WD 96/ 41034 PCT/ US96/ 08820

ELECTRI CALLY TUNABLE COQOATI NGS 5 BACKGROUND OF THE

| NVENTI ON Field of the. Invention 10 .. .- The present invention
relates to electrically =~ tunable coatings for substrates.

The use of diwewgashssi ke codtings and cheni cal vapor - deinisslesgednond
filmtechnologies is known. 15 While dianond-Iike coatings (DLCs) are known
t.0 be superior coatings for many substrates, their use as coati ngs
for substrates subjected to high tenperatd?és‘ and el ectrical currents
has | ed to practical problens. 20 Many of the DLC coatings
available in the field of EBECTREGALRY JXWABLEr COATINGS characteri stics,
but have been susceptible to ablation, or |ong-term adherence

probl enms. No known DLC material adequately inparts all of the necessary

characteristics to substrate naé ' ﬁ%g §@& g@vggg trics; for exanple,
I nsul ators ih el ectronics, ﬁ%bgép cﬁgfl devi Eﬁ@ed i n plasma-
rel ated devi ces.

: Field he Invention

10 The present invention relates to electrically
tunable coatings for substrates.

The use of diamond-like coatings and chemical
vapor-depogited diamond film technologies is known.

15 While diamond-like coatings (DLCs) are known to be
superior coatings for many substrates, their use as
coatings for substrates subjected to high temperatures
and electrical currents has led to practical problems.

20 Many of the DLC coatings available in the field
often display superior thermal characteristics, but have
been susceptible to ablation, or long-term adherence
problems. No known DLC material adeqguately imparts all
of the necessary characteristics to substrate materials

25 used as dielectrics; for example, insulators in
electronics, and especially devices used in plasma-
related devices.

, DLCs often have adherence problems which
30 require depositing additional interlayers between the DLC
and the substrate. In addition, intrinsic stresses limit
the allowable deposition thickness of the DLC. While
thicker DLCs may be desirable to protect the substrate,
delamination of the DLC from the interlayer and the
. 35 sﬁbstrate will result if the DLC is deposited onto the
substrate to form an overly thick DLC layer.

In certain dielectric applications, no current
leakage is desirable. 1In this circumstance, the
40 dielectric coating selected must inhibit dielectric



DLCs often have adherence problens which 30 require depositing additional

I nterl ayers between the DLC and the substrate. |In addition, intrinsic
stresses limt the al |l owabl e deposition thickness of the DLC. Wil e

t hicker DLCs may be desirable- to protect the substrate, del am nati on of

the DLC fronwdwydigeser | ayer and the 35 substrate will resu::)t%i'.,i,s%gupLC i s
ayer .

deposited onto the substrate to forman overly thick

kn certain dielectric applications, no current | eakage i s desirable.
In this circumstance, the 40 dielectric coatig sel ected nust inhibit
dielectric WD 96/ 41034

PCT/ US96/ 08820 "breakdown" whereby current passes-through ther eskdony”

uher eby current Rasses EVeAUErddih CeBe Binstratl: GRuiRl,!HogRy the

substrate. Further .i.n_pan applications, the matey.|l used as”t he
di el ectric coati ﬁ&i’lmaﬁggsal?&? i“ﬁ'meﬁatﬂ" PEe % cthe Helesrrdeneostinge
charge 5 at onemuskdatsovinhilitt "dFlasheverit whershy fsowe pEsthe chargeer
the surface t® apet Bae EOAGHEE{VE PANR onCiRd B5at Lf t ween
and around the conduc-hve go%nts.:dyi FOPther, ?% %ﬁ%ﬂ?ﬁ%bp chggsgg, it may
be desirable for ©Ver thE € 5.??ﬁ]qﬂ)ﬁ¥9$ge£tCPEQE?t¥Xﬁn?QﬂﬁthiFyoﬁéngoﬁbﬁct
and 10 direct charjeseabhaywéenmrd arountiachet cokdegt ivee poiatge from
bui I ding up and RavkBEr" T §ASHONE 2ol caltliBakdonn” oceur
Known DLCs nay pe(ftor mr\7v«el1Ell %t iaglpﬁ'ﬁ'caas 1§§E'd|¥@el%a_ r?ec(a(cé%% f-ﬂr?lg; f°ﬁowever,
over tine, exposﬁ fFgating to have at least some ability to conduct and
10 direct charges away from the surface to keep the charge
from building up and having *flashover" or "breakdown"

occur.

Known DLCs may perform well initially as
15 dielectric coatings. However, over time, exposure to
high currents leads to the graphitization of the carbon
in the DLC network. TUpon graphitization, the DLCs
becomes more conductive, thereby frustrating the purpose
" for the coating as a dielectric material and rendering
20 the substrate useless, or at least more conductive than
is desired.

The lack of an adequately coated and insulated

electrical component often results in the failure or

25 shorter lifetime of the device served by the component.
Further, radiation effects, including ultravioclet
radiation and ion-bombardment often accelerate DLC
deterioration through erosion or graphitization of the
DLC coating.

30

SUMMARY OF THE INVENTIdN

Accordingly, the present invention relates to
electrically tunable coatings for use as superior
35 dielectric coatings.

.



high currents leads to the graphitization of the carbon in the DLC

networ k. Upon graphitization, the DLCs becones nore conductive, thereby
frustrating the purpose wfor the coating as a dielectric material and
rendering 20 the substrate useless, or at |east.nore conductive than

i's desired. wo 9641034 The | ack of an adequately coatan%&gaPQ?plated
el ectrical conponent often results in the failure or 25 shorter Tifetine
of the device served by the conponent. Further, radiation effects,
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PCF/ USO6/ 08820 Substrate by applying to said substrate a tunable
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of inhibitingscoq%&ggb ht ¥ g1 £ AkErhYy | id substrate

a tunabl e di el ect rl?éc coa anll}%rma rom & d}%%@%(tesggg% d-state 5

material conpri siARFWONKEr BEndt AEATRE IS cathen snetworlestgbid igpdaby

di anond- | i ke car ipfireeenpr b glabsdliide dificon hytwagenstabiglizesd: bike

silicon network ﬁﬁﬁgkkhzgﬂdb¥ptionally at least one additional network of
dopant elements or dopant compounds having elements from

10 groups 1-7b and 8 of the periodic table.

In another feature, the present invention is
directed to a method of selectively modifying the
conductivity of a substrate by épplying to said substrate

15 a tunable coating made from a diamond-like material
having interpenetrating atomic scale networks comprising
a first diamond-like carbon network stabilized by
hydrogen, a second glass-like silicon network stabilized
by oxygen, and optionally at least one network of dopant

20 elements or dopant compounds having elements from groups
1 to 7b and 8 of the periodic table.

In still another feature, the present invention

"is directed to a tunable coatigg formed from a diamond-
25 1like solid-state material comprising an interpenetrating

diamond-like carbon network stabilized by hydrogen, a

glass-like silicon network stabilized by oxygen, and

optionally at least one network of dopant elements or

dopant compounds having elements from groups 1-7b and 8
30 of the periodic table.

. In a still further feature, an electrically
tunable coating having a predetermined resistivity is
. - disclosed, said coating being made from a class of
35 diamond-like solid state materials formed from
interpenetrating networks, said networks comprising a
first diamond-like carbon network stabilized by hydrogen,



oxygen, and optionally at |east one additional network of dopant

el ements or dopant conpounds havi ng el enments from 10 groups 1-7b and 8 of
the periodic table. I n anot her feature, the present

i nvention is directed to a nethod of sel ectively nodifying the
conducti vi t ywal ogdgagbstrate ‘by applying to said substrate w d nabl e’
coating nmade froma di anond-|ike materi al having interp

atom c scal e networks conpri sing a first dianond-Iike carbon netmork
stabilized by hydrogen, a second gl ass-ti%e silicon network stabilized
by oxygen, and optionally at |east one network of dopant 20 elenents or
dopant conpounds maﬂqmyldelsé.hubn retwork atabilized bp oyl dhadf the

peri odic table. optionally, at leddt thid lneliBiChe! S3IALE fde R esent

i nvention |recte to a tunable coatl ng 25
like sol i d-stateq?&iPéﬁlﬁné’l E’éﬁﬁ?—gsﬁ irpents frompgreupatinge and @ aforhel i ke
carbon networ k stpExilddded thpl8ydr ogen, a gl ass-li ke silicon network
stabilized bygoxygen, and optionally at |east one network of dopant

el enents or dopant conpounds havi ng el enents from groups 1-7b and 8 30
of the periodic table. In another feafurea &hp| présenthamvesdtione isan

gl ec}t ri cgl |y g dilvéradalde teoahi eledtridil 15, ﬁhﬁdgn_él’ﬁaf@ﬂd a[le%}fttﬂ ty i IS |
i scl ose sai t I ass of .35 | ano € Sso
state materials %ﬁ%&&%@ﬁg‘ﬂo%ﬁ e%é%e i ?'Vn 22 fhPk 2 Bﬁ"% R&or ks
conprising a angd @ tugakisnecating <y BT@# ﬁﬁbﬁbrkt%t a8 id zewttinghyddegen,

10 from a class of diamond-like solid state materials formed
from interpenetrating networks, said networks comprising
a first network of carbon in a diamond-like carhon
network stabilized by hydrogen, a second silicon network
stabilized by oxygen and, optionally, at least one

15 network of dopant elements, or compounds having elements
from groups 1-7b and 8 of the periodic table.

BRIEF DESCRIPTION OF THE DRAWINGS

20
FIG. 1 is a schematic diagram showing the
principle microstructure of two-network (A), intermediate
(B), and three-network (C) nanocomposites.
25 . FIG. 2 is a schematic diagram showing the

dependence of electrical resistivity on concentration for
the case of a W-DLN nanocomposite.

_ FIG. 3 is a schematic diagram showing the
30 dependence of electrical resistivity on temperature for a
W-alloyed f£ilm.

FIG. 4 is a cross section view of the
deposition chamber for the deposition of the DLNs.
35
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-4- a second silicon network stabilized by oxygen and, optionally,
at | east one network of dopant el enents, or conmpounds havi ng el enents
fromgroups 1-7b and 8 of the periodic table. 5 In

anot her feat uyeoeiiess present invention is - directed to ailc?}ug %al ly
tunable material with a selectively nodified resistivity made Trom a
substrate and a tunable coating on the substrate, said coating nade 10
froma class of dianond-like solid state matePials formed from
_interpenetrating networks, said networks conprising a first network of
carbon in a dianond-like cH¥bn5 is aecwoe& secthidn adéwbpfhybeogen, a
second silicon negugb&ition séﬁgyekzggrbghgxa%ﬂiqm et bﬁﬁ@' iu?ing"‘tal east -
one 15 network of gf%)axgt el %cr%nts, or conpounds having el enents from
groups 1-7b and 8*BFIERePET AT 0 €. BRI EF
DESCRI PTI ON OF THE DRAW NGS 20 FIG 1 is a schematic diagram
showi ng t he - principle ngfg 0%t GecLu s3 r ) . A rmedj at e
(B)- and thr ee. net wor k, (C rﬂlﬁnﬂﬁ%oé[ t&gg.gg é%%ﬂﬂ el gé ?—'Itpége’frseéa
schemati c diagra Eﬂ%ﬂ'énb‘g’? erjuFiRg e RN ST CRcAntegrakly vity on
concentration forlocatédewitdsin aheackéinbél-nanoconposite.

FIG 3 is a schematic diagram showi ng the 30 dependence of el ectrical

resistivity on tenperature for a Walloyed film FIG 4
Is a cross section view of the '
10 DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a method of
selectively modifying conductivity on a substrate by
applying to said substrate an electrically tunable

15 coating made from a diamond-like solid-state material
having interpenetrating atomic scale networks of carbon
in a diamond-like carbon network stabilized by hydrogen,
a glass-like silicon network stabilized by oxygen, and
optionally at least one additional network of dopant

20 elements or dopant compounds having elements from groups
1-7b and 8 of the periodic table.

The fundamental structure of the preferred

tunable dielectric coatings of the present invention are

25 atomic scale diamond-like nanocompoéites (DLNs). The
DLNs are comprised of two or more self-stabilized random
networks. Each network is itself stabilized chemically,
while both networks also structurally stabilize each
other. An example of a material with such a structure is

30 the diamond-like nanocomposite (DLN) which is the subject
of U.S. Patent No. 5,352,493 and U.S. Serial No.

