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This invention relates to a process for producing capacitor
grade powder from a base material selected from Group V-B of
the Periodic Table which has been reacted with nitrogen and
oxygen; the powder produced therefrom; and a solid electrode
fabricated from the powdér and anodized at voltages of 100
volts and higher. Improved electrical leakage characteristics
are obtained through a range of specific chaxrge of up to
25,000 uFV/g. '

BACKGROUND OF THE INVENTION

The performance characteristics of capacitors or
electrodes formed from capacitor grade powders are expressed
in terms of specific charge and electrical current leakage.
The specific charge, normally expressed in uFV/g, is a measure
of electrical charge capacity of the capacitor and is usually
proportional to the surface area of the powder as a sintered
and anodized pellet, The electrical leakage, normally
expressed in units of nA/uFV or 10" uA/uFV, is an indication
of how well - the capacitor holds the specific charge.
Capacitors with improved electrical leakage characteristics
are recognized as having higher reliability.

It is well known that the performance characteristics of
finished capacitors are affected by the chemical and physical
characteristics of the powder employed to make the capacitors.
Base powders having greater than 3000 ppm by weight of oxygen
often develop crystalline like flaws in the dielectric film
during sintering and anodic oxidation. The flaws allow
current to pass through the dielectric, producing parts which
exhibit exceasive electrical leakage and premature failure.
The 1likelihood of flaw formation im_:reases for high
reliability capacitors where anodization voltages of 100 volts
or higher are used. ' '
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Field of the Invention This invention relates ta a process for producing
¢apaci tor grade powder froma base material selected from Goup V-B of the
.Periqdic Table ' been reacted with nitrogen and oxygen; t heramesesor
produced therefron "and a solid electrode fabricated fromthe powder and
anodi zed at voltages of 100 volts and higher. Inp?oved el ectrical |eakage
characteristics are obtained through a range of specific charge of up to

25, 000 uFV/ g. . _
_ g leakage or the effect of such doping on the electrical

characteristics for anodization voltages above 100 volts.
: Furthermore, the percentage reduction in electrical leakage
sis relatively low for anodization voltages above 200 volts,
5 suggesting that the role of the dopants employed is to modify
the dielectric material rather than to reduce dielectric
defects during formation.

In Japanese Kokai No.: 53[1978] -49, 254, a method for

forming a uniform tantalum nitride film is disclosed. In one

10 embodiment, tantalum powder is subjected to ammonia gas and-

. mixtures of nitrogen or ammonia with an inert gas such as

argon. Alternately, tantalum powder may be exposed to a salt

bath consisting of NaCN, NaCO,, BaCl,, and KCl. The powder is
then pressed into anodes and sintered. -

15 . In Japanese Kokai No.: 63{1988).-86,509, a process for
reducing electrical leakage is disclosed. Tantalum powder
which was préésed into an aqodé and sintered was subject to
an ammonia gas atmosphere at a temperature of 1,100°C. Reacted
oxygen was held below 3000ppm. No disclosure is made however,

20 of the significance of doping with both oxygen and nitrogen
in the critical range claimed by the present invention.

Only marginal improvements ;n_electrical leakage have
been observed for capacitors utilized in high reliability
applications. Typically these rugged capacitors are anodized

25 at voltages above 200 volts and operate in a specific charge
range of between 5,000 and 24,000 uFV/g and more particularly
between 5,000 and 15,000 ufFV/g.

! One object of the present invention therefore is to

reduce electrical leakage in solid electrolytic capacitors at

30 formation voltages of 100 volts or higher, while maintaining
specific charges above 5,000 uFV/g;
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BACKGROUND OF THE | NVENTI ON The performance characteristics of

capaci t.ors or el ectrodes formed from capacitor grade powders are expressed
ih'terms of speciWossssmge and el ectrical current | eakage. The sREIVES94/04207
esharge, normally expressed in uFV/g, is a neasure.of electrical charge
capacity of the capacitar and is usually proportidnal to the surface area

of the powder as a sintered and anodi zed pellet. The el ectrical |eakage,
normal |y expressed in units of nA gRYeprpHERTETIONAORPHE isRANTNGEdi Cat i on
of how wel|” the capacitor holds the speci fic charge. Capacitors W th

I nproved el ect.ri.cal .
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eakage characteri'stics
The invention will be more readily understood from the

follow1ng descrlptlon and from the accompanying non-limiting
Figures:

Figure 1 illustrates the synergistic effect of reacting
tantalum base material with oxygen and nitrogen together as
compared with reacting the material with oxygen and nitrogen
separately. Percent reduction in electrical leakage is
illustrated over a range of formation voltages.

‘The lower curve of Figure 1 was prepared from éata
cbtained by the evaluation of electrodes anodized at voltages
of 150 volts and 200 volts, and was prepared in acceordance
with Examples 1 and 3, and 2 and 4 discussed below. The
percent reduction in electrical leakage was calculated by
taking '  the average leakage from Examples 3 and 4 over a
sintering range of from about 1400°C to 1700°C, and
subttracting the value from the average leakage from control
Examples 1 and 2. The percentage reduction in the average
electrical 1eékage from the control was then calculated. The
reduction is approximately 35% at 100 volt ancodization, 55%
at 150 volts, 60% at 200 volts, and over 80% at 400 volts.

.. The middle curve of Figure 1 was prepared from electrodes
anodized at 100, 150, 200, and 400 volts. Compar"ison data was
obtained from electrodes prepared in accordance with Examples
9 and 8, 2 and 1, 4 and 3, 12 and 11, and 14 and 13.

Figures 2 and 3 illustrate an improvement in specific
charge over a range of sintering temperatures between about
1400°C and 1600°C. Tantalum base materials were doped with
oxygen and nitrogen in accordance with the process of Examples
1-4 and 8-10 respectively, and tested for specific charge.
The results were compared with the results obtained from
control éamplgs prepared in accordance with the steps of
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aré_fécogniied as having higher reliability. It is well known that
the performance characteristics of finished capacitors are affected by the

chem cal and physi cal

characteristics of the powder enployed to & is9ea207

capaci tors. Base WOWM@¥1havi ng greater than 3000 ppm by wei ght of oxygen
often develop crystalline like flaws in the diel egtri c filmduring

sintering and anodi ¢ oxidation. The flaws allow current to pass through

the dielectric, producing parts which exhibit excessive electrical |eakage
and premature failure. Thethdi kgbahpaterdils f émployed i i ote ewbsdbmas 4Drthe

hi gh reliability capagitors vhere anodi zatlon yQldeddesaOby N0t Ydehement while
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being subject to a vacuum or an inert gas environment.
Temperatures in the range of 1200°C to 1600°C, and preferably
in the range of 1400°C to 1500°C were used. The heat treatment
process 'may"be repeated to achieve a desired degree of
agglomeration. Those skilled in the art will recognize the
thermal conditions and heating times necessary to achieve a
desired level of ggglomeration of the selected powder.

_ After agglomeration, the base material was subjected to -

- gize reduction to a screen size smaller than 40 mesh. Various

traditional methods for reduction are contemblated by the
present invention including.the use of jaw crushing.

It is also within the scope of the present invention to
prepare electrodes from powders whiclh have not been subject
to agglomeration heat treatment.

The inventor has discovered that by reacting a range of
nitrogen and oxygen with the base material, capacitors
produced from the treated powder demonstrated improved
electrical leakage characteristics. While a range of about 500
to 7000 ppm by weight of nitrogen and of about 700 to 3000 ppm
by weight of oxygen is contemplated by the present invention,
a range of 1400 to 4500 ppm nitrogen and 1100 to 2500 ppm of
oxygen is preferred. At anodization voltages of greater than
200 volts, ranges of 1400 to 2600 ppm nitrogen and 950 to

" 2900 ppm oxygen are preferred. Where the quantity of nitrogen

and oxygen fall either below or above the cited range, desired
reduction levels of electrical leakage and increases in
specific charge are not achieved.

It is also contemplated by the present invention that
nitrogen and oxygen can be added to the base material at
différept points during the process. For example, the dopants
may be added during any heat cycle after the powder ig pressed
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or higher are used.
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- . Those skilled in the art will recognize that the values
of x, Yy, and z will depend on the level of oxygen and nitrogen
present in the tantalum base material. In accordance with

’ Examples 6 and 7, between about 2050 and 2900 ppm of oxygen
by weight remained after the powdex was purified of magnesium

oxide. A reduction in electrical leakage of between 75 and 84%
and a specific charge range of 9,800 to about 15,350 was
obtained for an anodization voltage of 150 to 200 volts.
Desxred quantxtles of both oxygen and nltrogen were reacted
with base metal in the same step.

.Whére at least a stoichiometric amount of magnesium is
used and appropriate temperatures and residence times known
to those skilled in the art are employed, oxygen in the
tantalum metal lattice can be completely removed. Tantalum
rapidly forms tantalum oxide as a surface layer upon exposure
to an oxygen environment (e.g. air). Therefore, the oxygen
content in the tantalum metal powder under this circumstance
is proportional to the surface area.

In an alternate embodiment, the oxygen content was also
controlled by varying the amount of hydrofluoric (HF) acid
used in the leaghing'process. HF dissolves tantalum surface
oxide thereby reducing the surface area of tantalum and the
associated oxygen content. In .yet a further embodiment,
oxygen content was adjusted by varying the time and
temperature during drying in air after acid and water
leaching.

The nitrided and oxygenated tantalum material having a
BET of less than .6 m?/g and preferably between .25 and .55
m*/g was then pressed into a pellet, sintered, and evaluated
for electrical leakage characteristics in accordance with the
procedures identified below. These procedures are generally
known and recited in US Patent Nos. 4,441,927 and 4,722,756,
currently assigned to the present assignee Cabot Corporation.
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Various attenpts

have been nmade to inprove the performance

Characteristics of finished capacitors by reacting small quantities of
nDdlfylng agents éﬁoﬁngahgse materi al powders. A range of additi vepcPiiseand207

"dopants" have be
carbon and sul fur.

ncl udi ng nitrogen, silicon, phosphorous, boron,
One exanpl e of such prionjattenpts is found in

U. S. Patent No. 4,154, 609 which di scl oses the additi on of an
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With excessively high oxygen content in the powder {e.g.
over 3500 ppm), the oxygen tends to form crystalline tantalum

. oxide after pressing, sintering, and cooling. The tantalum

oxide crystal formed before anodization acts like an impurity
which serves as a site for crystal formation of tantalum oxide
during sintering. Therefore, there is an optimal oxygen
concentration in the powder. The optimal level is generally
in the range of between 700 and 3000 ppm depending in part on
the available surface area and the sintering and formation
conditions. '

The behavior and effects of nitrogen in the sintering and
anodization processes of tantalum metal are similar to those
of oxygen, except for the fact that solubility of nitrogen is
about twice as high as that of oxygen in tantalum at;a given
temperature. Therefore, higher nitrogen content in the powder
can result in lower electrical leakage in the capacitor.
Furthermore, at normal capacitor application temperatures
{ambient to 100°C), nitrogen as tantalum nitride, having a
high density and low mobility in the tantalum matrix, tends
to limit movement of oxygen with respect to the dielectric
layer. This can prevent the formation of a sub-oxide which
would have a higher electrical leakage than the amorphous
tantalum pentoxide layer.

. Tantalum oxide is more resistant to sintering than
tantalum metal within the normal temperature range. A higher
oxygen content in tantalum powder preserves surface area

-during sintering and results in higher capacitance. The

addition of nitrogen to tantalum powder has similar effects,
in that surface area is preserved during sintering and
specific charge is increased.

Not withstanding the advantages of doping with nitrogen
or oxygen separately,.the inventor has discovered that the
reaction of a limited range of oxygen and nitrogen with the
tantalum base.maﬁerial results in a synergistic effect which
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i norgani c lubricant such as boron nitride to tantalumnetal powder prior to
sintering at 1600[err]C. A sintering tenperature range of between

-2, 550[ err] C and

]Cis disclosed. Electrical testing of siptrayssss207

and anodi zed pellets resulted in a decrease in average el ectrical |eakage
values in a range of between 0.15 to 0.26 nA/ w3 Fhis represents a

decrease in electrical |eakage of between about 4% to 38% wth respect to
undoped controls. Average specific_charge val ues of - between 7050 and 7635

uFV/ g were al so obt ai- ABdthe mannep digausged apevefor, 289 Angh400: ey RaRApZaRion
materi al s were doped wetBiguantities of at least two of the additives
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‘ The -following Examples are provided to further clarify

the invention and demonstrate the improvements over previous
processes for making capacitor grade powder. Those skilled in
the art will recognize that the Examples are for illustrative
purposes and not for limiting the scope of the invention.

EXAMPLE 1

Over 500 lbs of a base nodular powder was heat treated
under vacuum at ‘1500°C, and crushed down to -40 mesh
(hereafter referred to as HTA in the subsequent Examples).
60 1bs of the HTA powder was then blended with 0.9 "lbs of
magnesium. The blend was placed in a retort, and sealed from
the atmosphere. The sealed retort was evacuated with vacuum
pump, heated up to 900°C for a period of 3 hours, and cooled
to ambient temperature. The powder taken out of the retort
was leached with nitric acid and rinsed with water to remove
the residual magnesium and magnesium oxide before being air
dried at 100°C for 6 hours. The powder was further dried at
180°C for 8 hours.

A sample of this powder was measured for its surface area
via a BET method, and oxygen and nitrogen by the procedure
discussed below. The results are listed in Table 1.
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selected fromthe group of carbon, sulfur, and nitrogen. Quantities of up
to 1632 ppm by wei ght of conbi ned dopants were used. The powder was

agygl gnerated by heat treatnment and crushed to a particle size.of

mesh. Si nt-ered WRMEE1exhi bited a decrease in averaged electrlggﬁﬂk’uaém'
I'eakage values in the range of between 24 to 28%,gt. an anodi zation voltage
of 100 volts. Average specific charge values in tlhe range of 9,564 to about
20, 237 uFV/ g were disclosed for the sane anodi zati on vol tage. An average

el ectrical |eakage redugheanand MimttgedndAhaly@sand a range of specific

charge of 6,004 to 19,771 ’I'Eé//% Qhéonfﬁfoi}ef?ﬁSﬁaipéi@%a@"ﬂdhéa&é% the Leco

vol t age of 200 volts. . . , ) . .
" TC-30 0, and. N, analyzer which is an inert gas fusion
‘technique.

5 . BET Surface Area
The total surface area of the tantalum was measured using
a Numinco Orr surface area pore volume analyzer (manufactured
by Numec Corporation). The BET {Braunauer-Emmet-Teller)
surface areas obtained in this manner include the external
10 surface area as well as the internal surface area contributed

by the presence of the pores.
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Al t hough a decrease in electrical |eakage and an increase of specific

charge ,is apparent,

there is no indication of the effect of doping with

ni trogeh and OXYQ%POMPC'[ rical . PCT/US94/04207
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The ﬁbwder'was leached, dried and tested in accordance with
the procedure of Example 1.

The base powder of Example 1 was heat treated at 1500°C,
and deoxidized.

EXAMPLE 4

~ The base powder of Example 1 was heat treated,
deoxidized, and reacted with nitrogen in accordance with the
procedure of Example 2. The procedure for acid léaching, water
rinsing, and drying employed in Example 3 were utilized.

EXAMPLE S

120 1lbs of base nodular powder was heat treated at 1500°C
and crushed to an average particle size of -40 mesh. The
powder was then mixed with 1.8 1b of magnesium and sealed in
a retort. The retort was then evacuated with a mechanical pump
and heated to the reaction temperature as described in Example
1. After reaction, 1500 ppm by weight of nitrogen gas was
introduced into the powder retort when the powder was cocoled
to a temperature of 500°C. The powder and the retort were
then cooled to ambient temperature. The coocled powder was
acid leached, rinsed with water, and dried using the same
procedure' as that used in Example 1.

'EXAMPLE 6

300 grams of the heat treated powder from ' the batch
described in Example 1 were mixed with 3.2 grams of magnesium
nitride and 2.2 grams of magnesiﬁm. The blended powder was
held in a tantalum metal tray which is placed in a retort, and
deoxidized. The deoxidized powder was then leached and dried
in accordance with the procedure described in Example 1.
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-3-- |leakage or the effect of such doping on the electrical

characteristics for anodi zation voltages above 100 volts. Furthernore, the
per’cent age reducti-on in electrical |eakage is relatively |ow for

anodi zati on vol t awessdzserte 200 volts, suggesting that the rol e of ROTAISI404207
dopants enployed is to nDdlfy t he dlelectrlc natggaﬂ rat her than to reduce

dielectric

S
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About 5 lbs of dried tantalum base material was introduced .
into a retort and heated to 500°C. About 13 grams of nitrogen
gas was introduced into the retort during the cooling

/’
process.

The results of Examples 8 through 10 are found below in Table

TABLE 2
EX EX EX
8 9 10

Oxygen, ppm 2440 1922 1900
Nitrogen, ppm - 8s 2572 4365
BET, m?/g 0.53 0.44 0.44
CAPACITANCE
100V anodization

1425C sinter 23090 24100 23950

1475C sinter 21285 22255 22265

1525C sinter -17651 " 19381 19510
150V anodization .

1425C sinter B.D. 17930 17510

1475C sinter 16160 17835 17790

1528C sinter 14185 15745 15985
CURRENT LEAKAGE
100V anodization

1425C sinterxr 1.28 0.53 0.%0

1475C sinter 0.50 0.33 0.33

1525C sinter 0.29 0.22 0.22
150V anodization

1425C sinter B.D. 6.08 5.85

1475C sinter 7.07 2.84 - 2.16

1525C sinter 3.61 1.28 0.77
Note: "B.D." is defined as the failure point or point of

break down of the anode dielectric before the
anodization voltage of 150V was reached. The
capacitance and leakage can not be measured under
this condition.-
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def'ects during fornmation. I n Japanese Kokai No.: 53[1978] -49, 254,
a . nmethqed for formng a uniformtantalumnitride filmis disclosed. In one

enbodi ment, tant afygpspeyspier is subjected to ammonia gas and ni xt uPET/USH4/04207
nltrogen or acmmonia wth an inert gas such as ar%fln Al ternately, tantalum
powder may be exposed t.0 a-salt bath consisting NaCN, NaCqQ err],
BaCl[err], and KCL. The powder is then pressed into anodes and si ntered.

I n Japanese Kokai No.: 63[1988].-86,509, a prw

The twice heat treated powder, described in Example 11, was
' deoxidized and nitrided using the procedure discussed in
Example 12, except that the dried powder was dried a second

5 time at 185°C for 6 hours. )

TABLE 3
----- EX EX EX EX
11 12 13 . 14
* 979 ‘976 11851 1333
Oxygen, ppm 979 .
Nitrogén, pPpm 109 1852 140 1306
BET, m¥/g 0.27 0.29 0.27 -0.29
CAPACITANCE
is (uF-V/qg)
400V anodization
1700C sinterxr 5207 . 5833 5186 5622
CURRENT LEAKAGE
(nA/uF-v)
20 400V anodization
. 1700C sinter 0.98 0.34 25.09 0.34
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reduci ng el ectrical |eakage is disclosed. owder which was pressed
into anr anode and sintered was subject to ”!ﬁ t nosphere at a

tenperature of 1,1
di scl osure i s made

React ed oxygen* vvas 3000ppMpchidysesroa207

owevér, of the significance of doplng wi t h bot h oxygen

and nitrogen in the critical range clained by the pgesent invention.
Only margi nal inprovenents in electrical |eakage have been observed for

capacitors utilized in
rugged capacitors are a

speci fic charge
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R g rellab|I|ty applications. Typically these
0 ‘at voltages above 200 volts and operate in a

1.. A process for making low leakage capaciteors from a base

" material containing at least one metal powder selected from

Group V-B, comprising:

reacting a quantity of nitrogen with said base material
sufficient to form at least 500 to 7000 ppm by weight of
nitrogen in said material,

reacting a quantity of oxygen with said base material
sufficient to form at least 700 to 3000 ‘ppm by weight of
oxygen in said materlal

forming pellets from said base material and sintering
said pellets at temperatures between 1400°C to 1800°C,

subjecting said sintered pellets to anodization voltages
of 100 volts or greater,

forming capacitors from said anodized pellets, and
detecting a specific charge of up to about 25,000 uFV/g and
improved electrical leakage characteristics.

2. A process in accordance with claim 1 wherein said base

material contains at least tantalum metal powder.

3. A process in accordance with claim 2 wherein said base
material comprises nodular, chip, fiber, and flake powders.

4. A process in accordance with claim 3 wherein said base
material is agglomerated at a temperature between about 1200°C
to 1600°C.

5. A process in accordance with claim 4 wherein said base

material is agglomerated at a temperature between about 1400°C
to 1500¢°C. ) '
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and 15,.000 uFV/ g

range of between 5,000 and 24, Otm e particularly between 5,000
] , . One obj r invention therefore is to
rn

reduce el ectri ca&%(}

vol tages of 100
5,000 uFRV/ g;
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e in solid elec capaC| tors at forpefissaeazor
hi gher, while maintaining specific charges above

- 23 -

6. A .process in accordance with claim 4 wherein said
agglomerated material is reduced in size to a powder having
a particle size of -40 mesh.

7. A process in accordance with claim 3 wherein said
quantity of nitrogen is reacted as nitrogen gas.

8. A process in accordance with claim 3 wherein said
quantity of nitrogen is reacted as ammonia gas.

9. A process' in accordance with claim 3 wherein said"
quantity of nitrogen is reacted as magnesium nitride.

10. A process in accordance with claim 3 wherein said
quantity of nitrogen and oxygen are added in the same ‘step.

11. A process -in accordance with ‘claim 3 wherein said
quantity of oxygen in said base material is limited by a
controlling means.

12. A process in accordance with claim 11 wherein said
controlling means comprises the addition of quantities of
hydrofluoric acid to said base material.

13. A process in accordance with claim 11 wherein said
controlling means comprises a getter material having a higheér
affinity for oxygen than tantalum.

14. A process in accordance with claim 13 wherein said getter
material is magnesium.

15. A process in accordance with claim 1 wherein said
electrical leakage is reduced by greater than 28% with respect
to capacitors formed from said base material.

