madison Avenue,
New York, NY 10022 (US).

(72) Inventors: KIM, Sea-Chung ; 4360 Valley Drive, Allen-
town, PA 18104 (US). MAURY, Alvaro ; 5906 Club
House Lane, Wescosville, PA 18106 (US). STINE-
BAUGH William, Henry, Jr. ; 1907 Homestead Ave-
nue, Bethlehem, PA 18018 (US).

Holmdel, NJ 07733 (US).

(81) Designated States: AT (European patent), BE (Euro-
pean patent), CH (European patent), DE (European
patent), FR (European patent), GB (European pa-
tent), IT (European patent), JP, KR, LU (European
patent), NL (European patent), SE (European pa-
tent).

Published
With international search report.
With amended claims.

(54) Title: FABRICATION OF SOLID-STATE DEVICES HAVING THIN DIELECTRIC LAYERS

(57) Abstract

Certain devices require a high quality thin (< 25 nanometer) dielectric layer formed on a deposited silicon layer.
Applications include capacitor dielectrics in dynamic memories and linear devices. In another application, an electrically
erasable programmable read only memory (EEPROM) uses an SiO, layer between the write gate and the floating gate. The
present technique oxidizes amorphous silicon under conditions that suppress grain growth to produce a higher quality ox-
ide than that achieved with conventional furnace oxidation of polysilicon. Rapid thermal oxidation is one method of prac-

ticing the technique.

]




T T T T e o T

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphilets publishing international appli-
cations under the PCT.

AT Austria FR France ML Mali

AU  Australia GA Gabon MR Mauritania
BB Barbados GB  United Kingdom MW Malawi

BE Belgium HU Hungary NL Netherlands
BG Bulgaria IT Italy NO Norway

BJ Benin JP  Japan RO Romania

BR Brazil KP Democratic People’s Republic _ SD Sudan

CF  Central African Republic of Korea SE Sweden

CG Congo KR Republic of Korea SN Senegal

CH Switzerland LI  Liechtenstein SU  Soviet Union
CM Cameroon LK  Sri Lanka TD Chad

DE Germany, Federal Republic of LU Luxembourg TG Togo

DK Denmark ° MC Monaco US  United States of America

FI  Finland MG Madagascar

*



WO 87/05152 PCT/US87/00272

10

15

FABRICATION OF SOLID-STATE DEVICES
HAVING THIN DIELECTRIC LAYERS

Background of the Invention
1. Field of the Invention
The present invention relates to solid state devices and particularly to a
method for producing such devices including a thin layer of silicon dioxide as a
dielectric.
2. Description of the Prior Art
Numerous applications exist in the semiconductor art for thin layers (Le.,
<25 nanometers) of silicon dioxide, e.g., as capacitor and gate electrode
dielectric layers. While numerous techniques exist for producing such layers,
the present invention is directed to a novel technique producing improved
results.

Summary of the Invention

We have invented a technique for forming a thin silicon dioxide layer
wherein amorphous silicon is oxidized under conditions that maintain at least a
surface portion of the silicon amorphous as it is undergoing oxidation to form
silicon dioxide. The amorphous silicon is typically formed by chemical vapor
deposition at a sufficiently low temperature to ensure the amorphicity of the
silicon as deposited. A conductivity-enhancing dopant, at a concentration of .
typically at least one weight percent, may be optionally included in the
deposited material, preferably by co-deposition with the amorphous silicon.
Detailed Description

The following detailed description relates to an improved technique for
growing silicon dioxide layers on deposited silicon. The inventive technique
results from our discovery that grown SiO, layers of improved dielectric quality
are obtained when the deposited silicon is amorphous, and the oxidation of the
amorphous silicon is rapidly accomplished, or otherwise accomplished to prevent
conversion of at least a surface portion of the amorphous silicon to polysilicon.

Application of the present technique to the production of integrated circuits
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and other solid state devices is possible. Silicon is considered to be amorphous

when only short-range order is present at the atomic level, with any resulting

grains having a size of less than 1 nanometer, as determined by x-ray or electron

diffraction techniques known in the art. The effectiveness of the foregoing

combination of conditions is illustrated by means of the following Examples.
EXAMPLE I

In a first series of experiments, the breakdown voltage of oxidized
polysilicon having various doping levels was determined. For this purpose, 400
nanometers of undoped polysilicon was deposited on a 100 nanometer thick
layer of 5102 that had been grown on each of six silicon wafers, each 5 inches in
diameter. The polysilicon was deposited by a low pressure chemical vapor
deposition (CVD) reaction of SiH 4 2b a temperature in the range of 580 to 590
degrees C, and was in a semi-amorphous state as deposited. Two of the wafers
were then exposed to PBr3 gas at a temperature of 950 degrees C for 10
minutes, resulting in a doping of the polysilicon with 1.5 weight percent of
phosphorus. Two other wafers were similarly exposed for 20 minutes, producing
a 2 weight percent phosphorus doping, and the last two wafers were exposed for
30 minutes, producing a 2.2 weight percent doping. In all cases, the exposure to
the elevated temperatures during doping caused the silicon to convert to the
polyerystalline state. '