. 08/249,167 filed May 24, 1994. In the DLN, a first
random carbon network, mainly in the form of "diamond-
. like" bonds is chemically stabilized by hydrogen atoms.

35 A second glass-like silicon network is chemically
stabilized by oxygen atoms, resulting in a purely
amorphous structure. The tunability of the coating may



deposition chanber for the deposition of the DLNs. 35 WO 96/ 41034
PCT/ US96/ 08820 FIG 5 is a cross section view of the
deposition chanber for the deposition of DLNs using a reflecting

el ectrode. 5 FIG 6 is a cross section view of a preferred

deposi tion cmmgﬁmnﬂglng a plasma source integrally | oc ahcqugdbhdarg t he
chanber. DETAI LED DESCRI PTI ON OF THE | NVENTI ON

The present |nvent|on relates to a nethod of sel ectively nodifying
conductivity on a substrate by applylng -t 8 said substrate an
electrically tunable 15 coating nmade from a di anond-1i ke solid-state

mat eri al . havi hg ach beyed dty atainydngt bhe ccontdnt retdvachsentratibnnof in

a_di anond-|i ke cag gn?l Zeecﬁf ﬁamlunasdnéywmqm £rom doPapes-|i ke

silicon network st 0ﬁ¥gf and opt i onaII gt ast one,
addi ti onal net wor R18PeRoH Pt SRERPEngs - g tt os drgireg 1
el enents from groapso achﬂeﬁ&dzhyjdiogblyheommralihngtuﬂd(deposition

5 conditions of the coatings.

"Amorphous" as used herein refers to a random
structure or arrangement of atoms in a solid state that
results in no long range regular ordering, and lacks

10 crystallinity or granularity. Such DLNs contain no
clusters or ordering greater than about 10 Angstroms.
This absence .0of clusters at the atomic scale is a key
characteristic of the DIN coatings of the present
invention. Clusters can destroy the amorphous nature of

15 the structure, and can serve as active centers of
degradation.

" This structure has been confirmed via electron
projection methods, scanning tunneling microscopy, atomic
20 force microscopy, glancing x-ray and electron diffraction
techniques and high resolution transmission electron
microscopy (TEM). Cluster formation is prevented in the
sources, in the primary plasma, in the chamber space, and
during film growth.
25
The atomic structure of the class of diamond-
like nanocomposite (DLN) solid state materials of the
present invention is shown in FIG. 1(A). The DLNs may
have one or more additional separate disordered networks
30 of dopants, as shown in FIG. 1(B) and 1(C). The dopants
may be any one, or a combination of transition metals and
non-metals of the groups 1b-7b and 8 of the periodic
table, with all three types of networks (C-H; Si-O and
the dopant network, Me-Me) are bonded to each other
35 predominantly by weak chemical bonds. The network
elements other than the C-H network may also be referred
to as alloying elements. Silicon“and.oxygen may also be



The fundanental structure of the preferred tunabl e dielectric coatings
of the present invention are 25 atom c scal e di anond-1i ke nanoconposites

(DLNs). The DLNs are conprised of two or nore self-stabilized random
networks. Each network is itself stabilized chenically, whi | e both

net wor ks al sowstgsduusgr al |y stabilize each ot her. An exa 08320
material with such a structure is 30 the dianond-Ilike nanoconposite (-DLN)
whi ch is the subject of U S. Patent No. 5,352,493 and U. S. Serial No.
08/ 249,167 filed May 24, 1994. In the DLN" & first r andom car bon
network, mainly in the formof "dianond- | | i ke" bonds is chemcally
stabili zed by hydP8§8nint @PRannetwarksnyigha@they |dopanti edemantaoek i s
chenically st dbbkht edodpyoumdeien atons, resulting in a purely

anor phous structure. The tunability of the coating may WO 96/ 41034
PCTFUS96/ 08820 - 6- be achi eved by

varying the content and cori€esn it eptdpnal, additdemadndopadti-tcontaining

R WP S S P i i S
condi tions of the§§8§§iﬁ§§5 hé,é%é¥%°dgly mentﬁﬁﬁ%gﬁﬁﬁ%inggrﬁgﬁﬁtﬁ%F%mﬁ
refers to a randoRetworkey ycinrthig imstangenthresforamome in a solid state

t hat . results iiatae%aéﬁéﬂraﬁw rictiohrRs W1HEHd Hredadt! l%ﬁkéhéonm to
ordoring oreator ERER Aogreat ol ARk (Blsf diasdnas 14k ot Clust ers a
the atonic sch?e pangeRapositel) metmorkr.i sftcisfundesrsbioNdc bhekngsnahetdie
pr esent dopant networks, may be incorporated as the optionally

' present dopant networks interpenetrating the C-H and 8i-0
networks. It is further understood that when dielectric
coatings are desired, non-conductive dopants may be

15 incorporated as the third network. This may include
conductive elements which are reacted to yield a non-
conductive compound. When tunably conductive coatings
are desired, conductive elements and compounds may be
used as the dopants in the dopant network.

20 :

The three networks (C-H matrix, Si-O matrix and
a dopant matrix) are bonded to one another mainly by weak
chemical attractive forces. Carbide formation can be

_ prevented even at metal concentrations as high as 50%

25 {verified using Auger electron spectroscopy, electron
spectroscopy ;or chemical analysis (ESCA), extended x-ray
absorption fine structure spectroscopy (EXAFS) and
Fourier transform infrared spectroscopy (FTIR) can be
achieved. Again, the properties of these materials can

30 be varied over wide ranges depending on the dopant and
the concentration selected, as well as the deposition
technique and parameters. As already mentioned, the
structure of these composites can be tailored at the

_ molecular level. Therefore, unique electrical, optical,

35 and other desirable solid state properties with desired
mechanical strength, hardness and chemical resistance can
be imparted on the DLN coatings.



I nvention. Clusters can destroy the anorphous nature of 15 the structure,
and can serve as active centers of degr adat i on. Thi s

structure has been confirned via el ectron proj ection nmet hods, scanning
tunneling mcroscopy, atomic 20 force microscopy, glancing x-ray and

el ectron di f{yorsssi6Ag t echni ques and hi gh resol ution traﬂzsjm, ﬂﬁ“
el ectron m croscopy (TEM. Custer formation is prevented int

sources, in the primary plasma, in the chanber space, and during film
growth. 25 The atom c structurfe -of the class of di anond-

| i ke nanoconposite (DLN) solid state materials of the pr esent

i nvention is shown in Fl G Pié¢ferrethdopaht sisments twmke amedodinnthe Me-

addi tional separ agg Héﬁ%ﬁﬁr%&‘%;h%kirgopai?{lé@?@fif’ef”l%c%ﬁg'\é’nfbg GL&

1(B) and 1(C). The do ants one, or I nation of
transition netal 8afgP nts ?‘Brﬁrféinﬁ%é ofilFﬁﬁcb’fb%ﬁgeT%l?%&ng gret Re
pﬁl’l gdl C t abdie, Ny, t 8ial Gef mree,gcx,ylﬁes Wi T2 vl ksPd,Cid, B, OVanHe,
t t t 5

C Shant arbiotl, Wi h e, DL L eusesl keIl ol WORTAR Byl |

weak chem cal bonds The het wo nts ot her’
may al so be refeWP&& W, Cryo2ns T 1203 H§ QFéﬁEn?QStSP¥§§ﬁﬁ¥%§nd oxygen nay
al so be PYOfeftdd08dmpounds which may be used as dopants include

PCTI US96/08820  miw, BN, AIN, ZzN and CxN with TiN; /AlN and ¥3ffpengoPant
net wor ks with_ othér ‘dopant el enents or opant” conpound
most preferred.

10
The carbon content in the diamond-like

nanocomposite. is greater than about 40 atomic % of the
DLN. Although the DLN may theoretically be prepared
without any hydrogen, the hydrogen content is preferably

15 at least about 1 atomic % and up to about 40 atomic % of
the carbon concentration. The sum of the silicon, oxygen
and dopant elements and dopant containing compounds is
greater than about 2 atomic % of the DLN. In one
preferred embodiment, the ratio of carbon to silicon

20 atoms is from from about 2:1 to about 8:1, hydrogen to
carbon atoms is about 0.01:1 to about 0.4:1, silicon to
oxygen atoms is about 0.5:1 to about 3:1, and dopant to
carbon atoms is about 0:1 to about 1.5:1. Therefore, in
the DLN netwoxrk, for every 1 part carbon, there is from

25 about 0.01 to about 0.4 parts hydrogen, from about 0.125
to about 0.5 parts silicon, and from about 0.0375 to
about 1.0 parts oxygen. In such a scheme, if a third
dopant network were present, for every 1 part carbon,
there would be from about 0.01 to about 1.5 pafts dopants

30 depending upon the desired characteristics to be imparted
to the Me-DLN network.

The conductive properties of these DLN
materials can be varied over wide ranges from a
35 dielectric coating to a highly conductive coating,
depending on the dopants and concentrations selécted,-as
well as the deposition conditions. As already discussed,



When the optional, additional dopant-containing 5 network is present, the

dopant network is interspersed along with the previously nentioned two
i nt er penetrating networks. In this instance three or nore

i nterpenetrating networks will be present in the DLN to forma

so-cal |l ed %Wﬁgﬁgt al -di anond-1i ke 10 nanoconposite) netm,gsga%&;o IS
under st ood t ha - et al dopant networks, may be incorporated as the
optionally present dopant networks interpenetrating the CGH and Si-0O
networks. It is further understood that when2drel ectric coatings are

desired, non-conductive dopants may be 15 incorporated as the third
network. This ngjeigiEtusiture oft @¢hdget compes e tcannbec batil erédast ed to
yield a non- LLonduct | 0 I ugt,i coati ngs
are desired, cond %”E‘?\&l/_e A&’?ﬁ%ﬂ%&ﬁ%%@g%ﬁ%%ﬁ%i&%%ﬂ%&ﬁg ﬁhﬁé@% as the
dopants in the depaseriealwroptiz@l, and other desfablgr eelidt skr%® (C H

matrix, Si-O matgiyp@Plies withlORAHabIBY M h&dhAiRd10Rteenteh) NBandeddier

mai nly by we chem cal. attr.acti . Carbide .fornaiio e
prevented eve a?nﬂe{’]ﬁ?m‘c%%%exfﬁsrlaat%ag\ég éggé%g%ea?;{ Sdg%ﬂf .Q_ verr ]tggﬁu'ag:l ng
Auger el ectron spbetrostipys @f dher present sirvantitope herdehsesthient

anal ysi s (ESCA), af4t 85880t -whstand? ke PAh@NEFidtEidi hieedllEySpect r oscopy

( EXAFS) and Fourier transf.orminfrared.s I[0SCO FTLR) can be
achi eved. Again, 3FRESHPERRI Y1 UH® Af58 grﬁ?cgﬁ;%{% can &engé vari ed over
wi de ranges dependi ng on the dopant and t he concentration selected, as

wel | as the ggposition Igeggr&%“@lqtaarm e inglAS lalyeeadyyrment i oned,
| ovel . Ther of or e MFAHLE. LRECET | bl PRoproRat oo oot (i Bien dBeredind “sol | g
state properti es chemicddsontent) dansithandanndeoped INs maydhesyseddto
chemi cal resistapggeC8he desPPed MHiAdvaly! bod bdha0 YHyiGeal
properties. Such multilayered coatings would be useful
15 for making ultracapacitors capable of very high
capacitance. Such ultracapacitors may be about 10 nm
thick and be comprised of 100 or more doped and undoped
layers.

20 The electrical properties of the DLN structures
of this class of materials can be continuously varied
over at least 18 orders of magnitude from a purely
dielectric material, at about 10° Ohmecm, to a metallic
state, at about 10'®* Ohmecm, while preserving the

25 properties of the DIN state. A transition to a
superconducting state, with the absence of electrical
resistivity, is observed at low temperatures for certain
three-network nanocomposite networks.