16. A .process in accordance with claim 1 wherein said
quantity of nitrogen reacted is becween 1400 and 4400 ppm by

. ‘This Sheet Has Been Replaced
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-4-" Anot her object of the present invention is to reduce shrl nkage

duri .n'g..si ntering, thereby preserving surface arn“‘mr“ﬂ““m“m&m‘l evel s

specific charge as&ag‘l‘éﬁp therewith
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" reacting. a.quantity of nitrogen with said agglomerated
material sufficient to form between 1400 to 4400 ppm by weight

. of nitrogen in said material,

‘reacting a quantity of oxygen with said agglomerated
material sufficient to form between at least 700 to 3000 ppm
by weight of oxygen in said material,

reacting a quantity of a reducing metal with oxygen
present in said reacted material and forming a quantity of
metal oxide,

controlling said quantity of metal oxide to a level of

3 between about 950 ppm to 2900 ppm by weight of oxygen in said

material,

forming pellets from said reacted material and sintering
said pellets at temperatures between about 1400°C to 1800°C,
subjecting said sintered pellets to anodization voltages of
between 150 and 400 volts, and

forming capacitors from said anodized pellets having a
specific charge of between about 5,100 to about 18,000 ufFV/g
and electrical leakage which is reduced by greater than 36%
with respect to capacitors prepared from said base material.

23, A process in accordance with claim 22 wherein said

quantity of nitrogen is reacted as nitrogen gas.

24. A process in accordance with claim 22 wherein said
quantity of nitrogen is reacted as magnesium nitride.

25. A powder in accordance with c¢laim 22 wherein said
quantity of nitrogen is reacted as ammonia gas.

26. A process in accordance with claim 22 wherein said
reducing metal is magnesium.
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The developnent of a highly reliable solid- el ect,r ode capaci tor having
speC|f|c charge of 5, 000 uFV/g and greater, and(l“ﬂﬁ [ﬂ"'m’"m Imge V\/m ch
is*inproved by at | east 28% over el ectrodes ano ﬂ n vol t ages
of 100 volts or hiWYASM2Y having sinilar capaci tancé tout d sconst PET 43042
significant advance in the art of produci ng capaci grade powders and

pr oduct s.
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- SUMMARY OF THE | NVI ICN

¢

forming electrodes from said anodized pellets having a
specxf:.c charge of between about 9,800 to about 15,300 ufFV/g
and electrical leakage which is reduced by between about 75%
to 84% with respect to capacitors prépared from said base
material. ' )

30. A tantalum powder for the manufacture of solid capacitors
having high specific charge and low electrical leakage
characteristics comprising:

a BET of less than about .§ m?/gqg,
an average agglomerated particle size of -40 mesh,

a quantity of nitrogen in the range of about 500ppm to
7000 ppm by weight nitrogen, and

a quantity of oxygen in the range of about 700ppm to
3000ppm by weight of oxygen. :

31. A powder in accordance with claim 30 where said powder
has a BET value of between about .25 and about .55 mi/g.

32. A process in accordance with claim 30 wherein said
quantity of nitrogen reacted is between 1400 and 4400 ppm by
weight of nitrogen and said quantity of oxygen is between 950
and 2900 ppm by weight of oxygen.

'33. A capacitor produced from the powder of claim 32 wherein

said electrical leakage is reduced by greater than 36% at
anodization voltages of 150 to 400 volts and said specific
charge ranges from 5,100 to 18,000 uFV/g.

34. A caigacitor having low electrical leakage characteristics
comprising:
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| eakage capacitors. as defined in claiml1. Th er conprises a
tantal um powder a¥VQIM258d in claim 22, and c& | ned BOT/USO#HD4TB7
25 and 26. At |east one netal selected from G oup \7 B” ofsthe Periodi c Table
is. used as the base material. The base nmaterial- R& reacted with a quantity
of nitrogen faorm ng 500 to 7000 ppm by wei ght nitrogen and a quantity of

oxygen formng 700 to 3 g terial.

El ectrodes are prepar ed by p?orH l\é%gl F;e‘tg ﬁq e"r’f gr Egéﬁma'ﬁ‘h hich Asdhibits

powder and sintering tﬁesBEFl"%{'% 5parge of between 5,500 and 13,200 uFvV/g for
, sintering temperatures of 1400°C to 1700°C,

Accordingly, the present invention conpri ses ﬂﬁcess for maki ng | ow
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tenperatures between 1400[err]C to 1800[err]C. The sintered pellets are

t hen subject to anodi zation voltages of 100 volts or greater and finished

i nt'o capacitors. Capacitors produced fromthese anodi zed pellets exhibit

i ncreased | evel s ofyoreesrii ¢ charge and reduced |evels of el ectricabrusosinazor
| eakage for anodization at voltages of about 100 volts or greater. Specific
charge val ues of up to about 25,000 uFV/g add/@ reduction in | eakage of 28%
and greater is achieved W|th respect to el ectrodes prepared from undoped

base materi al s. FlG l
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A PROCESS FOR MARING AN IMPROVED TANTALUM POWDER AND HIGH
CAPACITANCE LOW LEARAGE ELECTRODE MADE THEREFROM

of the Invention

is invention relates to a process for producing capacitor
grade powder from a base material selected from Group V-B of
the Periodic Table which has been reacted with nitx ogen and
oxygen; the powder prcduced therefrom; and a solid electrode
fabricated from the powder and anocdized at voltages of 100
volts and higher. Improved electrical leakage characteristics
are obtained through a range of specific charge of up to
25,000 urv/g.

BACKGROUND OF THZ INVENTION

The performance characteristics of capacicers or
electrodes formed from capacitor grade powders are expressed
in terms of specific charge and electrical current leakage.
The specific charge, normally expressed in uFV/g, is a measure

of electrical charge capacity of the capacitor and is usually
r

e}

oportional to the surface area of the powder as a sintered
and anodized pellet. The electrical 1leakage, normally
expressed in units of nA/uFV or 10 uA/uFV, is an indication
of how well the capacitor holds the specific charge.
Capacitors with improved electrical leakage characteristics
are recognized as having higher reliability.

It is well known that the performance characteristics of
finished capacitors are affected by the chemical and physical
characteristics of the powder employed to make the capacitors.
Base powders having greater than 3000 ppm by weight of oxygen
often develop crystalline like flaws in the dielectric £ilm
during sintering and anodic oxidation. The £flaws zllow
current to pass through the dielectric, producing parts which
exhibit excessive electrical leakage and prematurs Zailure.
The 1likelinood of flaw formation increases £or high

reliability capacitors where anodization voltages of 100 volts
: g

I Description : paged ...L... to paged ...20....
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eval gati on of el ectrdgs—-anodi zed at vpltages of 150 volts and 200 volts,
and Was prepared in acg¢ordance with hnples 1 and 3, and 2 and 4 di scussed
bel ow. Thwoparzsert rediict?@leh™bclr|cal | eakage was cal cuPET/BEIMAZe7aKI Ng
t he Javerage | eakageiffom Exanpl es aphd 4 over a sintering range of from
about} 1400[err]C to 1700[err]C, and suPtracZiﬂg the value fromthe average
| eakdge from contr ol — The percentage reduction in the

aver dge electricalvgga%@ e fromthe control was then calculated. The |
redudtion is approXimarery 359 AP 00 Y37¢ aRBarzafReR, 55 at"HE'Sol FRe
60% 4t 200 volpesfoamdneeerh808¢6 ter1€0iusldf finished capacitors by reacting

small quantities of modifying agents to the base material
powders. A range of additives or "dopants" have been used

The }omer curve of Flogyge 1:was-preparpd from data obtained by the

S including nitrogen, silicon, phosphorous, boron, carbon and
sulfur.

One example of such prior attempts is found in U.S.
Patent No. 4,154,609 which discloses the addition of an
inorganic lubricant such as boron nitride to tantalum metal
10 powder prior to sintering at 1600°C. A sintering temperature
range of between 1,550°C and 1,850°C is disclosed. Electrical
testing of sintered and anodized pellets resulted in a
decrease in average electrical leakage values in a range of
between 0.15 to 0.26 nA/uFV. This represents a decrease in
15 electrical leakage of between about 4% to 38% with respect to
undoped controls. Average specific charge values of between

7050 and 7635 urvV/g were also obtained.

In U.S. Patent No. 4,544,403, tantalum base materials

were doped with quantities of at least two of the additives

20 selected from the group of carbon, sulfur, and nitrogen.
' Quantities of up to 1632 ppm by weight of combined dopants -
were used. The powder was agglomerated by heat treatment and
crushed to a particle size of about -35 mesh. Sintered
anodes, exhibited a decrease in averaged electrical leakage

25 values in the range of between 24 to 28%, at an anodization
voltage of 100 volts. Average specific charge values in the
range of 9,564 to about 20,237 ufFvV/g were disclosed for the

same anodization voltage. An average electrical leakage
reduction of about 24 to 42% and a range of specific charge

30 of 6,004 to 19,771 uFV/g was also disclosed for an anodization

voltage of 200 volts.

Although a decrease in electrical leakage and an increase
of specific charge is apparent, there is no indication of the

feffect of doping with nitrogen and oxygen on elsctrical

This Sheet Has Been RTlaced
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The gn ddl e curve of Figure 1 was prepared from el ectrodes anodi zed at 100,
150,§ 200, and 400 volts. Conparison data was obtained from el ectrodes
preppred in accordance with Exanples 9 and 8, 2 and 1, 4 and 3, 12 and 11,
and F4 arioP3/25971 Figures 2 and 3 illustrate an inprovemeRETUIIHPRRT i c
charpe over a range of sintering tenperatures between about 1400[err]C and
1600 err] C. Tantal um base materials were Hdbeﬁ w th oxygen and nitrogen in
accofdance with the process of Exanples 1-4 and 8-10 respectively, and

test pd fo][ SPeehkhgeChet 9&helhskaeY! t 5 Wehi 21 COHBRE BY VUi Nchlle LESULESca
obt a} ned rOmc‘naracteristics for anodization veoltages above 100 volts.
Furthermore, the percentage reduction in electrical leakage
is relatively low for anodization voltages above 200 volts,
5 suggesting that the role of the dopants employed is to modify
the dielectric material rather than to reduce dielectric

defects during formation.

In Japanese Kokai No.: 53[1978f -49, 254, a method for

ferming a uniform tantalum nitride film is disclosed. In one

10 embodiment, tantalum powder is subjected to ammonia gas and

mixtures of nitrogen or ammonia with an inert gas such as

argon. Alternately, tantalum powder may be exposed to a salt

bath consisting of NaCN, NacCO,, BaCl,, and KCl. The powder is
then pressed into anodes and sintered.

15 In Japanese Kokai No.: 63([1988]-86,509, a process for
reducing electrical leakage is disclosed. Tantalum powder
which was pressed into an anode and sintered was subject to
an ammonia gas atmosphere at a temperature of 1,100°C. Reacted
oxygen was held below 3000ppm. No disclosure is made however,

20 of the significance of doping with both-oxygen and nitrogen
in the critical range claimed by the present invention.

Only marginal improvements in electrical leakage have
been observed for capacitors utilized in high reliability
applications. Typically these rugged capacitors are anodized

25 at voltages above 200 volts and operate in a specific charge
range of between 5,000 and 24,000 uFV/g and more parcicularly
between 5,000 and 15,000 uFV/g.

One object of the present invention therefore is to

reduce electrical leakage in solid electrolytic capacitors at

30 formation voltages of 100 volts or higher, while maintaining
specific charges above 5,000 ufFV/g;
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S T

10 OCT 1996




cont

sanpl es prepared in accordance with the steps of

WO 94125971 PCT/US94/04207

10

15

20

25

30

Another object of the present invention is to reduce
shrinkage during sintering, thersby preserving surface area

and elevated levels of specific charge associated therewith.

The development of a highly reliable solid-electrode
capacitor having a specific chaxrge of $,000 uFV/g and greater,
and electrical leakage which is improved by at least 28% over
electrodes anodized at formation voltages of 100 volts or
higher and having similar capacitance, would constitute a
significant advance in the art of producing capacitor grade
powders and products.

SUMMARY OF THE INVENTION

Accordingly, the present invention comprises a process
for making low leakage capacitors from base materials
containing at least one metal selected from Group V-B of the
Periodic Table. The base material is reacted with a quantity
of nitrogen sufficient to form at least 500 to 7000 ppm by
weight nitrogen and a quantity of oxygen sufficient to form
at least 700 to 3000 ppm by weight oxygen, in the material.

Electrodes are prepared by forming pellets from the
nitrided and oxidized powder and sintering the pellets at
temperatures between 1400°C to 1800°C. The sintered pellets
are then subject to anodization voltages of 100 volts or
greater and finished into capacitors. Capacitors produced from
these anodized pellets exhibit increased levels of specific
charge and reduced 1levels of electrical leakage for
anodization at voltages of about 100 volts or gresater.
Specific charge values of up to about 25,000 ufV/g and a
reduction in leakage of 28% and greater is achieved with

respect to electrodes prepared from undoped base materials.
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Exangtes 1, 3 and 8. At 100 volt anodi zation, specific charge was increased,
by afrange of 1000-1800Q0 uFV/g with respect to anodes prepared w t hout

dopi fg with nitrogen afts celReplaggy ovenrent of about 400 to 600 uFV/ g
was fchi ewod4f25971an ano e of 150 volts. PLT J{po4/04p07
Il lugtrates a reduction [ Ieakage

BRIEF DESCRIDTION OF THE DRAWINGS

The invention will be more readily understood Zrom the
following description and from the accompanying non-limiting
Figures:

wn

Figure 1 illustrates the synergistic effect of reacting
tantaium base material with oxygen and nitrogen together as
compared with reacting the material with oxygen and nitrogen
separately. Percent reduction in electrical leakage is

10 illustrated over a range of formation voltages.

The lower curve of Figure 1 was prepared from data
obtained by the evaluation of electrodes anodized at voltages
of 150 volts and 200 volts, and was prepared in accordance
with Examples 1 and 3, and 2 and 4 discussed below. The

15 percent reduction in electrical leakage was calculated by
taking the average leakage from Examples '3 and 4 over a
sintering range of from about 1400°C to 1700°C, and
subtracting the value from the average leakage from control
Examples 1 and 2. The percentage reduction in the average

20 electrical leakage from the control was then calculated. The
reduction is approximately 35% at 100 volt anodization, 55%
at 150 volts, 60% at 200 wvolts, and over 80% at 400 wvolts.

Fh

The middle curve of Figure 1 was prepared from electrodes
anodized at 100, 150, 200, and 400 volts. Comparison data was
25 obtained from electrodes prepared in accordance with Examples

9 and 8, 2 and 1, 4 and 3, 12 and 11, and 14 and 13.

Figures 2 and 3 illustrate an improvement in specific

charge over a range of sintering temperatures between about

30 1400°C and 1600°C. Tantalum base materials were doped with
oxygen and nitrogen in accordance with the process of Examples

1-4 and 8-10 respectively, and tested for specific charge.

The results were compared with the results obtained from

¢ control samples prepared in accordance with the steps of

Thie is the replacemont shee:
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Examples 1, 3 and 8. At 100 volt anodization, specific charge

was increased by a range of 1000-1800 uFV/g with respect to
An

an

anodes prepared without doring with nitrogen and oxygen.
improvement of about 400 to 600 uFV/g was achieved for
anodization voltage of 150 wvolts.

Figure 4 illustrates a reduction of electrical leakage
with increasing nitrogen content. The anocdes were sintered at

1475°C and 1525°C, and anodized at 150 volts. The degree of

influence of nitrogen on the electrical leakage begins to
level off at about 7000 ppm.
According tc one embodiment of the present invention,

capacitor powder for low leakage capacitors is produced from
base materials which contain at least one metal powder
selected from Group V-B of the Periodic Table. For simplicity
purposes, reference shall be made to tantalum metal hereafter
even though the chemical and physical properties of tantalum
and niobium are known by those skilled in the art to be

sufficiently similar to permit substitution of either metal.

Base materials employed in the process of the present
invention are typically formed by the chemical reduction of
potassium tantalum fluoride salt by metallic sodium, followed
by treatment with acid, washing with water, and drying. The
dried tantalum base material at this stage is called base

nodular powder. In an alternate method, base materials are
produced from an ingot of taﬁtalum.by hydrating the ingot, and
crushing the ingot into powder of desirable sizes. The powder
igs further degassed in vacuum to remove hydrogen.
generated is called base chip powder

base chip powder can also be further milled to increase their

The powder
The base nodular and

surface area by fracturing the powder into a flake morphology

or flake powder. For purposes of convenience, base material

shall be defined hereafter to include the above recited
nodulaxr, chip, and flake morphologies and shall <further
% fibrous powders,

include = exrs Sheet Has Been‘llleilaced




and

siniF
enpl
the g

powdg

| obi um are known by those skilled in the art to be sufficiéntly

ar to permt substitution of either netal. Base materials
byed i n the processhi9fnctihs BéegREMced Nvention are typically forned by

henmwel94rassitict i on ntal um fluoride salt bPCRBiISaIN4207
sodi pm fol |l owed by treqmm | d, washing wth water, and drying.
The Hried tantal um base

r. In an alternate nmethod, base materials are produced from an ingot

Is stfage i s called base nodul ar

of tantalum by hydrating the ingot, and crushing the ingot into powder of

desi
hydrf

10

15

20

25

30

¢

abl e sizes. TH&OW#E® M3tPyinher aggassedl im vaeuembasimardvecl the

gen. The QWIS invention were agglomerated by heat trsatment while

being subject to a vacuum or an inert gas environment.
Temperatures in the range of 1200°C to 1600°C, and preferably
in the range of 1400°C to 1500°C were used. The heat treatment
process may be repeated to achieve a desired degree of
agglomeration. Those skilled in the art will recognize the
thermal conditions and heating times necessary to achieve a
desired level of agglomeration of the selected powder.

After agglomeration, the base material was subjected to
size reduction to a screen size smaller than 40 mesh. Various
traditional methods for rsduction are contemplated by the
present invention including the use of jaw crushing.

It is also within the scope of the present invention to
prepare electrodes from powders which have not been subject
to agglomeration heat treatment.

The inventor has discovered that by reacting a range of
nitrogen and oxygen with the base material, capacitors
produced from the treated powder demonstrated improved
electrical leakage characteristics. While a range of about 500
to 7000 ppm by weight of nitrogen and of about 700 to 3000 ppm
by weight of oxygen is contemplated by the present invention,
a range of 1400 to 4500 ppm nitrogen and 1100 to 2900 ppm of
oxygen is preferred. At anodization voltages of greater than
200 volts, ©ranges of 1400 to 2600 ppm nitrogen and $50 to
2900 ppm oxygen are preferred. Where the quantity of nitrogen
and oxygen fall either below or above the cited range, desired
reduction levels of electrical leakage and increases in
specific charge are not achieved.

It is also contemplated by the present invention that
nitrogen and oxygen can be added to the base material at
different points during the process. For example, the dopants

‘' may be added during any heat cycle after the powder is pressed

This is the replacement sheet
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into pellets, but before the pellets are anodized. In the
Examples discussed hereafter gaseous nitrogen was preferably
added after agglomeration. In an alternate embodiment, oxygen
was added to the base material after nitrogen addition or

simultaneocusly therewith,

While the temperature reguirement for nitrogen to react
with and diffuse into tantalum metal depends on the physical
state and compound used, significant reaction between nitrogen
gas and tantalum metal occurs above 400°C.

In another embodiment, where ammonia gas was used, the
temperature required for significant reactions to occur was
above 300°C.

Although the base materials of the present invention gain
oxygen after each heat cycle due to surface reaction with air
under ambient condition, oxygen was removed by deoxidation
with a controlling means such as an active element or compound
having higher affinity for oxygen than tantalum. Various
centrolling means are known in the art including the use of
getter materials. Preferred metals such as magnesium and/or
calcium were added to the doped base material at temperatures
between about 600°C to 1100°C while being subject to a vacuum
or an inert gas environment. Temperatures at or over the
melting point of the getter materials are preferred.

Once deoxygenated, the tantalum powder was then cooled, and
the magnesium and magnesium oxide were leached out of the
powder with acids, washed with water, and dried.

In another embodiment, nitrogen was added to the base
material in a deoxidation cycle. In Examples 6 and 7,
discussed in detail below, about 1850 to 2550 ppm of nitrogen
were reacted with the base material as magnesium nitride. In
the reaction that followed, magnesium nitride exchanged
nitrogen for the oxygen from tantalum as shown below:

4 Ta0, + VIMIN,) ~--oo o _____. > TaN, + x{Ma0O)

d base chip powder
by fracturing the

i netwasd/t@oabove
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Those skilled in the art will recognize that the values
of x, y, and z will depend on the level of oxygen and nitrogen
present in the tantalum base material. 1In accordance with
Examples 6 and 7, between about 2059 and 2300 pom of oxygen
by weight remained after the powder was purified of magnesium
oxide. A reduction in electrical leakage of between 75 and 84%
and a specific charge range of 9,800 to about 15,350 was
obtained for an anodization voltage of 150 to 200 volts.
Desired quantities of both oxygen and nitrogen were reacted
with base metal in the same step.

Where at 'least a stoichiometric amount of magnesium is
used and appropriate temperatures and residence times krnown
to those skilled in the art are employed, oxygen in the
tantalum metal lattice can be completely removed. Tantalum
rapidly forms tantalum oxide as a surface layer upon exposure
to an oxygen environment (e.g. air). Therefore, the oxygen
content in the tantalum metal powder under this circumstance
is proportional to the surface area.

In an alternate embodiment, the oxygen content was also
controlled by varying the amount of hydrofluoric (HF) acid
used in the leaching process. HF dissolves tantalum surface
oxide thereby reducing the surface area of tantalum and the
associated oXygen content. In yet a further embodiment,
oxygen content was adjusted by varying the time and
temperature during drying in air after acid and water
leaching.

The nitrided and oxygenated tantalum material hawving a
BET of less than .6 m?/g and preferably between .25 and .55
m?/g was then pressed into a pellet, sintered, and evaluacted
for electrical leakage characteristics in accordance with the
procedures identified below. These procedures are generally
known and recited in US patent Nos. 4,441,927 and 4,722,756,
;pgysnt1Y_a§§i9§ed Lo the present assignee Cabot Corporation.
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Alternate methods for conducting physical, chemical, and
electrical analysis are known in the art.

The electrodes were then finished into capacitors by
forming a dielectric layer of tantalum pentoxide on the
surface of the sintered anodes. The pentoxide layer formed
as a result of the anodic oxidation of the anodes’ exposed
tantalum metal with phosphoric acid. Other dilute acid
solutions known in the art may be used including aqueous
sulfuric acid, and nitric acid solutions.

