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15 BACKGROUND OF THE INVENTION

Present efforts in the field of -electronics
continues to place a premium on component size.
Component miniaturization affords consumers with
20 heightened levels of convenience. As a result,
electronicé manufacturers continue to seek ways to make
electronics components smaller, leading to the production
of more compact appliances, stereo equipment, medical
implanted devices, etc. In addition, the requirements of
25 military and space devices include smaller size, higher
energy density, and reduced overall weight.

However, there are many factors limiting how

small a component can be. For example, the technology of

30 making capacitors used in components is limited by the
availability of dielectric materials which can reliably
hold and deliver a required charge, and withstand a
required voltage while being extremely thin. Presently,
an assortment of crystalline dielectric materials are

35 incorporated into capacitors. Presently available
crystalliné compounds used as dielectrics in capacitors
include, barium titanate, tantalum oxide, and an
assortment of various polymeric and liquid crystal
mixtures.
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properties of the materials used to make the capacitor.

Specialty electronics often require specially
15 designed capacitors. In instances where electronics
miniaturization is essential, there is a need to reduce
the volume of the capacitor, and a need to increase the
capacitor’s energy density. For example, capacitors are
used in the power supply of cardiac defibrillators. A
20 defibrillator is an implanted medical device that
. continuously monitors the performance of the patient’s
heart. When a "fibrillation", or heartbeat irregularity
is detected, the device delivers a high voltage pulse to
the heart via a lead connecting the defibrillator to the
25 heart. This high voltage pulse usually restores the
heart’s normal rhythmic function. For a defibrillator to
properly function, a special type of capacitor having a
high energy density is required.

30 However, the size of the capacitor remains a
problem. Current defibrillator capacitors are one of the
larger components of a defibrillator. As a result, the
defibrillator usually must be implanted in the patient’s
abdomen - a less desirable location as compared to

35 implantation in the chest. Implantation in the chest
cavity would require shorter electrical leads thereby
reducing cost and patient discomfort. To achieve the
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10 application. Electric vehicles, for example, must
incorporate capacitors capeble of high energy density to
provide bursts of power for acceleration or climbing,
While desifably having reduced weight.

15 For a capacitor to work effectively, the
dielectric layer must not transfer the stored charge
prematurely. Therefore the dielectric layer must have
low leakage current or high resistivity. 1In addition,
the layer must not undergo dielectric breakdown in the

20 - presence of operating voltages. High voltage holdoff is
difficult to accomplish if the dielectric material is
made too thin. Voltage holdoff is understood to refer to
the amount of voltage a material may "hold off" before
breakdown occurs. On the other hand, a thick dielectric

25 layer may also display poor (low) breakdown strength due
to a greater tendency for imperfections in the dielectric
layer as the layer thickness increases.

- Many diamond-like coatings (DLCs) have been

30 tried as dielectric materials in capacitors, but have
failed for a variety of inherent structural reasons. One
~critical property of a successful dielectric capacitor
material is superior long term adherence. Known DLCs do
not possess satisfactory adherence on their own. Most

35 known DLCs exhibit high intrinsic stress and inadequate
adhesion. They also suffer from the presence of
graphitic domains which lower resistivity, increasing
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shorter lifetime of the device served by the component.
Further, radiation effects, including ultraviolet
radiation and ion-bombardment often accelerate DLC
deterioration through erosion or graphitization of the
15 DLC coating.

A strong, highly adherent, dielectric material
which could be electrically "tuned" to increase its
usefulness and flexibility as a capacitor, while also

20 being deposited in ultra-thin layers and exhibiting
outstanding high breakdown strength and high energy
density would be desirable.

25 SUMMARY OF THE INVENTION

One feature of the present invention relates to
the use of diamond-like nanocomposite materials deposited
‘as a thin dielectric layer in a capacitor.
30
A further embodiment of the present invention
relates to a method of increasing the energy density of a
capacitor by applying to a conductive material, a layer
of dielectric material made from a diamond-like
35 nanocomposite solid state material having
interpenetrating atomic scale networks comprising a first
diamond-like carbon network stabilized by hydrogen, a
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still furtheompnbstngeproviding peksiple conductive layers with a
dielectric layer placed between adjacent layers. The
10 dielectric layers are made from a diamond-like
‘nanocomposite solid state 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,
15 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.

Another embodiment of the present invention
20 relates to a method of selectively modifying the
conductivity of a dielectric layer in a capacitor by
providing as the dielectric layer, a tunable coating made
from a diamond-like nanocomposite solid state material
having interpenetrating atomic scale networks comprising
25 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
elements or dopant compounds having elements from Groups
1 to 7b and 8 of the periodic table.
30
In still another embodiment, the present
invention relates to a tunable dielectric coating in a
capacitor formed from a diamond-like golid-state material
comprising an interpenetrating diamond-like carbon
35 network stabilized by hydrogen, a glass-like silicon -
network stabilized by oxygen, and optionally at least one
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and Optﬂ@na|¢gmg;1$@ggtaoﬁ@rst diamond-like carbon network stablllzed
by hydrogen, a second silicon network stabilized by
oxygen and; optionally, at least one network of dopant
-elements, or compounds having elements from Groups 1-7b
and 8 of the periodic table.
15
In another embodiment, the invention relates to
a method of controlling the charge-holding capacity of a
substrate surface. A substrate surface is provided and
coated with at least one dielectric layer made from a
20 diamond-like nanocomposite solid state material having
interpenetrating networks comprising a diamond-like
carbon network stabilized by hydrogen, a glass-like
silicon network stabilized by oxygen, and bptionally at
least one network of non-conductive dopant elements or
25 non-conductive dopant compounds containing elements from
Groups 1 to 7b and 8 of the periodic table.

_ In still another embodiment the present

invention relates to a component capable of holding a

30 charge at its surface. The component comprises at least
one layer of dielectric material made from a diamond-like
solid-state material formed from interpenetrating
networks comprising a diamond-like carbon network
stabilized by hydrogen, a glass-like silicon network

35 stabilized by oxygen and, optionally, at least one
network of dopant elements or dopant compounds having
elements from Groups 1-7b and 8 of the periodic table.
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FIG. 2 is a cross section view of the
deposition chamber for the deposition of the DLNs.