30 When a completely dielectric coating is
desired, the two-network DLN may be used. In addition,
to impart certain hardness characteristics a three-
network DLN may be used; but in this instance non-
conductive dopants would be used to ensure the superior

35 performance as a dielectric coating. The good adherence
and superior hardness of the DLNs of the present
invention make the DLNs good candidates as coatings for



O 96/ 41034 PCT/ US96/ 08820

- 8- Preferred dopant elenents to be used in the M- DLN
network, and which are particularly effective for use as dopants in a
tunabl e dielectric Me-DLN coating are B, Li, Na, Si, G, Te, O M, W
Ta, Nb, Pd, vV, Fe, 5 Co, My, Mh, N, Ti, Zr, Cr, Al ,
N, Ag and Au%%mo\?m"th W C, Zr, Ti and Hf bei ng nost preﬁg(f'régam&o
Rreferred conpounds which may be used as dopants incl ude Ti N, BN, AN,
ZrNand OGNwith TiN, AAIN and N being =~ Lfost preferred. 10

The carbon content in the dianond-Iike nanoconposite is greater than

about 40 atoni c déwdfcesh@uch aBllip\ #imyeglort BayDehesBYiddE Mgl be

pr epar ed Wi 3 g I nt.ent. s preferably_ 15
at |east-about 1 at%_lrri S % é%%QU%P? oé%gbo%%&jfg’ggg g%ﬁcéla/g%?casl o% jphy,
concentration. TGOS SHEhs2P| BBirctionsgeThe DL¥sdgweAfaly ndduaet s and
dopant cont ai ni nggpoIOLhESslsp ringy afiidle WAdAtabeUig 2a MIHA Gridfe e

DLN. In one 5 égnesft%rr{teg%g%p?gé%%g%?n%h%.r atio of carbon to silicon 20

atons is fromfromabout hydr ogen to carbon atons is
about 0.01:1 to about 0.4:1, silicon to oxygen atons is about 0.5:1 to

alﬁouth: 1, and dopant to a co\ﬁitpwl@étlyltdB!Lraécét:x:&@%ﬂ&u::ﬂ@i:rlgE)x&n.@lfm;)lﬁltntﬂi-b'?étl]-c
Therefore, in Dl,, o ry 1 patrt_carbon, there is from
25 about 0.01 to_sua{‘tb%ue_Oﬁigggégé%hy;cf?%gogflr#%tsgﬁgﬁb%’ﬁts‘bbsl%te t o about
0.5 parts silic@EOt@eFioRom Eheubrepluipmmn mirengthhofitthe DIgs tof dhegen. | n
SUCB a schetre,h ifremet rielventidﬂpﬁdﬁb géhetﬂwhkawge DEC LN abolie! 16Y8fJeml Part
car bon, t her . 0] 0,01t ut 1.5 ts ants 30
dependi ng upon t%ﬁ?#%gp%ﬁa%%t%%ﬁags St"%’sgéglll%ﬁt%ﬁ%he t he Me-DLN
net wor k. coating app}pedcepdike iSHbsfreberti es of these DLN

materials can be varied over wide ranges froma 35 dielectric coating to a

DNy eqonguctive coatiNdyoyever 1R WheA hBE1 ASR NS WGP Tl 211 O
- 15 residual charge occurring at the surface near the

contacts be conducted away to prevent chafge build-up and
surfacg ercgsion fréom "flashover". For example, anti-
static coatings and other electronic component coatings
are used to direct away rather than retain a charge on

20 the surface. The flexibility of the tunable DIN coatings
of the present invention is especially advantageous for
this purpose. The optional, third dopant network can be
tailored to include an appropriate concentration of
selected conductive dopant to offer the required amount

25 of conductivity at the surface layer of the DLN coaﬁing
to avoid "flashover" effects. The flashover resistivity
of the DLNs of the present invention ranges from about
59,000 V/mm to about 3000 V/mm depending on the chemical
substituents present in the DLN coating applied to the

30 substrate.

To improve adherence, DLC coatings often place
an intermediate layer between the substrate and the DLC
coating. However, this intermediate layer limits the

35 useful thickness of the DLC coatings. If the DLC
coatings are too thick, delamination occurs.



wel | as the deposition conditions. As al ready di scussed, WO
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-9- the structure of these conposites can be tailored or "tuned"
at the nol ecular |evel to conbine unique el ectrical, optical, and other

desi rabl e sokglogidradsc properties with "tunable" nmechani gadusdshdet h.
hardness 5 and chem cal resistance properties. It is inportant that

the coatings of the present invention be hard, resilient and able to
wi thstand wear and friction normally assddi &ted with use as an

el ectrical conponent. 10 ’ It is contenplated that single

| ayers or mul ti pl e | ayshwspoisihgly dewithc dlheo DI tbatimgs (dastte on

chem cal content) P&é&@k alr}ﬂréfﬁ%ﬂedaweﬁ@ey e éés‘é‘éoﬁotha% ave the

desired resistivi % ot her Si cal Mertles nmul ti| ayered
coatings woul d be* E%’f Yers 15 5P HeIwreft r ﬁac',"etsBP“é'c%lb%b‘F%a"dfnS/ery
hi gh capaci t anzteeriaic may beaapphied onerershhiloklybeithdGt rnnisklngi hi ck and

be conprised gf @&aﬁlﬁ%ﬁm%ﬂl ghd Logopsde. ﬁh@ygiﬁ xer 2 ayer

The- el ectrical properties, of the DLN, struclurd:1 ils C
material s can be tFRIGRI f"\/&PF’édls beligyeditq goutr BuB?o‘é?§1Eﬁ
magni tude from a gupetior eralieoheresistant eprogertdiesabfuthd Ofwviadle DLN

Chnfer r]om 10 2 gEbalice ana HdbBle brAbaMed stk ShgLer 1] om while

preserving the 25 propetles 0] e DLN state Atransifion to a
superconducting state, with the absence of electrical
10 The presence of the glass-like silicon network,

stabilized by oxygen, serves to prevent the growth of
graphitic carbon at high temperatures and, to prevent
metal cluster formation in metal-containing three-network
nanocomposites, as well as reducing the internal stress

15 in the nanocomposite structure, thereby enhancing the DLN
adhesion directly to substrates. This appears to lead to
superior adherence of the DLNs of the present invention
to the substrate material.

20 To be useful as dielectric coatings, the
coatings must have predictable non-conductive or minimal
conductive properties which must not vary over time; or
in response to extreme conditions, such as heat. Most
importantly, the coatings must not degrade into forms of

25 elements which become more conductive. One such element
is carbon which, upon transformation through
graphitization, becomes more conductive than the original
DLC coating.

30 . The DLN coatings of the present invention have
temperature stability far exceeding that of traditional
diamond-like (DLC) materials. Crystalline diamond is
stable to approximately 1100°C, upon which graphitization
occurs. Quartz has long term thermal stability to 1470°C,

35 and short term thermal stability up to 1700°C.
Traditional, non-alloyed diamond-like films are stable



resistivity, is observed at | ow tenperatures for certain t hr ee- net wor k

nanoconposi te net works. 30 When a conpletely dielectric
coating is desired, the two-network DLN may be used. |n addition,

to inpart certain hardness characteristics a three- network DLN may be
Used; but i Rydbkmesst ance non- conductive dopants woylegrRRGedsgRd t O
ensure the superior 35 performance as a dielectric coating. The ‘good
adherence and superior hardness of the DLNs of the present

i nvention make the DLNs good candi dates as &8afings for WO

96/ 41034 PCT/ US96/ 08820

- 10 - deviondy sochbastsE0fT bederer gragyhidl imstriioraloccorsonenl soyed
whi ch routinely pie sgxpasgdet fudRl il s HEHAN 10" sPEYPE Cal condi tions
such as friction. The DLNs greatly reduce wear of the slip rings while

mai ntai ni ng a high anmount of 5 constant electrical contact.
A conpletely dielectric cbgtcogtyast d thehDilNt structuré aused e groodde and

of fer superigr syfistl,abele alewwﬁ? %aﬂb@sbsfaF ‘r"?rééérﬁg%rnreﬂft bge DLNs

of the 10 present invention raﬁg rom about

err]
V/cm dependif§ dF8 CREMCAE %Ht%lﬂﬁﬁzﬁﬂe%t%n%fsm Segm stabiiityg
applied to the suth2w0aP@; i.e. thermal stabibieyasf tie iDLNlikenedssthisel t hat

some of the of crystalline diamond while preserving the amorphous,
diamond-like state.

10
In the range of from about 600°C to about
1000°C, the chemical bonds of the carbon matrix of DLN
materials partly change from sp’® to sp?. However, the
general structure of the nanocomposite and their

15 "diamond-like" properties are preserved. By contrast,
under similar conditions, the usual "diamond-like® carbon
(DLC)is graphitized and loses its diamond-like
properties. Further, in the range of from 400°C to 500°C
(preferably 430°C), a reverse annealing is observed,

20 whereby the ratio of sp® to sp® is increased. Inhibiting
graphitization of .the carbon is critical for preserving
dielectric properties, as graphitized carbon is more
conductive than the network-protected DLC. Therefore,
the ability of the DLN coatings to be more thermally

25 stable than the DLCs gives the tunable dielectric DLN
coatings a significant advantage over DLC coatings, in
terms of inhibiting conductivity.

The density of the C-H and Si-0 two network DLN

30 +varies from about 1.8 to about 2.1 g/cm®. The rest of the
gspace is taken up by a random network of nanopores with
diameters varying from about 0.28 to about 0.35 nm. The
nanopore network does not form clusters or micropores.
The properties of the two network DLN may then be

35 tailored by adding dopant. The dopants £ill the nanopore
network in a random fashion, eventﬁally regulting, at a
certain dopant concentration, in an additional network




15 residual charge occurri ng at the surface near the contacts be

conducted away to prevent charge buil d-up and surface erosion from
"flashover". For exanple, anti- static coatings and other electronic
conponent coati ngs are used to direct away rather than ret ai n a charge
oh 20 the suwo3gAie3s The flexibility of the tunable DLN coatgd of the
present invention is especially advantageous for this purpose MWﬁ%
optional, third dopant network can be ~tailored to include an
appropriate concentration of sel ected coAductive dopant to offer the

requi red amount 25 of conductivity at the surface |ayer of the DLN coating |
to avoi d-"fl ashowskithaaftf @dustefpecorf |mistmnanystadilsne ytains, evfer e DLNs of

the present inverddRiedtaagesnt’ 28 #ititas 50 320099 &/ MR 3200 Y/ mm
seper . o, (1 SISy, 20°HUERL “e,“tt%epf%;sﬂéﬁ;@m% 0
coati ngs often plssparate atomat innhi atandpopes bﬁtmm:tatiﬁ:wb.ikléate and

the DLC ceal iihribONeYRE atrblgd NAiIEe asstéz@%@rdésﬁ d $ddie 3o useful
t hi ckness of the C coati,n I N are 1 oot i
del ami nati on occd‘ggL quasi- gan‘mg%‘?mme can be °°ntr°1led by the

PCT/ US96/ 08820  concentration of the dopant. When tHe -relative

Surprisingly, i tdeddeRelisnatE Nk qio it e1enBh S0 LS Wachdner ence

IS so good that a I S require €oat i ng
material may be f&ﬁ?‘}tegonégea’t‘% K13 (99PaPF§k$‘PP§“ the dhixd Mer-Me)from
the substrata0 Tre-wdrkelier thaymcﬂtructural_uscsmwmgm FIaIr 1. (icg ,bel i eved
to contribute t()féghlting in a material with diamond-like mechanical and

chemical properties.

FIG. 2 shows the resistivity in ohm-cm as a
15 function of the concentration of tungsten (W) for a W-
alloyed film. Metallic conductivity is reached for a W
concentration in the range of from about 15 to about 50
atomic ¥ of the dopant element.

20 FIG. 3 shows the dependence of electrical
resistivity on temperature for a tungsten doped DLN f£ilm
(W-DLN) . The graph demonstrtaes the transition to a
superconducting state. Curves 1, 2, and 3 correspond to
W-DLN films with room temperature resistivities of 0.01,

25 0.017 and 0.02 Ohmecm respectively.