After drying, the electrodes were immersed in a solution
of manganese nitrate. The solution impregnated electrodes were
then heated to a temperature sufficient to decompose the
manganese nitrate to manganese dioxide. The manganese dioxide
formed a uniform layer adjacent the tantalum pentoxide layer.
The layer of manganese dioxide functioned as the cathode. A
layer of graphite was then applied adjacent to the manganese
dioxide layer prior to connecting terminal leads to the
electrodes to form the finished capacitors.

While not wishing to be limited by any particular theory,
it is believed that the synergistic effect of reacting
quantities of nitrogen and oxygen with a base material results
in the formation of a more stable dielectric layer of tantalum
pentoxide. Generally, a desirable tantalum oxide dielectric
is amorphous. In the anodization process, crystal tantalum
pentoxide can form as a result of the presence of impurities
such as Fe, Cr, Ni, 2r, C. A suitable quantity of amorphous
tantalum oxide or nitride is needed to minimize growth of
crystal tantalum oxide arocund the impurity sites during the
anodization process. This is especially important at a high
formation voltage of, for example, 100 volts or higher, since
the electrical field generated at high voltages enhances
crystal growth. Crystalline scructures exhibit higher

electrical conductivity and therefore results in high currenc

leakage.
eet Has Been Reilaced
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deno trggggg?%%$0/e el ectrical ljeakage characterJStlcs Wil e a range of
about] 500 to 7000 ppl ' itrogen and of about 700 to 3000 ppm

With excessively high oxygen content in the powder (e.g.
over 3500 ppm), the oxygen tends to form crystalline tantalum
oxide after pressing, sintering, and cooling. The tantalum
oxide crystal formed before anodization acts like an impuxrity

5 which serves as a site for crystal formation of tantalum oxide
during sintering. Therefore, there is an optimal oxygen
concentration in the powder. The cptimal level is generally

in the range of between 700 and 3000 ppm depending in part on

the available surface area and the sintering and formation
10 conditions.

The behavior and effects of nitrogen in the sintering and
anodization processes of tantalum metal are similar tc those
of oxygen, except for the fact that solubility of nitrogen is
about twice as high as that of oxygen in tantalum at a given

15 temperature. Therefore, higher nitrogen content in the powder
can result in lower electrical leakage in the capacitor.
Furthermore, at normal capacitor application temperatures
(ambient to 100°C), nitrogen as tantalum nitride, having a
high density and low mobility in the tantalum matrix, tends

I 20 to limit movement of oxygen with respect to the dielectric
layer. This can prevent the formation of a sub-oxide which

would have a higher electrical leakage than the amorphous
tantalum pentoxide layer.

Tantalum oxide is more resistant to sintering than
25 tantalum metal within the normal temperature range. A higher
oxygen content in tantalum powder preserves suriace area
during sintering and results in higher capacitance. The
addition of nitrogen to tantalum powder has similar effects,
in that surface area is preserved during sintering and

30 specific charge is increased.

Not withstanding the advantages of doping with nitrogen
or oxygen Separately, the inventor has discovered that the

reaction of a limited range of oxygen and nitrogen with the
[ . . : . . « s .
"tantalum base material results in a synergistic effac:t which




by wei ght of oxygen.is..contenplated by.fh resent invention, a range of
148 t 0 4500 ppmi nREwogen:ahdi=k100 t o Hmagﬁ en is preferred. At

anog zati on voltagTs*Uf~greater“ han 20 of 1400 to 2600 ppm
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reduption level sioft_electrical |eakage and _increases in specific charge are
not fchi eved. It is also co teonaﬁ@d‘by t he present invention that
ni trpgen and oxyé t he base material at

both improves the electrical leakage characteristics and

increases the specific charge cf finished capacitors to levels

unachievable by the addition of either dopant alone.

Referring to the data in Tables 1-3 below, and Figure 1,
5 an improvement in electrical leakage of greater than 30% was

realized over an anodization range of 100 to 200 volts where
1400 to 4400ppm of nitrogen and 1100 to 2900 ppm by weight of
oxygen was reacted with tantalum base material. A range of
specific charge of between about 9,400 and 24,100 ufFV/g was
10 also obtained. The percent reduction in electrical leakage was

calculated by comparing averaged leakage values over a
sintering temperature range of about 1400°C to 1700°C. In
particular, a comparison was made of control Example 8 with
Examples 9 and 10 for anodization at 100 and 150 volts;

i 15 control Example 1 with Example 2; and control Example 3 with
Examples 4-7 for 200 volts.

For a range of anodization voltage of from 150 to 400

volts, an improvement in electrical leakage of greater than

36% was achieved for a specific charge range of about 5,100

20 to about 18,000 uFV/g. Quantities of between 1400 and 4450 ppm
by weight nitrogen and between 950 and 2900 ppm by weight
oxygen were reacted with tantalum base material. Percent
reduction in electrical leakage was calculated in the manner
discussed above on the basis of a comparison of control

25 Example 8 with Examples 9 and 10 at 150 volt anodization.

Control Examples 11 and 13 were compared with Examples 12 and
14 at 400 volt anodization.

In yet a further embodiment, gquantities of between about

1400 to 2600ppm by weight nitrogen and between 950 to 2900 ppm

30 by weight OXygen were reacted with tantalum base material. A
decrease in electrical leakage of between about 52 to 99% and

a range of specific charge of 5,500 to 13,200 was achieved at
anocdization levels of about 200 to 400 volts. The percent

! L3 -
‘decrease in electrical leakage for electrodes was calculated
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g any heat cycle after the powder is pressed
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in the manner discussed above for 200 and 400 volt anodization

levels.

The following Examples ars provided to further clarify
the invention and demonstrate the improvements over previous
processes for making capacitor grade powder. Those skilled in
the art will recognize that the Examples are for illustrative
purposes and not for limiting the scope of the invention.

EXAMPLE 1

Over 500 lbs of a base nodular powder was heat treated
under vacuum at 1500°C, and crushed down to -40 mesh
(hereafter referred to as HTA in the subsequent Examples).
60 lbs of the HTA powder was then blended with 0.9 lbs of
magnesium. The blend was placed in a retort, and sealed from
the atmosphere. The sealed retort was evacuated with vacuum
pump, heated up to 900°C for a period of 3 hcﬁrs, and cooled
to ambient temperature. The powder taken out of the retort
was leached with nitric acid and rinsed with water to remove
the residual magnesium and magnesium oxide before being air
dried at 100°C for 6 hours. The powder was further dried at
180°C for 8 hours.

A sample of this powder was measured for its surface area
via a BET method, and oxygen and nitrogen by the procedure
discussed below. The results are listed in Table 1.

REPLACEMENT 5++¢ -

10 OCT 1996

' M

different points during the process. For ekanple, t he dopants may be added
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I nt ellets, but b | lets.are anodi zed. In the Exanples

dis sed hereafter tsﬂgén was preferably added after .

aggl ration. In gn jalternate enbddijnment, oxygen was added to the. base

mat ery alwafd, i t rlogenq@dgeti ot ¢i mul taneously therew t ile
w8 daf's971 _ CY! 996 O! .

t he tanpe?ature rgqyi renment for niftfogen to react with andnggFa¥%Q¥£to

tantaj um netal depgndS—omtire—phystcdl 1a

PROCEDURE FOR CAPACITANCE, ELECTRICAL LEAKAGE, DETERMINATION

(A) Pellet Fabrication:

The powder was compressed in a commercial pellet press

without the aid of binders. Typically, the pressed density was
5 5 and 7 g/cc using a powder weight of 16 mg to 100 mg, and a
diameter of 1.25 mm to 2.5 mm.

(B} Vacuum Sintering
The compacted pellets were sintered in a high vacuum of
less than 107 torr (0.00133 Pa) for 30 minutes (1800 seconds)
10 at a temperature between about 1400°C to 1800°C.

{C) Anodization

The sintered pellets were anodized in a forming bath at
90+/- 2°C at betwesn 100 and 400 volts DC. The electrolyte was
0.1% phosphoric acid.

; 15 The anodization rate was controlled to 1 volt per minute.

: After the desired anodization voltage (preferably either 100,

§ 150, 200, or 400 volts) was reached, the anocde was held at the

' voltage for a period for three hours. The anode was then
washed and dried.

:20 (D) Testing Conditions

: The anodes, after anodizing, rinsing, and drying, were
first tested for electrical leakage. A 10% phosphoric acid
test soluticn was employed. The anodes were immersed in the
test solution to the top of the anode and a voltage of 70% of

25 the final formation voltage (i.e. 70 volts if anodized at 100
volts) was applied for 10 seconds to 2 minutes after which the
electrical leakage was measured.

After the electrical leakage measurements were completed,
the specific charge was measured on the anode employing a type
16118 General Radio Capacitance Test Bridge.

This Sheet Has Been
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and conpound used, significant reaction between nitrogen gas and

| um metal occurs above 400[err]C I n anot her enbodi nent, where
ia gas was used, the tenperature required for significant reactions to
was_ above 300[err]C. Al though the base materials used in th

ss ¥ 9¥R¥7br esent invention gain oxygen after each he&tt ’g?éf"éz‘liue to
ce reaction with air under anbient condition, oxygen was renoved by
dation with a controlling neans sutht®s-an active el ement or conpound

Oxygen and Nitrogen Analysis

The cxygen and nitrogen analysis was made using the Leco
TC-30 O, and N, analyzer which is an inert gas fusion
technique.

s BET Surface Area

! . The total surface 'area of the tantalum was measured using

. a Numinco Orr surface area pore volume analyzer (manufactured
by Numec Corporation). The BET (Braunauer-Emmet-Teller)
surface areas obtained in this manner include the external

10 surface area as well as the internal surface area contributed
by the presence of the pores.
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havi ng hi gher affinity for oxygen than t Tolling neans
nown in the art including the use of getter materials. Preferred
s such as nagnesi um and/or cal cium were added to the doped base

ial at tenperatures between about 600[err]C to 1100[erPé%r ){mg’ze bei ng
subj§ct wo 9a2ssrguum or an inert gas environment. Tenperatur P2%ver

t he | ting point of the getter materl als are preferred. Once deoxygenated,
t he fant al um pomdermmeahsmeﬂmt and ihe-nmagnesi um and magnesi um oxi de

wer e §l eached out of aci ds, washed with water, and dri ed.
| n arjot her enbodi rren added to the base

mat

TARLE 1
EX EX =X EX EX =X EX
1 2 3 4 5 6 7
S B e T T e
Oxygen, ppm 2150 2095 1360 1105 2220 2095 2860
Nitrogen, ppm 45 1510 55 1665 1440 1860 2540
BET, m/g ~0.35 0.34 0.35 0.34 0.36

APACITANCE

10 150V anodization
1550C sinter 13700 14080 12950 13660 15380 15020 1529¢G
1600C sinter 11900 12295 11435 11663 13700 13130 13590
1650C sinter 10460 11120 .10940 112490
200V anodization

15 1550C sinter 11700 12016 11215 11860 13180 12630 13050
16Q00C sinter 10200 1074qQ 9970 10542 12020 11530 11880
1650C sinter 34390 10410 §85Q¢ 10130
CURRENT LEAKAGE

150V anodization

20 1550C sinter 0.60 g.38 1.23 0.68 0.48 0.50 0.41
1600C sinter 0.37 0.26 1.01 0.52 0.31 .37 0.23
1650C sinter 0.21 0.24 0.2¢4 0.198

200V ancdization

1550C sinter 3.43 i.
25 1600C sinter 1.85 1.09 . .
1650C sinter 0.66 0.74 0.71 0.58

- - - - - - —— - A . e v =
- e o o > - - - e um ey e e e e -

5SS 1b of heat treated nodular powder from the same batch

30 as in Example 1 (HTA) was deoxidized using the same procedure
as that described in Example 1, except that during the cooling
process, & quantity of nitrogen was introduced into the retort

at a temperature of 400°C. After the addition was completed,

the retort and powder were then allowed to continue to cool.

[




i n a deoxidation cycle. In Exa ' ' g
about .

1850 to 2550 ppm of nitrogen were reacted with the base

as magnesiumnitride.” In the reaction that followed, nagnesium

e exchanged ”g?,g&ﬁasfé&n Jﬂgcegxygen fromtantal umas shown bel ow.

mat eri al
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mat e al
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[err]
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The powder was leached, dried and tested in accordance with
the procedure of Example 1.

EXAMPLE 3

The base powder of Example 1 was heat treated at 1500°C,
and deoxidized.

EXAMPLE 4

The base powder of Example 1 was heat treated,
deoxidized, and reacted with nitrogen in accordance with the
procedure of Example 2. The procedure for acid leaching, water
rinsing, and drying employed in Example 3 were utilized.

EXAMPLE S

120 lbs of base nodular powder was heat treated at 1300°C
and crushed to an average particle size of -40 mesh. The
powder was then mixed with 1.8 1lb of magnesium and sealed in
a retort. The retort was then evacuated with a mechanical pump
and heated to the reaction temperature as described in Example
1. After reaction, 1500 ppm by weight of nitrogen gas was
introduced into the powder retort when the powder was cooled
to a temperature of 500°C. The powder and the retort were
then cooled to ambient temperature. The cooled powder was
acid leached, rinsed with water, and dried using the same
procedure as that used in Example 1.

EXAMPLE 6

300 grams of the heat treated powder from the batch
described in Example 1 were mixed with 3.2 grams of magnesium
nitride and 2.2 grams of magnesium. The blended powder was
held in a tantalum metal tray which is placed in a retort, and
deoxidized The deoxidized powder was then leached and dried
id' accordance with the procedure described in Exampls 1

Thiz is the replacement sheet
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- 9- Those skilled in the art will recognize that the values of x, v,
angy Wi | | depend on the | evel of oxygen and nitrogen present in the
tant3 um base material. |n accordance with
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300 grams of the heat treated powder from the batch

|

described in Example 1 were mixed with 5. 4 grams of magnesium
nitride and 0.6 grams of magnesium. The blended powder was

5 held in a tantalum tray which was placed in a retort, and
deoxidized. The powder was removed and subject to leaching and
drying using the same procedure as that described in Example
1.

EXAMPLE 8

]

10 A high surface area powder, having an average mean
particle size of about 1y was heat treated at 1400°C and
crushed down to -40 mesh. About 5 lb of the heat treated
powder was mixed with 30 grams of magnesium. The blended
powder was placed in a tantalum tray which in turn was sealed

is inside a retort. The sealed retorted was evacuated with a
mechanical pump, heated up to 950°C for a period of 3 hours
and then cooled to ambient temperature. The powder was then
taken out of the retort and leached, rinsed, and dried in the
manner discussed above to remove the residue magnesium and

20 magnesium oxide.

EXAMPLE 9

The same high surface area powder utilized in Example 8
was heat treated, deoxidized, leached, and dried in accordance
with the procedures of Example 8. About 3 lbs. of the dried

25 tantalum base material was introduced intc a retort and heated
to a temperature of 500°C. About 3.5 grams of nitrogen gas was
introduced into the retort during the cooling process.

EXAMPLE 10

_ The same high surface area powder was heat treated,
4 ' N - - . - . .
30 deoxidized, leached, and dried as described in Exampls 8.

This is the replacement shec:
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el ecflri ca
9, 80

h&?&?ﬁéﬁ
: sired

les 6 and 7, between about 2050 and 2900 ppm of oxygen by wei ght

ned after the powder was purified of magnesi um oxide. A reduction in

| eakage of between 75 and 84% and a specific charge range of

vol t
basenetal in the sane step
of ghesi um

15, 350 was obt ai ned for

an anodi zation vol t
guantities of.both oxygen and nitrogen were Teact

Ay Yluctaf, L0 200

Wi t h

Wherepqat_ | east a stoichionmetric anount

is used and appropriate

known to those skilled in the art are enpl oyed,
About 5 1lbs of dried tantalum base materizl was introduced

i0

15

20

25

30

into a retort and heated to s500°cC,

gas was
process.

introduced into

the

retort during

tenperatures and residence tines
oxygen in the

About 13 grams of nitrogen
the cooling

The results of Examples 8 through 10 are found below in Table

- - - - - -
- e - A% v S m L W NS A s e G e e o = e

Oxygen, ppm
Nitrogen, ppm

ET, m*/g
CAPACITANCE

100V anodization
1425C sinter
1475C sinter
1525C sinter

150V anodization
1425C sinter
1475C sinter
1525C sinter

CURRENT LEAKAGE

100V anodization
1425C sinter
1475C sinter
1525C sinter

150V anodization
1425C sinter
1475C sinter
1525C sinterx

TABLE 2

EX EX

8 9
2440 1822

85 2572
0.53 0.44
.23090 24100
21285 22255
17651 19381
B.D. 17930
16160 17835
14185 15745
1.28 0.53
G.50 0.33
0.29 0.22
B.D. 6.08
7.07 2.84
3.61 1.28

- - -

23850
22265
15510

17510
17730
15985

REPLACEMENT SHEET |
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break down of
anodization voltage of

"B.D." is defined as the failure point or point of
the anode dielectric before the
150V was reached. The

capacitaqge and leakage can not be measured under
this condition.
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tantalumnetal lattice can be conpletahgsﬂﬁnggggm Iﬁ&%@lun1rap|dly forns

um oxi de as a surface | ayer upon n oxygen environnment
air). Therefore, the-exyg cont Hwal um netal powder
this circ nptance i s propor}ional e area. I n an

aWo WA nent , t he oxygen ontent was al so control | €¢THSIE#297 ng t he

of hydroflqorl F) sed in the | eaching process. HF dissol ves
um sur f ace, oxi GEY bﬁérggﬁ uci ng t4L surface area of tantal um and
soci at ed

IIn yet a further enbodi ment, oxygen
contept was adjusted by '

Sigedd g and

A chip powder was milled into a flake powder by mechanical
means for 2 hours. The milled flake was acid leached and
rinsed with water to remove surface impurity, £ollowed by

S drying. The dried flake was then hydrided, and milled into
smaller pieces of flake. The milled powder was then heat
treated twice. The first heat treatment step was conducted
at 1375°C for 30 minutes under vacuum in a vacuum inductance
(VI) furnace. The powder was then crushed and screened to

10 less than -40 mesh, and heat treated again at 1475°C for 30
minutes under vacuum in a VI furnace. The twice heat treated
powder was again, crushed and screened to -40 mesh.

The heat treated flake powder was then deoxidized, acid
leached, water rinsed, and dried using the procedure described
15 in Example 1.

About 16 mg of the tantalum base material sample was then
pressed into a pellet with a 7.0 g/ml density and sintered at
1700°C for 30 minutes. The pellets were then anodized at 400
volts and tested for specific charge and electrical iesakage

20 at 70% of the anodization voltage, i.e. 280 V. Results for
Examples 11 through 14 are found in Table 3 below.

EXAMPT,

"3

(i}

12
The twice heat treated powder, described in Example 11, was
deoxidized, nitrided, acid leached, water rinsed, dried and
25 tested using the procedure of Example 11.

EXAMPIE 13

The twice heat treated powdexr, described in Example 11, was
deoxidized using the same procedure as that used in Example

1, except that the dried powder was dried a second time at

10 ids°c for 6 hours.



erature during drying in air after acid and water Ieachiﬁb. The
S ded and oxygenated tantalum material having a BET surface val ue of
f than 0.6 nferr]/g and preferably between 0.25 and 0.55 nferr]/g was

pressed into a pellet, sintered, and evaluated for electiiC eakage
cWQ PYRINL i n accordance with the procedures identifi%#@é%‘@?‘\‘zé%hese

dures are generally known and rethgq in US Patent Nos. 4,441,927 and
72R, 756, currently assigned to the preSent assignee Cabot Corporation.

EXAMPLE 14

The twice heat treated powder, described in Example 11, was
deoxidized and nitrided using the procedure discussed in
Example 12, except that the dried powder was dried a second

5 time at 185°C for 6 hours.

TABLZ 3
EX £ EX EX
11 12 13 14
10 escemea:  memmmme  smmmmes cmemee—
Oxygen, ppm $79 975 1151 1333
Nitrogen, ppm 109 1852 140 1906
BET, m?/g 0.27 0.29 0.27 0.29
CAPACITANCE '
15 (RF-V/g)
400V anodization
1700C sinter 5207 3533 5186 5522
CURRENT LEAKAGE
(nA/uF-V)
20 400V anodization
1700C sinter 0.98 0.34 25.09 0.32
REPLACEMENT SHEET
10 OCT 1996
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1. A process for making low leakage capacitors from a base
material containing at least one metal powder selected from
Group V-B, comprising:

I Claim:

reacting a quantity of nitrogen with said base material
sufficient to form at least 500 to 7000 ppm by weight of
nitrogen in said material,

reacting a gquantity of oxygen with said base material
sufficient to form at least 700 to 3000 ppm by weight of
oxygen in said material,

forming pellets from said base material and sintering
said pellets at temperatures between 1400°C to 1800°C,

subjecting said sintered pellets to anodization voltages
of 100 volts or greater, '

forming capacitors from said anodized pellets, and
detecting a specific charge of up to about 25,000 ufv/g and
improved electrical leakage characteristics.

2. A process in accordance with claim 1 wherein said base
material contains at least tantalum metal powder.

3. A process in accordance with claim 2 wherein said base
material comprises nodular, chip, fiber, and flake powders.

4. A process in accordance with claim 3 wherein said base
material is agglomerated at a temperature between about 1200°C
to 1600°C,

5. A process in accordance with claim 4 wherein said base

material is agglomerated at a temperature between about 1400°C

“to 1500°C.

Thig is the replacement shect
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Al ternate nethods for conducting physical,.__chenmical, and electrical

anal y®'s are known in the art.. The el ectrodes were then finished
into capacitors by form ng--a dielectric ,Mﬂ"mfm ﬂ I pent oxi de on the
surface of the sintegec an des. The pent " ar’ d as a result. of
the anodvo 94msdrdat i on | waign. cedexposed t &nt Al uim et al PEGRIUS4PB8Dhor i ¢
acid. Oher dilute aciﬂ !i own in the art may- be used i ncl udi ng
aqueous sul furic acid! ' ' cid sokmtions.

6. A process in accordance with c¢laim ¢ wherein said
agglomerated material is reduced in size to a powder having
a particle size of -40 mesh.

7. A process in accordance with claim 3 wherein said

s quantity of nitrogen is reacted as nitrogen gas.

8. A process in accordance with claim 3 wherein said

quantity of nitrogen is reacted as ammonia gas.

9. A process 1in accordance with claim 3 wherein said
quantity of nitrogen is reacted as magnesium nitride.

10 10. A process in accordance with claim 3 wherein said
gquantity of nitrogen and oxygen are added in the same step.

11. A process in accordance with claim 3 wherein said
quantity of oxygen in said base material is limited by a
controlling means.