15
FIG. 3 is a cross section view of the
deposition'chamber for the deposition of DLNs using a
reflecting electrode.
20 FIG. 4 is a cross section view of a preferred

deposition chamber using a plasma source integrally
located within the chamber.

FIGS. 5-7 show schematic drawings of capacitor

25 designs 6f single and multiple conductive and dielectric
layers.

DETAILED DESCRIPTION OF THE INVENTION
30
The present invention relates to a method of
making, and increasing the energy density, of a capacitor
by applying to at least one layer of conductive material,
at least one layer of dielectric material made from a
35 diamond-like nanocomposite material having
interpenetrating atomic scale networks comprising a first
diamond-like carbon network stabilized by hydrogen, a
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is given by the formula:
C = kaA/t

10 where C is capacitance in electrostatic units (esu), k is
the dielectric constant of the dielectric material, A is
the material’s area, and t is the material thickness.
The thickness of a dielectric layer in a capacitor is
determined by the selected operating voltage and the

15 breakdown strength of the selected dielectric.
Capacitance directly affects the amount of energy to be

stored. The energy is represented by the formula:
E = CV?

20 where C is capacitance (esu), E is energy, and V is
voltage. Further, capacitor volume is inversely
proportional to the capacitance. A material with a high
breakdown strength can be used in smaller thicknesses for
a given operating voltage, thereby increasing the

25 capacitance and energy stored. In addition, since energy
density is inversely proportional to capacitor volume,
and capacitor volume directly depends on dielectric
thickness, a dielectric material having high breakdown
strength can be greatly reduced in volume while

30 increasing the energy density of the capacitor. Further,
as thickness iis reduced, capacitance increases.
Therefore, for a given required capacitance, a smaller
area is required. The two factors, reduced thickness and
reduced area, combine to increase the achievable energy

35 density for a given material.
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possible. For doped films where a third network is

10 established in the DLN matrix, a much larger range of
dielectric constant values can be achieved - up to and
above 60. The DLN films become increasingly conductive
as the concentration of doping increases. It is to be
understood that the lewvel of conductance established in

15 the DLN layer will match the desired application, where a
certain amount of current leakage, for example, may be
desirable. '

The ideal capacitor material would be one

20 capable of a high energy density and also a high
breakdown strength. This combination of properties would
allow for an extremely thin capacitor. Breakdown
strengths of known dielectric materials used in
capacitors are in the 10° V/cm range. By contrast, the

25 DLN films of the present invention display breakdown
voltage values as high'as 5 x 10® V/em. The high values
are attributed to the layers which can be effectively
deposited and factors including the layer uniformity,
lack of graphitic carbon or other crystallinity, low

30 intrinsic stress, high stability, and the unique atomic
structure of the DLN films.

It is ﬁnderstood, that by varying the
concentration of dopants'as the DLN is deposited, a
35 continuum of DLN layers may be established such that the
DLN material itself could functidn as a stand alone
capacitor. In this way, undoped DLN layers act as
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. A capacitor may be fabricated from the DLN
'films in a variety of ways. As shown in FIG. 5, the
simplest arrangement is a single layer of dielectric DLN
15 film 21 deposited on a conducting substrate layer 22
(first electrode with lead 22a), on top of which is
deposited a second conducting substrate layer 23 (second
electrode with lead 23a). The DLN film thickness ranges
from about 0.01 to about 50 micrometers, and is more
20 preferably from about 0.1 to about 2.0 micrometers.
FIGS. 6 and 7 show more complex configurations including
multilayer capacitors 24, 25 where layers of the DLN
dielectric material 27 alternate with conducting layers
26 which may include metals, ceramics, polymers, or even
25 conductive doped-DLN 1ayers; Capacitor structures can be
built up in multilayered structure comprising tens or
hundreds of thin alternating layers, and have overall
thicknesses ranging from about 1 to about 20 micrometers.
Each layer has a thickness of from about 10 to about 100
30 nanometers. A further possibility is to coat a very thin
polymer sheet (e.g. a 1.5 micron solvent cast
polycarbonate f£ilm) with a dielectric DLN film, where the
polymer serves primarily as a carrier for the high '
breakdown strength DLN film, while providing a free
35 standing dielectric material that can be'alternately
metallized.



understood that the | evel of conductance established in 15 the DLN | ayer
wll match the desired application, where a certain anmount of current

| eakage, forWw@RAI3bE, nay be desirable. The ideal capacitor RETESIEASI6OUI d
be one 20 capable of a high energy density and al so a hi gh breakdown _
strength. This conbination of propertiegiwould allow for an extremely thin
capaci tor. Breakdown strengths of known dielectric materials used in
capacitors are in the 10[err] V/cmrange. By contrast, the 25 DLN filns of
the present invention dlflsqglmgndmmm&imn’snmidtage ofl e adfiegireds 5 X
Sorert] v Mkt o AN A ALAD WL IS LAY S MLE G be
effectively deposited and factors inc ayer unit ? ck of
graphitic carditis iHG Hamandliike WaqmﬂwsutlﬂSH(@éNs)st r & high

stability, armt,nmawimﬁﬁa G SIS 94 ede té&e_fDls'Naﬁo'ﬂl%edhtradn%iom

under st ood, that b var co centratl of daopants as the DLN 1s

deposi tedg rh% rgi, iLizede FheIER AT t he

DLN mat eri aI whls]e& quniulrztu‘mmks @ sEs si:mimﬂ'aajl@n@;tmawzfeoreacrﬂ n this

way, undoped JdiN4 a

PCT/ US96/ 15368 - 10 di ei e tri é)sf \QO,% e%:}i q1 YRR tRSE foSSEUSENTCadE s are
"conduct i ve" &R H3RRE- 157 é?aé@CwRﬂi@g-rt@es(DLMem@hoﬁSD@ﬂef isiulpg egd:

capaci tors neyE NMDIS NeeAssH |Nd/ e 392 WE% f@fam0fs " geandiaene” charge
carrying, geviges, & [@Pasldy a?;ugic' 155,530 B8 an %tl.%grgl o, Of another
random "diamond-like" carbon network, is chemically
stabilized by hydrogen atoms. A second glass-like
silicon network is chemically stabilized by oxygen atoms,
resulting in a purely amorphous structure. The
15 tunability of the coating may be achieved by varying the
content and concentration of the optional additional
networks made from dopant elements or dopant compounds.
The tunability desired is also achieved by closely
controlling the deposition conditions of the coatings.
20 _