In the intermediate concentration range, where
the dopant concentration is from about 10 to about 20
atomic %, the dppants form a fragmented, random network,
30 without true network-like connectivity. The electronic
: properties of the fragmented dopant "network" depend
) strongly on external mechanical loading, pressure and
electromagnetic fields. The Me-DLNs with dopant
. ' concentrations in the range of from about i- to about 20
35 atomic % are ideal use as smart materials and sensors. '
"Smart? materials are understood to be materials that not



superior erosion resistant properties of the tunable DLN cooatings and

tunabl e DLN-coated substrates. 10 The presence of the

gl ass-1ike silicon network, stabilized by oxygen, serves to prevent
the growt h of graphitic carbon at high tenperatures and, to prevent
metal cl ust qgobgieef i on in netal - containing three-network Pcrmsgﬂosszo
nanoconposites, as well as reducing the internal stress 15 in e
nanoconposite structure, thereby enhancing the DLN adhesion directly
to substrates. This appears to lead to = 14saoperior adherence of the DLNs
of " the present invention to the substrate material.. 20 To

be useful as di ent¢t Benseoahi egserridle stimulaeat bogsalss tcdin veapitedingt abl e
non-conducti ve gidl %bggggriate%&Hemspriﬂpgésgﬁgsw ch nust not vary

over tine; onse to “extrene conditl such as heat. Most

I nportantly, the coatings nust not degrade into forns of 25 el enents which
become nore conductive. Areakreddyehmmiiioned, the gpedbDhioVdidlectros
transformatign : g [t ' b C uctive than

t he original 9 gyo%%%?é'ggt Pﬁ .Eﬂé’m%i%tdt%’xgs Egﬁ'?ﬁ% ﬁﬁ%eoéa;{&%ngs of the -
present inventi &elegFdvely "Funpd| Ricdoredy PeRitering ddha @dneynthef of
traditional nmetiadmindolrpbeatél @s mAiee thilrd-nEewoiR| dbrihelilariend i s

Quarts has | ong deBnrtkeh: ) efe iired BALUNE BolE R bag BRI b o T or m
thermal st abi | i @PR}Feco ag780l8YeT @lternatingdwirbnEvo-Retwerk SF3Y
di amond- | i keof i IoBatdng 36§ekre to achieve desired dielectric effects such
as capacitance. Further, the dopant type and
concentration may be selectively varied, as may be the
deposition conditions.

15 Another advantage of the DLNs of the present
invention is their relative hardness and durability. The
DLNs, especially the metal doped DLNs combine high
microhardness with high elasticity. The microhardness
values of the DLNs of the present invention range from

20 about 6 to about 30 GPa.

The DLNs may be synthesized via co-deposition
by clusterless beams of ions, atoms or radicals of the
relevant elements, where the mean free path of each

25 particle species exceeds the distance between its socurce
and the growing particle film surface, and each beam
contains particles of well-defined energy. Carbon-
containing particle beams can be produced by plasma
discharge in a plasmatron and extracted as charged

30 particles by a high-voltage field in a vacuum chamber and
directed onto the substrate.

At léast 50% of the carbon-containing particles
have kinetic energy above about 100 eV. The temperature
35 of the substrate during growth should not exceed 500°C.
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- 12 - only to about 600[err]C before graphitization occurs. Alloyed
DLC filnms are nmuch |ess thermally stable. By contrast, the
DLN structure used to provide 5 the tunable diel ectric coati ngs of t he
present invenyiodgsiess hNas long termstability to 1250[err]C term
stability to 2000[err]C, i.e. thermal stability of the exceed% t hat
of crystalline dianond while preserving the anorphous, di anond-1i ke
state. 10 In the range of frodbabout 600[err]C to about
1000[err]C, the chem cal bonds of the carbon matrix of DLN material s

partly change from sp] err] Fugusp[ersliows dmecpeeferhed embgingral oFft thet ure

of the nanocorrposdc;a cﬁxgﬁbérlés i gapd- hhﬁecog Qﬁﬁraérééscﬁr %[?preserved

By contrast, er el caneh: t7ons, e carbon
(DLE)i s graphiti z@?ﬂ""&ﬁ& | o8e¥arpam %Rﬁﬁ*?&-ipp mbex ks theavided ther, in

the range of froneci0feemupstirats0fmpld.C A prepueéerabhyeé?é&sa:rdid @s, a

reverse annealg nqﬁrﬂ@ﬁ%@ %eqletQQ %Mfgee 'S of BErbk! OeflnfOlitlddrikd SPLCr!]

i S I'ncreased. e car on is critical for
pr eservi ng di tersagh e'haebpér H@sld BreFuxpRTy i PEAfeERPHA 8 s nore

conductive than tmﬂymnm:rahepr fsethpeodAd. "'["herpi:eéﬂrsor inle: Figdtietny 16f
the DLN coatings f&éﬁmﬁp&%&oﬁ?&mé& ftole h%\ﬂgg rgggcrf ves the
niTrcant advantage over

tunabl e dielectric ngs Sl
coatings, in ‘EW"OF’Q%PBPF?@CO t"—r"‘?r’fﬂ‘?.cath°de °°mPrlseS #he

density of th® Ci’éSiIKtlS'e-l@ mateetumﬂdiléa BUngeeehesiismenmbout 1.8 to

about 2.1 g/cn8. ‘Bﬁ"{? hﬁe coa?.sé%f%ﬁths Lﬁk§81§8 ?g %Dt__ra(ﬁ_le%mgnetmrk

of nanopores with rret er S var roma out
The nanopor e & id¥etaade heid ?76r$n c|The pPYes: sHPRLYpdris used fore
properties of thepbiamintetuhey lsubsbiratyst (N d¥eREY .t aThopLdedicaddieng dopant .

jg'guﬁgpggf S I AR AN Urfimpea 85kIPI5ind AobRABYOTRLARH Hllup RURA! 12! 1Y

15 procedures. A gate valve (not shown) located on port 7
is closed and the system is backfilled with dry air,
nitrogen or argom until the chamber reaches atmospheric
pressure. The door of the chamber, 9, is then opened and
substrate to be coated 5 are attached to the substrate

20 holder 6 using any of many possible methods (spring clip,
screw, clamp, etc.). Special fixtures may be required
for substrates of special shapes. The substrate holder
is designed in a way that it will also hold a cylinder
sample (not shown), which, in operation, rotates both

25 about the axis of the central drive shaft 10, and its own
axis which is perpendicular to 10. In this way, the axis
of the cylinder would be perpendicular to the axis of 10.

When the substrates are loaded, the door of the
30 chamber is closed, the chamber evacuated and the'gate
valve opened to bring system pressure down to at least 10
S to 10°® Torr, which is the desired range of system base
pressure. When the above base pressure is achieved,
. argon gas is introduced into the chamber via a needle
35 valve or mass flow controller, until the chamber pressure
reaches approximately 5x10°° to 1x10"® Torr, preferably
about 1-3x10"* Torr. At this point the filament current,



certain dopant concentration, in an additional network WO 96/ 41034

PCT/ US96/ 08820 _ - 13 - W t hout clusters
or mcrocrystalline grains, even at concentrations as high as 50 atom c
% At concentrations bel ow about 10 atomic % the dopants are
dirstributed agog parate atons in the nanopores of the digFpidshisse S
matri x. The average | stance between dopant atons in thi s quasi-random
structure can be controlled by the concentration of the dopant. Wen
the relative concentration of the dopant ¥ enent or compound reaches

about 20-25 atomic % the dopants formthe third (Me-Me) 10 network in the
DLN structure as tdwilamemitGbiaéCind the rebadtiianggnetapawerr supply tdre

di amond-1i ke mc%@&{e@ . Thghfﬂﬁﬁén?r&&efédteis the current that FIG 2

shows the resi st y In_ohmcm as unct]on t he ioncentratlon of
tungsten (W for BAsges throughy ghe Fpﬁmﬂfé?%:‘l“?qec gueelvetythe reached
for a W concefula&ﬁem ox theecaahgdebf fThenfillamentSbiasabsuth&e0

atomc % of the dg FESIgﬁ%V ‘ting %glta e agpﬁle&qﬂg tﬁesbgfﬁﬂéHE dependence

of electrical onte tur or atun%nten oped DLN film
(WDLN). The gr apfPRR¥RAHRaEedYs 'E‘-ﬁ@vt F-Bn§?%?'&ﬂ-f"i Foy ground) e B ting
state. Curves 1, Qurdétt i< adaeapeddasothe cWyfadnt teltweeni ther Shbament

temperature resi sy {heodlle Qadte 82 oPolid. bk GR1CHEEpEDFTes the

field that moves electrons emitted by the filament to the

10 base plate 11. The electromagnet power supply provides
current to the electromagnet, which creates a magnetic
field that results in the electron path becoming a
spiral, increasing the electron path length and improving
the probability of collisions between the electrons and

15 the vapor molecules created due to precursor evaporation.
The substrate bias power supply is concurrently switched
on.

Switching on these power supplies results in

20 creation of an argon plasma, which is used to clean the
substrates prior to deposition. After the required
duration of cleaning, the precursor supply is opened.
Precursor flow is controlled via a needle valve and
occurs due to the difference in pressure between the

25 chamber and the outside atmosphere. When precursor flow
and vaporization in the'chamber has stabilized, the argon
gas flow is turned off. The ionized precursor vapors
form a stable plasma, ions from which are accelerated
towards the substrate holder due to the substrate bias.

30 Thus, deposition of DLN film occurs.

Co-deposition of a dopant material is carried
ocut as follows. Argon flow to the magnetron is commenced
and the magnetron 8 is switched on after the base

35 pressure has been reached. A shutter 12 is used to
prevent deposition while the substrate is cleaned via
sputtering. When cleaning has been accomplished, the



In the internmedi ate concentration range, where t he dopant concentration
Is fromabout 10 to about 20 atom c % the dopants forma fragmented,
random network, 30 w thout true network-1ike connectivity. The electronic
properties of the fragnment ed dopant "network" depend strongly on

ext ernal mechgoogadosd oadi ng, pressure and el ect r omagnet periusd/gésze The
Me- DLNs wi t h dopant concentrations in the range of fromabout 1- to
about 20 35 atomic %are ideal use as snart terials and sensors.
"Smart" materials are understood to be mat &r 41 § that not WO

96/ 41034 _ PCT/ US96/ 08820

- 14- only saimiter aRt égnapensd ARG SPUSEEring oie Layrissk omtdat themke

appropriate adj ugdd@EHed ?wéesmevéae This may occur pX¥orldeeady nentioned,

t he speC|f|c dlelectrlc o] coat L ngs |tered or
sel ectively "tunétf PSE‘«% §En%fhfsf&rl ngepﬁ’gHél uht“h g %? Am

i ncor porated as tdﬁ@qamttﬂ-@nneﬁmk QI ifdidm gpppsitionepwsiinteymitiently

t hr ee- net wor kSCOQidﬁing”m-NaEime@ep051ﬁﬁiﬂ | @dpafidénd e widt! &Rl i0Fg Wi th

t wo--net wor k DLN t|n Iayer c 8Su8 desi g | ecir.ic ects
stoh - "as capadiuher ritreRlEhd qenElriER S8’ GRGLIE CHding B8 BF
be sel ectively vRE @puté;grmg,bvgatmals thepéél i!-éﬂscbmaelson@erams,

Anot her advant ageamoalé]ee@k-:Ns ehn e UNRB T co-abpysitidH, is their
rel ati ve hardness and durability. The

10 The growth conditions for nanocomposite films
are the following, with reference to FIG. 4. The pressure
in the deposition chamber 1 should not exceed 1073 torr,
with the pressure in the active zone of the plasma
generation 2, in the range from about 1.0 x 10~ to about

15 5.0 x 102 torr. The temperature of the substrate should
not exceed about 200°C with the temperature of the cathode
filaments being in the range from about 2100 to about
2950°C. The current in the cathode filament is from about
70 to about 130 A, with the voltage across the filament

20 Dbeing from about 20 to about 30 V. The voltage with
respect to the ground is from about 70 to about 130 V
with the plasma current being from about 0.5 to about
20.0 A. The voltage of the substrate holder is from
about 0.1 to about 5.0 Kv, with all the carbon-

25 containing and Si-containing species having kinetic
energy in the range of from about 100 to about 1200 eV
and from about 25 to about 300 eV respectively. The
metal beams consist of free atoms or monatomic ions. The
kinetic energy of the metal atoms/ions does not exceed

30 from about 25eV. With a precursor flow rate from about
0.5 to about 5.0 cc/hour, the growth rate of the DLN is
from about 0.1 to about 2.0 micrometers/hour.