.
[63]

12. A process in accordance with claim 11 wherein said
controlling means comprises the addition of gquantities of
hydrofluoric acid to said base material.

i3. A process in accordance with claim 11 wherein said
controlling means comprises a getter material having a highér
10 affinity for oxygen than tantalum.

14. A process in accordance with claim 13 wherein said getter

material is wmagnesium.

15. A process in accordance with claim 1 wherein said

electrical leakage is reduced by éfeater than 28% with respect

ur

to capacitors formed from said base material.

16. A process in accordance with claim 1 wherein said
quantity of nitrogen reacted is between 1400 and 4400 ppm DY
1his is the mpboement Sire .
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After drying, the electrodes were itTmersed in a solution of manganese
ni¥rate. The solution | npregnat e es_were then heated to a
tenperature sufficient to decom%ﬂﬁm ﬁ” H nitrate to nmanganese
di oxi de. The nanganese di oxi de f ayer acent the
t ant Y@ B84/B¥ft oxi de | ayer. The | ayer of nanganese d|0X|dék?6ﬁ%? {%%9%d as the
cat hode. A |l ayer of graphite was then applied adjacent to the manganese
di oxi de layer prior to connecting termbat |eads to the electrodes to form
the finished capacitors.

weight of nitrogen and said quantity of oxygen is between 1100

and 23900 ppm.

[ Bad

7. A process in accordance with claim 16 wherein said
electrical leakage 1is reduced by greater than 30% at
anodization voltages of 100 to 200 volts and said specific
charge ranges from about 3400 to about 24,100 ufFv/g.

wn

18. A process in accordance with claim 1 wherein said

quantity of nitrogen reacted is between 1400 and 4400 ppm by

weight of nitrogen and said quantity of oxygen is between $50
10 and 2900 ppm by weight of oxygen.

19. A process in accordance with claim 18 wherein said
electrical leakage is reduced by greater than 36% at
anodization voltages of 150 to 400 volts and said specific
charge ranges from about 5,100 to about 18,000 urv/qg.

15 20. A process in accordance with claim 1 wherein said
quantity of nitrogen reacted is between 1400 and 2600 popm by
weight of nitrogen and said quantity of oxygen is between 850
and 2900 ppm by weight of oxygen.

21. A process in accordance with claim 20 wherein said

20 electrical leakage is reduced by between about 52 to 99% at
anodization voltages of 200 to 400 and said specific charge
ranges from about 5,500 to 13,200 ufFV/g.

22. A process making low leakage capacitors from a base
material containing at least tantalum metal powder comprising:

25 subjecting said material to a temperature of between
about 1200°C and 1600°C and forming agglomerates oZ said

material,

REPLACEMENT SHEET
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Wile not wishing to be linited by any—particular theory, is believed
t haf! the synergistic effect of reacting quantities of n|trogen and oxygen

W|th a base rrater|a+—|=esu1—t—s—|—|°rH°re foamm’ﬂﬂ 'm stable dielectric
| ayer of tantal unphg SHEngr al | a'm”mnt al um oxi de

di el ecWpi4/25871aor Erranodi zat'i of ptockss, cr'ys P/ HSAM04300 M

pent oxi de can forn BHf the presence of inpurities such as Fe,

Cr. N, Zr, C A sufeEsis:ynlii®lt y of -ara® phous tantal um oxide or nitride
S needed to mnimze growth of crystal tantal um oxide around the inpurity

sites during the_ anodjzation grocess This is especially inportant at a
hi gh formation VoTIgERrdr2 FOrREXGYpPE, nibpogsnt wish Isagiferdggiqrerated

material sufficient to form between 1400 to 4400 ppm by weight
of nitrogen in said material,

reacting a quantity of oxygen with said agglomeraced
5 material sufficient to form between at least 700 to 3000 ppm
by weight of oxygen in said material,

reacting a quantity of a reducing metal with oxygen
present in said reacted material and forming a quantity of
10 metal oxide,

controlling said quantity of metal oxide to a level of
between about 950 ppm to 2900 ppm by weight of oxygen in said
material,

forming pellets from said reacted material and sintering

15 said pellets at temperatures between about 1400°C to 1800°C,

subjecting said sintered pellets to anodization voltages of
between 150 and 400 volts, and

forming capacitors from said anodized pellets having a

specific charge of between about 5,100 to about 18,000 urv/g

20 and electrical leakage which is reduced by greater than 36%
with respect to capacitors prepared from said base material.

23. A process in accordance with claim 22 wherein said
quantity of nitrogen is reacted as nitrogen gas.

24. A process in accordance with claim 22 wherein said
25 quantity of nitrogen is reacted as magnesium nitride.

25. A powder in accordance with claim 22 wherein said
guantity of nitrogen is reacted as ammonia gas.

264 A process in accordance with claim 22 wherein said

reducing metal is magnesi . ]
- Fhesium {his is the replacement shec.

Date: 10 0oCT 199



thegelectrical field generated at'high voltages enhances crystal growh.
Cry8talline structures exhibit ’]i’"’ {'ﬁ rical conductivity and therefore

results in high current |eakage "'"”Ml”"’
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27. A process in accordance with claim 22 wherein said
quantity of nitrogen reacted is between 1400 and 2600 ppm by
weight of nitrogen and said quantity of oxygen is between $53
and 2900 ppm by weight of oxygen.

S 28. A process in accordance with claim 27 wherein said
electrical leakage is reduced by between 52 to 939% at
anodization voltages of 200 to 400 and said specific charge
ranges from about 5,500 to 13,200 uFV/g.

2%. A process for making low leakage capacitors from a base
10 material containing at least tantalum metal powder comprising:

subjecting said material to a temperature of between
about 1400°C and 1500°C and forming agglomerates of said base
material,

reducing said agglomerates to a powder having a screen
is5 size of -40 mesh,

reacting a quantity of magnesium nitride and a quantity
of magnesium metal with said powder and forming 1850 to 2550
ppm by weight of nitrogen in said powdexr

reacting sald magnesium metal with oxygen in said powder
20 to form a magnesium oxide component,

removing said oxide to a level of between about 2050 to
about 23900ppm by weight of oxygen in said powder,

forming pellets from said deoxygenated powder and
sintering said pellets at temperatures between about 1550°C
25 to 16850°C,

subjecting said sintered pellets to anocdization voltages

of between 150 and 200 volts, and
o heet Has Been Replaced
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- 11 - Wth excessively high oxygen content in the powder (e.gqg.

over '3500 ppm), the oxygen tends to f lﬁﬁ: ant al um oxi de after

pressing, sintering, and cooling. The ﬂrystal formed before

anodi zation acts like an inpurity which ser#es"assa site for crystal

f or mat i wo f/2992ant al um oxi de during sintering.  Therefore, Wé?%’“ﬁ”éz“én

opti mal oxygen concentration in the powder. The optinmal |evel is generally
- 27 -

forming electrodes from said anodized pellets having a
specific charge of between about 9,800 to about 15,300 ufv/g
and electrical leakage which is reduced by between about 75%
to 84% with respect to capacitors prepared from said base
=) material.

30. A tantalum powder for the manufacture of solid capaciters
having high specific charge and low electrical leakage
characteristics comprising:

a BET of less than about .6 m?/g,
10
an average agglomerated particle size of -40 mesh,

a quantity of nitrogen in the range of about 500ppm to
7000 ppm by weight nitrogen, and

a quantity of oxygen in the range of about 700ppm to
15 3000ppm by weight of oxygen.

31. A powder in accordance with claim 30 where said powder
has a BET value of between about .25 and about .55 m?/g.

32. A process in accordance with claim 30 wherein said
quantity of nitrogen reacted is between 1400 and 4400 ppm by

20 weight of nitrogen and said quantity of oxygen is between 950
and 2900 ppm by weight of oxygen.

33. A capacitor produced from the powder of claim 32 wherein

said electrical leakage is reduced by greater than 36% at

anodization voltages of 150 to 400 volts and said specific
25 charge ranges from 5,100 to 18,000 uFV/g.

34. A capacitor having low electrical leakage characteristics

comprising: e
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in_the range of between 700 and 3000 ppm-depending in part on the avail able

behavi or and effects of nitrogen in
of tantalumnetal are simlar to th

surface area and the sintering and fg@ﬂ@tlon condi tions. The

sol ubi WG $4/2587hi trogen is about tw ce as hi g
at a given tenperature. Therefore, higher nitrogen content in the powder

can result in |ower electrical |eakage i28 t-he capacitor. Furthernore, at

nor nal

capaci tor application tenperatures

10

20

25

a sintered anode produced from tantalum base material,
ressed into a pellet, and sintered at temperatures between
400°C and 1800°C,

= 0

said base material having between 500 to 7000 ppm by
weight of nitrogen and between 700 to 3000 ppm by weight of
oxygen,

a layer of anodic tantalum pentoxide formed on the
surface of said sintered anode,

a layer of manganese dioxide adjacent to said tantalum
pentoxide,

a layer of graphite positioned adjacent said manganese
dioxide layer,

an exterior shell in electrical contact with said
graphite layer, and

conductive contacts fixed to said shell.

35. A capacitor in accordance with claim 31 wherein said
tantalum base material is selected from the group consisting
of nodular, chip, fiber and flake powders.

36. A capacitor in accordance with claim 31 wherein said
quantity of nitrogen reacted is between 1400 and 2600 ppm by
weight of nitrogen and said quantity of oxygen is between 950
and 2900 ppm by weight of oxygen.

37. A capacitor in accordance with claim 33 wherein said
electrical leakage is greater than between about 52% to 99%
for anodization voltages of 200 to 400 volts.

REPLACEMENT SHEET

r? r -1
10 0L 996 ° | l

I

M

lmr” d anodi zati on processes
cept for the fact that
as that of BEFFER4OR7ant al um

This Sheet Has Been Replaced

#



(ambient to 100[err]C) , nitrogen as tantalumnitride, having a high

density and low nobility in the tant m“l\ﬂaﬁs to limt novenent of

oxygen with respect to the dielectr |\$“ ““ prevent the formation
a sub-oxi de which woul d have a hi'ghere eltecfri tal” | eakage nﬁ% 5

armr pREPYZEH At al um pent oxi de | ayer. Tant al um oxi de® Eg $£42 %si st ant

to sintering than tantalumnetal within the nornal tenperature range. A

hi gher oxygen content in tantalum powle#? preserves surface area during
sintering and results in higher capacitance. The addition of nitrogen to

tantal um pgydery hagogkitbar s §f G888 uan e with claim 34 which exhibits
a specific charge of between 5,500 and 13,200 ufV/g for

sintering temperatures of 1400°C to 1700°C.
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in that surface area is preserved during sintering and specific charge is

I ncr eased. Not wi t hstandi ng the advantages of doping with nitrogen or
oxygen separately. the inventor has discovered that the reaction of a
limted range of oxygen and nitrogen with the tantal um base, materi al

resul %;Mfynergi stic effect which PCT/US94/04207
1/72
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=¥2- both inproves the electrical |eakage characteristics and increases
the specific charge of finished capacitors to |levels

WO 94/25971 PCTUS94/04207
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This invention relates to a process for producing capacitor
grade powder from a base material selected from Group V-B of
the Periodic Table which has been reacted with nitrogen and
oxygeh; the powder produced therefrom; and a solid electrode
fabricated from the powdér and anodized at voltages of 100
volts and higher. Improved electrical leakage characteristics
are obtained through a range of specific charge of up to
25,000 uFV/g. '

BACKGROUND OF THE INVENTION

The performance 'characteristics of capacitors or
electrodes formed from capacitor grade powders are expressed
in terms of specific charge and electrical current leakage.
The specific charge, normally expressed in uFV/g, is a measure
of electrical charge capacity of the capacitor and is usually
proportional to ‘the surface area of the powder as a sintered
and anodized pellet. . The electrical 1leakage, normally
expressed in units of nA/uFV or 10° uA/uFV, is an indication
of how well:  the capacitor holds the specific charge.
Capacitors with improved electrical leakage characteristics
are recognized as having higher reliability.

It is well known that the performance characteristics of
finished capacitors are affected by the chemical and physical
characteristics of the powder employed to make the capacitors.
Base powders having greater than 3000 ppm by weight of oxygen
often develop crystalline like flaws in the dielectric film
during sintering and anodic oxidation. The flaws allow
current to pass through the dielectric, producing parts which
exhibit excessive electrical leakage and premature failure.
The 1likelihood of flaw formation increases for high
reliability capacitors where anod::.zat:.on voltages of 100 volts
or higher are used.
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Exanpl es 9 and 10 for anodi zation at 100 and 150 vol T ExénpAe 1
wgth Exanmple 2; and control Exanple 3 with Exanpl es vokts.j
For a range of anodization voltage of from 150 to 40 olts, an rov
in electrical |eakage of greater than 36% was achi evéd fo1odﬂ é§ﬁp
charge range of about 5,100 to about 18,000 uFV/g. aritities o

1400 and 4450 ppm by wei ght nitrogen and between 950
oxygen were reacted with tantal um base nat®rial . Per
el ectrical |eakage was calculated in'the manner di scussSed above on the

basis of a compari sogap{cPtdt¥empts have: been made to improve the
performance characteristics of finished capacitors by reacting
small quantities of modifying agents to the base material
‘powders. A range of additives or "dopants" have been used
including nitrogen, s:.l:.con, phosphorous, boron, carbon and
sulfur.

One example of such prior'attométs is found in U.s.
Patent No. 4,154,609 which ‘discloses the addition of an
1norgan1c lubricant such as boron nitride to tantalum metal
"powder prior ‘to sintering at 1600°C. A sintering temperature
rango of between 1,550°C and 1,850°C is disclosed. Electrical
testing of sim:erod and anodized pellets resulted in a
decrease in average electric_al' leakage values in a range of
between 0.15 to 0.26 nA/uFV, This represents a decrease in
electrical leakage of between about 4% to 38% with respect to
undoped controls. Average specific charge values of between
7050 and 7635 uFV/g were also obtained.

In U.S. Patent No. 4,544,403, tantalum base materials
were doped with quantities of at least two of the additives
selected from the group of carbon, sulfur, and nitrogen.
Quantities of up to 1632 ppm by weight of combined dopants
were used. The powder was agglomerated by heat treatment and
crushed to a particle size of about -35 mesh. Sintered
anodes, exhibited a decrease in averaged electrical leakage
values in the range of between 24 to 28%, at an anodizaticn
voltage of 100 volts. Average specific charge values in the
range of 9,564 to about 20,237 uFV/g were disclosed for the
same anodization voltage. An average electrical leakage
reduction of about 24 to 42% and a range of specific charge
of 6,004 to 19,771 uFV/g was also disclosed for an anodization
voltage of 200 volts.

Although a decrease in elec.trical leakage and an increase

of specific charge is apparent, there is no indication of the
effect of doping .with nitrogen and oxygen on electrical

oo T
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Exanple 8 wth Exanples 9 and 10 at 150 vol t anodi zatlon\r%
11 and 13 were conpared with Exanples 12 and 14 at 400 volt Qﬁknga :
I'n yet a further enbodi ment, quantities of between about 1400 to 26005@ by
wei ght nitrogen and between 950 to 2900 ppm by wei ght oxygeiQ WMaRegggact ¢d
with tantal um base material. A decrease in electrical |eakage of betwee
about 52 to 99% and a range of specific charge of 5,500 to I37206—was-
achi eved at anodi zation | evels of about 200 to 400 volts. The percent
decrease in electrical |eakage for el ectrodes was cal cul ated
leakage or the effect of such doping on the electrical

characteristics for anodization voltages above 100 volts.
Furthermore, the percentage reduction in electrical leakage
'is relatively low for ancdization voltages above 200 volts,
suggesting that the role of the dopgnts employed is to modify
the dielectric material rather than'_to reduce dielectric
defects during formation. '

In Japanese Kokai No.: 53{1978) -49, 254, a method for
forming a uniform tantalum nitride film is disclosed. In one
embodiment, tantalum powder is subjected to ammonia gas and-

. mixtures of nitrogen or ammonia with an inert gas such as
argon. Alternately, tantalum powder may be exposed to a salt
bath consisting of NaCN, NaCO,, BaCl,, and KCl. The powder is
then pressed into anodes and sintered. :

In Japanese Kokai No.: 63{1988).-86,509, a process for
reducing electrical leakage is disclosed. Tantalum powder
which was préésed into an anode and sintered was subject to
an ammonia gas atmosphere at a temperature of 1,100°C. Reacted
oxygen was held below 3000ppm. No disclosure is made however,
of the significance of doping with both oxygen and nitrogen
in the critical range claimed by the present invention.

Only marginal improvements in electrical leakage have
been observed for capacitors utilized in high reliability
applications. Typically these rugged capacitors are anodized
at voltages above 200 volts and operate in a specific charge
range of between 5,000 and 24,000 uFV/g and more particularly
between 5,000 and 15,000 ufFV/g.

Cne object of the present invention therefore is to
reduce electrical leakage in solid electrolytic capacitors at
formation veoltages of 100 volts or higher, while maintaining
specific charges above 5,000 uFV/g;
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Another. .object of the present fention is to reduce
shrinkage during. sintering, thereby preserving surface area

and elevated -levels of specific charge associated therewith.

'T;:.e_._zdevelppmenc of a highly-. reliable solid-electrode
capacitor. ﬁav_i.ng a specific charge of 5,000 uFV/g and greater,
and electrical leakage which is improved by at least 28% over
electrodes anodized at formation voltages of 100 volts or
higher and having similar capacitance, would constitute a
significant advance in the art of producing capacitor grade
powders and products.

.SUMMARY OF THE INVENTION

Accordingly, the present invention comprises a process
for making low leakage capacitors from base materials
containing at least one metal selected from Group V-B of the
Periodic Table. The base material is reacted with a quantity
of nitrogen sufficient to form at least 500 to 7000 ppm by
weight nitrogen and a quam:ity of oxygen sufficient to form
at least 700 to 3000 ppm by weight oxygen, in the material.

Electrodes are prepared by forming pellets from the
nitrided and oxidized powder and sintering the pellets at
temperatures between 1400°C to 1800°C. The sintered pellets
are then subject to anodization .voltages of 100 volts or
greater and finished into capacitors. Capacitors produced from
these anodized pellets exhibit increased levels of specific
charge and reduced 1levels of electrical leakage for
ancdization at voltages of about 100 volts or greater.
Specific charge values of up to about 25,000 uFV/g and a
reduction in leakage of 28% and greater is achieved with
respect to electrodes prepared from undoped base materials.

heet Has Been Reﬁaced
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- 13 - in the manner di scussed above for 200 and 400 volt anodi zati on

| evel s

: The foll owi ng Exanpl es are provided to f ?ﬁ%@f ?HEETQ
i nvention and denonstrate the inprovenents over previousf?
maki ng capacitor grade powder. Those skilled in the art |1

the Exanples are for illustrative purposes and not for |im tilhMARNEEc
of the invention as defined by the clains.

EXAMPLE 1

recognlzejtr
pe
S |

- 5 -

at

e o= s e

W

the invention. will be more readily understood f£rom the
followlng description and from the accompanying non-limiting
Flgures'

Figure 1 illustrates the synergistic effect of reacting
tantalum base material with oxygen and nitrogen together as
compared with reactzng the material with oxygen and nitrogen
separately. Percent reduction in electrical leakage is
illustrated over a range of formation voltages.

The lower curve of Figure 1 was prepared from ciata
obtained by the evaluation of electrodes anodized at voltages
of 150 volts and 200 volts, and was prepared in accordance
wiﬁh_Examples 1 and 3, and 2 and 4 discussed below. The
percent reduction in electrical leakage was calculated by
taking - the average leakage from Examples 3 and 4 over a
sintering range of from about 1400°C to 1700°C, and
subtracting the value from the average leakage from control
Examples 1 and 2. The percentage reduction in the average
electrical leakage from the control was then calculated. The
reduction is approximately 35% at 100 volt anodization, 55%
at 150 volts, 60% at 200 volts, and over 80% at 400 volts.

_ 'I'he middle curve of Figure 1 was prepared from electrodes
anodzzed at 100, 150, 200, and 400 volts. Comparison data was
obtained from electrodes prepared in accordance with Examples
9 and 8, 2 and 1, 4 and 3, 12 and 11, and 14 and 13.

Figures 2 and 3 illustrate an improvement in specific
charge over a range of sintering temperatures between about
1400°C and 1600°C. Tantalum base materials were doped with
oxygen and nitrogen in accordance with the process of Examples
1-4 and 8-10 respectively, and tested for specific charge.
The results were compared with.the results obtained from
control eamples prepared in accordance with the steps of
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Over 226.8 kg (500 Ibs) of a base nodul ar powder
vacuum at 1500[err]C, and crushed down to -40 ne hg(h&ﬂé&Fﬂér efired to
as HTA in the subsequent Exanples). 27.2 kg (60 IHs) e HTA pqwder was
then bl ended with 0.41 kg (0.9 | bs) of nagnesium
and seal ed fromthe atnosphere. The seal edjrgt t ed
w th vacuum punp, heated up to 900[err]C for a per
cooled to ambi ent tenperature. The powder taken ou
| eached with nitric acid and rinsed w théwater to

retort,

magnesi um and magnesi um oxi de before being air

Examples 1, 3 and 8. At 100 volt. anodization, specific charge
was increased by a range of 1000-1800 uFV/g with respect to
ancdes prepared without-'doping with nz:rogen and oxygen. An
improvement of about 400 to 600° uFV/g was ‘achieved for an
anodization voltage of 150 volts.

Figure 4 illustrates’'a reduction of electrical leakage
with increasing nitrogen content. The anodes were sintered at
1475°C and 1525°C, and anodizéd “at 150 volts. The degree of
influence of nitrogen on the electrical leakage begins to
level off at about 7000 ppm. '

Accordix_mg to one embodiment of the present invention,
capacitor powder for low leakage capacitors is produced from
base materials which contain at least one metal powder
selected from Group V-B of the Periodic Table. For éimplicit:y
purposes, reference shall be made to tantalum metal hereafter
even though the chemical and physical properties of tantalum
and niobium are known by those skilled in the art to be
suffiéiently similar to permit substitution of either metal.