"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 no
crystallinity or granularity. Such DLNs contain no

25 clusters or ordering greater than about 10 Angstroms.
This absence of clusters at the atomic scale is a key-
characteristic of the DLN coatings of the present
invention. Clusters can destroy the amorphous nature of
the structure, and can serve as active centers of

30 degradation; The DLN structure has been confirmed via
electron projection methods, scanning tunneling
microscopy, atomic force microscopy, glancing x-ray and
electron diffraction techniques and high resolution
transmission electron microscopy (TEM). Cluster

35 formation is prevented in the sources, in the primary
plasma, in.the chamber space, and during film growth.



system. Applications exist, for exanple, in the printing or copying nachine
I ndustry where dielectric filnms are used as "| eaky" capacitors (allow ng

smal | currg@er sl | ow through) to inpart certain el ectri calcThisoe/15368
characteristics to the surface of a device or conponent. A capacitor may be

fabricated fromthe DLN filns in a varjiety of ways. As shown in FIG 5, the
sinplest arrangenent is a single |layer “of dielectric DLN 15 film 21
deposited on a conducting substrate |ayer 22 (first electrode with | ead

22a), on top of whichrhs Q@Bﬁ§btEérﬁcﬁﬁanngQﬂguéiéQQ SEbgismbeal ayer 23
(second el eit rode with | ead N filmthi ckness ranges from about

0.01 to aboutkSoRATCFERRPELES AﬁaN?sSﬁ%%é 5B bR TRt ehtLF rom EBdut 0.1 to
about 2.0 npeessntetfveht©on 5saBHo$nSDﬁMFD@relcmﬁD|eTh@QUEN@Um@Y|Ons

I ncl udi ng Ltil r capacito 4 where rs th ectric
mier )l C27harePHS: efuPBRe ARAHELPRAT oerEatE Ghefintet e tek et ol 6.
ceram css pofydepsnter eﬁeﬁhQﬁncmndEIGLvé(EbpeudDLhC]ayeTBe @apact s or

structures gg B@ Qﬂylsnep bP QUE5h5§M§£§ﬂ nSLEUCLY 1eﬁaﬂrmétggst§ﬁ§ or

hundreds of t [térnating |layers ave overa hi cknesses rangi ng
f rom about ?Eoflomﬁﬁéﬂ'ﬁ of FrP@r@Fr@PBFsl EﬁcﬂnﬁiaQe?’fh‘é%eap?ﬁ%@h‘éss of from
about 10 totabast %@&h3allnaneaateypesAofUﬁéhﬁbrn93$ch}|sy OsSah@ coat a

Wih o diel BB EEPEER PP linol IR BORURAr CScrOes BFPREr11y as a carri o
for thelthi gprbdealkdevmlyt byng‘etht:Nemt:aiL bbnde. prdhednagwarkree 35
standing di ghgfrbhts BRhEY RhahheheCBORPReBkbEKNALE! X105t BL! L28drrea
to as alloying elements. Silicon and oxygen may also be
used in dopant networks with other dopant elements or
dopant compounds.
15
When the optional, additional dopant -containing
network is present, the dopant network is interspersed
along with the previously mentioned two interpenetrating
networks. In this instance three or more _
20 interpenetrating networks will be present in the DLN to
fdrm a so-called Me-DLN (metaleiamond-like
nanocomposite) network. It is understood that non-metal
dopant networks, may also be incorporated as the
optionally present dopant networks interpenetrating the
25 C-H and Si-O networks. It is further understood that
when dielectric coatings are desired, non-conductive
dopants may be incorporated as the third network. This
may include conductive elements which are reacted to
yield a non-conductive compound. When tunably conductive
30 coatings are desired, conductive elements and compounds
may be used as the dopants in the dopant network.

The three networks (C-H matrix, Si-O matrix and
a dopant matrix) are bonded to one another mainly by weak
35 chemical attractive forces. Formation of crystalline
carbides can be prevented even at metal concentrations as
high as 50% (verified using Auger electron spectroscopy,
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fundanental structure of the preferred tunable dielectric coatings of the
present invembions28s € atom c scal e di anond-1i ke nanoconposi t eeTABbdNSE68 The
DLNs are conprised of two or nore self-stabilized random 5 networks. Each
network is itself stabilized chem cal I_y,13v\h_i | e both networks al so
structurally stabilize each other. An exanple of a material with such a
structure is the dianond-I|ike nanoconposite (DLN) which is the subject of
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structure haSaggegtﬁngéegfgggig'solid state properties with desired
mechanical strength, hardness and chemical resistance can
-be imparted on the DLN coatings which can be used to coat

15 Dboth metal and non-metal containing substrates.

Preferred dopant elements to be used in the Me-
DLN network, and which are particularly effective for use
as dopants in a tunable dielectric Me-DLN coating are B,
20 Li, Na, Si, Ge, Te, O, Mo, W, Ta, Nb, Pd, Ir, Pt, V, Fe,
Co, Mg, Mn, Ni, Ti, 2r, Cr, Re, Hf, Cu, Al, N, Ag and Au;
with W, Cr, Zr, Ti and Hf being most preferred.
Preferred compounds which may be used as dopants include
TiN, BN, AlN,‘ZrN and CrN; with TiN and ZrN being most
25 preferred.

The carbon content in the diamond-like
nanocomposite material is greater than about 40 atomic %
of the DLN, preferably about 40 to about 98 atomic %,

30 more preferably about 50 to about 98 atomic %. Although
the DLN may theoretically be prepared without any
hydrogen, the hydrogen content is preferably at least
about 1 atomic % and up to about 40 atomic % of the
carbon concentration. The sum of the silicon, oxygen and

35 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



el ectron projection nmethods, scanning tunneling mcroscopy, atomc force

m croscopy, glancing x-ray and electron diffraction techni ques and hi gh
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prevented in the sources, in the primary plasm, in the chanber space, and
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15 When the tional, additional dopant-containing network is present, the

dopant net wiRHs § i KT - Vhg and 1R i Sud3Y Sndt iERRF t wo
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i nt er penetrat | t | e present_in the DLN to forma so-called
Me- DLN (et gﬁé%ﬂ%n‘%@ﬁ[%%ﬁgééntb, foor every r!l. part cartbon, trHere
10 would be from about 0.01 to about 1.5 parts dopants
depending upon the desired characteristics to be imparted

to the Me-DLN network.