The preferred range of operation for most
35 applications is a pressure of about 1-3x10"° Torr, a
plasma current of about 1 amp., a filament current of
from about 60 to about 75 amp., a substrate voltage of



e

DLNs, especially the nmetal doped DLNs conbi ne high m cr ohardness with
high elasticity. The m crohardness val ues of the DLNs of the present

i nvention range from 20 about 6 to about 30 GPa. - The DLNs
may be synthesized via co-deposition by clusterl ess beans of ions,
atons or radvesegerf t he rel evant el enents, where the PBROsdsfofiBe Pt N Of
each 25 particle species exceeds the distance between its source and
the growing particle filmsurface, and each beam contains particles of
wel | -defined energy. Carbon- cont ai ni ngt$aiticl e beans can be produced

by plasna di scharge in a plasmatron and extracted as charged 30
particles by a Bron-akoutdd0q itd ¢bontal§ee wiP%Ghamdormadd powerrefted onto

the substrate. about 100 W in Rp%oh%aStTﬁQ%ﬁféﬂ%&éffﬂyqﬁege t P B
particles hav klne L c ener %bg bOUt(éb8?§¥ The te erature 35 of
the substrate dﬂ? %ﬁﬁwlékﬂﬁﬁ d o ] @he pret erreq\n

96/ 41034 magnetron power depends on the tyRET/AfSU/@33aQ, :

- 15 - 5 composiFiditghd stHRMEuPBCIREBI&] ISk %H@@Lﬁeebaeiné\h
coating chanmber used for the DLN coating deposition process vacuum
deposition chanber 1 is provided to coat a substrate sanple. A

precursor inlet system 13In 35 compheseprefented emisslimenta poppefermedini C
material 3 EEEHH&hof*ﬂéﬁbéidﬂd%UthQr§ CHTSfa R | ¥n2a tr?Fde
|

pol ysi | oxane, |s I nj ect ed recursor inplet systen11
i ncor por at ed i nP h% ﬁﬂ%wguaﬁﬁg 1c§ily in FIG. 4, Wlth the

10 plasma energy den81ty above about 5 Kwh/gram-atom of
carbon. The charged particles are extracted by a ‘high
voltage field in the vacuum chamber and directed onto the
substrate. It is preferable that the potential of the
substrate holder is from about -0.3 to about +5.0 Kv, and

15 most preferably 1.0 +/- 0.2 Kv, and varying with a
frequency in the range of from about 0 to about 25 Mhz
for DC and from about 90 to about 300 KHz for RF. The
ratio of the electron emission to the carbon precursor
flow in the plasmatron is from about 0.5 to about 1.5

20 electrons per particle.

Organosilicon compounds, such as siloxane, are
preferred precursors for C, H, Si and O. One preferred
organosilicon compound is polyphenylmethylsiloxane,

25 containing 1 to 10 Si atoms. The high boiling point
. 8iloxanes may be introduced directly into the active
plasma region through a porous ceramic or metallo-~ceramic
(3 in FIG. 4 and FIG. 5) which is heated via radiation
thermocathodes 4. The photon and electron emission of
30 the thermocathodes affect the evaporation, fragmentation
and ionization of the precursor molecules on the surface
of the ceramic, which thereby functions as an ion source
for the plasma generator. An alternative method for
injection of the siloxane precursors is to use direct
35 injection from a diffusion pump. |



chanber base plate 11. The thernocathode 2 conprises a 10 resistively

heat ed thoriated tungsten fil anent 4. Substrates 5 to be coated with
DLN filmare attached to t he substrate hol der 6. The power supply 8 is
used for bi asing the substrates (DC or RF). In practice the ~ system
I s "punped dowgg okfitigse NOr mel vacuum punp down 15 proceduresrc%ng al ve
(not shown) |ocated on port 7 I's closed and the system i s bac ed
with dry air, nitrogen or ‘argon until the chanber reaches atnospheric
pressure. The door of -the chanber, 9, is thenl8pened and substrate to
be coated 5 are attached to the substrate 20 hol der 6 using any of many

possi bl e nethods (spring clThe formsttiionofcldepant e¢entaifiRs ibalank ik r?ﬁ
may be required upst f.spegl A T bst e_hol der
is designed in a ﬁﬁ?ﬁt g? ?? éﬁ#ﬁ§§$§§§hgﬁh%%m§$ﬁ$§%%$ gF’ﬁ%ﬁhﬁ%gifﬁéPg
shown), whi ch, inmgs@edeioh) EHeemmaks iRRPTALigBsUR) tirnShu-teringe déntral
drive shaft 10, ard@n beamsn The addpantHcthtiadiniagbedhs B didet@ed! Bntbi S

way, the axis f [ ngy ar to the.axis of -10.
Wen- t he subst?até%mhbggrgé eggfwhe gé%?pgfgﬁﬁ§ﬁ3€h%ﬁ%ﬁ%é“H%?%ﬂh&§é ° the
chanber evacuat ed e#fdudge igheEParticle \qoldiedeonst bn behe fdenpsidhopr essure
down to at |east Ldambek itseld. lGhstdrates arehpliced iWeanrfesijaedntange of

oy gon gas | s i nt 1 SHuIDRT; sof ROt 0 WasRaRl BIRLE, et Mahgle o,

flow control | er, i) whdchheRseres daije rotarycpetien amriskadiagent

5x10[ érr] to 1®l0[cHambeTobeingr ebmicdiad to taROPLadm® Ji&ratictochamPert hi s

gg%?bsggfoggggnenﬁup%ﬁf%@Ehing for théN%£¥5é%%gsgfl%h§ atomic or iomic

: beams, as shown schematically in FIG. 4. Alternatively,

the plasma generation may be carried out within the

chamber containing the substrates (FIG. 6). A DC or a

15 radio frequency potential is generally applied to the
substrates during the deposition process. No external
substrate heating is required. The substrate holder may
be designed specifically to hold parts of different
shapes such as cylinders, as would be apparent to one

20 skilled in the field.

Useful variations of the above described
methods for deposition of DILN films include, the use of
sputtered silicon and oxygen gas as precursors for the Si

25 and O,, the use of sputtered carbon and hydrogen or
hydrocarbon gas used as carbon and hydrogen ‘precursors,
or any combination thereof.

For deposition on non—conducting substrates,

30 such as plastic, a method whereby a flow of neutral
radicals is reflected from a high voltage target and
directed to the substrate as shown schematically in FIG.
.5. The process employs depositions similarly to those
showh in FIG.4, except that a reflecting electrode is

35 used to generate a neutral beam. This procesé eliminates
surface damage of the substrate resulting from charged



i

the filanment bias and the el ectromagnet power supply are swi t ched on.
The filanment current is the current that passes through the

t her nocat hode (al so called the filament or the cathode). The fil anent
bias is the 5 constant floating voltage applied to the fil anent

{approxi mat ghyogagsyy i N relation to ground). Plasma CUBEE, 96')o§ asured
as the current between the fil anent and the base plate or groun Thi s
\vol tage provides the field that noves el ectrons emtted by the fil ament
to-the 10 base plate 11. The el ectromagnet ¥ower supply provi des

current to the el ectromagnet, which creates a magnetic field that
results in the adthr dagathdartdcbas nimpinging o &he Bnbstrsteaghidimge! ectron
path | ength anq%}§$¥ﬁ§H ng the probability of collisions between the

el ectrons and 1 e vapor nol ecul es created due to precursor evaporation.
The substrate bias power supply is concurrently sw tched on.

Swi tchi ng on these power 1 giEfeesed eneticd i for?@Geposdting altrea-thigon

plasma, whiGh "él%h?g&fﬁzfdaxf‘»ﬁ%im mfi@éér e%o%h%méﬂtd?@pgf'tixan

After the réequire I on of C ni ng precursor su ag
opened. Pr e@Xir B'oViEh opexaw di FBPI Eﬂng?aP% Lrami3bopkl 8@ BAGARPOUt occurs
due to the diffesense |ﬁh¢u@sweabaﬁmemam Fhichakaerbéad t he outside

at nrosphere. W r p t 50 -at a as
ctabi 1 zed, tnebarhERtias sy Moxans PEEAMGR SR 1B BB SN TRhS T
vapor s f or naras%%fawven plafedf-pEARLIIERA TP aPE Bcraneremresite
towards t hQLGSUb'BiIt&I ewheh dfe Glagitomt tRickieds aiomtiricdled3Py Tehes, deposition
of LN film OCC tl-.unnelz.&'g is}:?.g@ed).e %}fe! %1%}@ 148Paptfnterial is
carried as ol ow_t

he magnefiron s cofmenced
and the magnetr@ha789¢s°§vﬁ1!%r?&?°6he§f¥%‘ﬁl?#es base 35 pressure has been
reached. A shutter 12 is used to prevent deposition while the

substrate is cleaned via g oAyt L8EEDg WP hArRP0LA0. 85 PaRT,

acconpl i shed, the
' P 15 dielectric films may be deposited according to the

present invention. The thickness of the deposited DLN
coating has no theoretical uppexr or lower limit.
Existing technology and available equipment have allowed
atomic-scale composite films and coating thicknesses

20 typically in the range from about lum to about 10um.
According to this method, a film thickness in the range
from about 6 to about 8nm may be deposited, with a
preferred deposited f£ilm thickness of from about 3 to
about 5nm.

25

Therefore, the above-described flexible

coatings of the present invention may be deposited on the
selected substrate in thicknesses ranging from a few
nanometers to a few microns, preferably from about 20nm

30 to about 12 microns, depending only on the desired
application of the coated substrate. The deposition may
be tailored to meet the properties required for a
particular application. The random interpenetrating of
the two- or three-network DLNs guarantee uniform strength

35 of the structures in all directions. The structures are
free of micropores even at thicknesses of 80 Angstroms (8
nm) . The DLNs are therefore extremely stable and possess
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- 17 - shutter 12 is opened and sputtering is carried out at the
desired power |evel. This may occur prior to commencenent of DLN film
‘deposition, during DLN film deposition, after DLN fil m deposition, or

Antermttentyyogafdsy i N9 DLN fil mdeposition, depending on ﬁ@ﬁégﬁadﬁa(ﬁ
filmstructure and conposition are desired. Using DC or sputtering,

materials of all kinds (netals, ceramcs, all oys, etc.) can be used for
‘co- deposi tion. 10 The gromth céhdrtions for nanoconposite
films are the following, wth reference to FIG 4. The pressure in
the deposition mhaqberchbhnaﬂibnaNDfeﬁbemdcam[em¢¢hanﬂqal elewtichnibke

pressure in theaﬁﬁtbﬁﬁe%eeﬁdﬂétﬁﬁffﬁl g. generation 2, in the range
fromabout 1.0 x 10[efr] to about 0 x 10[err] torr. The tenperature

of .t he substrate should ‘not exceed about 200[err]Cwith the tenperature
of the cathode filanemhs el luying Eexampaagesérvoen aligutto? ¥ddrtherabout

2950[err] C. ghe 1;;1%%%%1: {étdpctfs,ﬁf b%@FEH{: iﬁvéﬁ beu ng%# shou go to

abeut 130 A wit e vo acr oss anent out 20 to
about 30 V. The ™@H P&g&%t‘ﬁ“e asr§§ﬂ@é'1l elﬁY%%‘?ﬂtPrts from about 70 to
about 130 V with the plasma current belng fromabout 0.5 to about

20.0 A. The voltage of the substrate h ogs 1f rom about 0.1 to about
5.0 Kv, with all the carbon- 25 containing and Si-containing species having
Ki netic energy in the range of frontabout 100 to about 1200 eV and
f rom about it 196 : pisnl beans consist of

1 SLar o TR g, G o M oD hed Yoot e, .

from about deposited to compare the performance of the following
thin films relative to the protection of plasma devices.
Films were prepared on silicon substrates for preliminary

15 . property evaluations. The aluminum nitride targets used
to prepare AlN-DLN coatings were prepared by hot pressing
aluminum nitride powder A-100 produced by ART (Buffalo,
NY). Hot pressed boron nitride target plates were
obtained from Advanced Ceramics Corp. (Ohio). Both

20 targets were polished on one side. A polished beryllium
tafget was procured from DFD Solid State Labs (NY).
Magnetron sputtering of these targets was used to create
the dopant-containing beams for Me-DLN films. DLN f£ilms
were deposited using three different methods for

25 performance comparisons with DLN and Me-DLN coatings.
The different methods were used to ensure that results
were not biased by the DLC deposition method. Seventeen
samples of DLC coatings, and 27 samples of DLN, tungsten
(W) -DLN, and beryllium (Be)-DLN were prepared and tested