Base materials employed in the process of the present
invention are typically formed by the chemical reduction of
potassium tantalum fluoride salt by metallic sodium, followed
by treatment with acid, washing with water, and drying. The
dried tantalum base material at this stage is called base
nodular powder. In an alternate ‘method, base materials are
produced from an ingot of tantalum by hydrating the ingot, and
crushing the ingot into powder of desirable sizes. The powder
is further degassed in vacuum to remove hydrogen. The powder
generated is called base chip powder. The base nodular and
base chip powder can also be further milled to increase their
surface area by fracturing the powder into a flake morphology
or flake powder. For purposes of convenience, base material
shall be defined hereafter to ihclude the above recited
nodular, chip, and flake morphologies and shall further
include fibroug powders.
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drled at 100[err]C for 6 hours. The powder was furt Qlerr]C
for 8 hours. A sanple of this powder was neas r&fpf-ﬁﬁEME[\H suegfrade

adrea via a BET met hod, and oxygen and nitrogen by t He Jproc us sed
bel ow. The results are listed in Table 1.

The base materials employed in one embodiment of the
present invention were agglomerated by heat treatment while
being subject to a vacuum' or an inert gas environment.
Temperatures in the range of 1200°C to 1600°C, and preferably
in the range of 1400°C to 1500°C were used. The heat treatment
process 'may be repeated to achieve a desired degree of
agglomeration. Those skilled in the a}:t will recognize the
thermal conditions and heating times necessary to achieve a
desired level of agglomeration of the selected powder.

_ After agglomeration, the base material was subjected to
" gize reduet:ion to a screen size smaller than 40 mesh. Various
traditional methods for reduction are contemf:lated by the
present invention including.the use of jaw crushing.

It is also within the scope of the present invention to
prepare electrodes from powders which have not been subject
to agglomeration heat treatment.

The inventor has discovered that by reacting a range of
nitrogen and oxygen with the base material, capacitors
produced £from the treated powder demonstrated improved
electrical leakage characteristics. While a range of about 500
to 7000 ppm by weight of niﬁrogen and of about 700 to 3000 ppm
by weight of oxygen is contemplated by the present invention,
a range of 1400 to 4500 ppm nitrogen and 1100 to 2900 ppm of
oxygen is preferred. At anodization voltages of greater than
200 volts, ranges of 1400 to 2600 ppm nitrogen and 950 to
2900 ppm oxygen are preferred. Where the quantity of nitrogen
and oxygen fall either below or above the cited range, desired
reduction levels of electrical leakage and increases in
specific charge are not achieved.

It is also contemplated by the present invention that
nitrogen and oxygen can be added to the base material at
different points during the procese. For example, the dopants
may be added during any heat cycle after the powder is pressed

i
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_into pellets, but before the pellets are anodized. In the
Examples discussed hereafter gaseous nitrogen was preferably
‘added after agglomeration. In an alternate embodiment, oxygen
was added to.the base material after ritrogen addition or

simultaneously therewith.

While the temperature. requzrement for nitrogen to react
~with ana ulffuse into tantalum metal depends on the physical
state and compound used, significant reaction between nitrogen

gas and tantalum metal occurs above 400°C.

In another embodiment, where ammonia gas was used,

the

temperature required for significant reactions to occur was

above 300°C.

Although the base materials of the present invention

gain

oxygen after each heat cycle due to surface reaction with air
under ambient condition, oxygen was removed by deoxidation
with a controlling'means such as an active element or compound
. having higher affinity for oxygen than tantalum. Various
controlling means are known in the art including the use of
getter materials. Preferred metals such as magnesium and/or
calcium were added to the doped base material at temperatures
between about 600°C to 1100°C while being subject to a vacuum
or an inert gas environment. Temperatures at or over the

. melting point of the getter materials are preferred.

Once deoxygenated, the tantalum powder was then cooled,

and

the magnesium and magnesium oxide were leached out of the

powder with acids, washed with water, and dried.

In another embodiment, nitrogen was added to the

base

material in a deoxidation cycle. In Examples 6 and 7,
discussed in detail below, about 1850 to 2550 ppm of nitrogen
were reacted with the base material as magnesium nitride. In
the reaction that followed, magnesium nitride exchanged

nitrogen for the oxygen from tantalum as shown below:

T80, + VIMGN,) oocoocoooooo-o- > TaN. s+ x(MgO)
i




v

The powder was conpressed in a comercial pellet press without the aid of
binders. Typically, the pressed density was 5 and Z_gLQQ_MSLng_a_pQM?er
wei ght of 16 ng to 100 ng, and a dianeter of 1.25 rmREMﬁm]nSHEEQ‘B
Vacuum Si nt eri ng The conpacted pellets were sinyeret—tn—a—hi-gh Vacuum
of less than 10[err] torr. (0.00133 Pa) for 30 m nyt ¢s ngs) at a
t enper at ure between about 1400[err]C to 1800[err]C {&%882%&&?

-9 - ’

2

Those skilled in the art will recognize that the values
of x; y, and z will depend on the level of oxygen and nitrogen
present in the tantalum base material. In accordance with
-Examples 6 and 7, between about 2050 and 2300 ppm of'oxygen
by weight remained after the powder was purified of magnesium
oxide. A reduction in electrical leakage of between 75 and 84%
and a specific charge range of 9,800 to about 15,350 was
obtalned for an anodization voltage of 150 to 200 volts.
Desired quantities of.both oxygen and hitfogen were reacted
with basé_metal in the same'step.

»

Where at least a stoichiometric amount of magnesium is
used and appropriate_temperatures and residence times known
to those skilled in the art are employed, oxygen in the
tantalum metal lattice can be completely removed., Tantalum
rapidly forms tantalum oxide as a surface layer upon exposure
to an oxygen environment (e.g. air). Therefore, the oxygen
content in the tantalum metal powdér under this circumstance
is proportiocnal to the surface area.

In an alternate embodiment, the oxygen content was also
‘controlled by varying the amount of hydrofluoric (HF) acid
used in the leaching process. HF dissolves tantalum surface
oxide thereby reducing the surface area of tantalum and the
associated oxygen content. In .yet a further embodiment,
oxygen content was adjusted by varying the time and
temperature during drying in air after acid and water
leaching.

The nitrided and oxygenated tantalum material having a
BET of less than .6 m?/g and preferably between .25 and .55
m?/g was then ﬁressed into a pellet, sintered, and evaluated
for electrical leakage characteristics in accordance with the
procedures identified below., These procedures are generally
known and recited in US Patent ‘Nos. 4,441,927 and 4,722,756,
currently assigned to the present{assignee Cabot Corporation.
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(© Anodi zation The sintered pellets were anodi zed r{" a"'ﬁﬁEMﬁ ‘ng bat,h
at 90+/- 2[err]C at between 100 and 400 volts DC. The elfe r'T'Vt‘E was O. |
phosphoric aci d. The anodi zation rate was controlfl E,&A%% per
m nute. After the desired anodi zation voltage (preferablly elt e 7150
200, or 400 volts) was reached, the anode was held at the
period for three hours. The anode was then %as_hed and dri ed.

Alternate '_methods, for conducting ‘physical, chemical, and
electricgl analysis are known in the art..

The electrodes were then finished into capacitors by
_forming a dielectric . layer of tantalum pentoxide on the
- surface of the szntered_ anodes.. The pentoxide layer formed
_as" a result.  of the anodic.oxidation of the anodes’ -exposed
tantalum metal .‘wi_tli phosphoric acid. Other dilute acid
solutions known in the art may- be used including aqueous
sulfuric aéid, and nitric acid. solutions.

After drying, the electrodes were immersed in a solution
of ménganese nitrate. The solution impregnated electrodes w'ere
then heated to a temperature sufficient to decompose the
manganese nitrate to manganese dioxide. The manganesé dioxide
formed a uniform layer adjacent the tantalum pentoxide layer.
The 'lay'er of manganese dioxide functioned as the cathode. A
layer of graphite was then applied adjacent to the manganese
dioxide layer prior to connecting terminal leads to the
electrodes to form the finished capacitors.

While not wishing to be limited by any particular theory,
it is believed that the synergistic effect of reacting
quantities of nitrogen and oxygen with a base material results
in the formation of a more stable dielectric layer of tantalum
pentoxide. Generally, a desirable tantalum oxide dielectric
is amorphous. In the anodization process, crystal tantalum
pentoxide can form as a result of the presence of impurities
such as Pe, Cr, Ni, 2r, C. A suitable quantity of amorphous
tantalum oxide or nitride is needed to minimize growth of
crystal tantalum oxide around the impurity sites during the
anodization process. This is especially important at a high
formation voltage of, for example, 100 volts or higher, since
the electrical field generated at high vol:éges enhances
crystal growth. Crygtalline structures exhibit higher
electrical conductivity and t:he're:_fore results in high current
leakage.
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(D) Testing Conditions The anodes, after anodizin
dryying, were first tested for electrical |eakage.
test solution was enpl oyed. The anodes were immers

g, rinsing, and

; ci d
Te SHEED |

ution

to the top of the anode and a voltage of 70% of th 7
(i.e. 70 volts if anodized at 100 volts) was appli

m nutes after which the electrical |eakage Mas megs r ed

nal formatidn|]voltage

qvu ﬂﬂasmvncs to 2
Afft gr the

el ectrical |eakage neasurenents were conpleted

With excessively high oxygen content in the powder l(e.g.
over 3500 ppm), the oxygen tends to form crystalline tantalum
oxide after pressing, sintering, and cooling. The tantalum
oxide crystal formed before anodization acts like an impurity
which serves as a site for c‘r'jrstél formation of tantalum oxide
during sintering. - Therefore, there is an optimal oxygen
concentration in the powder. The optimal level is generally
in the range of between 700 and 3000 ppm depending in part on
the available surface area and the sintering and formation
conditions. ' ' '

The behavior and effects of nitrogen in the sintering and
anodization processes of tantalum metal are similar to those
of oxygen, except for the fact that solubility of nitrogen is
about twice as high as that of oxygen in tantalum at a given
temperature. Therefore, higher nitrogen content in the powder
can result in lower electrical leakage in the'capacitor.
Furthermore, at normal capacitor application temperatures
(ambient to 100°C), nitrogen as tantalum nitride, having a
high density and low mobility in the tantalum matrix, tends
to limit movement of oxygen with respect to the dielectric
layer. This can prevent the formation of a sub-oxide which
would have a higher electrical leakage than the amorphous
tantalum pehtoxide layer.

_ Tantalum oxide is more resistant to sintering than
tantalum metal within the normal temperature range. A higher
oxygen content in tantalum powder preserires surface area
during sintering and results in higher capacitance. The
addition of nitrogen to tantalum powder has similar effects,
in that surface area is preserved during sintering and
specific charge is increased.

Not withstanding the advantages of doping with nitrogen
or oxygen separately,.the inventor has discovered that the
reaction of a limited range of oxygen and nitrogen with the
tantalum base, material results in a synergistic effect which
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the specific charge was neasured on the anode enpl
General Radi o Capacitance Test Bridge.
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bo:h :meroves the electrical - .leakage- characteristics and
1ncreases the spec:.f:.c charge of finished capacitors to levels
_ unach:.evable bv. the addition of either. dopant alone.

. Referring to the data in Tables 1-3 below, and Figure 1,
'_ an iﬁprovement in electrical leakage of greater than 30% was
realized over an anodization range of 100 to 200 volts where
1400 to 4400ppm of nitrogen and 1100 to 2900 ppm by weight of
oxygen was reacted with tantalum base material. A range of
specific charge of between about 9,400 and 24,100 uFvV/g was
also obtained. The percent reduction in electrical leakage was
caléulated by comparing averaged leakage values over a
sintering temperature range of about 1400°C to 1700°C. In
particular, a comparison was made of control Example 8 with
Examples 9 and 10 for anodization at 100 and 150 volts;
control Example 1 with Example 2; and control Example 3 with
Examples 4-7 for 200 volts.

For a range of anodization voltage of from 150 to 400
volts, an improvement in electrical leakage of greater than
316% was achieved for a specific charge range of about 5,100
to about 18,000 uFV/g. Quantities of between 1400 and 4450 ppm
by weight nii:rogen and between 950 and 2900 ppm by weight
oxygen were reacted with 'tantalum base material. Percent
reduction in electrical leakage was calculated in the manner
discussed above on the basis of a comparison of control
Example 8 with Examples 9 and 10 at 150 veolt anodization.
Control Examples 11 and 13 were compared with Examples 12 and
14 at 400 veolt anodization. :

In yet a further embodiment, quantities of between about
1400 to 2600ppm by weight nitrogen and between 350 to 2900 ppm
by weight oxygen were reacted with tantalum base material. A
decrease in electrical leakage of between about 52 to 99% and
a range of specific charge of 5,500 to 13,200 was achieved at
anodization levels of about 200 ‘to 400 volts. The percent
decrease in electrical leakage for electrodes was calculated

Been Replaced
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Oxygen and N trogen Anal ysis The oxygen and nitrogen anal ysi s was made

using the Leco TC-30 Jerr] and N err] analyzer reft S
fusi on technique. BET Surface Area The tot urf&@@ﬁﬁﬁe&FBﬁ he
tantal um was neasured using a Num nco Or surfac ea pore VoIl anal yzer
( manuf act ur ed L10 MAR 1997
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..in the manner discussed above for 200 and 400 volt anodization

levels.

The - following Examples are provid;d tc'further clarify

-. .the invention and demonstrate the lmnrovements over previous

processes for making capacitor: grade powder Those skilled in

the art will recognize that the Examples are for illustrative
purposes and not for limiting the scope of the invention.

s&gm;

Over 500 lbs of a base nodular powder was heat treated
under vacuum at ‘1500°C, and - crushed down to -40 mesh
(hereafter referred to as HTA in the subsequent Examples).
60 lbs of the HTA powder was then blended with 0.9 lbs of
magnesium. The blend was placed in a retort, and sealed from
the atmosphere. The sealed retort was evacuated with vacuum
pump, heated up to 900°C for a period of 3 hours, and cooled
to ambient temperature. The powder taken out of the rétort
was leached with nitric acid and rinsed with water to remove
the residual magnesium and magnesium oxide before being air
dried at 100°C for 6 hours. The powder was further dried at
180°C for 8 hours.

A sample of this powder was measured for its surface area

'via a BET method, and oxygen and nitrogen by the procedure
discussed below. The results are listed in Table 1.

laced
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by Nunmec Corporation). The BET (Braunauer-EnE Bﬁghiﬁgquymeac
obtained in this manner include the external surfac
internal surface area contributed by the presence}o the'fores

ar eas
t he

U) (D
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PROCEDURE FOR CAPACITANCE, ELECTRICAL LEAKAGE, DETERMINATION

(A) Pellet Fabrication:

_The powder was.compressed in a commercial pellet press
without fhe aid of binders. Typically, the preésed density was
5 and 7 g/cc using a powder weight of 16 mg to 100 mg, and a
diameter of 1.25 mm to 2.5 mm.

(B) Vacuum 81ntering

The compacted pellets were szntered in a high vacuum of
less than 10™® torr- (0.00133 Pa) for 30 minutes (1800 seconds) -
at a temperature between about 1400°C to 1800°C.

(C} Anodization

The sintered pellets were anodized in a forming bath at
90+/- 2°C at between 100 and 400 volts DC. The electrolyte was
0.1% phosphoric acid. '

The anodization rate was controlled to 1 volt per minute.
After the desired anodization voltagé (preferably either 100,
150, 200, or 400 volts) was reached, the anode was held at the
voltage for a period for three hours. The anode was then
washed and dried.

(D) Testing Conditions .

The anodes, after anodizing, rinsing, and drying, were
first tested for electrical leakage. A 10% phosphoric aciad
test solution was employed. The anodes were immersed in the
test solution to the top of the anode and a voltage of 70% of
the final formation voltage (i.e. 70 volts if anodized at 100
volts) was applied for 10 seconds to 2 minutes after which the
electrical leakage was measured.

After the electrical leakage measurements were completed,

the specific charge was measured on the anode employing a type
1611B General Radio Capacitance Test Bridge.

Has Been Replaced
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Oxygen and Nitrogen Analysis -
The oxygen and nitrogen analysis was made using the Leco
TC-30 O, and. N, analyzer which is an inert gas fusion

.technique.

. BET Surfece Area

The total surface area of the tantalum was measured using
a Numinco Orr surface area pore volume analyzer (manufactured
by Numec Corporation). The BET (Braunauer-Emmet-Teller)
surface areas obtained in this manner include the external
surface area as well as the internal surface area contributed
by the presence of the pores. )

\\\\\\\\\\\\\\\\\\\\\\\\\
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1105 2220 2095 2860 Nitrogen,
1860 2540 BET, nierr]/g 0.35

0. 36 CAPACI TANCE 150V anodi zati on

7 _CXygen,.pp
45 1510

ppm
0.

34

1550C sinter 1
15380 15020 15290 -1600C sinter 11900 12295 11435
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1665 13700 13130
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Oxygen, ppm 2150

Nitrogen, ppm 45
BET, mi/g © 0.35
- CAPACITANCE

150V anodization
1550C sinter. 13700
1600C sinter 11900
1650C sinter 10460
200V anodization
1550C sinter 11700
1600C sinter 10200
1650C sinter
CURRENT LEAKAGE
150V anodization
1550C sinter 0.60
1600C sinter 0.37
1650C sinter

200V anocdization
1550C sinter 3.43

1600C sinter 1.95
1650C sinter

13660

11665
11120

11860
10542

15380
13700
10940

13190
12020
10410

0.48
0.31
0.24

15020
13130
11240

12650
11530
9850

0.50
0.37
0.24

2.20
1.49
0.71

15290
13590

13050
11880
10130

0.41
0.23
0.19
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'TABLE 1

EX EX
3

2095 1360
1510 55
0.34
14080 12950
12295 11435
12016 11215
10740 9970
9490
0.38  1.23
0.26 1.01
0.21
1.92  7.74
1.09 5.56
0.66

EXAMPLE 2

55 1b of heat treated nodular powder from the same batch
as in Example 1 (HTA) was deoxidized using the same procedure
as that described in Example 1, except that during the cooling
process, a quantity of nitrogen was introduced into the retort
at a temperature of 400°C. After the addition was completed,
the retort and powder were then allowed to continue to cool.
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1650C si nter 10460 11120 10940 11240 #2000 =aReaHi-Zattofm
1550C si nter 11700 12016 11215 11860 13190 12650 1BOBEPLACEMEGIKISHEEY
10200 10740 9970 10542 12020 11530 11880 1650C si nt ér 9290
10410 9850 10130 CURRENT LEAKAGE 150V anodi zati of 10 MAR 1997

- 17 -

The ﬁbwder'was leached, dried and tested in accordance with
the procedure of Example 1.

EXAMPLE 3

The base powder of Example 1 was heat treated at 1500°C,
and deoxidized.

EXAMPLE 4

. The base powder of Example 1 was heat treated,
deoxidized, and reacted with nitrogen in accordance with the
procedure of Example 2. The procedure for acid léaching, water
rinsing, and drying employed in Example 3 were utilized.

EXAMPLE 5

120 lbs of base nodular powder was heat treated at 1500°C
and crushed to an average particle size of -40 mesh. The
powder was then mixed with 1.8 1b of magnesium and sealed in
a retort. The retort was then evacuated with a mechanical pump
and heated to the reaction temperature as described in Example
1. After reaction, 1500 ppm by weight of nitrogen gas was
introduced into the powder retort when the powder was cooled
to a temperature of 500°C. The powder and the retort were
then cooled to ambient temperature. The cooled powder was
acid leached, rinsed with water, and dried using the same
procedure as that used in Example 1.

EXAMPLE 6

300 grams of the heat treated powder from the batch
described in Example 1 were mixed with 3.2 grams of magnesium
nitride and 2.2 grams of magnesiﬁm. The blended powder was
held in a tantalum metal tray which is placed in a retort, and
deoxidized. The deoxidized pow&eg:was then leached and dried
in accordance with the procedure described in Example 1.

eet Has Been RTlaced
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1550C sinter 0.60 O0.38 1.23 0.68 0. 48 0.50 0.41 1600C sinter
0.37 0.26 1.01 0.52 0.31 0.37 0.23 1650C sinter 0.21

0.24 0.24 0.19 200V anodi zation 1550C sinter 3.43 1.92 7.74 3.89
2.23 2.20 1.85 1600C sinter 1.95 1.09 5.56 2.5¢ 1.-32 1.49

0. 77 1650C sinter 0. 66 0.74 0. y1REPLACEMENT SHEET
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EXAMPLE 7

300 grams. of the heat treated powder from the batch
described in Example 1 were mixed with 5.4 grams of magnesium
.nitride and 0.6 grams of magnesium. The blended powder was
held in a tantalum _i::ay .which was placed in a retort, and
deoxidized. The powder was removed and subject to leaching and
_'drying using the same procedure as that described in Example
1.

- EXAMPLE 8

A high surface area powder, having an "average mean
particle size of about 1x was heat treated at 1400°C and
crushed down to -40 mesh., About 5 1lb of the heat treated
powdexr was mixed with 30 grams of magnesium. The blended
powder was placed in a tantalum tray which in turn was sealed
inside a retort. The sealed retorted was evacuated with a
mechanical punip, heated up to 550°C for a period of 3 hours
and then cooled to ambient temperature. The powder was then
taken out of the retort and leached, rinsed, and dried in the
manner discussed above to remove the residue magnesium and
magnesium oxide.

EXAMPLE 3

The same high surface area powder utilized in Example 8
was heat treated, deoxidized, leached, and dried_ in accordance
with the procedures of Example 8. About 5 lbs. of the dried
tantalum base material was introduced into a retort and heated
to a temperature of 500°C. About 3.5 grams of nitrogen gas was
introduced into the retort during the coocling process.

EXAMPLE 10

The same high surface areai powder was heat treated,
deoxidized, 'leached, and dried as described in Example 8.

his Sheet Has Been Re laced
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EXAMPLE 2

same batch as in Exanple 1 (HTA) was deoxidi zed using the
that described in Exanple 1., except that during the co@l Ng process;a;
guantity of nitrogen was |ntroduced into the retort at fe &ﬂ@f‘@%pf’
400[err] C. After the addition was conpleted, the retortjapd po re]
then allowed to continue to cool.