The electrical properties of the DLN structures

15 of this class of materials can be continubusly varied
over at least about 20 orders of magnitude from a
conductive material, at about 10" Ohmecm, to a highly
dielectric state, at about 10® Ohmecm, while preserving
the properties of the DLN state. A transition to a

20 superconducting state, with the absence of electrical
resistivity, is observed at low temperatures for certain
three-network nanocomposite networks. As a result,
either or both of the conductive and dielectric layers in
the capacitors of the present invention may be made from

25 the DLN coatings disclosed herein.

As already discussed, the structure of these
composites can be tailored or "tuned" at the molecular
level to combine unique electrical, optical, and other

30 desirable solid state properties with "tunable"
mechanical strength, hardness and chemical resistance
properties. It is important that the coatings of the
present invention be hard, resilient and able to
withstand wear and friction normally associated with use

35 as an electrical component.



nanoconposite) network. It is understood that non-nmetal dopant networks,
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desired the need for metallic layers, as metal-doped DLN layers
could be made to achieve the necessary conductivity.
- Therefore, when a completely dielectric capacitor layer
is desired, the two-network DLN may be used. To deposit
15 layers of varying degrees of conductivity three-network
(metal-containing) DLNs may be used. A completely
dielectric coating would inhibit surface "breakdown" and
offer superior substrate protection. The breakdown
strengths of the DLNs of the present invention range from
20 about 10° to about 10° V/cm depending upon the chemical
substituents of the DLN coating.

To improve adherence, known DLC coatings often
place an intermediate layer, or interlayer, between the -
25 substrate énd the DLC coating. However, the presence of
the interlayer limits the useful thickness of the DLC
coatings. Further, if the DLC coatings are too thick,
delamination occurs. Surprisingly, with the DLN coatings
of the present invention, adherence is so good that an
30 interlayer is not required. 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
35 reducing the internal stress in the nanocomposite
structure, thereby enhancing the DLN adhesion directly to
substrates. This appears to lead to superior adherence



mechani cal strength, hardness and chem cal resistance can be inparted on
the DLN coatings which can be used to coat 15 both netal and non-netal
cont ai ni Nngygubgixat es. Preferred dopant el ements to be use@cruspéisiéde- DLN
networ k, -and which are particularly effective for use as dopants in a
tunabl e dielectric Me-DLN coating are,B, _20 Li, Na, Si, G, Te, O M, W
Ta, Nb, Pd, Ir, Pt, V, Fe, Co, My, Ma; N, Ti, Zr, C, Re, H, Cu, A, N,
Ag and Au; wi th W Cr, Zr, Ti and Hf belng nost preferred. Preferred

conpounds’ WhE Cindrayri0e é@@h@?m SidviH thith BN RN sAlddted N and O N;
with Ti N and ZrN bei nost preferred. The carbon content in the

di anond- | | KEUPEHR ?ng%t??’él terial is greater than about 40 atonic % of
the DLN, preferably about 40 to about 98 atomc % 30 nore preferably

about 50 to about 98 N
prepared w t hout any ﬁ{d{%gen ‘f% hydr o %%’ﬁ %nten |lrs}1q%; é&?b% Jf | east
about 15at cad 20 dbaridsed withbthe DNdNstefithesneadnt caventichcdrf rati on.
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er th
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carbon ato | 0., silicon t
Sbout 0 5. 1oeReROR 0 ng ARGBiivdhicton A lnco%Paﬁéyag&%aif“{% about
1.5-1. 1Dher@1@¢exomncshéotlmedlcal devices destlned for long-term
implantation in human bodies, such as defibrillator
capacitors.

Since the DLN films of the present invention
15 may be depositea to predictably hold charges of varying
amounts (or no charges at all), the present invention
also contemplates a method of increasing the charge
holding capacity of a surface. Layers of charge-holding
DLNs can be provided to other apparatuses, for example
20 printing rolls and other components which must hold
and/or release surface charges during operation.

Further, the present invention further

contemplates layering of dielectric DLN layers in a

25 capacitor interspersed with conductive layers of doped
DLN. In this embodiment the entire capacitor comprises
DLN layers. Some of the layers are conductive to
predictably varying degrees. Some of the layers are
undoped, doped with non¥conduc£ive dopants, or doped to a

30 small degree with conductive dopants and act as
dielectric layers.

To be useful as dielectric coatings, the
coatings must have predictable non-conductive or minimal
35 conductive properties which must not vary over time; or
in response to extreme conditions, such as heat.
Inhibiting graphitization of the carbon is critical for



5 network, for every 1 part carbon, there is fromabout 0.01 to about 0.4
parts hydrogen, from about 0.125 to about 0.5 parts silicon, and from about

0. 0375 to algyé7h24y parts oxygen. In such a schene, if a thip¢rdswrasies
network were present, for every 1 part carbon, there 10 woul d be from about

0.01 to about 1.5 parts dopants dependi upon the desired characteristics
to be inparted to the Me-DLN networ K. e electrical properties of the DLN
structures 15 of this class of materials can be continuously varied over at
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observed at r._certain three-ne conposite

net wor ks. t%ﬂ?%%ﬁﬁ&{%%%@ﬁ% %Fnb§§ﬁ Pﬂcﬁh31¥8ﬁdgﬁo|58 ﬁ ®dielectric

| ayers |n5thdl@d§@¢mn@r@L@TCpheipgesansign&émcann adyabeagadeveroblg5 t he
DLN Coatlnng@a%Qh%%ed1Q3%%kﬁs gh@%§¥1ﬁgSEBﬁﬁﬁg lggﬁgstrggture of these

conposites can R tallored or _"tune ecu vel "To conbi ne
uni que el ect APEP1t Suchaoraphd tagreione &bsi PRY| 03binrasseft EhBroperti es
with "tunabl @remmlnarim@lnt&bhengkra thapdrasarandtebeniegl fhesi stance

proper 125, Erdeb i ORI ekl S 3l Agspahalbeear spep |t nventi on be
with usel®5 m@t@ruahanranMst@d&puneduamond is stable to
approximately 1100°C, upon which graphitization occurs.
Quartz has long term thermal stability to 1470°C, and
short term thermal stability up to 1700°C. Traditional,
non-alloyed diamond-like films are stable only to about
15 250-600°C before graphitization occurs. Known alloyed DLC
films are much less thefmally stable. By contrast, the
DLN structures used to provide the tunable dielectric
coatings of the present invention have long term
stability to over 1000°C and short term stability to
20 2000°C; i.e. thermal stability of the DLN may even exceed
that of crystalline diamond while preserving the
amorphous, diamond-like state.