Three of the wafers, one at each doping level, were furnace oxidized in an
atmosphere of 10% 0, , 90% Ar, and 0.1% C.H;C1, at 950 degrees C for a period
of 18 minutes, producing a $i0, layer about 17 nanometers thick on the surface
of the polysilicon layer on each wafer. Another three of the wafers, one at each
doping level, wWere rapidly oxidized by exposure to O, for 85 seconds at a
temperature of 1000 degrees C, which was produced by a tungsten-halogen
flashlamp. This produced a layer of $i0, about 20 nanometers thick on the
polysilicon surface of each wafer. A second layer of polysilicon 340 nanometers
thick, and doped with about 1 weight percent phosphorus, was deposited on the
foregoing 20 nanometer grown Si0, layer on each of the six wafers. This second
polysilicon layer was patterned to form electrodes, and an electric voltage
applied to each of the polysilicon layers, thereby producing an electric field
across the 20 nanometer grown 8102 layer.
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The breakdown voltage, and hence breakdown field, was determined for
each grown $i0, layer of each wafer; the results are presented in Table 1. Note

that the breakdown field did not exceed 5.5 megavolts per centimeter of film
thickness, and decreased significantly at the highest dopant concentration.

TABLE 1

Breakdown Field for Oxidized Polysilicon

Phosphorus concentration Breakdown field (MV/cm)
(weight percent) Furnace Rapid
Oxidation Oxidation
1.5 5.4 4.0
2.0 5.5 5.4
2.2 1.7 1.4
EXAMPLE II

This Example illustrates the improved dielectric films made according to
one embodiment of the inventive technique. Four silicon wafers had formed
thereon a 100 nanometer thick layer of silicon dioxide. Deposited on the oxide
layer of each wafer was 400 nanometers of amorphous silicon that was in-situ
doped with phosphorus by co-deposition of the silicon and phosphorus. The
deposition was accomplished by low pressure chemical vapor deposition, using .
SiH, and PH, as the source gases, and a small amount of N, to reduce the
formation of large particles. (The use of other source gases is possible.) The
deposition temperature of 570 degrees C was low enough to ensure the
amorphous state of the silicon as deposited. (Chemical vapor deposition
temperatures below about 580 to 590 degrees C typically results in amorphous
silicon.) The deposition rate, of a pressure of 1 Torr (lmm of H,), was 6.3
nanometers/minute. This allowed a relatively short deposition period, which



WO 87/05152 | PCT/US87/00272
-4-

prevented recrystallization of the amorphous silicon at the bottom of the film.
A first two of the wafers were doped with 1.5 weight percent phosphorus, and a
second two were doped with 2.4 weight percent phosphorus, by this procedure.
The deposited silicon was maintained in the amorphous state following

5 deposition.

The deposited amorphous silicon on two of the wafers, one at each
doping level, was furnace oxidized as above, producing oxide thicknesses
averaging about 19 nanometers. The deposited amorphous silicon on the
remaining two of the wafers, one at each doping level, was rapidly oxidized as

10 above, producing oxide thicknesses averaging about 23 nanometers. Each wafer
then had a doped polysilicon top layer deposited on the grown oxide layer, and
patterned to serve as an electrode as above.

The resulting breakdown fields were determined as above, and the results
are shown in Table 2.

15 TABLE 2

Breakdown Field for Oxidized Amorphous Silicon

Phosphorus concentration Breakdown Field (MV/cm)
(weight percent) Furnace Rapid
Oxidation Oxidation
20 1.5 6.6 8.5
2.5 5.8 " 838

It can be seen that the combination of rapid oxidation and amorphous
silicon results in an oxide having significantly improved quality as compared to
silicon dioxide films produced by the prior art technique of furnace oxidation of

25 polysilicon, and is also superior to both ra.p'}d oxidation of polysilicon and
furnace.oxidation of amorphous silicon. This is due to improved surface
smoothness of the rapidly oxidized amorphous silicon. Note that the

improvement is especially significant at relatively high dopant concentrations;