30 for ablation resistance under several conditions,
including etching by atomic hydrogen containing arc-
discharge, DC Ar* plasma, and laser ablation.




r",
0.5 to about 5.0 cc/hour, the growmh rate of the DLN is fromabout 0.1
to about 2.0 nrcroneters/hour The preferred range of
operation for nost 35 applications is a pressure of about 1-3x10[err] Torr,
a plasma current of about 1 anp., a filament current of from
about 60 toyabies4d> anp., a substrate vol tage of S odakh 34
PCT/ US96/ 08820 -18- from about 600 to
about 1000 V DC, or forward power of about 100 Win RF node. The
preferred frequency for RF mode i s fromZbout 90 to about 300 KHz. The
preferred magnetron power depends on the type of material, 5
conposition and structure desired forEXAMPLEEN2e8at i ng. In a
further preferred enbodi ment, a preferred nmet hod of deposition uses a

pl asma di scharge in a triode, pl asmatron, as shown schematically in FIG
4, with the 10 E*ﬁéhﬁ%?%ﬁ%ﬁ%ﬁ%ﬂﬁensity above about 5 Kwh/gram at om of
carbon. The charged part iElaashosrer charactexighics lirghan impottage field in

the vacuum gianbeys ﬁ@:ﬂi&?tﬁ} easeeahﬁsulae&rgst [ 3tCoab! aééeﬁrg.{ &fable
t hat the potentla of u stra e hol e fromabout -0.3 to about

+5.0 Kv, and 1599¥HRg ‘i:ﬁsetf% t)dgelectyio EEYPRGERI s Jot

frequency in thﬁe&éﬂgﬁ::ﬁyfawﬂmnebuutnaleatthnﬂ ﬁ&idumwer behavid¥: and from

about 90 to abogf T. t j ssion to

Y- e e 8

t he carbon precursor f{ v’\?ﬂlgﬁer a?%?s?ra ronvgsref r%orlr%%%% %&8 LEég[rggsabout _

1.5 20 el ectron&W@etibts qqqg(gethods on DLN deposited on sitall and HDPE
10 (high density polyethylene) substrates. The effect of

pressure was also considered. Overall, high flashover

hold-off strengths were observed.

EXAMPLE 2

15

M n £ Sitall S trat
. Measurements were carried out using two

separate experimental setups. In the first setup, 1
micron thick films of polymer-like film with the same

20 composition as DIN were deposited 1) at the normal
'deposition conditions (1kV), 2) in a ‘soft mode’' (0.3kV),
and also at 3)'0kv. The substrate in each case was
sitall, a microcrystalline ceramic material (HDPE was
used for additional testing as described below). The

25 width of the polyethylene spacer between the steel
electrode bars was 0.09 mm, and it was raised above'the
film surface by approximately 0.1 mm. The length of each
electrode was 42 mm. At an applied voltage of 1000V, for
10 minutes, no flashover was observed in the first two

30 types of films. This is equivalent to a flashover
resistance of over 110kV/cm. For the f£ilm prepared
according to 3) above, flashover was cbserved at 955+/-
20 V (106kV/cm).

35



Organosi | i con conpounds, such as sil oxane, are preferred precursors for

C, H S and O One preferred organosilicon conpound is

pol yphenyl nmet hyl si | oxane, 25 containing 1 to 10 Si atons. The high
boi i ng poi nt sil oxanes may be introduced directly into the active

Pl asma regi o bdMigdsah a porous ceramic or netallo-ceram ¢ pepméodnsideF! G 4
and FIG 5) which is heated via radiation t her nocat hodes 4. The phot on
and el ectron enission of 30 the thernocat hodes affect the evaporation,
‘fragnment ati on and ionization of the pretursor nolecul es on the surface
of the ceramc, which thereby functions as an ion source for the plasma
generator. An alternative nethod for EXAMRLECIi on of the sil oxane
precursors is to use direct 35 injection froma diffusion punp. WO
96/ 41034 : PCT/ US96/ 08820

- 19 - sl e R - cont-ai ni ng beans may be

reali zed by any one of, mlmésunémentraawfeaiel catrtrded outredit WDPE 1)
t her mal evapor aki,Ro;: L Qs+ r LRA: ' :

dopant - cont g)ni %éﬁggr&eiﬁ%ﬂtg%?egﬂgﬁ@%s t%hgvgng%'%ﬁgEf [ F%-ng‘g%r }éece

t hrough the vacB¥#it ayipment wag hipited &3y ModitBaeorEi 3999 in the
deposition thantkickiemsd fof Shiesspatess dvetwalen tthel Blaotroiies awds

chanber on a rotaki,nga SRS ' Z‘a!% | dor, /(fors 81;2E§rﬁaa%itor géﬁ%%n‘ﬁ% ch

ensures double rotary nption, id adj acent 1 er bern ed to

the pl asma geneP8ERORS cFBgrRRacer. pFhg DR Film wos appaogimately 913 tthe
atom c or iDMi cthickbealite lasngthowf shbeebéctrddes wasFIsGomd. Phé etedri | vel y,

the plasma geneggLi g0, PRYg RGnC A 'opEnCHirM $i¥H dd'@xtracrdinary

precautions taken to clean the surface. Then electrodes
were pressed together firmly with the capacitor paper
therebetween. Only the thickness of the capacitor paper

15 was known. The exact distance between the electrodes was
not directly measured. Voltage was increased in a
controlled manner, and the current was measured across
the electrodes. The current measurement device could
measure to 0.1 microAmps. A current of 100-200 microAmps

20 was observed above 500 V, and grew linearly with voltage.
This rise was linear with voltage so long as there was no
flashover. As the current approached 1 milliAmp,
flashover became imminent. Visual observation occurred,
current across the electrodes jumped sharply to 20-30

25 milliAmps.

EXAMPLE 4

Dielectric Strength Testing
30 DLN films grown on silicon substrates of p-type
{(boron-doped) and n-type (phosphorous-doped) were
inﬁestigated. To assess the effect of high temperature
annealing, certain films were subjected to 450°C for 2 hr.
in vacuum. Three approaches were used for creating a
35 contact with DLN: _
1) Metal Point Clamp (Contact area 10-20 mm?]
2) 8ilver paste (Contact area 10-20 mm?]



T

chanber containing the substrates (FIG 6). A DC or a 15 radio frequency

potential is generally applied to the substrates during the deposition
process. No external substrate heating is required. The substrate

hol der may be designed specifically to hold parts of different

shapes such Lhders, as would be apparent to one 20 skji 1.0t he
field. dﬁﬁg&ﬂﬁéﬁ Useful variations of the above desc?kgéﬁ Hﬂhﬁthods
for deposition of DLN filns include, the use of . sputtered silicon and
oxygen gas as precursors for the Si 25 and2gerr], the use of sputtered
carbon and hydrogen or hydr ocar bon gas used as carbon and hydrogen
precursors, or any conbi nagisinvelebefl. type 50", TransencFeb.¢eposition

on non-conducti ng substrates, #ﬁ% su&& as plastic, a nethod whereby a flow
of neutral radicals is reflecte ?ronla_hi h voltage target and
directed to the substrate3hs §ﬁbﬁ41§§héﬁ§95é§$3y°nrDHﬂ ion 5. The process
enpl oys depositions simlarly gpmtheeiag in 6heVWLN Mdpdeitioax¢eBhukhat a-

reflecting egectrode is 35 usqg¥&§ﬁgengr§%§ @agﬁytral beam This process
Strate re

el i m nat es surface damage 0 €’'su esulting from charged
WO 96/ 41034 The Pt contacts had a roumtCphspecwdghae
- 20- and/ ogibaétepasti ¢/ B5 indhledyi NIn8A1AHELS Hitwedhe PHUELABact

growt h. spots was checked, and no current was observed up to 1

kv. Thee distance between these contacts was 1 mm. Thus.
10 no flashover was observed at a stress of 10* V/cm.

EXAMPLE 5

15 Plasma Ablation Testing
DLC films were deposited using three different

methods for performance comparisons with DLN and Me-DLN
coatings. Three different methods were used to ensure
that results were not biased by the DLC deposition

20 method. Seventeen samples of DLC coatings and 27 samples
of DLN, W-DLN (tungsten) and Be-DLN (beryllium) were °
prepared and tested for ablation under several
conditions, including etching by atomic hydrogen
containing arc discharge, DC Ar" plasma, and laser

25 ablation. Samples were exposed to an arc-discharge
plasma from a mixture of methane and hydrogen. The gas
preasure was 100 torr. The flow rate of hydrogen was 83
scem!® and the CH, content was 2.5-4 vols. The substrate
temperature measured by an optical pyrometer was 1000°C.

30 The distance between the cathode and the substrate, used
as an anode, was 15 mm. The cathode was made from TacC.
The arc-discharge current was 1.5 Angstroms and the
discharge area on the sample was 1 cm?.

35
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A preferred nmethod for depositing ultra-thin 5 dielectric DLN filns

conpri ses ion bonbardnent (e.g. Ar[err] or Kwith energy in the range
of from about 30 to about 150 eV) through a vacuum chanber which has
been backfilled by siloxane vapor (about 3 x 10[err] torr). This
results in ussddiost abilized growh of a nanoconposite 10 bihsooi t he
maxi mum t hi ckness control l ed by the maxi mum tunnel i ng distance tor the
rel axati on of the charge of the absorbed radicals.

‘Extremely uniform and nonporous ultra-thin-185dfelectric filnms may be
deposited according to the present invention. The thickness of the
deposited DLN coating has no theoretexzprmpger or lower limt.

Exi sting technol ogy and avail abl e equi prent have al | owed atomi c-scal e

conmposite films and coating thicknesses 20 typically in the range from
abqut l[err]mtowwé%gﬁ%m According to this method, a film -
t hi ckness in the range Af ko éalrdntierd lagegbwas Gved Ry deq ideposiot ed, with
a preferrgd t ut 5nm-
25. 5 %ﬁ%r%éf §?e££'{lﬁ2éé%lbove %sagfrlf%‘ %En% %711&19&11 coa?agﬁg' of
the present invesmidon FayeneedehRrproxigwteA¥ 900 BH @ cdThabserup cused
thi cknesses rangigigdutem anfedim 1llmmt16hsof0tﬁefﬂhﬁnsﬁf:®&%e bbei:eaabl y

from about 20nm 30 ut.. 12 1m crP depepdin esire

appl i cation of t &% %‘ogf' g‘ Eﬁﬁsﬁ%’fe %?We "dep@gl t?%ﬁhtymodﬁluc Iag gsregr &8 to
meet the propertitde opldcrddpreperties q@farthﬁcﬁnhmawqe aqeanigerethdyr andom
i nt er penet r agpng niéfasunnbhehte\A@efwcﬂiharﬂQr @.ﬁH\/VEfKth:I}EtM HH eBeUni form

Free of mcor opor dPRyetoa REF, Londk radigEibs Riretdf OA¢ SR 8e . )
are therefore extHeciel pndt Hor€dpuphsodsesys. The probe light was
detected and fed to amplifier and storage oscilloscope.
The probe was positioned on the damaged spot and focused
15 to a diameter of d=10 u, which was much smaller than the
diameter of the zone affected by the excimer laser. The
sample was mounted on a translation stage and moved
perpendicular to the probe laser so that the reflectance
was measured over the entire damage area. In general all
20 three kinds of DLC were destroved within 5 minutes,
whereas the DLN coatings survived for over 1 hour with no
changes in f£ilm structure.

EXAMPLE 7
25 [Thermal Stability :

The temperature stability of DLN coatings was
deposited in a manner similar to that described in
Example 1 was characterized by exposing sample substrates
to elevated temperatures, followed by FTIR spectroscopy

30 to evaluate any structural changes. No visible
degradation was observed after exposure to elevated
tempefature for extended periods of time. No structural
changes were observed as indicated by FTIR.