In the range of from about 600°C to about

25 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
"diamond-like" properties are preserved. By contrast,
under similar conditions, the usual "diamond-like" carbon

30 (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,
whereby the ratio of sp® to sp?-is increased.

35 The density of the C-H and Si-O two-network DLN
varies from about 1.8 to about 2.1 g/cm?. The rest of the
space is taken up by a random network of nanopores with
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required. The presence o ass- e Si bP1i zed by
oxygen, servéglﬁoquas1 -random structure can be controlled by the

concentration of the dopant. When the relative
concentration of the dopant element or compound reaches

15 about 20-25 atomic %, the dopants form the third (Me-Me)
network in the DLN structure as shown in FIG. 1(C).
Another advantage of the DLNs of the present invention is
their relative hardness and durability. The DLNSs,
especially the metal doped DLNs combine high

20 microhardness with high elasticity. The microhardness
values of the DLNs of the present invention can range
from about 6 to about 30 GPa.

The DLNs may be synthesized via co-deposition

25 Dby clusterless beams of ions, atoms or radicals of the
relevant elements, where the mean free path of each
particle species exceeds the distance between its source
and the growing particle film surface, and each beam
contains particles of well-defined energy. Carbon-

30 containing particle beams can be produced by plasma
discharge. in a plasmatron and extracted as charged
particles by a high-voltage field in a vacuum chamber and
directed onto the substrate.

35 'Figure 2 shows one preferred embodiment of the
coating chamber used for the DLN coating deposition
process. For the application of very thin layers (less



prevent the growth of graphitic carbon at high tenperatures and, to prevent
nmetal cluster formation in netal-containing three-network nanoconposites,
as well asygperaggduci ng the internal stress in the nanoconpEsisyeas3eact ure,
t her eby enhancing the DLN adhesion directly to substrates. This appears to
| ead to superior adherence WO 97/ 13263

PCT/ US96/ 15368 - 16 - of the DLNs of the present invention to the selected

substrate material. It is however, understood, that interlayers may 5 also
be used wi t e M of dilE- RSN, VR Qe dibdeSiredrese @f such
interlayers may still furtlhe_roq'lr mpr ove lt he exec ielcér?t gfiﬁfan?%ﬁge of (Et he DLNs.

Such a DLN igtieHnaf& cBRAHMTES dafF ydiggsiduss mRahichescAFe8 tdes of the
present i nvefiidddysiled dri AepysAlttbn Hhambe relsegiraer, C andok heedhaalbedeVvi ces

capact fors. TR N (AR IR aen SHEER fod Lot e
deposi t e8 t c-Ppraswhtantsondus td veh anues: et e sayiple .amdu preclunsoro iciatges at
e oy YRR ST S AT b Dl GABERRO e
provi ded t o "ARSFLapphrtdipah whirche adpianizo pneciEises . r eref exied 1ot Rer-
conmponent s Wy1Gfs iMistard) d ARG Rcded cagtes Wricde s igQ% tdwigt@énOner at i on.
Further, the ret;.soevpr;t iinncvoentoiro‘_=l efdJritnq__eor t oentc%rgr)nlbaetresthlra erhi rtl:%eof dielectric
DLN | ayers i & rp g
10 chamber base plate 11. The thermocathode 2 comprises a
resistively heated thoriated tungsten filament 4.
Conductive substrates 5 to be coated with the dielectric
DLN film are attached to the substrate holder 6. The
power suppiy é is used for biasing the substrates (DC or
15 RF). 1In practice the system is "pumped down" using
normal vacuum pump down procedures. A gate valve (not
shown) located on port 7 is closed and the system is
backfilled with dry air, nitrogen or argon until the
chamber reaches atmospheric pressure. The door of the
20 chamber, 9, is then openéd and substrates to be coated 5
are attached to the substrate holder 6 using any one or
combination of many possible methods (spring clip, screw,
clamp, etc.). Special fixtures may be required for
substrates of special shapes. The substrate holder is
. 25 designed in a way that it will also hold a cylinder
sample (not shown), which, in operation, rotates both
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.
30 '
When the conductive substrates are loaded, the
door of the chamber is closed, the chamber evacuated and
the gate valve opened to bring system pressure down to at
least 10® to 10°® Torr, which is the desired range of
35 system base pressure. When the above base pressure is
achieved, argon gas is introduced into the chamber via a
needle valve or mass flow controller, pntil the chamber



25 capacitor interspersed with conductive |ayers of doped DLN. In this
enbodi nent the entire capacitor conprises DLN | ayers. Sone of the |ayers
are conduciyo/eragepr edi ctably varying degrees. Sone of the BCIye$%/15368
undoped, doped wi th non-conductive dopants, or doped to a 30 snall degree
wi th conductive dopants and act as di_eﬁﬁc;ri c layers. To be useful as
dielectric coatings, the coatings nust have predictabl e non-conductive or
m ni mal 35 conductive properties which nust not vary over tinme; or in

response to gpddAmR %&&ﬁé@rﬁ%ﬁs&m&m a1 0N diting: ofsph) ti zation of
the carbon is trltlbclal f or