)]
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i.e., above about 2 weight percent for phosphorus'as the dopant. The deposited
amorphous silicon layer may be oxidized through its entire thickness by the
present technique, or alternately only a surface portion may be oxidized. During
the above rapid oxidation process, the amorphous silicon material underlying
the surface portion became polycrystalline. If the surface portion is sufficiently
oxidized before grain growth of the silicon material occurs, the improved
dielectric properties are obtained largely independently of subsequent grain
growth in the underlying material. Transmission electron microscope pictures of
the underlying silicon show that the resulting silicon grains are much more
uniform when the surface of amorphous silicon is rapidly oxidized as compared
to the case when the surface of polysilicon is oxidized under either of the
foregoing rapid or furnace oxidation conditions. Note also that even though it is
known that higher temperatures tend to promote grain growth, the "rapid
oxidation" {at 1000 degrees C) was so much shorter in duration than the
"furnace oxidation" (at 950 degrees C) in this Example that improved dielectric
quahtv was obtained. This is due to the rapidly oxidized surface forming 2 SLO

"cap” that maintained surface smoothness even as some grain growth in the
underlying silicon occurred.

In general, "rapid oxidation" as used herein means performing the
oxidation in less than 5 minutes, as may be accomplished in a flashlamp heater
apparatus. In accomplishing the rapid oxidation, the temperature ramp-up
should provide for a heating rate that makes the transition from a relatively low
temperature (e.g., 600 degrees C) to an oxidizing temperature in excess of 950
degrees C, in less than 5 minutes. A typical radiant heater (e.g., flashlamp)
produces this transition in less than 1 minute, and typically only a few seconds,
even when starting from room temperature. This rapid transition helps avoid
significant polysilicon grain growth prior to forming the oxide "cap". The time
at maximum temperature is also less than 5 minutes, and in a typical case less
than 2 minutes. The ramp-down of the temperature may then be relatively long
if desired, since the oxide "cap" will have formed, and will maintain surface
smoothness even if some further polysilicon grain growth occurs during ramp-
down, or in subsequent heating steps. The maximum temperature is typically in
excess of 950 degrees C for a dry oxygen ambient at atmospheric pressure.

However, the use of a steam oxidizing ambient and/or increased pressure may
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be used to reduce the maximum temperature required. The addition of other
oxidizing agents (e.g., chlorine or fluorine) may also reduce the times or
temperatures required. A plasma atmosphere comprising oxygen may be used to
assist the oxidation process; see, e.g.. U.S. patents 4,062,747 and 4.300,989 co-
assigned herewith. These techniques may thus be used to reduce the oxidation
temperature sufficiently so that polysilicon grain formation (from the
amorphous silicon) is retarded until after the surface portion is oxidized. The
oxidation times may then be longer than those used for "rapid oxidation". and
still achieve improved dielectric quality as compared to oxidation of polysilicon.
For example, plasma assisted oxidation of silicon at temperatures below 600
degrees C is known in the art. As applied to the present technique, the use of a
relatively low oxidizing temperature provides for reducing (or even eliminating)
the rate of polysilicon grain formation and growth, while still allowing oxidation
of the amorphous silicon to a usable thickness (e.g., greater than 5 nanometers).

Although deposition of amorphous silicon has been illustrated above, the
amorphous silicon may be formed by other techniques. For example, a layer of
deposited polysilicon may be rendered amorphous by ion beam damage. The
ion species may be, for example, an inert gas (e.g., argon), or a dopant used to
enhance the conductivity of the silicon. However, in some cases, only a surface
portion of the polysilicon need be amorphized thereby, for the reasons noted
above. We recommend that the amorphous surface portion be at least 10
nanometers thick prior to the oxidizing, to help ensure the benefits noted
herein. The oxidizing typically proceeds to produce a thickness of the silicon
dioxide of at least 3 nanometers. The oxidizing typically is terminated before
oxidizing the e‘ntire thickness of the deposited silicon, but the entire thickness
may be oxidized if desired. If the oxidizing is accomplished at a sufficiently low
temperature (e.g., less than about 580 degrees C), than the entire thickness of
the silicon layer can remain amorphous during the oxidation process, assuming
1t was in that state prior to oxidation. Exposure to higher temperatures (e.g.,
greater than about 590 degrees C) during subsequent processing operations may
then cause polysilicon grain formation in the silicon underneath the oxidized
surface region. For reasons as noted above, the oxidized surface "cap" results in
improved surface smoothness, and increased electric breakdown field, in that
case also. '

%
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It can be seen from the above Examples that the present techniques
produces an oxide layer having an electric breakdown field of typically over 8
megavolts per centimeter. In a typical case, it appears that the electric
breakdown fleld of Si0, formed by the inventive technique is at least 10 percent
greater than for an equally thick layer of $i0, grown on polysilicon, under
comparable oxidizing conditions (e.g., the same times, temperatures, and
oxidizing ambient). Other operations known in the art (e.g., growing or
depositing silicon nitride on the silicon dioxide) may be used to further improve
various properties of the layer formed by the present technique.
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Claims