24.9 kg (55 | b) of heat treated nodul aj

ERLACEMIE VT BHEEE

- 19 -
About 5 lbs of dried tantalum base material was introduced
into a retort and heated to 500°C. About 13 grams of nitrogen
gas was introduced into the retort during the cooling

" process. -

- The results of Examples 8 through 10 are found below in Table

2..
TABLE 2
EX EX EX
8 9 10
Oxygen, ppm 2440 1922 1900
Nitrogen, ppm - 85 2572 4365
BET, m’/g 0.53 0.44 0.44
CAPACITANCE
100V anodization
1425C sinter 23090 24100 23950
1475C sinter. 21285 22255 22265
1525C sinter ‘17681 ° 18381 19510
150V anodization
1425C sinter B.D. 17930 17510
1475C sinter 16160 178358 17790
1525C sinter 14195 15745 15985
CURRENT LEAKAGE
100V anodization
1425C sinter 1.28 0.53 0.90
1475C sinter 0.50 0.33 0.33
1525C sinter 0.29 0.22 0.22
150V anodization
1425C sinter B.D. 6.08 5.85
1475C sinter 7.07 2.84 - 2.16
1528C sinter 3.61 1.28 0.77
Note: "B.D." is defined as the failure point or pocint of
break down of the anode dielectric before the
anodization voltage of 150V was reached. The

capacitance and leakage can not be measured under
this condition. :
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- 17 - The powder was | eached, dried and tested in accordance with the
procedure of Exanple 1.
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a chiﬁ powder was milled into a flake powder by mechanical
means for 2 hours. The milled flake was acid leached and
rinsed with water to remove surface impuriﬁy, followed by
drying. The .dried flake was then hydrided, and milled into
smalléi pieces of flake. The milled powder was then heat
treated twice. The first heat treatment step was conducted
at 1375°C for 30 minutes under vacuum in a vacuum inductance
(VI) furnace. The powder was then crushed and screened to
less than -40 mesh, and heat treated again at 1475°C for 30
minutes under vacuum in a VI furnace. The twice heat treaced
powder was aga;n, crushed and screened to -40 mesh.

The heat treated flake powder was then deoxidized, acid
leached, water rinsed, and dried using the procedure described
in Example 1.

About 16 mg of the tantalum base material sample was then
pressed into a pellet with a 7.0 g/ml density and sintered at
1700°C for 30 minutes. The pellets were then anodized at 400
volts aﬁd tested for specific charge and electrical leakage
at 70%¥ of the anodization voltage, i.e. 280 V. Results for
Examples 11 through 14 are found in Table 3 below.

EXAMPLE 12
The twice heat treated powder, described in Example 11, was

deoxidized, nitrided, acid leached, water rinsed, dried and
tested using the procedure of Example 11l.

EXAMPLE 13

The twice heat treated powder, described in Example 11, was
deoxidized using the same procedure as that used in Example
11, except that the dried powder: was dried a second time at

.185°C for 6 hours. '

This Sheet Has Been
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EXAMPLE 3 The base powder of Exanple 1 was heat treated at

1500[ err] C, and deoxi di zed. o
base powder of Exanple 1 was heat treated, deoxidized,
nitrogen in accordance with the

- 21 -

EXAMPLE 14

ANPLE 4 The
NREPLABEMENT \YHEET
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The twice heat treated powder, described in Example 11, was
deoxidized and nitrided 'uéing_thg procedure discussed in

Example 12, except that the drie_d'powder was dried a second

time at 185°C for 6 hours.

TABLE 3
EX EX
11 12
Oxygen, ppm " 979 "976
Nitrogen, ppm 109 1852
BET, m?/g 0.27 0.29
CAPACITANCE
(uF-V/g)
400V anodization
1700C sinter 5207 . 5533
CURRENT LEAKAGE
(nA/uF-V)
400V anodization

1700C sinter 0.98 0.34

This Sheet Has B
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EX EX

i3 14

1151 1333
140 1906
0.27 0.29
5186 5622
25.098 0.34



procedure of Exanple 2. The procedure for acid Iéaching, wat er rinsing, and
drying enployed in Exanple 3 were utilized.

EXAMPLE 5

54.4 kg (120 | bs) of base nodul ar powder was heat- treat ed

at 1500[err]C and crushed to an average particle size
powder was then m xed wth 0.82 kg (1.8 Ib) of nagne5|u

_ sh. The
retort. The retort was then évacuat ed'vm'th 2chani cal punp H’ ”t/gmto

the reaction tenperature as described in Ex I e
I Claim:
l1.. A process for making low leakage capacitors from a base

i (=

material containing at least one metal powder selected from

Group V-B, comprising:

_ reacting a quantity of nitrogen with said base material
sufficient to form at least 500 to 7000 ppm by weight of
nitrogen in said material, '

reacting- a quantity of oxygen with said base material
sufficient to form at least 700 to 3000 ‘ppm by weight of
oxygen in said materzal,

forming pellets from said base material and sintering
said pellets at temperatures between 1400°C to 1800°C,

subjecting said sintered pellets to anocdization voltages
of 100 volts or greater,

forming capacitors from said anodized pellets, and
detecting a specific charge of up to about 25,000 uFV/g and
improved electrical leakage characteristics.

2. A process in accordance with claim 1 wherein said base

material contains at least tantalum metal powder.

3. A process in accordance with claim 2 wherein said base
material comprises nodular, chip, fiber, and flake powders.

4. A process in accordance with claim 3 wherein said base
material is agglomerated at a temperature between about 1200°C
to 1600°C.

5. A process in accordance with claim 4 wherein said base
material is agglomerated at a temperature between about 1400°C




1. After reactioA, POR 1b pﬁ ht of nitrogen gas was introduced into
t he powder retort & s cooled to a tenperature of 500[err]C

The powder and t retort were tHerl cooled to anbient.tenperaturer

cool ed powder was} aci 40 MARN®G7 rli fsed with water, and dried u
procedure as that{ used i n Exanpl ¢ ‘1““ M“S“ w
300 grans of the fheat treated powd r fromthe batch de el

were m xed with 3-2—grans. of pagnegsi um - 23 -

6. A .process in accordance with claim 4 wherein said
agglomerated material is reduced in size to a powder having
a particle size of -40 mesh.

7. A process in accordance with claim 3 wherein said
quantity of nitrogen is reacted as nitrogen gas.

8. A process in accordance with claim 3 wherein said
quantity of nitrogen is reacted as ammonia gas.

9. A process' in  accordance with claim 3 wherein said'
quantity of nitrogen is reacted as magnesium nitride.

10. A process in accordance with claim 3 wherein said
quantity of nitrogen and oxygen are added in the same step.

11. A process -in accordance with ‘claim 3 wherein said
quantity of oxygen "in said base material is limited by a
controlling means.

12. A process in accordance with claim 11 wherein said
controlling means comprises the addition of quantities of
hydrofluoric acid to said base material.

13, A process in accordance with claim 11 wherein said
controlling means comprises a getter material having a highér

affinity for oxygen than tantalum.

14. A process in accordance with claim 13 wherein said getter
material is magnesium.

15. A process in accordance with claim 1 wherein said
electrical leakage is reduced by great;.er than 28% with respect
to capacitors formed from said base material.

16. A -process in accordance v?ith claim 1 wherein said
guantity of nitrogen reacted is between 1400 and 4400 ppm by

“ﬁﬁ’iif‘li‘iilﬁili“li‘l‘iu




nitride and 2.2 grans of magnesium The bl ended powder was held in a
tantalumnetal tray which is placed in a retort, and deoxi di zed. The
deoxi di zed powder was then | eached and dried in accordance with the
procedure described in Exanple 1.

S )

weight of nitrogen and said quantity of oxygen is between 1100
and 2900 ppm..

"17. A process in accordance with claim 16 wherein said
~electrical leakage is reduced by greater than 30% at
anodization.voltages of 100 to 200 volts.and said specific
- charge ranges from about 9400 to about 24,100 uFV/g.

-18. A process in accordance with claim ‘1 wherein  said

-quam:ity of nitrogen reacted is between 1400 and 4400 ppm by

iﬂeight of nitrdgen ' and said quantity of oxygen is between 950
and-2900 ppm by w_eight of oxygen.

19. A process in accordance with claim 18 wherein said
electrical leakage is reduced by greater than 36% at
anodization wvoltages of 150 to 400 volts and said specific
chdrge ranges from about 5,100 to about 18,000 uFV/g.

20. A process in accordance with claim 1 wherein said
quantity of nitrogen reacted is between 1400 and 2600 ppm by
weight of nitrogen and said quantity of oxygen is between 350
and 2900 ppm by weight of oxygen.

21. A process in accordahce with claim 20 wherein said
electrical leakage is reduced by between about 52 to 99% at
anodization voltages of 200 to 400 and said specific charge
ranges from about 5,500 to 13,200 uFV/g.

22. A process making low leakage capacitors from a base
material containing at least tantalum metal powder comprising:

subjecting said material to a temperature of between
about 1200°C and 1600°C and forming agglomerates of said
material,

i




- 18 - EXAMPLE 7 300 grans of the heat
treated powder fromthe batch described in Exanple 1 were mxed with 5.4

granms of magnesi um ST e e o
- 25 . * C L M s * :
reacting_ a.quantity.of hitrogen with said agglomerated

material sufficient to form between 1400 to 4400 ppm by weight
of nitrogen-in said material,"

reacting a quantity of oxygen with said agglomerated
.material sufficient to form between at least 700 to 3000 ppm
by weight of oxygen in said material, -

reacting. a quantity of a reducing metal with oxygen
present in said reacted material and forming a quantity of
metal oxide,

controlling said quantity of metal oxide to a level of
between about 950 ppm to 2900 ppm by weight of oxygen in said
material,

forming pellets from said reacted material and sintering

" said pellets at temperatures between about 1400°C to 1800°C,

subjecting said sintered pellets to anodization voltages of
between 150 and 400 volts, and

forming capacitors from said anodized pellets having a
specific charge of between about 5,100 to about 18,000 urFV/g
and electrical leakage which is reduced by greater than 36%
with respect to capacitors prepared from said base material.

23. A process in accordance with claim 22 wherein said
quantity of nitrogen is reacted as nitrogen gas.

24. A process in accordance with claim 22 wherein said
quantity of nitrogen is reacted as magnesium nitride.

25. A powder in accordance with claim 22 wherein said
quantity of nitrogen is reacted as ammonia gas.

26. A process in accordance with claim 22 wherein said

reducing metal is magnesium.

o REPLACEMENT SHEET
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nitride and 0. 6 granms of nmagnesium The bl ended powder was held in a
tantalumtray which was placed in a retort, and deoxidi zed. The powler was

renoved and subject to | eaching and drying using the sane

described in Exanple 1. EXAMPL

surface area powder, having an average nean particle size

%"ocedure as that -

A 0 o

was heat treated at 1400[err]C and

- 26 -

. 27.- A . process in accordance with claim 22 wherein said

quantity of_ nitrogen reacted is between 1400 and 2600 ppm by

_weight of nitrogen and-said quantity of oxygen is between 950

and 2900 ppm by weight of oxygen.

28. A process in- accordance with claim 27 ‘wherein said
electrical leakage is reduced by between 52 to 99% at
anodization voltages of 200 to 400 and said specific charge

ranges from about 5,500 to 13,200 uFV/g.

29. ‘A process for making low leakage capacitors from a base
material containing at least tantalum metal powder comprising:

subjecting said material to a temperature of between
about 1400°C and 1500°C and forming agglomerates of said base
material,

reducing said agglomerates to a powder having a screen
size of -40 mesh,

reacting a quantity of mégnesium nitride and a quantity
of magnesium metal with said powder and forming 1850 to 2550
ppm by weight of nitrogen in said powder,

reacting said magnesium metal with oxygen in said powder
to form a magnesium oxide component,

removing said oxide to a level of between about 2050 to
about 2900ppm by weight of oxygen in said powder,

forming pellets £from said deoxygenated powder and
sintering said pellets at temperatures between about 1550°C
to 1650°C,

subjecting said sintered pellets to anodization voltages
of between 150 and 200 volts, and

R REPLACEMEAT SHEET
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crushed down to -40 nmesh. About 2.27 kg (5 I'bs) of the heat treated powder
was mxed with 30 grams of magnesium The bl ended powder was placed in a
t ant al umtray which in turn was sealed inside a retort. -Fhe sealed retorted

was evacuated with a mechani cal punp, heated up to 950[ea\r{h€ for a period

of 3 hours and then cooled to anbi ent terrperat ure. The p ﬂ””ﬁimmn"”"l
S

taken out of the retort and | eached, ri nsedzs7 and dried i
di scussed above to renmove the residue magnesi um and rragne5| ufm oki de.

form:mg electrodes from said anodized pellets having a
_ SpEC1f1C charge of between about 9,800 to about 15,300 ufFV/g -
and electrical leakage which is reduced by between about 75%
to 84% with respect to capacitors prépared from said base
material. '

'30. A tantalum powder for the manufacture of solid capacitors
having high specific charge and low electrical leakage
characteristics comprising: .

a BET of less than about .6 m?/g,
an average agglomerated particle size of -40 mesh,

a quantity of nitrogen in the range of about 500ppm to
7000 ppm by weight nitrogen, and

a quantity of oxygen in the range of about 700ppm to
3000ppm by weight of oxygen. :

31. A powder in accordance with claim 30 where said powder
has a BET value of between about .25 and about .55 m¥/g.

32. A process in accordance with claim 30 wherein said
quantity of nitrogen reacted is between 1400 and 4400 ppm by
weight of nitrogen and said quantity of oxygen is between 950
and 2900 ppm by weight of oxygen.

33. A capacitor procduced from the powder of claim 32 wherein
said electrical leakage is reduced by greater than 36% at
anodization voltages of 150 to 400 volts and said specific
charge ranges from 5,100 to 18,000 uFV/g.

34. A capacitor having low electrical leakage characteristics
comprising:

i o
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The sane high surface area powder utilized in Exanple 8- was heat treated,
deoxi di zed, |eached, and dried in accordance with the procedures of Exarrpl e
8. About 2.27kg(5 Ibs)of the dried tantal um base material .was introduced
into a retort and heated to a tenperature of 500[err]C About 3.5 granms of

%&/gggnlgas was introduced into the retortadurl ng the lmmlﬂﬂﬂlmmﬂmﬂll

a sintered anode produced from tantalum base material,
pressed into a: pellet, and sintered at temperatures between
- 1400°C.and 1800°C; '

said base material having betwéen 500 to 7000 ppm by
weight of nitrogen and between 700 to 3000 ppm by weight of

axygen,

a layer of anodic tantalum pentoxide formed on the
surface of said sintered anode,

a layer of manganese dioxide adjacent to said tantalum
pentoxide,

a layer of graphite positioned adjacent said manganese
dioxide layer, '

an exterjior shell in electrical contact with said
graphite layer, and

conductive contacts fixed to said shell.

35. A capacitor in accordance with claim 31 wherein said
tantalum base material is selected from the group consisting
of nodular, chip, fiber and flake powders.

36. A capacitor in accordance with claim 31 wherein said
quantity of nitrogen reacted is between 1400 and 2600 ppm by
weight of nitrogen and said quantity of oxygen is between 850
and 2900 ppm by weight of oxygen.

37. A capacitor in accordance with claim 33 wherein said
electrical leakage is greater than between about 52% to 99%
for anodization voltages of 200 to 400 volts.
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The sanme high surf ace area powder was heat treated, deoxidized, |eached,
and dried as described in Exanple 8.
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38. -A capacitor in accordance with claim 34 whxch exhibits
a specific charge of ‘between 5,500 and 13,200 uFV/g for

sintering temperatures of 1400°C to 1700 c.
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About 2.27 kg (5 I bs)of dried tantal um base material was introduced

into a retort and heated to 500[err]C. About 13 grans of nitrogen gas was
i ntroduced into the retort during the cooling process. The results of
Exanpl es 8 through 10 are found below in Table 2
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A PROCESS FOR MAKING AN IMPROVED TANTALUM POWDER AND HIGH

CAPACITANCE LOW LEAKAGE ELECTRODE MADE THEREFROM
ABSTRACT

A process for producing capacitor grade powder, electrodes,
and finished capacitors therefrom having reduced electrical
leakage characteristics. The powder is prepared by reacting
Group V-B base materials with quantities of between 500 to 7000
ppm of nitrogen and 700 to 3000 ppm of oxygen. Electrical
leakage is reduced by at least 28% for electrodes anodized at 100
volts or greater in comparison with electrodes and finished
capacitors made from undoped materials. A range of specific
charge of up to 25,000 uFV/g is achieved for sintering

temperatures of 1400° C to 1800° cC.
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At ) i TboFp i3 3963
CURRENT LEAKAGE 100V anodi zati on 1425C sinter 1.28 0. 53
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This invention relates to a process for producing capacitor
grade powder from a base material selected from Group V-B of
the Periodic Table which has been reacﬁéd with nitrogen and
oxygen; the powder produced therefrom; and a solid electrode
fabricated from the powdér and anodized at voltages of 100
volts and higher. Impfo‘ved electrical leakage characteristics
are obtained through a range of specific charge of \ip to
25,000 uFV/g. '

BACKGROUND OF THE INVENTION

The performance ' characteristics of capacitors or
electrodes formed from capacitor grade powders are expressed
in terms of specific charge and electrical current leakage.
The specific charge, normally expressed in uFV/g, is a measure
of electrical charge capacity of the capacitor and is usually
proporticnal to ‘the surfacde area of the powder as a sintered
and anodized pellet. The electrical leakage, normally
expressed in units of nA/uFV or 10" uA/uFV, is an indication
of how well:  the capacitor holds the specific charge.
Capacitors with improved electrical leakage characteristics
are recognized as having higher reliability.

It is well known that the performance characteristics of
finished capacitors are affected by the chemical and physical
characteristics of the powder employed to make the capacitors.
Base powders having greater than 3000 ppm by weight of oxygen
often develop crystalline like flaws in the dielectric film
during sintering and anodic oxidationm. The flaws allow
current to pass through the dielectric, producing parts which
exhibit excessive electrical leakage and premature failure.
The 1likelihood of £flaw formation increases for high
reliability capacitors where anodization voltages of 100 volts

. or higher akxe used:
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Not_e.': ' "B.D." is defined as the failure point or_point of br eak

down of . the anode dielectric before the apepl EMESGN SKEETage of
150V was reached. The capaci tance and |l gakage—earn—rotybé
measur ed under this condition.
04 FEB 1998
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Various att:et_npts '_have - been made to improve the
performance characteristics of finished capacitors by reacting
small quantities of modifying agents to the base material
powders. A range of additives or "dopants® have been used
including xiitrogen, silicon, phosphorous, boron, carbon and
sulfur. ' - '

One example of such prior attempts is found in U.S.
Patent No. 4,154,609 which discloses the addition of an
inorganic lubricant such as boron nitride to tantalum metal
powder prior -to sintering at 1600°C. A sintering temperature
range of between 1,550°C and 1,850°C is disclosed. Electrical
testing of sintered and anodized pellets resulted in a
decrease in average electrical leakage values in a range of
between 0.15 to 0.26 nA/uFV. This represents a decrease in
electrical 1eaka§e of between about 4% to 38% with respect to
undoped controls. Average specific charge values of between
7050 and 7635 uFV/g were also cobtained.

In U.S. Patent No. 4,544,403, tantalum base materials
were doped with quantities of at least two of the additives
selected from the group of carbon, sulfur, and nitrogen.
Quantities of‘up to 1632 ppm by weight of combined dopants
were used. The powder was agglomerated by heat treatment and
crushed to a particle size of about -35 mesh. Sintered
anodes, exhibited a decrease in averaged electrical leakage
values in the range of b'etwegn 24 to 28%, at an anodization
voltage of 100 volts. Average specific charge values in the
range of 9,564 to about 20,237 uFV/g were disclosed for the
same anodization voltage. An average electrical 1leakage
reduction of about 24 to 42% and a range of specific charge
of 6,004 to 19,771 uFV/g was also disclosed for an ancdization
voltage of 200 volts.

Although a decrease in electrical leakage and an increase
of specific charge is apparent, there is no indication of the
effect of dop,ing',with nitrogen and oxygen on electrical
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leakage or the effect of such doping on the electrical
characteristics for anodization voltages above 100 volts.
Furthermore, the percentage reduction in electrical leakage
'is relatively low for anodization voltages above 200 volts,
suggesting that the role of the dopants employed is to modify
the dielectric material rather than to reduce dielectric
defects during formation. -

In Japanese Kokai No.: 53(1978] -49, 254, a method for
. forming a uniform tantalum nitride film is disclosed. In one
embodiment, tantaluﬁ powder is subjected to ammonia gas and
mixtures of nitrogen or ammonia with an inert gas such as
argon. Alternately, tantalum powder may be exposed to a salt
bath consisting of NaCN, NaCO,, BaCl,, and KCl. The powder is
then pressed into anodes and sintered.

In Japanese Kokai No.: 63[1988).-86,509, a process for
reducing electrical leakage is disclosed. Tantalum powder
which was pressed into an anode and sintered was subject to
an ammonia gas atmosphere at a temperature of 1,100°C. Reacted
oxygen was held below 3000ppm. No disclosure is made however,
of the significance of doping with both oxygen and nitrogen
in the critical range claimed by the present invention.

Only marginal improvements in electrical leakage have
been observed for capacitors utilized  in high reliability
applications. Typically these rugged capacitors are anodized
at voltages above 200 volts and operate in a specific charge
range of between 5,000 and 24,000 uFV/g and more particularly
between 5,000 an§ 15,000 ufv/g.

One cbject of the present invention therefore is to
reduce electrical leakage in solid electrolytic capacitors at
formation voltages of 100 volts or higher, while maintaining
specific charges above 5,000 uFV/g;



means for 2 hours. The nilled flake was acid | eached and rinsed with water
to'renove surface inpurity, followed by drying. The dried flake was then

hydrided, and mlled into smaller pieces of flake. wetp was
h hﬁpmﬁéﬁ@e dékk&ij!at
rnace.

then heat treated twice. The first heat treatnent
1375[err] C for 30 m nutes under vacuumin a vacuumiji rjduct ance (VI ﬂ

The powder was then crushed and screened to |ess tHag -G fEs hrend heat
treated again at 1475[err]C for 30 m nutes under vdcgumin a Vi f ur nace.
The twice heat treated powder was again, qcrushed afd sc €€Ent ed“‘t‘o**‘40: mesh.
The heat treated fl ake powder was then deOX| di zed, !

Another object of the present invention is to reduce
shrinkage during sintering, thereby preserving surface area
and elevatad levels. of specific charge associated therewith.

The development of a highly reliable solid-electrode
capacitor.having a specific charge of 5,000 uFV/§ and greater,
and electrical leakage which is improved by at least 28% over
electrodes anodized at formation voltages of 100 volts or
higher and having similar capacitance, would constitute a
significant advance in the art of producing capacitor grade
powders and products.