PCT/ US96/ 1538 LR raek%cﬁ‘}tin]n&’iﬂoel eRT ¢ pﬁ*‘bﬁé’?‘ﬁ &eints Whephiti zed
car bon |s|nﬁxﬂamﬂnhununmenﬁuuthdufﬂﬂamunﬂonﬁmﬁeeﬁﬁﬂtmbc Therefore, the

ability of t q_lb& er |l e n glves
t he tunabl e %J'e I e aﬁ}l& co?ﬁ“é&fﬁ% gniti ca%i %gldva %gg&g'\%e '
‘coatingsp i rPURHeRt ofs |l?hﬁ mltmmjlt‘cmmrctpaﬂsteﬁ thaaugihi Bie such

graphi ti zal i glrridieathdl Of 1 ST D1 d& HY §SQRImdrtY Y it RABJMTREr ature
stability far ex eedlﬂ_gcthat of traditional dianond-like (DLC) 10

materi al s. Fiapne i e HHPRHInmELF28f00[ err] C, upon
whi ch gr aphlap;iaied)rt@cﬁm sf:.]@.tﬁrttz (rd;ﬂpﬁdaﬁ@att@‘w th@mllrstx&bjddﬂqn to

fon-si 1| oyed B SR ke FHTE MR ShAP s Bs e s inorerr ¢
bef ore dPaphbetwesn drh@c‘éulmentl(rmm the dysep IIi_l@te or ground. This
voltage provides the field that moves electrons emitted
by the filament to the base plate 11. The electromagnet
power supply provides current to the electromagnet, which
creates a magnetic field that results in the electron

15 path becoming a spiral, increasing the electron path
length and improving the probability of collisions
between the electrons and the vapor molecules created due
to precurseor evaporation. The substrate bias power
supply is concurrently switched on.

20

Switching on these power supplies results in
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.

25 Precursor flow is controlled via a needle valve and
occurs due to the difference in pressure between the
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

30 form a stable plasma, ions from which are accelerated
towards the substrate holder due to the substrate bias.
Thus, deposition of DLN film occurs.

Co-deposition of a dopant material is carried
35 out as follows. Argon flow to the magnetron is commenced
and the magnetron 8 is switched on after the base
pressure has been reached. A shutter 12 is used to



films are nmuch less thermally stable. By contrast, the DLN structures used
to provide the tunable dielectric coatings of the present invention have

| ong term siyabbdishes t0 over 1000[err] C and short term st abi | P¢HUS%®/18868
2000C; i.e. thermal stability of the DLN may even exceed that of
crystalline dianmond while preserving ;hfla_rmrphous, di anond-1i ke state. In
the range of from about 600[err]C to about 25 1000[err]C, the chem cal
bonds of the carbon nmatrix of DLN materials partly change fromsp[err] to

splerr]. HowgMRRserith@gRyaitdlors WhidlU kOl chlitcRanecauBasrhecand their
"di anmond-1i ké" propert,ies are preserved. By cont,ras[,)ﬁ}é ugder simlar
condi ti ons, (HEREVISGEIINg" & FlegningpPep P&eFraphiti zed and

| oses its di arughdlishgad,opdid isdmttleur tilzeris iopehned aadgepattbramy4@a err] C
to 500[err]C (prefe l.y 43QLerr %_ reverse anneal | [ bserved,

wher eby t he rcg%rg'ecé %316:[ é’ﬁ:r ]Q-'[hfeo déep .erre%] ploéﬂ%lrngreé’aegéd. ‘rg;gs %a?’ SEChE The
density oF t pri©mH tandBime@aemente oo DLNDIEN lwadepostiitdpnabdur ingg DLY about

2. 1 g/ cn er le; TRl dlod N RAC LI £iakPReR St 13, apdom net vork of
nanopores W th 97/ 13263

PCT/ US96/ 1536dterm ttefitdve iy ngs BHY, § il enesit i9n28 depeRFdte 6735 nm
The nanopor e wigitvKind e fidim ferractiuis eirdl @onicitioneareldesirederti es
of the two-netwark N t hen .be .tail ored _hy . addi o] t... The dopants
fill the nang%solr%g &eﬂrﬁ?ﬁk Sipr‘lﬂ:é-'erralﬁlgquag-‘sﬁﬁl e e°\/f2%tlgLaF)<1§3?1drsesul ting, at a
certai n #opantmedmicentaetamits,i rldwysddieticonalcametogonised tfloguicoe! ust ers or
n1crocrystaHdégaéyéﬂéﬁa even at

The growth conditions for nanocomposite films
are as follows, with reference to FIG. 2. The pressure
15 in the deposition chamber 1 should not exceed 10°* torr,
with the pressure in the active zone of the plasma
generation 2, in the range from about 1.0 x 10°* to about
5.0 x 102 torr. The temperature of the substrate should
not exceed about 200°C with the temperature of the cathode
20 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 angstroms, with the voltage across the
filament being from about 20 to about 30 V. The voltage
with respect to the ground is from about 70 to about 130
25 V with the plasma current being from about 0.5 to about
20.0 angstroms. The voltage of the substrate holder is
from about 0.1 to about 5.0 Kv, with all the carbon-
containing and Si-containing species having kinetic
energy in the range of from about 100 to about 1200 eV
30 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/iohs does not exceed
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
35 from about 0.1 to about 2.0 micrometers/hour.



concentrations as high as 50 atomc % At concentrations bel ow about 10
atomc % the dopants are distributed as 10 separate atons in the

nanopores Qfgé@26 anond-1i ke matrix. The average di stance met/ussmnsspant
atons in this quasi-random structure can be controlled by the concentration
of the dopant. Wen the relative concepfration of the dopant elenent or
conpound reaches 15 about 20-25 atom™c % the dopants formthe third
(Me-Me) network in the DLN structure as shown in FIG 1(C). Another

advant age of the DLNstgk bbefe&ﬁaeni»ahggeaf'9]|Be£§twﬁi Eofehgbive hardness
and durability. The DLNs, especi al gﬁ%g Ns conbi ne high 20
S

n1crohardne§?P%FFﬁtﬁPBﬁ éFa@tPEFF?ureTﬁg APerbhar veFtes2of the DLNs
of the presentsmaventrrentcafi ahoge irampaboatfﬁlameﬁbouﬁrﬁénEPaf The DLNs

may be synthesiz vi.a,_co 25 by_clust i ons,
atons or ra r8§I§%8Pt ﬁﬁ Fglggéﬁk deﬁgﬁfs amﬁggﬁg g §€$$%e°5ath of
each par%i cEgompabous 6ﬁ@e993abhetdlgﬂan&eDﬁetmeeﬁorweréopoweranﬂ t he
grow ng par belie Ebb”wsﬁhfﬁﬁem8aed eanh EQEEEQQ&aFPé%EQ£&y0k8§ RE