1. A method of making a solid state device by steps comprising
depositing a layer of silicon and oxidizing at least a portion of said layer,

CHARACTERIZED in that |

at least a surface portion of said layer is amorphous silicon, and said
oxidizing is accomplished by heating the amorphous silicon in an ambient
comprising oxygen for a time sufficiently short and a temperature sufficiently
low to suppress the formation of polysilicon grains in said surface portion at
least during an initial portion of said oxidizing, whereby a layer of silicon
dioxide having an increased electric breakdown field is obtained.

2. The method of claim 1 wherein said amorphous silicon is in the
amorphous state as deposited at a temperature of less than 580 degrees C.

3. The method of claim 1 wherein said amorphous silicon is formed by
ion-beam damage of deposited polycrystalline silicon.

4. The method of claim 1 wherein said amorphous silicon includes at
least 1 weight percent of a conductivity-enhancing dopant that is co-deposited
with said layer of silicon.

5. The method of claim 1 wherein said amorphous silicon includes at
least 2 weight percent of a conductivity-enhancing dopant.

6. The method of claim 5 wherein said dopant is phosphorus.

7. The method of claim 1 wherein the entire thickness of the deposited
silicon layer is oxidized by said oxidizing. _

8. The method of claim 1 wherein only a surface portion of said layer is
oxidized by said oxidizing, and the portion of said layer underlying said surface
portion is polysilicon following said oxidizing.

9. The method of claim 1 wherein the oxidized portion of said layer has a
thickness of less than 25 nanometers. .

10. The method of claim 1 wherein said heating occurs at a rate that
increases the temperature of said layer from 600 degrees C to 950 degrees C in a
time of less than 3 minutes. ,

11. The method of claim 10 wherein said heating maintains said layer at a

temperature in excess of 950 degrees C for a time of less than 5 minutes.
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12. The method of claim 1 wherein the oxidized portion of said layer has a
thickness of at least 3 nanometers.
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AMENDED CLAIMS

[received by the International Bureau on 21 July 1987 (21.07 87);
original claims 1-12 replaced by new claims 1-14 (2 pages)]

1. A method of making a solid state device by steps comprising

depositing a layer of silicon and oxidizing at least a portion of said layer.

CHARACTERIZED in that

said layer is amorphous silicon, and said oxidizing is accomplished by
continually increasing the temperature of the amorphous silicon from less than 600
degrees C to at least 950 degrees C in an ambient comprising oxygen for a time
sufficiently short to oxidize a surface portion of said layer before the underlying
portion of said amorphous silicon is converted to polysilicon, whereby a smooth
layer of silicon dioxide having an increased electric breakdown field is obtained
on a layer of polysilicon. ,

2. The method of claim 1 wherein said amorphous silicon is in the
amorphous state as deposited at a temperature of less than 530 degrees C.

3. The method of claim 1 wherein said amorphous silicon is formed
by ion-beam damage of deposited polycrystalline silicon.

4. The method of claim 1 wherein said amorphous silicon includes at
least 1 weight percent of a conductivity-enhancing dopant that is co-deposited
with said layer of silicon.

5. The method of claim 1 wherein said amorphous silicon includes at
least 2 weight percent of a conductivity-enhancing dopant.

6. The method of claim 5 wherein said dopant is phosphorus.

7. The method of claim 1 wherein the oxidized portion of said layer
has a thickness of less than 25 nanometers.

8. The method of claim 1 wherein said layer as oxidized by said
oxidizing comprises a dielectric layer of a capacitor.

9. The method of claim 1 wherein said layer as oxidized by said
oxidizing comprising a gate dielectric of an insulated gate field effect transistor.

10. The method of claim 1 wherein said heating occurs at a rate that
increases the temperature of said layer from 600 dégrees C to 950 degrees C in a
time of less than 5 minutes.

11. The method of claim 10 wherein said heating maintains said layer
at a temperature in excess of 950 degrees C for a time of less than 5 minutes.

12. The method of claim 1 wherein the oxidized portion of said layer
has a thickness of at least 3 nanometers.

Y
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13. The method of claim 1 wherein the electric breakdown field of
said layer of silicon dioxide is at least 3 megavolts per centimeter.
14. The method of claim 1 wherein the electric breakdown field of
said layer of silicon dioxide is at least 10 percent greater than the electric
5 breakdown field of a layer of silicon dioxide of the same thickness grown on
polysilicon under comparable oxidizing conditions.
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