"SUMMARY OF THE INVENTION
Accordingly, the present invention comprises a process for making low
leakage capacitors as defined in claim 1. The invention further comprises a
tantalum powder as defined in claim 22, and capacitors as defined in claims 25
and 26. At least one metal selected from Group V-B of the Periodic Table is
used as the base material. The base material is reacted with a quantity of nitrogén

forming 500 to 7000 ppm by weight nitrogen and a quantity of oxygen formmg

700 to 3000 ppm by wexght oxygen, in the material. s

Electrodes are prepared by forming pellets from the
nitrided and oxidized powder and sintering the pellets at
temperatures between 1400°C to 1800°C. The sintered pellets
"are then subject to anqdization.voltages of 100 volts or
greater and finished into capacitors. Capacitors produced from
these anodized pellets exhibit increased levels of specific
charge and reduced 1levels of electrical leakage for
anodization at voltages of about 100 volts or greater.
Specific charge values of up to about 25,000 uFV/g and a
reduction in leakage of 28% and greater is achieved with
respect to electrodes prepared from undoped base materials.
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BRIEF DESCRIPTION OF THE DRAWINGS

‘the invention will be more readily understood from the

'fo_l'iowing description and from the accompanying non-limiting

Figureé 3

Figure 1 illustrates the synergistic effect of reacting
tam:alum base. material with oxygen and nitrogen together as
compared with reacting the material with oxygen and nitrogen
separately. Percent - reduction in electrical .leakage is
illustrated over a range of formation voltages.

The lower curve of Figure 1 was prepared from data
obtained by the evaluation of electrodes anodzzed at voltages
of 150 volts and 200 volts, and was prepared in accordance
with Examples 1 and 3, and 2 and 4 discussed below. The
percent reduction in electrical leakage was calculated by
taking - the average leakage from Examples 3 and 4 over a
sintering range of £from about 1400°C to 1700°C, and
subtracting the value from the average leakage from control
Examples 1 and 2. The percentage reduction in the average
electrical lea:kage from the control was then calculated. The
reduction is approximately 35% at 100 volt anodization, 55%
at 150 volts, 60% at 200 volts, and over 80% at 400 volts.

The middle curve of Figure 1 was prepared from electrodes
anodized at 100, 150, 200, and 400 volts. Comparison data was

~ cbtained from electrodes prepared in accordance with Examples

9 and 8, 2 and 1, ¢ and 3, 12 and 11, and 14 and 13.

Figures 2 and 3 illustrate an improvement in specific
charge over a range of sintering temperatures between about
1400°C and 1600°C. Tantalum base materials were doped with
oxygen and nitrdgen in accordance with the process of Examples
1-4 and 8-10 respectively, and :este;l for specific charge.
The results were compared with the results obtained from
control éamples prepared in accordance with the steps of

rinsed, and dried using the procedure described in Exanple
About 16 ng of the tantal um base material sanpl [ press
into a pellet with a 7.0 g/m density and sintered at fﬂgié¢$ﬁéﬂfj

The pellets were then anodi zed at 400 volts tested tor
specific charge and el ectrical |eakage at 70% of the agn diﬁathP tcge
280 V. Results for Exanples 11 through 14 are foynd in Table



EXAVPLE 12 The tw ce heat treated powder, described in Exanple 11, was
deoxi di zed, nitrided, acid | eached, water rinsed, dried and tested using
t he procedure of Exanple 11. The twi ce heat treated powder, described

in Exanpl e 11, was deoxi di zed using the sane procedure FT—LHQL S-St
Exanpl e 11, except that the dried powder was dried a sqc 5hd.;_~§w£tSHEET

e ———
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Examples 1, 3 and 8. At 100 volt anodization, specific charge
was increased by a range of 1000-1800 ufV/g with respect to
ancdes prepared without doping with nitrogen and oxygen. An
‘improvement of about 400 to 600 uFV/g was achieved for an
anodization voltage of 150 volts.

Figure 4 illustrates a reduction of electrical leakage
with increasing nitrogen content. The anodes were sintered at
1475°C and 1525°C, and anodized at 150 volts. The degree of
influence of nitrogen on ‘the electrical leakage begins to
level off at about 7000 ppm. ' '

According to one embodiment of the present invention,
capacitor powder for low leakage capaéitors is produced from
base materials _of _ at least one metal powder
selected from Group V-B of the Periodic Table. For simplicity
purposes, reference shall be made to tantalum metal hereafter
even though the chemical and physical properties of tantalum
and niobium are known by those skilled. in the art to be
sufficiently similar to permit substitution of either metal.

Base materials employed in the process of the present
invention are typically formed by the chemical reduction of
potassium tantalum fluoride salt by metallic sodium, followed
by treatment with acid, washing with water, and drying. The
dried tantalum base material at this stage is called base
nodular powder. In an alternate method, base materials are
produced from an ingot of tantalum by hydrating the ingot, and
crushing the ingot into powdexr of desirable sizes. The powder
is further degassed in vacuum to remove hydrogen. The bowder
generated is called base chip powder. The base nodular and
base chip powder can also be further milled to increase their
surface area by fracturing the powder into a flake morphology
or flake powder. For purposes of convenience, base material
shall be defined hereafter to include the above recited
nodular, chip, and £lake morphologies and shall further
include fibrousg powders



185[err]C for 6 hours.
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The base materials employed in one embodiment of the
present invention were agglomerated by heat treatment while
being subject to a vacuum or an inert gas environment.
Temperatures in the range of 1200°C to 1600°C, and preferably
in the range of 1400°C to 1500°C were used. The heat treatment
process 'may be repeated to achieve a desired degree of
agglomeration. Those skilled in the art will recognize the
thermal conditions and heating times necessary to achieve a
desired level of -ag'glomeration of the selected powder.

After agglomeration, the base material was subjected to
size reduction to a screen size smaller than 40 mesh. Various
traditional methods for reduction are contemplated by the
present invention including.the use of jaw crushing.

It is also within the scope of the present invention to
prepare electrodes from powders whick have not been subject
to agglomeration heat treatment.

The inventor has discovered that by reaéting a range of
nitrogen and oxygen with the base material, capacitors
produced from the treated powder 'demonstrate_d improved
electrical ieaka.ge characteristics. While a range of about 500
to 7000 ppm by weight of niﬁrogen and of about 700 to 3000 ppm
by weight of oxygen is contemplated by the present inventicn,
a range of 1400 to 4500 ppm nitrogen and 1100 to 2500 ppm of
oxygen is preferred. At anodization voltages of greater than -
200 volts, ranges of 1400 to 2600 ppm nitrogen and 950 to

'~ 2900 ppm oxygen are preferred. Where the quantity of nitrogen
and oxygen fall either below or above the cited range, desired
reduction levels of electrical leakige and increases in
specific charge are not achieved.

It is also contemplated by the present invention that
nitrogen and oxygen can be added to the base material at
different points during the process. For example, the dopants
may be added during any heat cycle after the powder is pressed



21 ¢ EXAMPLE 14 The twi ce heat treated
powder, described in Exanple 11, was deoxidized and nitrided using the
procedure discussed in Exanple 12, except that the drmﬂﬁ?ﬁ?ﬂ;@?ytiee%iﬁﬁl ?d a

second time at 185[err]C for 6 hours. e et e

|
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~into pellets, but before the pellets are anodized. In the
Examples discussed hereafter gaseous nitrogen was preferably
_addéd after agglomeration. In an alternate embodiment, oxygen
s}as added to.the base material after rnitrogen addition or
simulianeously therewith.

While the temperature.requirement for nitrogen to react
.with ana aiffuse into tantalum metal depends on the physical
. st:at;:é and compound used, significim: reaction between nitrogen
gas' and tantalum metal occurs above 400°C.

. In another embodiment, where ammonia gas was used, the
. temperature required for significant reactions to occur was
above 300°C.

Although the base materials used in the process of the present invention

gain oxygen after each. heat cycle due to surface reaction with air
under ambient condition, oxygen was removed by deoxidation
with a controlling means such as an active element or compound
having higher affinity for oxygen than tantalum. Various
controlling means are known in the art including the use of
getter materials. Preferred metals such as magnesium and/or
calcium were added to the doped base material at temperatures
between about 600°C to 1100°C while being subject to a vacuum
or an inert gas environment. Temperatures at or over the
. melting point of the getter ma:etials are preferred.

Once deoxygenated, the tantalum powder was then cooled, and
the magnesium and magnesium oxide were leached out of the
powder with acids, washed with water, and dried.

In another embodiment, nitrogen was added to the base
material in a deoxidation cycle. In Examples 6 and 7,
discussed in detail below, about. 1850 to 2550 ppm of nitrogen
were reacted with the base material as magnesium nitride. In
the reaction that followed, magnesium nitride exchanged
nitrogen for the oxygen from tantalum as shown below:

TaQ, + VIMEN). =-oneceooonaaa- > TaN, + x({MgO)




TABLE 3 EX EX EX

11° 12 13 14 Oxygen, ppm ...-«9?9—-*}—“”‘\? .

1151 1333 Nitrogen, ppm 109 1852 REPLA4GY "__ s

1906 BET, njerr]/g 0. 27 0. 29 0. 27 [ 0.29 3}
- 9 - M“W

Those skilled in the art will recognize that the values
of x; ¥, and z will depend on the level of oxygen and nitrogen
present in the tantalum base material. In accordance with
:Examples 6 and 7, between about’ 2050 and 2300 ppm of‘oxygen
by weight remained after the powder was pﬁrified of magnesium
oxide. A reduction in electrical leakage of bet:ween 75 and 84%
and a specific charge range of 9,800 ‘to about 15,350 was
obtaxned for an anodization voltage - of 150 to 200 volts.
Desired quantit::.es of. both oxygen and m.x:rogen were reacted
with base metal in the same step.

Where at least a stoichiometric amount of magnesium is
used and appropriate_ temperatures and residence times known
to those skilled in the art are employed, oxygen in the
tantalum metal lattice can be complet:ely removed. Tantadlum
rapidly forms tantalum oxide as a surface layer upoh exposure
to an oxygen environment (e.g. air}. Therefore, the oxygen
content in the tantalum metal powder under this circumstance
is pi'opoztional to the surface area. '

In an alternate embodiment, the oxygen content was also
‘controlled by varying the amount of hydrofluoric (HF) acid
used in the leaching process. HF dissolves tantalum surface
oxide thereby reducing the surface area of tantalum and the
associated .oxygen content. In yet a further embodiment,
oxygen . content was adjusted ' by - varying the time and
temperature during drying in air after acid and water.
leaching.

The nitrided and cxygena:ed tantalum material having a
BET surface value of less than 0.6 m?/g and preferably between 0.25 and 0.55
m*/g was then pressed into a pellet, sintered, and evaluated
for electrical leakage characteristics in accordance with the
procedures identified below. These procedures are generally
known and recited in US Patent Nos. 4,441,927 and 4,722,756,
currently assigned to the present assignee Cabot Corporation.



CAPACI TANCE ([err]F-V/g) 400V anodi zation 1700C sinter =~
5533 5186 5622 CURRENT LEAKAGE (nA/ferr] \Z)_ - AORWNT SHEET
anodi zation 1700C sinter 0. 98 0.34 25.09; i 0.-34..
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Altermate methods. for conducting -physical, chemical, and
electrica_l analysis are known in the art..

The electrodes were then finished into capacitors by
forming a dielectric layer of tantalum pein:oxide on the
surface of the sintered anodes. The pentoxide layer formed
as a result. of the anodic.oxidation of the anodes’ -exposed
tantalum metal with phosphoric acid. Other dilute acid
solutions known in the art may be used including aqueous
sulfuric acid, and nitric acid solutions.

After drying, the electrodes were immersed in a solution
of manganese nitrate. The solution impregnated electrodes were
then heated to a temperature sufficient to decompose the
manganese nitrate to manganese dioxide. The manganesé dioxide
formed a uniform layer adjacent the tantalum pentoxide layer.
The .lay'er' of manganese dioxide functioned as the cathode. A
layer of graphite was then applied adjacent tc the manganese
dioxide layer prior to connecting terminal leads to the
electrodes to form "the' finished capacitors.

While not wishing to be limited by any particular theory,
it is believed that the synergistic effect of reacting
quantities of nitrogen and oxygen with a base material results
in the formation of a more stable dielectric layer of tantalum
pentoxide. Generally, a desirable tantalum oxide dielectric
is amorphous. In the anodization process, crystal tantalum
pentoxide can form as a result of the presence of impurities
such as Fe, Cr, Ni, 2r, C. A suitable quantity of amorphous
tantalum oxide or nitride is needed to minimize growth of
crystal tantalum oxide around the impurity sites during the
anodization process. This is especially important at a high
formation voltage of, for example, 100 volts or higher, since
the electrical field generated at high volt:ﬁges enhances
crystal growth. Crystalline structures exhibit higher
electrical conductivity and therefore results in high current
leakage.
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With excessively high oxygen content in the powder {e.g.
over 3500 ppm), the oxygen tends to form crystalline tantalum
oxide after pressing, sintering, and cooling. The tantalum
oxide crystal formed before anodization acts like an impuricy
which serves as a site for c’r?st:él formation of tantalum oxide
during sintexring. - Therefore, there is an optimal oxygen
concentration in the powder. The cptimal level is generally
in the range of between 700 and 3000 ppm depending in part on
the available surface area and the s'inteting and formation
conditions. '

The behavior and effects of nitrogen in the sintering and
anodization processes of tantalum metal are similar to those
of oxygen, except for the fact that solubility of nitrogen is
about twice as high as that of oxygen in tantalum at a given
temperature. Therefore, higher nitrogen content in the powder
can result in lower electrical leakage in the capacitor.
Furthermore, at normal capacitor application temperatures
{ambient to 100°C), nitrogen as tantalum nitride, having a
high density and low mobility in the tantalum matrix, tends
to limit movement of oxygen with respect to the dielectric
layer. This can prevent the formation of a sub-oxide which
would have a higher electrical leakage than the amorphous
tantalum pentoxide layer.

R _Tantalum oxide is more resistant to sintering than
tantalum metal within the normal temperature range. A higher
oxygen content in tantalum powder preserves surface area“
during sintering and results in higher capacitance. The
addition of nitrogen to tantalum powder has similar effects,
in that surface area is preserved during sintering and
specific charge is increased.

Not withstanding the advantages of doping with nitrogen
or oxygen separately,.the inventor has discovered that the
reaction of a limited range of oxygen and nitrogen with the
tantalum base, material results in a synergistic effect whicn




| Clai'm 1.. A process for making | ow | eakage capacitors from a base
mat eri al ~ powder at | east one netal powder selected from G oup V-B of

t he Periodic Table, conprising: reacting a %Wen
with said base material sufficient to format |east BREPLACEMIGT pikhTby
wei ght of nitrogen in said material, '

04 FEB 998

e emgh e ne = o

- 12 -

both improves the electrical -leakage- characteristics and
increases the specific charge of finished capacitors to levels
unachievable bv. the addition of either: dopant alone.

Referring to the data in Tables 1-3 below, and Figure 1,
an improvement in electrical leakage of greater than 30% was
re_élized,_over an anodization range of 100 to 200 volts where
1400 to 4400ppm of nitrogen and 1100 to 2900 ppm by weight of
oxygen was reacted with tantalum base material. A range of
specific charge of between about 9,400 and 24,100 uFV/g was
alsc obtained:. The percent reduction in electrical leakage was
calculated by comparing averaged leakage values over a
sintering temperature range of about 1400°C to 1700°C. In
particular, a comparison was made o_f control Example 8 with
Examples 9 and 10 for anodization at 100 and 150 volts;
control Example ‘1 with Example 2; and control Example 3 with
Examples 4-7 for 200 volts.

For a range of anodization voltage of from 150 to 400
volts, an improvement in electrical leakage of greater than
36% was achieved for a specific charge range of about 5,100
to about 18,000 uFV/g. Quantities of between 1400 and 4450 ppm
by weight nit':rogen and between 950 and 2900 ppm by weight
oxygen were reacted with 'tantalum base material. Percent
reduction in electrical leakage was calculated in the manner
discussed above on the basis of a comparison of control
Example 8 with Examples 9 and 10 at 150 volt anodization. -
Control Examples 11 and 13 were compared with Examples 12 and
14 at 400 volt anodization.

In yet a further embodiment, quantities of between about
1400 to 2600ppm by weight nitrogen and between 950 to 2900 ppm
by weight cxygeix were reacted with tantalum base material. A
decrease in electrical leakage of between about 52 to 99% and
a range of specific charge of 5,500 to 13,200 was achieved at
anodization levels of about 200 to 400 volts. The percent
decrease in electrical leakage for electrodes was calculated



reaéti'ng, a quantity of oxygen with said base material sufficient to form

at’ least 700 to 3000 -ppm by weight of oxygen in said mat¢rigf oo

forming pellets fromsaid reacted base material and sintefifi "’ﬁéﬁﬁ?_}%lﬂﬁgﬁk
at tenperatures between 1400[err]C to 1800[err]C, sybj ectf’Ff@”"‘s"’é‘r’H"*"l
sintered pellets to anodization voltages of 100 volts or grgatgpg ’FEB e !

|
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in the minner discussed above for 200 and 400 volt anodization
levels.

The following Examples are provided to further clarify
the invention and demonstrate the improvements over previous
processes for making capacitor grade powder. Those skilled in
the art will recognize that the Examples are for illustrative
purposes and not for limiting the scope of the invention as_

defined by the claims.

Over 226.8 kg (500 Ibs) of a base nodular powder was heat treated
under wvacuum at 1500°C, and crushed down to -40 mesh
{hereafter referred to as HTA in the subsequent Examples).
27.2 kg (60 Ibs) of the HTA powder was then blended with 0.41 kg (0.9 Jbs) of
magnesium. The blend was placed in a retort, and ‘sealed from
the atmosphere. The sealed retort was evacuated with vacuum
pump, heated up to 900°C for a periocd of 3 hours, and cooled
to ambient temperature. The powder taken out of the retort
was leached with nitric acid and rinsed with water to remove
the residual magnesium and magnesium oxide before being air
dried at 100°C for 6 hours. The powder was further dried at
180°C for 8 hours.

. A sample of this powder was measured for its surface area
via a BET method, and oxygen and nitrogen by the procedure
discussed below. The results are listed in Table 1.

T =TT |



forﬁihg capacitors from said anodi zed pellets, and detecting a specific
charge of up to about 25,000 uFV/g and inproved eIectr!qa+*+eaﬁg&e*~—f~"ﬂ
characteristics. 2. A process in accordance with clair REGIAGEMENT SHHEET
base material contains at |east tantalum netal powder. |3. A process En:

accordance with claim1 or claim2 wherein said base gt qrigl FEBRYSS e
nodul ar, chip, fiber, or flake powders.

&

- 14 -

PROCEDURE FOR CAPACITANCE, ELECTRICAL LEAKAGE, DETERMINATION

(A) Pellet Fabrication:

.The powder was compressed in a commercial pellet press
without the. aid of binders. Typically, the preséed density was
5 and 7 g/cc using a powder weight of 16 mg to 100 mg, and a
diameter of 1.25 mm to 2.5 mm.

{B) Vacuum Sintering

The compacted pellets were sintered in a high vacuum of
less than 10~ torr: {0.00133 Pa) for 30 minutes (1800 seconds}
at a temp;'er_ature between about 1400°C to 1800°C.

(C) Anodization

The sintered pellets were anodized in a forming bath at
90+/- 2°C at between 100 and 400 volts DC. The electrclyte was
0.1% phosphor:.c acid.

The anodization rate was controlled to 1 volt per minute.
After the desired anodization voltagé {preferably either 100,
150, 200, or 400 volts) was reached, the anode was held at the
voltage for a period for three hours. The ancde was then
washed and dried. '

(D) Testing Conditicns

The anodes, after anodizing, rinsing, and drying, were
first tested for electrical leakage. A 10% phosphoric acid
test solution was employed. The anodes were immersed in the
test solution to the top of the anode and a voltage of 70% of
the final formation voltage {(i.e. 70 volts if anodized at 100
volts) was applied for 10 seconds to 2 minutes after which the
electrical leakage was measured.

After the electrical leakage measurements wexre completed,
the specific charge was measured on the anode employing a type
1611B General Radic Capacitance Test Bridge.



4. A process in accordance with claim3 wherein said base material is

adgl onerated at a tenperature between about 1200C to 140 r
process in accordance with claim4 wherein said base mtﬂEﬂiﬁdEﬁvgm%HEET

aggl onerated at a tenperature between about 1400[err]Cjt¢ 1500[err]C
04 FEB 1598
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Oxygen and Nitrogen Analysis

The oxygen and nitrogen analysis was made using the Leco
TC-30 O, and N, analyzer which is an inert gas fusion
technique. |

BET Surface Arxea

The total surface area of the tantalum was measured using
a Numinco Orr surface area pore volume analyzer (manufactured
by . Numec Corporation). The BET (Braunauer-Emmet-Teller)
surface areas obtained in this manner include the external
surface area as well as the internal surface area contributed
by the presence of the pores.




23 6. A process in accordance with claim4 or 5 wherein sai
I's reduced in size to a powder

mat eri al

having a particle si

gy 3= (31" s
y R i ACBIGE dire SHEET

7. A process in accordance with any one of the preceding
04 FEB 198
- 16 -
'TABLE 1
EX EX  EX EX EX EX EX
1 2 4 S ) 7
Oxygen, ppm 2150 2085 1380 1105 2220 2055 2860
Nitrogen, ppm 45 1510 55 1665 1440- 1860 2540
BET, m¥/g 0.35 0.34 0.35 0.34 0.36
CAPACITANCE )
150V ancdization
1550C sinter 13700 14080 12950 13660 15380 15020 15230
1600C sinter 11900 12295 11435 11665 13700 13130 13590
1650C sinter 10460 11120 10940 11240
200V anodization
1550C sinter 11700 12016 11215 11860 13190 12650 13050
1600C sinter 10200 10740 9970 10542 12020 11530 11880
1650C sinter 9490 10410 9850 10130
CURRENT LEAKAGE
150V anodization
'1550C sinter 0.60 0.38 1.23 0.68 0.48 0.50 0.41
'1600C sinter 0.37 0.26 1.01 0.52 .31 0.37 0.23
1650C sinter 0.21 0.24 0.24 0.19
200V ancdization
1550C sinter 3.43 1.92 7.74 3.89 2.23 2.20 1.85
1600C sinter 1.85 1.09 $.56 2.56 1.32 1.49 0.77
1650C sinter 0.66 0.74 0.71 0.58
EXAMPLE 2

24.9 kg (55 Ib) of heat treated nodular powder from the same batch
as in Example 1 (HTA) was deoxidized using the same brocedu:e
as that described in Example 1, except that during the cooling
process, a quantity of nitrogen was introduced into the retort
at a temperature of 400°C. After the addition was completed,
the retort and powder were then allowed to continue to cool.




cl ai 8 wherein said quantity of nitrogen is reacted as nitrog

en gas. 8.