wel | - defi ned ener.gy. Carbon- contaln eans” can be produced
by pl asma dMe8Rai§e frRmaapPrusnaPr bR ahﬂuéxgpchEE asTBRaPEREepEPEi cl es by a
hi gh- V0|tagmabhétdolnnp@w\éQcCdéﬁbﬁﬂénbﬁrtﬁadt eeeterlapat9athe substrate. 35
Figure 2 shows one preferr hanmb used for the
LA coat i ng CHEBRELERER BPO:5E CRBFS, HESaBRR £at| BReoPNcRgoEhTH | ayer s
(less 10WD 97/13263 PCT/ US96/ 15368
In a further preferred embodiment, a preferred
method of deposition uses a plasma discharge in a triode
plasmatron, as shown schematically in FIG. 3, with the
plasma energy density above about 5 Kwh/gram-atom of
15 carbon. The charged particles are extracted by a high
voltage field in the vacuum chamber and directed onto the
substrate 5. It is preferable that the potential of the
substrate holder is from about -0.3 to about +5.0 Kv,'and
most preferably 1.0 +/- 0.2 Kv, and varying with a
20 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 emigsion to the carbon precursor
flow in the plasmatron is from about 0.5 to about 1.5
electrons per particle. '
25
Organosilicon compounds, such as siloxane, are
preferred precursors for C, H, Si and 0. One preferred
orgahosiliéon compound is polyphenylmethylsiloxane,
containing 1 to 10 Si atoms. The high boiling point
30 siloxanes may be introduced directly into the active
plasma region through a porous ceramic, metallic or
metallo-ceramic head (3 in FIG. 3 and FIG. 4) which is
heated via radiation from thermocathodes 4. The photon
~ and electron emission of the thermocathodes affect the
35 evaporation, fragmentation and ionization of the
precursor molecules on the surface of the head 3, which
thereby functions as an ion source for the plasma



- 19 - than about 1 mcroneter), it is especially inportant to elimnate
contam nants including dust particles fromthe substrate and deposition _
1383d the chanber environnment. A vacuum depoSicrigdcgisesber 1
is provided 5 to coat a conductive substrate sanple. A precursor inlet

chanber sur

system 13,

conprises a netal tube and

1 g,porous ceramic material 3 through
which a liquid precursor, preferably a Bolysiloxane, Is injected. The

precursor inlet system 13 is shown incorporated into t he chamber t hrough

the 10 chanbgi,bagseop! atgn 1&1@@%&%

| stively

; r
heated thoriated tungsten filanment Con t|ve Sup’st rtiat es cgfttg%lbe coat ed
with the di e%%%?%em&ﬁwm%?el%t%cm diFasie IRIGRD HAWE 6. The

power suppl ydBffasisedolep. bi asi ng the substrates (DC or 15 RF). In
practice the systemis "punped down" using normal vacuum punp down

pr ocedur es.

A gate valve (not shown) |ocated on port 7 is closed and

t he

system i $ backfilled whé ﬂ@ymatiqnn¢frdgmantﬁcanqﬁﬂningibeaMHanﬁﬂaﬂhﬁr

reaches atno S e do 0..¢

and substratgggf%éﬁe%ga§% %n%_?if at(tgltac “c‘ilszp?a%h stra? fd’sﬂf‘%
any one or cB&BIPES} oh) oFheERTL pRERPRTRL Hel hotls %@Hﬁﬁﬁﬁfﬁﬁ#*ﬁgscibm1 cl anp,
etc.). Specigbnfbaimses TRy @@pa@g%éﬁ&iﬁng%%@érﬁ@taﬁse Adishacddlosdmpes.

The substrateg hol d d that it will also hold
cyli nder Sanbie FROPIE ORI SRFERCE | HRBRS T Vadiun cbasthar ok

15

20

25

30

35

opened
usi ng

a

§F dtfdut t he
axi s of ltthe ernludé dmteepahai¢1d0¢obhﬂb1¢nschnEhasdaﬁnsit1@nperpendicuIar

axis of 10, JRURE {heo Chhduirve Akt Tor RIS, 1 AT AFfRat o0 To The

chamber on a rotating substrate holder, (for example a
drum) which ensures double rotary motion, said adjacent
chamber being connected to the plasma generation chamber
by an opening for the emission of the atomic or ionic
beams, as shown schematically in FIG. 2. Alternatively,
the plasma generation may be carried out within the
chamber containing the substrates. A DC or a 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, as would be apparent to one skilled in the field.

Useful variations of the above described methods for
deposition of DLN films include, the use of sputtered
silicon and oxygen gas as precursors for the Si 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, 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. 4. The process employs
depositions similarly to those shown in FIG. 3, except

that a reflecting electrode is used to generate a neutral

beam. This process eliminates surface damage of the



door of the chanber is closed, the chanber evacuated and the gate val ve
opened to bring system pressure down to at least 10[err] to 10[err] Torr,
which is tRg ﬁ/ﬁzﬁfd range of 35 system base pressure. \Wenpthwsedsses base
pressure is achieved, argon gas is introduced into the chanber via a needle
val ve or mass flow controller, until _t chanber WO 97/ 13263

PCT/ US96/ 15368 - 20 - pressure reaches approxi mately 5x10[err] to 1X10[err]
Torr, preferably about 1-3x10[err] Torr. At this point the fil anent

current, the fdddmy £ Peder sSuppk¥kiace swtched
on. The fil %r‘f{er#t 5 cur@eﬁ%ﬁl?é?h cu?rrl%%igre;an%?mgtgsses th?ougr]f thg

t her nocat hod@RiQIERL A1 &de t'?élbfﬁtlrér’@nldué”rlnﬂhgr(?é’ttﬁode) The fil ament bias
is the constant floating voltage applied to the filanent (approxinmately

-150V in relation to ound) . sma .cur nmeasured as th current 10

bet ween the fil anent t é’vl?aésﬁr d;%rlﬁx&%r}& CPRi 1S toggg‘ 5t ovi des

the field tt}ﬂtesmxesi.reire&ni:rmnsnaamhet edposittled fonl amentseflectled base pl ate

L1. The el epumanal HOWS: RN L AARYy CHhPY iy bafidhkeekiorRINet
e

whi ch creates a nagnetlc that res in the electron 15 path

beconi ng a pifey Migransssinkeharakdive dmcsh abautr 120mH HOaﬁ@quﬁprla«n ng the
probability n@ifcxe‘&.kéﬂéﬁs)naiéiﬁnmeig td&ﬂyelcﬁpttrr@aie@l&etdﬁ&p\pm@ratmne@ﬂ es

Concu ot AR S, U A Bl B U

present 1nvent10n, the preferred DLN layer thickness is

in the range of from about 0.01 to about 100 micrometers,

more preferably from about 0.05 to about 5 micrometers,

with a coating of from about 0.1 to about 2 micrometers

being most preferred. The'deposition may therefore be

15 tailored to meet the properties required for each
particular application.