35



WD 96/ 41034 PCT/ US96/ 08820

- 21 - uni que conbi nati ons of chem cal, nechanical, electronic,

and superconducting properties. The foll ow ng exanpl es
serve only to further 5 illustrate aspects of the present invention and
shoul d "wo ogs8pnstrued as limting the invention. PCT/US96/08820

EXAMPLE 1 10 Deposition of DLC, DLN and Me-DLN Coati ngs

DLC, DLN and Me-DLN coatings were prepared a%% ... deposited to conpare the
performance of the follow ng thin filns |"ative to the protection of
pl asma devi ces. Films were prepared on silicon substrates for
prelimnary 15 property eval uations. THAMBLEnumnnitride targets used

to prepare Al N-DLN coatings were prepar ed by hot pressing al um num
nitride powder 0 _ Hot pressed boron

nitride target prats ‘ Ser am cs - Cor p.
(Chio). Both 20 targets \ﬁsmmmeghga of M@I@Jde'hamngol PEfedgbaplylte um

tar ?tet was p][ptClﬁaﬁd fi&ﬁelﬁ&&ésﬁe& a&ambﬁ&?uwbonecgwagetsiront

Spu eri ng o ese tar S Se [ ea opan ont ai ni ng
beams for Me- DLNCPTPHET gﬂl\‘lu\flgﬁ} r#‘e e”&@féma %0&‘1 %ﬁaﬁg}rﬁﬁr e ¥ er ent
met hods for 25 prradiated oviddnpion apdsehectrdd Heams Ve ADghircapéecorss.

The different nerbedﬁwai@rmge(wn@ﬂn&u&elwasearne%ﬂﬁo%ure wiBE Ecdfibatiidgsed -

by the DLC depositjon_jret hod e\, es, of DLC c atl ngs, and 27
sanpl es of DLN, hﬁs‘flé?l aaq fﬁfltﬁurﬁﬁde’ér%l%qﬂﬂ'(§ -'DE WEF PRt ar ed
and tested 300 fas deseriled rhesliot.an D&NuaNd rMe-dId atereowdabilensnder

i ncl udi ng et chi ngoRybad® M Lr4WiHtadeN containing arc- di scharge, DC

Ar[err] plasma, and |aser abl ation.
Many other modifications and variations of the
present invention are possible to the skilled
15 practitioner in the field in light of the teachings
heréin. It is therefore understood that, within the
scope of the claims, the present invention can be
practiced other than as herein specifically described.
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- 22 - . ‘!ﬂ' w"ummm,” MPLES 2-3 Fl ashover Testing
FI ashover character . ortant 5 consideration for coated

insulators. It was deter m'"n_erff s uring testing that dielectric breakdown
-strengt h wasyowi/is1034 necessarily a direct indicator of fl apdwuesebpbavi or.

Therefore, flashover neasurenents were carried out using two different
met hods on DLN deposited on sitall. and HDPE 10 (high density polyethyl ene)
‘'substrates. The effect of pressure was”~ # 50 considered. Overall, hi gh
fl ashover hol d- of f strengths were observed.

EXAMPLE 2 15 WepGhagmments on Flat Sitall Substrates

Measurenents were carried out using two separate experinmental setups.

In the first setup, 1 icrQn_thick fLI f. ol -like filmwth the
same 20 conposition as DL Werg\ Esghgﬁgtﬁﬁ ﬁ%l'{lﬁﬁ‘@ygg‘?nﬁ?n&“ﬂé’p%i?ﬁ on
conditions (1lkV)a ev)tbwrateshmamwéng(msga@q substyadead sbumably OkV. The
substrate in eacéiéﬁé@tffé_cqatﬁl?t Ablie PréhCd QlARind-NiRe REESM £ materi al
( HPPE was used-for additional testi ng' as descarrgl bed bﬁ%é)‘é%é The 25 width
of the pol yet hyl BREIRE ARTSIRANGLIALIRG @ ¢ scaly Detpg TPTERLRT 09
nm and it was raiSkdstbdimndrie-like farbosundmrihstapplbzedssely 0.1 nm
ngre length of eagParoges) o&!ddtind'gIads- 1Tke /b1 A RetGrk 4L 4981 Hed 000V,
_ by oxygen, and optionally at least one network of non-

conductive dopant elements or non-conductive dopant

compounds containing elements from groups 1 to 7b and 8

of the periodic table.

2. The method according to claim 1 wherein the
carbon, hydrogen, silicon and oxygen are obtained from
the decomposition of an organosiloxane having from about
1 to about 10 silicon atoms.

3. The method according to claim 2 whexein the
organosiloxane is polyphenylmethylsiloxane.

4. The method according to claim 1 wherein the
carbon content is from about 40 wt.% to about 98 wt.%.

5. The method according to claim 1 wherein the
carbon content is from about 50 wt.% to about 98 wt.%

6. The method according to claim 1 wherein the
carbon to silicon weight ratio is from about 2:1 to about
8:1.

7. The method according to claim 1 whexein the
coating is deposited on a metal substrate.

8. The method according to claim 1 wherein the
coating is deposited on a non-metal substrate.



10 minutes, no flashover was observeéd in the first two 30 types of filns.

This is equivalent to au' si stance of over 110kV/cm For the

film prepared accor ﬁmluwym fl ashover was observed at 955+/ -
* & L \\® / B ’

20 V (106kV/cm. 35 34

‘PCT/ US96/ 08846 96/41034 - 23 - PCT/US96/08820
EXAMPLE 3 Measurenments on HDPE substrates Fl ashover .
_measurenments were carried out on HDPE 5 subsiyates using the apparatus
shown above. Since the avai | abl e equi pr Wwas limted to a voltage of
1000V, t he thickness of the spacers between the el ectrodes was

reduced from90 [err] to ¥ +/Thepmgthed accoxdiguritcvclgdmel wherein theed as
t]tle ﬁpacler. Thg Ebphrit Iénemu:rwlafcaxbenéewd (Exbnl @iild gk@upt bbaikist g 6En9t2
of the el ectrode CMg. t st CaLri ouf. i n_op r, wt
no extraordinar yﬁ'mej?'prﬁ%%'au ]i’o%'t g%énot OM%\flazwdn ﬁfe%g’dr%géesr’rhgﬁ' v

el ect r odes wEee €7 eMid Mogdiinelif i 21t v tRet BE . cEvacPAlor Npabes

t her ebet ween. Onkyatie. t hi ckness of the capacitor paper 15 was known. The
exact distance between the el ectrodes was not directly neasured.

Vol tage was increased in a controll ed manner, and the current was
measur-ed across t he elXlir oFbe. mhhod aceondinhdy edbaim devhexeimul d

measure to 0.1 ntgéOAamiSon Acdiitien®nis0frdQfex Gt AP L02atch@e Phser ved
above 500 V, Q”dtﬂéeg%éé{EEV'éﬁé”h&ﬁr%&éhagghtent is from about 1 atomic
% up to about 40 atomic % of the carbon, and the sum of .
the silicon, oxygen and dopants together is greater than

about 2 atomic % of the coating.

11. The method of claim 1 wherein the
conductivity of the substrate is selectively modified by
applying to said substrate a tunable coating made from a
diamond-like material having interpenetrating atomic
scale networks comprising a first network of diamond-like
carbon stabilized by hydrogen, a second glass-like
silicon network stabilized by oxygen, and optionally at

' least one network of dopant elements or dopant compounds
containing elements from groups 1 to 7b and 8 of the
periodic table. -

12. The method according to claim 11 wherein
the carbon content is greater than about 40 atomic % of
the coating, the hydrogen content is from about 1 atomic
% up to about 40 atomic % of the carbon, and the sum of
the silicon, oxygen and dopants together is greater than
about 2 atomic % of the coating.

13. An electrically tunable coating having a
predetermined resistivity formed £rom |
interpenetratirig networks, comprising a first network of
bonded carbon in a diamond-like carbon network stabilized
by hydrogen, a second silicon network stabilized by
oxygen and; optionally, additional networks made from




This rise was linear w g as there was no fl ashover. "As
the current approachedl M(ﬂlum“'ml "FI ashover becane i mm nent. Visual

observati on occur current across the el ectrodes junped sharply to
-20-30 25 n1II|Anps EXAMPLE 4

Di el ectric Syogdigas Testi ng 30 DLN filns grown isbd/6585h
‘Substrates of p-type (bor on-doped) and n-type (phosphorous-doped) were
investigated. To assess the effect of high tenperature anneal i ng,
certain filnms were subjected to 450[err]C foR22"hr. i n vacuum Three
approaches were used for creating a 35 contact with DLN: 1)

‘Metal Point C anglopdsnt edemanta, 10« 2pparte coppounds containing 2lemeftbver

paste (Contact arggaml@rédpBMiesbldnd 8 of thev559§6&£93€able
PCT/U896/08820

("Silver bond type 50", Transenc Co., Inc., NJ)
3) Pt filns deposited on DN byhe arpating according to clammnmaewhﬂgehﬂ t he

DLN deposition v u
P %@1& @arPon |COptent is great%@ghgﬁm?!géﬁ@()?&ﬂ%ﬁa & of

The Pt contacts h a roynd qge\m

I nsul ati on bet wediePCoggAPget the hydragen, contrBEyig f%ﬁﬁl#ﬁ?ﬂﬁJﬂréﬁPmﬁﬁs
observed up to 1% up k'd abbae 40sacontic [feiofc ehet bagkorl pram tthewgamloffm

Thus 10 no flashqygr 435 RS eb¥fdetaitt HdpihtsCtodOlfies e ¥ Bater than

about 2 atomic % of the coating.

15. The coating according to claim 13 wherein
‘the carbon, hydrogen, silicon and oxygen are obtained
from the decomposition of an organosiloxane having from
about 1 to about 10 silicon atoms.

16. The coating according to claim 15 wherein
the organosiloxane is polyphenylmethylsiloxane.

17. The coating according to claim 13 wherein
the carbon content is from about 40 wt.% to about 98
wt.%.

18. The coating according to claim 13 wherein
the carbon content is from about 50 wt.% to about 98 wt.%

19. The coating according to claim 13 wherein
the carbon to silicon weight ratio is from about 2:1 to
" about 8:1. '

20. The coating according to claim 13 wherein
the silicon to oxygen weight ration is from about 0.5:1
. to about 3:1.

. 21. The coating according to claim 13 wherein
the coating is deposited on a metal substrate.



EXAMPLE 5 15 Pl asma ' ' DLC filnms were
deposi ted using three di i“ﬂgﬂg hﬂigg’ ds for perfornmance conpari sons
M

with DLN and Me-DLN @0a di fferent nmethods were used to
ensure that results were not biased by the DLC deposition 20 nethod.
“Sevent een s@ig¥saseaef DLC coatings and 27 sanpl es of Dlpérai¥obledize
(tungsten) and Be-DLN (berylliunm) were prepared and tested for ablation
.under several conditions, including etching by atom c¢ hydrogen
containing arc discharge, DC Ar[err] plash®)" and | aser 25 abl ation.

Sanpl es were exposed to an arc-di scharge pl asma froma m xture of

nmet hane and hydrogen. THR.gaFhe coptingurecqriingta slaim IRewheseinrat e of

hydrogen was 83the cS&EIHE Id qapdstihedCohes rjortatiteill sidstZabe4 Vol % The
substrate tenperature nmeasured by an optical pyroneter was 1000[err]C.
30 The distance between the cathode and the substrate, used as an
anode, was 15 nm The cat3fode Thes coalidngr apeduiing to clisdwgie- whereimge

current was 1. 5¢h8086p2NE ldrt® are slls&had Hrod &hellrbp sanple was 1
cnferr]. 35  r 4 V0 96141034 ,

PCT/ US96/ 08820 comsisting of B, Li, Na, Si, Ge, Te, fy Mo, W, Ta, Nb,
EXAMPLE 6 P4, 1r, Pt, V, Fe, Co, Mg, Mn, Ni, Ti, Zr, Cr, Re, HE,

Cu, Al, N, Ag and Au.

24. The coating according to claim 13 wherein
the coating is a dielectric coating.

25. The coating according to claim 13 wherein
the coating is a conductive coating.

26. The coating according to claim 13 wherein
the coating has: a surface resistivity wvalue of from about
10* Ohmecm to about 10%® Ohmecm.

27. An anti-electrostatic coating formed from
the coating of claim 13.

28. An ultracapacitor having multiple layers,
one or more of the layers formed from the coating of
claim 13.

29. An electrically tunable material with
selectively modified resistivity made from a substrate
and an electrically tunable coating, said coating made
from a class of diamond-like solid state materials formed
from interpenetrating networks, comprising a first
network of bonded carbon in a diamond-like carbon network
stabilized by hydrogen, a second silicon network
stabilized by oxygen and, optionally, additional networks
made from dopant elements, or dopant compounds containing
elements from groups 1-7b and 8 of the periodic table.