A ‘process in accordance with any one of clains 1-6 wherei nr'%g
nitrogen is reacted as ammoni a gas. 9. A process in acqo

AR
h ) ny :

one of claim1-6 wherein said quantity of nitrogen is regctled
nitride.

as nmagnesi me

04 FEB 998
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The powder was leached, dried and tested in accordance with
the procedure of Example 1,

The base powder of Example 1 was heat treated at 1500°C,
and deoxidized.

EXAMPLE 4

The .base powder of Example 1 was heat treated,
. deoxidized, and reacted with nitrogen in accordance with the
procedure of Example 2. The procedure for acid leaching, water
rinsing, and drying employed in Example 3 were utilized.

EXBMPLE S

54.4 kg (120 1bs) of base nodular powder was heat treated at 1500°C
and crushed to an average particle size .of -40 mesh. The
powder was then mixed with_0.82 kg (1.8 Ib) of magnesium and sealed in
a retort. The retort was then evacuated with a mechanical pump
and heated to the reaction temperature as described in Example
1. After reaction, 1500 ppm by weight of nitrogen gas was
introduced into the powder retort when the powder was cooled
to a temperature of 500°C. The powder and the retort were
then cooled to ambient temperature. The cooled powder was
acid leached, rinsed with wai:er, and dried using the same
procedure as that used in Example 1.

'EXAMPLE 6

300 grams of the heat treated powder from the batch
described in Example 1 were mixed with 3.2 gréms of magnesium
nitride and 2.2 grams of magnesium. The blended powder was
held in a tantalum metal tray which is placed in a retort, and
deoxidized. The deoxidized powder was then leached and dried
in accordance with the procedure described in Example 1.



10. A process in accordance with any one of the preceding

said quantity of nitrogen and oxygen are added in the sane
process in accordance with any one of the preceding clains
guantity of oxygen in said base material is limted by con
12. A process in accordance with claim 11l wherein said con
conprises the addition of quantities of

- 18 -
EXAMPLE 7

300 grams. of the heat treated powder from the batch
described in Example 1 were mixed with S.4 grams of magnesium
nitride and 0.6 grams of magnesium. The blended powder was
held in a tantalum _t':::_aygwhich was placed in a retort, and
deoxidized. The powder was removed and subject to leaching and
drying using the same procedure as that described in Example
1.

EXAMPLE 8

A high surface area powder, having an average mean
particle size of about 1u was heat treated at 1400°C and
crushed down to -40 mesh. About 2.27 kg (S Ibs) of the heat treated
powder was mixed with 30 grams of magnesium. The blended
powder was placed in a tantalum tray which in turn was sealed
inside a retort. The sealed retorted was evacuated with a
mechanical punip, heated up to 950°C for a period of 3 hours
and then coocled to ambient temperature. The powder was then
taken out of the retort and leached, rinsed, and dried in the
manner discussed above to remove the residue magnesium and
magnesium oxide,

EXBMPLE 9

The same high surface area powder utilized in Example 8 -
was heat treated, deoxidized, leached, and dried in accordance
with the procedures of Example 8. About 2.27kg(5 lbs)of the dried
tantalum base material was introduced into a retort and heated
to a temperature of 500°C. About 3.5 grams of nitrogen gas was
introduced into the retortc during the cooling process.

EXAMBLE 10

The same high surface area powder was heat treated,
deoxidized, ‘leached, and dried as described in Example 8.



hydrof luoric acid to said base material .

13. A process i

ordance. wi.ih .

cl'aim 11 wherein said controlling neans conprises a gette %ﬁhﬂﬁfﬂtﬁh%ﬁEUg

a higher affinity for oxygen than tantal um
with claim13 wherein said getter
accordance wth any one of the preceding clains wherein shi
| eakage is reduced by greater than 28% w th respect to c

from said

mat eri al
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14. A proces
I S magnesi um

§

4 9#“82%%0@%5 "

i.tors forned

About 2.27 kg (5 1bs) of dried tantalum base material was intcroduced

into a retort and heated to 500°C. About 13 grams of nitrogen
gas was introduced into the retort during the cocling

process. -

The results of Examples 8 :hrough 10 are found below in Table

2.

Oxygen, ppm
Nitrogen, ppm

BET, w/g
CAPACITANCE

100V anodization
1425C sintex
1475C sznter
1525C sinter

150V anodization
1425C sinter
1475C sinter
1525C sinter

CURRENT LEAKAGE

100V ancdization
1425C sinter
1475C sinter
1525C sinter

150V anodization
1425C sinter
1475C sinter
1525C sinter

23090
21285

‘17651

B.D.
16160
14195

B.D.
7.07
3.61

24100
22255
19381

17930
1783S
15745

0.53
0.33
0.22

6.08
2.84
1.28

23950
22265
18510

17510
17790
15985

0.90
0.33
0.22

5.85
2.16
0.77

PR PR RELAE R E AL AR PR R RE LR R PEE PR RS LR L F AL L X L X1

Note:

*B.D." is defined as the failure point or point of

break down of the anode dielectric before the

ancdizaction voltage of 150V was reached.

The

capacitance dnd leakage can not be measured under
this conditien.-



unreacted base material . 24 wﬁ;gjf;
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EXAMPLE 11

A chip powder was milled into a flake powder by mechanical
means for 2 hours. The milled flake was acid leached and
rinsed with water to remove surface impu:iﬁy, followed by
drying. The dried flake was then hydrided, and milled into
smaller pieces of flake. The milled powder.was then heat
treated twice. The first heat treatment step was conducted
at 1375°C for 30 minutes under vacuum in a vacuum inductance
(VI) furnace. The powder was then crushed and screened to
less than -40 mesh, and heat treated again at 1475°C for 30
minutes'under vacuum in a VI furnace. The twice heat treated
powder was again, crushed and screened to -40 mesh.

The heat treated flake powder was then deoxidized, acid
leached, water rinsed, and dried using the procedure described
in Example 1.

About 16 mg of the tantalum base material sample was then
presged into a pellet with a 7.0 g/ml density and sintered at
1700°C for 30 minutes. The pellets were then anodized at 400
volts and tested for specific charge and electrical leakage
at 70% of the anodization voltage, i.e. 280 V. Results for
Examples 11 through 14 are found in Table 3 below.

EXAMPLE 12

The twice heat treated powder, described in Example 11, was
deoxidized, nitrided, acid leached, water rinsed, dried and
tested using the procedure of Example 11.

EXAMPLE 13

The twice heat treated powder, described in Example 11, was
deoxidized using the same procedure as that used in Example
11, except that the dried powder was dried a second time at
185°C for 6 hours.




16. A process is accordance with any one of the preceding;clains-wherein.
said quantity of nitrogen reacted is between 1400 and 4400! ﬁﬁfﬂi:ﬁ@&ﬁ@i?glﬂtggzo-f ?
nitrogen and said quantity of oxygen is between 1100 and 2P00-Ppfr===ldfoe.A .
process in accordance with claim 16 wherein said electrical Iegggggmis .
reduced by greater than 30% at anodi zati on voltages of |0Q tjo r 58198 and
sai d specific charge ranges from about 9400 to about 24, 100 EM/ g... 18, A
process in accordance with any one of cl_a'ﬁns_ 1- 15 whereinjsaid quantity of
nitrogen reacted is between 1400 . e e

EXAMPLE 1%

The twice heat treated powder, describeZ in Example 11, was
deoxidized and nitrided using the procedure discussed in
Example 12, except that the dried'bowder was dried a second
time at 185°C for 6 hours.

TABLE 3
EX EX EX EX
11 12 13 14
Oxygen, ppm 979 ‘976 1151 1333
Nitrogen, ppm - 1089 1852 140 1906
BET, m¥/g 1 0.27 0.29 0.27 0.29
CAPACITANCE
(uF-V/g)
400V anodization
1700C sinter 5207 §533 5186 5622

CURRENT LEAKAGE
(nA/uF-V)

400V anodization
1700C sinter 0.98 0.34 25.09 0.34



and 4400 ppm by wei ght of nitrogen and said quantity of oxygen is between
950 and 2900 ppm by wei ght of oxygen. 19. A process in accordance with
claim 18 wherein said electrical |eakage is reduced by greater than 36%
at anodi zati on voltages of 150 to 400 volts and said specn fi'c tharge ranges

from about 5,100 to about 18,040 uFV/g. 20. A process

any one of clainms 1-15 wherein said quantity of nitrogen Wﬂ%ﬁﬂﬂﬂ“mﬂ n
1400 and 2600 ppm by wei ght of nitrogen an%n_!sal d quantlt gEMm 1§ =
bet ween 950 and 2900 ppm by wei ght of oxyg

I Claim:
l1.. A process for making low leakage capacitors from a base

material powder at least one metal powder selected from
Group V-B of the Periodic Table, comprising:

reacting a quantity of nitrogen with said base material
sufficient to form at  least 500 to 7000 ppm by weight of
nitrogen in saz.d material, '

reacting a quantity of oxygen with said base material
-sufficient- to form .at-least 700 to 3000 ‘ppm by weight of
oxygen in said material,

forming pellets from said feacted base material and
'sintering said pellets at temperatures between 1400°C to 1800°C,

subjecting said sintered pellets to anodization voltages
of 100 volts or greater,

forming capacitors from said anodized pellets, and
detecting a specific charge of up to about 25,000 uFV/g and
improved electrical leakage characteristics.

2. A process in accordance with claim 1 wherein said base
material contains at least tantalum metal powder.

3. A process in accordance with claiml or £laim 2 wherein said
base material comprises nodular, chip, fiber, _or flake powders.

4. A process in accordance with claim 3 wherein said base
material is agglomerated at a temperature between about 1200°C
to 1600°C.

5. A process in accordance with claim 4 wherein said base
material is agglomerated at a temperature between about 1400°C

to 1500°C. SR —
{ REPLACERERT SHEET
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_21. A process in accordance with claim20 wherein said electrical |eakage
I'S reduced by between about 52 to 99% at anodi zati on vol tages of- 200 t o400 -
and said specific charge ranges from about 5,500 to 13,200 uFV/

tantal um powder for the nmanufacture of solid capacitors h ﬂ l“lﬁ““l
specific charge and | ow el ectrical |eakage characteristi cs
a surface having a BET value of |less gshan 0.6 nferr]/g,

6. A process in accordance with claim 4 or 5 wherein said
agglomerated material is reduced in size to a powder having
a particle size of -40 mesh.

7. A process in accordance with any one of the preceding

claims wherein said quantity of nitrogen is reacted as
nitrogen gas.

8. A process in accordance with any one of claims 1-6

wherein said quantity of nitrogen is reacted as ammonia gas.

9. A process in accordance with any one of claim 1-6
wherein said quantity of nitrogen is reacted as magnesium

nitride.

10. A process in accordance with _any one of the preceding
claims wherein said quantity of nitrogen and oxygen are
added in the same step. '

11. A process in accordance with any one of the preceding
claims wherein said quantity of oxygen in said base material
is limited by controlling means.

12. A process in accordance with claim 11 wherein said
controlling means comprises the addition of quantities of
hydrofluoric acid to said base material.

13. A process in accordance with claim 11 wherein said
controlling means comprises a getter material having a highér
affinity for oxygen than tantalum.

14. A process in accordance with claim 13 wherein said getter
material is magnesium.

15. A process in accordance with any one of the preceding
claims wherein said electr:l.cal leakage is reduced by greater
e

than 28% with respect to capac1tors formed fr_om ~said

wepL ACEMENT SHEET

unreacted base material.




an average agglonerated particle size of egﬁﬁgh”ENT SHE&Tq antity of
ni'trogen in the range of 500 ppmto 700Q Ppr

a quantity of oxygen in the range of 700 pwlto 3000 &g

oxygen.
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16. A process is accordance with any one of the preceding

i o

claims wherein said quantity of nitrogen reacted is between

1400 and 4400 ppm by weight of nitrogen and said quantity
of oxygen is between 1100 and 2900 ppm.

17. A ptocess in accordance with claim 16 wherein said
electrical leakage is reduced by greater than 30% at
anodization voltages of 100. to 200 volts.and said specific
charge ranges from about 9400 to about 24,100 ufFV/g.

18. A process in accordance with any one of claims 1-15

wherein said quantity of nitrogen reacted is between 1400
and 4400 ppm by weight of nitrogen and said quantity of
oxygen is between 950 and 2900 ppm by weight of oxygen.

13. A process in accordance with claim 18 wherein said
electrical leakage is reduced by greater than 36% at
anodization voltages of 150 to 400 wvolts and said specific
chdrge ranges from-absut-5,100 to-about- 18,000 uFv/g.

20. A process in accordance with any one of claims 1-15
wherein said quantity of nitrogen reacted is between 1400
and 2600 ppm by weight of nitrogen and said quantity of
oxygen is between 950 and 2900 ppm by weight of oxygen.

2l. A process in accordance with claim 20 wherein said
electrical leakage is reduced by between about 52 to 99% at
anodization voltages of 200 to 400 and said specific charge
ranges from about 5,500 to 13,200 urv/g.

22. A tantalum powder for the -manufacture of solid
capacitors having high specific charge and low electrical
leakage characteristics comprising:

a surface having a BET value of less than 0.6 m?/qg,
an average agglomerated'particle size of -40 mesh, .
a quantity of nitrogen in the range of 500ppm to 7000 .

ppm by weight nitrogen, and

a quantity of oxygen in the range of 700 ppm to 3000
ppm by weight of oxygen.

This Sheet Has Been Reﬁlaced
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23.. A povvder I n accordance with claim22 wherein said powder has a BET

val ue of between—0-—25-and—06-55nferr]/g. 24. A powder
claim 22 or 23 vvh y of nitrogen react ed |s !bﬂ% r55?4@\'%‘5 BEEN

and 4400 ppm by ‘lﬁwlm‘lﬂ!ﬂ" m and said quantity of oxy 5Bk AGESN
950 and 2900 ppm -

23. A powder in accordance with claim 22 wherein said
ppwder has a BET value of between 0.25 and 0.55 mzlg.

24. A powder in accordance with claim 22 or 23 wherein said
quantity of nitrogen reacted is between 1400 and 4400 ppm
by weight of nitrogen and said quantity of oxygen is between
950 and 2900 ppm by weight of oxygen.

25. A capacitor produced from the powder of claim 24
wherein said electrical leakage is reduced by greater than
36% at anodization voltages of 150 to 400 volts and said
specific charge range from 5,100 to 18,000 uFV/q.

26. A capacitor having low electrical leakage

charactem stics comprising:
a sintered anode produced from tantalum base material,

pressed into a pellet, and sintered at temperatures between
1400°C and 1800°C,
o said base material having between 500 and 7000 ppm by
weight of nitrogen and between 700 and 3000 ppm by weight
of oxygen,
B a layer of anodic tantalum pentoxide formed on the
surface of said sintered anode,

a layer of manganese dioxide adjacent to said tantalum

pentoxide,
o a layer of graphite positioned adjacent said manganese
dioxide layer,

an exterior shell in electrical contact with said
graphite layer, and

conductive contacts fixed to said shell.

27. A capacitor in accordance with claim 26 wherein said

tantalum base material is nodular, chip, fiber or flake
Eowders'.'

mﬁfﬁiﬁ‘li{iifﬂl uﬂin




25. .A'capaci tor produced fromthe powder of claim 24 wherein said
el'ectrical |eakage is reduced by—greater than 36% at anodi zati on vol t ages

of 150 to 400 voIH / ific charge ranges from5, 100 to 18, 000
uFV/g. 26. A mm’,m’m’mm g low electrical | eakage
characteristics cohprisitngs s "%& sintered anode produced fromtantal um |
base material, pressed into a pellet, af®¥ sintered at t enper at ures bet ween

1400[ err] C and 1800[err]C,

28. A capacitor in accordance with claim 26 or 27 wherein
said quantity of nitrogen reacted is between 1400 and 2600
ppm by weight of nitrogen and said quantity of oxygen is"

between 950 and 2900 ppm by weight of oxygen.

29. A capacitor in accordance with claim 28 wherein said
electrical leakage reduction is between 52% to 99% for
‘anodization voltages of 200 to 400 volts.

30. A capacitor in accordance with claim 28 or 29 which
exhibits a specific charge of between 5,500 and 13,200 uFV/g
for sintering temperatures of 1400°C to -1700°C.

REPLACKHENT Sher |
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saj d base material having between 500 and 7000 ppr‘n by wei ght of nitrogen
and between 700 and 3000 ppm by wei ght of oxygen, a |l ayer of anodic

t ant al um pent oxi de fornmed on the surface of said sintere node &:_E
BEEN

| ayer of manganese dioxide adjacent to said tantal um pent FHISIEHEET HASa
| ayer of graphite positioned adjacent gaid manganese di o%i de Igmmg[}
exterior shell in electrical contact wth said graphite |ayer+—and
conductive contacts fixed to said shell.

A PROCESS FOR MAKING AN IMPROVED TANTALUM POWDER AND HIGH

CAPACITANCE LOW LEAKAGE ELECTRODE MADE THEREFROM
ABSTRACT

A process for producing capacitor grade powder, electrodes,
and finished capacitors therefrom having reduced electrical
leakage characteristics. The powder is pfepared by reacting
Group V-B base materials with quantities of between 500 to 7000
ppm of nitrogen and 700 to 3000 ppm of oXxygen. Electrical
leakage is reduced by at least 28% for electrodes anodized at 100
volts or greater in comparison with electrodes and finished
capacitors made from undoped materials. A range of specifi?:
charge of up to 25,000 uFV/g is achieved for sintering

temperatures of 1400° C to 1800° cC.

This Shee
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27." A capacitor in accordance with claim 26 wherein said tantal um base
material is nodular, chip, fiber or flake powders.

100

® ©
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28." A capacitor in accordance with claim26 or 27 wherein said quantity of
nitrogen reacted is between 1400 and 2600 ppm by wei ght of nitrogen and
said quantity or oxygen is between 950 and 2900 ppm by wei ght of oxygen.
29. A capacitor in accordance with claim28 wherein said

2

FIG.3
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el ectri cal

| eakage reduction is between 52%t

"!,f'/[' -xF

th 9gEMGH Ak Zdbiigh voktiaged

of 200 to 400 volts. 30. A capacitor in accp brid dreseimiont peked m. 28 page®9..

whi ch exhibits a specific charge of between 5}
sintering tenperatures of 1400[err]Cto 1700[erE]memg(b) paged ..... to paged

O Clairds)1 3,: peged ity phged .27,
28 O Abstract  : paged..... to paged .....

DATE QF T .28, ...
16. A process is accordance witm&miw

claims wherein said quantity of nitrogen reacted is between
1400 and 4400 ppm by weight of nitrogen and said quantity
of oxygen is between 1100 and 2900 ppm.

17. A process in accordance with claim 16 wherein saigd
electrical leakage is reduced by greater than 30% at
anodization voltages of 100, to 200 volts.and said specific
charge fanges from abeuwt 9400 to =bout 24,100 ufv/g.

18. A process in accordance with any one of claims 1-15

wherein said quantity of nitrogen reacted is between 1400
and 4400 ppm by weight of nitrogen and said quantity of
oxygen is between 950 and 2900 ppm by weight of oxygen.

13. A process in accordance with claim 18 wherein said
electrical leakage is reduced by greater than 36% at
anodization voltages of 150 to 400 volts and said specific
éharge ranges from -about 5,100 to -abouts- 18,000 uFV/g.

20. A process in accordance with any one of claims 1-15
wherein said quantity of nitrogen reacted is between 1400
and 2600 ppm by weight of nitrogen and said quantity of
oxygen is between 950 and 2900 ppm by weight of oxygen.

21. A process in accordance with claim 20 wherein said
electrical leakage is reduced by between about 52 to 99% at

ancdization voltages of 200 to 400 and said specific charge
ranges from -abeut 5,500 to 13,200 uFV/g.

22. A tantalum powder for the -manufacture of solid

capacitors having high specific charge and low electrical
leakage characteristics comprising:

a surface having a BET value of less than 0.6 m‘/g,
an _average agglomerated particle size of -40 mesh,

a quantity of nitrogen in the range of 500ppm to 7000
ppm by weight nitrogen, and _

a quantity of oxygen in the range of 700 ppm to 3000

ppm by weight of oxygen.
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23. A powder in accordance with claim 22 wherein said
powder has a BET value of between 0.25 and 0.55 m°/q.

24. A powder in accordance with claim 22 or 23 wherein said
guantity of nitrogen reacted is between 1400 and 4400 ppm
by weight of nitrogen and said quantity of oxygen is between
950 and 2900 ppm by weight of oxygen.

25. A capacitor produced from the powder of claim 24
wherein said electrical leakage is reduced by greater than
36% at anodization voltages of 150 to 400 volts and said
specific charge ranges from 5,100 to 18,000 uFV/g.

26. A capacitor having low electrical leakage

characteristics comprising:

a sintered 2anode produced from tantalum base material,
pressed into a pellet, and sintered at temperatures between
.1400°C and 1800°C,

said base material having between 500 and 7000 ppm by
weight of nitrogen and between 700 and 3000 ppm by weight

of oxygen,

a layer of anodic tantalum pentoxide formed on the

surface of said sintered anode,
a layer of manganese dioxide adjacent to said tantalum

pentoxide,
a layer of graphite positioned adjacent said manganese

dioxide layer,

an exterior shell in electrical contact with said
graphite layer, and

conductive contacts fixed to said shell.

27. A capacitor in accordance with claim 26 wherein said

tantalum base material is nodular, chip, fiber or flake

powders.

REPLACEMENT SHEET

20 MAR 1998




Toroi-3 eos

21 BEPLAGEMENT SHEET

A PROCESS FOR MAKING AN IMPROVED TANTALUM POWDER AND HIGH

CAPACITANCE LOW LEAKAGE ELECTRODE MADE THEREFROM
ABSTRACT

A process for producing capacitor grade powder, electrodes,
and finished capacitors therefrom having reduced electrical
leakage characteristics. The powder is prepared by reacting
Group V-B base materials with quantities of between 500 to 7000
ppm of nitrogen and 700 to 3000 ppm of oxygen. Electrical
leakage is reduced by at least 28% for electrodes anodized at 100
volts or greater in comparison with electrodes and finished
capacitors made from undoped materials. A range of specific
charge of up to 25,000 uFV/g is achieved for sintering

temperatures of 1400° C to 1800° C.
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