Laser Abl ation A KrF éxcimer |aser was used to deliver 20 5

pul ses of nanoosecond dugﬂmw ngth of 248nm and a fluence
of approximately 900 mi/ 'mm"m#ma F used produced uniform

illum nation of the filmSurface owers a's spot with dianmeter d=300
[err]. The | iwbBlsiiagsced changes .in the optical properipg

films were nonitored by 10 neasuring the reflectivity and transmttance of
t.he . nmodi fying KrF |l aser radiation throu%rl the filnms and of He- Ne
and He-Cd probe |asers. The probe light was °* ~ detected and fed to

anplifier and storage oscill oscope. The probe was positioned on the
damaged spot and focused 130.t oThedrarerizl gicaprddngete] clakn c29 wheraish

smal l er than the the cékbtieicntehtt 18 Foakrat ftahedbBitt D6 SX&GhI®'y |gBer .

The sanpl e nmount.ed on.a transl ation . .stage _apd noved .

per pendi cul ar tomﬁ% VTG 2 588 éggfﬁ%?nt%%mreé% &8 SRR about 4 atomig, o
over the entire darneRetarakout] 40gahenit %L the cepbea.kandsthe HUC akere -
destroyed within gnh&i gilffon, o l&heéﬁasdéﬁ&hdllﬂo@@%héﬁgissglﬂﬁﬁ@ﬂ £1gn Over

1 hour with no ch S i,n 1l ructure.

EXAMPLE 7 25 Th%?‘?ﬁé‘l‘a%tgaae‘iﬂ“ﬁct of! Ehe “Ealfiig. The tenperature stability
of DLN coatings was ~ deposited in a manner simlar to that described in
Exanple 1 was characterizediby expOmhPerfalMdccHdlIny’ 8bC8laim 29 QL ed

tenperatures, fol]owed FTILR ectrosg 30 . to eval uate any, structural
changes. No vi si%ﬁ% carooye é%gﬁFBn %@P’%‘H&@F@e&"é{ﬁf’-ﬁraﬁp&#w? |

el evat ed t enfeent the dewomposdtided plrandwrganosifexate bavimg ufxdm
changes were obsegMgg@rad tddvccedobyitiédh atomd

32. The material according to claim 31 wherein
the organosiloxane is polyphenylmethylsiloxane.

33. The material according to claim 29 wherein
the carbon to silicon weight ratic igs from about 2:1 to
about 8:1.

34. The material according to claim 29 wherein
the silicon to oxygen weight ration is from about 0.5:1
to about 3:1.

35. The material according to claim 29 wherein
the dopant elements are selected from the group
consisting of B, Li, Na, 8i, Ge, Te, O, Mo, W, Ta, Nb,
P4, Ir, Pt, V, Fe, Co, Mg, Mn, Ni, Ti, Zr, Cr, Re, Hf,
Cu, Al, N, Ag and Au.

36. The material according to claim 29 wherein
the coating is a dielectric coating.

37. The material according to claim 29 wherein
the coating is a conductive coating.



WD 96/ 41034 PCT/ US96/ 08820

El ggt ; oh Beam Exposur e ”III“I "II" III" "III g/rPLEpgﬁ ra of ELL?S& :ﬂ O];li ;ﬁgng?dbLC,
graphite 5 and flane-synthestzetd dfi atond were coll ected for

sconpari son wd b evol uti on of Auger features for DLN pcivissmegbed with
ion and el ectron beans. Auger spectra for DLN during continuous ion
_beam exposure were conpared wi.t h the typical features for dianond, DLC,
and graphite 10 as described bel ow. -DLN é%d'I\/E-DLN wer e stabl e under

i on-beamirradiation. Many ot her nodifications and

vari ati ons of the pr 88ent Theneafiensinla aecpsding| ot elaim 2% whaneins

pL act } tioner OIi rl:}{el”'Q:oEit%hQ has| éﬁ irffcd Nedieashi Svaﬁlue lhsaz ef¥bm Ihalbdu?c :
t heref ore underst.pad that, wi{hi scope of ‘the clainms, the present

i nvention can b Oéjmb'lcg'cf:f’c °8€h§é$ﬁt Rﬁ‘ﬂ"gg‘ herein specifically described.
WD 96/ 41034 ' PCT/ US96/ 08820

- 27 - Ve Caim 39. An anti-electrostatic material formed from
the material of claim 29.

40. An ultracapacitor having multiple layers,
one or more of the layer formed from the material of
claim 14.

41. A rectifying contact for Schottky barriers
formed from the material of claim 289.

42. A thermal resistor for inkjet printers
formed from the material of claim 29.



1. A nethod of inhibiting the~conaucfivify'of a substrate by applying

to said substrate a tunable di'el ectric coating made from a di anond-1ike
mat eri al having interpenetrating atom c scale networks conprising a
first dianond-like carbon network stabilized by  “hydrogen, a second

gl ass-1i ke sil wopsssagdawor k stabili zed by oxygen, and Opthﬁﬁ%@%ﬁ at

| east one network of non- .. conductive dopant el enents or nof- ¥ee i ve
-dopant conpounds contai'ning el ements fromgroups 1 to 7b and 8 of

t he periodic table : . he nmethod -according to claiml

wherein the :ar?gn,
t he deconpositio
silicon atons.

t he organosi
met hed accordi ng
wt. % to about 98}\

4. The
(T dbout 40
Jdojclaim1l

[ ] .
0 _o agout 1Q
TeF ® :|?52 wher ei n

wherein the . R (W%
6. The nethod ag aCdn
weight ratio is 'he

nmet hod accordi ng
substrat e.

2 Vo L HE 85 o] C & ogla net al
‘gi?? N : .; ; ‘jg?in t he
coating is deposi\tt 4 Aibst r A X 0
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- 28 - 9. The nethod according to claim1l wherein the
dopant elenents are selected fromthe group consisting of B, .Li, Na,

Si, Ge, Te, O M, W Ta, Nbo, Pd, Ir, Pt, V, Fe, Co, My, Mh, N, Ti,
Zr; O, Re, Hwo9duacd. N Ag, and Au. t hod
according to claim1l wherein the carbon content is greater {"han out
40 atom c % of t he coating, the hydrogen content is fromabout 1 atomc
% up to about 40 atomic %of the carb?,hezd the sum of the silicon,
oxygen and dopants together is greate ( about 2 atomic % of the
coati ng. 11. The nmethod of claim1l wherein the
conductivity of the substrate is selectively nodified by applying to
said substrate a tunable coating nmade from a di anond-1i ke materi al

havi ng interpenetrating atomc scal e networks conprising a first
networ k of di ampad=1li hydrogen _a_second

= carhon stabilized L
gl ass-li ke si ld co nét—&vork- po-grZ e 4/0Y % y at
| east* one netwonk_of doagll - :CO.@@ ¢ 4i ni ng
el ements from glous 1 talgh @dyd’of #4 \\‘o“ X
12. The nethod g4 ".‘A@ Eies G —.-@‘@/ = t is
greater than abgu® {0 d-ogg ) of ) L We/§ ) ntent is

from about 1 atgm &

(DS

(-

@ Qo] O ren 9) (S'-Ot))\h
D —Q ‘. 1 Tiss0 g Lo gy

@ Q T o B W'@

FIG. 1C
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% up to about 40 atom c % of the carbon, and the sum of the silicon,
oxygen and dopants together is greater than about 2 atomc % of the
coat i ng. 13. An electrically tunable coating having a
predeterm ned resistivity forned from i nt er penetrati ng networks,

conpri si ng a wob&ireset wor k of bonded carbon in a di armp%i.,b'?&gm@r bon

- network stabilized by hydrogen, a second silicon network stabiTized by
oxygen and, optionally, additional networks nade from W0D. 96/ 41034 " -
PCT/ US96/ 08820 - 29 - dopant

el enents, or dopant conpounds cont ai 5r/g@l enment s fromgroups 1-7b and
8 of the periodic table. 14. The coating according to -
claim13 vvhere'm..m_ ﬁhe carbon content is greater than about 40 atomc %
of t he coatl ng, ‘f. e hydrogen content is fromabout 1 atomc %up to
about 40 atom c foof the carbon, and the sum of the silicon, oxygen and
dopants togethgerlis greater than about 2 atomic % of the coating.

15. The coalm'hg ccording to claim 13 wherein t he carbon, hydrogen,
siltcon and oxygén are obtained fromthe degonposition of an

or ganosi | oxane hgving from about 1 to atons.
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16. The coating according to claim 15 wher ei n t he organosil oxane is

pol yphenyl net hyl si | oxane. 17. The coating according to
clai m 13 wherein the carbon content is fromabout 40 w.%to about 98
wt . % 18. The coating according to cIa|n113 wherein
the carbon cont@gbedsgasl rom about 50 wt. % to about 98 wt. PCT/US96/08820
19. The coating according to claim 13 wherein t he carbon to silicon
wei ght ratio is fromabout 2:1 to . about 8:1. = o 20. The .
coating according to claim13 wherein the silicon to oxygen wei ght
ration is fromabout 0.5:1 to abgp 21. The
coating according to claim 13 wherein the coating is deposited on a
metal substrate. WO 96/ 41034
PCT/ US96/ 08820 - 30- 22. The
coatifng according to claim13 wherein the coating is deposited_pn a
non- net al substrafe. Z3. The coatlng accoraing t aim13’
wherein : B
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t he dopant el enents are sel ect

ed fromthe group consisting of B, Li,

Na, Si, Ge, Te, O M, W Ta, Nb, Pd, Ir, Pt, V, Fe, Co, My, Mn, N,
Ti, Zr, C, Re, Hf, Cu, Al, N Ag and Au. 24. The
coating according to claim 13 wherein the coating is a dielectric
coat i ng. WO 96/41034 25. The coating according to clai usbiusen

the coating is a conductive coati ng.

according to claim 13 wherein
val ue of from about
27. An anti-electrostatic coat
28. An ultracapacitor having
| ayers formed fromthe coatin
el ectrically tunable materi al
made froma substrate and
made froma cl ass of
i nterpenetrating ne

10[err] Ohni efy V&

di ampnd-1i ke solid state materijal s forned
: co}priping a first net worfk of bonded carbon

26. The coatl ng
t.he _coating-has a surface resistivity
to about 10[err] Ohnierr]Jcm
ing formed from the coating of claim13.
mul tiple | ayers, one or nore of the.
of claim 13. 29. An
W th selectively nodiflied resistivity
' ating, said coating
from

in a.dianond-like c rk= stabilized hydr dgen, a second
silicon network tabllize( by oxygen and, optjjonal Iy, additional
net wor ks made fr ddgpamt fel enents, or dgf conpounds cont ai ni ng
and 8 of the periodic blLe. |
5
b ~6
4
‘ 7 .
R A FIG.4
4
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- 31 - 30. The material according to claim 29 wherein the
carbon content is greater than about 40 atom c % of the coating, the
hydrogen content is fromabout 1 atomic % up to about 40 atom c % of the
carbon, and the sumof the silicon, oxygen and dopants together is greater
than about 2 woesmmsso of the coating. 31. The nyicgfusdénsszo
according to claim?29 wherein the carbon, hydrogen, silicon and oxygen are
obtained fromthe deconposition of an organosil oxane having fromabout 1 to
about 10 silicon atons. 326}7ﬁ€%n&terial according to claim31
wherein the organosil oxane i s pol yphenyl nethyl sil oxane. 33. The
mat eri al according to claim29 wherein the carbon to silicon weight ratio

is fromabout 2:1 to about 8:1. 34. The material according to
claim29 wherein the silicon to oxygen weight ration is fromabout 0.5:1 to
about 3:1. 35. The material according to claim29 wherein the

dopant elenents are selected fromthe group consisting of B, Li, Na, Si,
Ge, Te, O Mo, W Ta, Nbo, Pd, Ir, Pt, V, Fe, Co, My, M| N, Ti, Zr, Cr,
Re, ‘“Hf, Cu, A, N, Ag pnd Au.
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- 36. The material according to claim29 wherein the coati ng”péogld‘igl ectric

coati ng. 37. The material according to claim Zﬁwﬁerei n the

coating is a conductive coating. WO 96/ 41034
PCT/ US96/ 08820 e ' o
material according to claim29 wherein the coating has a (EHtRs
resistivity va f from am%mmamm to aboNgg®|[ err]
Ghni err] An_ant| -

the |

- 32 - 38. The

39 el ectrostatic material formed from
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