The random interpenetrating of the two- or
three-network DLNs guarantees uniform strength of the
20 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
unique combinations of chemical, mechanical, electronic,
_ and superconducting properties.
25 | |
Many other modifications and variations of the
present invention are possible to the skilled
practitioner in the field in light of the teachings
herein. It is therefore understood that, within the
30 scope of the claims, the present invention can be '
practiced other than as herein specifically described.



creation of an argon plasng, mhl an the substrates prior to
deposition. After the required d I‘"jm @lwﬁﬁm t he precursor supply
i s opened. R JInegesr sor flowis cen needl e val \RETAIRY6/8368Ir S
due to the difference in pressure between the chanber and the outside

at nosphere. Wen precursor flow and vapgyization in the chanber has
stabilized, the argon gas flowis turned off. The ionized precursor vapors
30 forma stable plasnma, ions fromwhich are accel erated towards the
substrate holdar dsectaIimge:substrate bias. Thus, deposition of DLN film
occurs. Co-deposition of a dopant material is carried 35 out as follows.
Argon flow to the magnetron is comenced and the magnetron 8 is switched on
after the base pressuré.had hethodeathwdkingshutapaciorscospdisbng: WO

97/13263 rovidin ultiple conduct P / 64453883 21 -
prevent deposition MhIFe th elcgnguct%Eeesuogtﬁgteggsigyeane v?a

sputteringy. Wen cl eanPREVRaAINHe@ndaetenprishiayer heesNgeR erd12C#RE opened

and sputteri ggndsiceakel Qdy@uts abaﬁ.ﬂedﬂéiét‘@dleol\@frefeﬁ(ﬂe irhdxadémy occur 5
m deposition,

t t
D ter DUN {1 PrPRERASAiRGn o0L0) REEFR PRLRFESL dORYES DERFPFPRRREERCLRPon,
dependi ng onnnhabrksndomprﬁshngsardmamoadamdkeoupnbonlnetwonkde5|red Usi ng

DC or RF sputteg ﬂ?geﬁ%%r gglii*ogfel On!a %Qgé iQk%”‘s’&i‘%éonCﬁé Eﬁ al l oys,

etc.) can be ised for o2 posrt e grow h con |t|ons
nanoconﬁy§|t§tﬁp1%§zed 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.

15 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.

20 3. The method according to claim 2, wherein
the organosiloxane is polyphenylmethylsiloxane;

4, The method according to claim 1, wherein
the carbon content of the diamond-like material is from
25 about 40 wt.% to about 98 wt.%

5, The method according to claim 1, wherein
the carbon content of the diamond-like material is from
about 50 wt.% to about 98 wt.%

30
6. The method according to claim 1, wherein
the carbon to silicon weight ratio of the diamond-like
‘material is from about 2:1 to about 8:1.
35 7. The method according to claim 1, wherein

the silicon to oxygen weight ratio of the diamond-like
material is from about 0.5:1 to about 3:1.



are as follows, with reference . The ressure 15 in the
deposi tion chanber 1 should noJ m(u HEH uptorr with the pressure in
the active {Rn@3hest he pl asna the range fr opobsyslisis0 X

10[err] to about 5.0 x 10[err] torr. The tenperature of the substrate
shoul d not exceed about 200[err]C\Mtr1§§e tenperature of the cathode 20
filaments being in the range from about™ 2100 to about 2950[err]C. The
current in the cathode filanment is fromabout 70 to about 130 angstrons,

with the voltage acrosg.therhel AgeRbaPgLBA-BEAR B00UIaZR 10 aheykidl V. The
voltage with respect to theégpoun I.s fromabolt 70 to about 25 Vwith

the plasim c&PeeRfCa5dPHg 16y SFPLESEES0OB FomﬁﬁéﬁtsEbSBraﬁﬁstrons The
vol tage of the substrate holder is fromabout 0.1 to about 5.0 Kv, with al

t he carbon- containi ng_and con speci es, _having kjinetjc ener gy in
the range of from abouf 100§b8 %%Pg gﬁogélgg Eﬂdc#?gﬁrgboﬁ €280 about
300 eV respechieveiopt iTige isetdaposesirs consi sbnefmietadesabstrsabe . nonat oni ¢
ions. The kinetic energy of the nmetal atons/ions does not exceed from about
25eV. Wth a precursor romrrate fromabout 0.5 to about 5.0 cc/hour, the
growth rate of the DLNOs 35her BRthSSuRCEOrdingabouelait ki cWBREEERs/ hour .
WD 97/ 13263 the dopant elements are selected from tHET§k58§/15368 - 22 -

The preferred range .of ope at st _appl.i e} r ure of
about 1- 3x10[&) %$ I'a ﬁrrggt Ge' %8 b Q 'aTgr ﬁe

current o fEﬁhrébouEtGOVmoFabo@b 78lganpn, Hlsumitrare cmbtage BE,5 from
about 600 tOC%DO%F 1%00A¥ DGndChyf or ward power of

11. The method according to claim 1, wherein

the carbon content is greater than about 40 atomic % of
15 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.

20 12. The method according to claim 1, wherein
the dielectric material is deposited to a thickness of
from about 0.05 to about 5 micrometers.

13. The method according to claim 1 wherein
25 the dielectric material is deposited to a thickness of
from about 0.1 to about 2.0 micrometers.

14. The method according to claim 1, wherein

the conductive layers are made from a material comprising

30 a diamond-like solid state material having

' interpenetrating networks comprising a diamond-like
carbon network stabilized by hydrogen, a glass-like
silicon network stabilized by oxygen, and at least one
network of non-conductive dopant elements or non-

35 conductive dopant compounds containing elements from
Groups 1 to 7b and 8 of the periodic table.



about 100 Win RF node. The pre r for RF node is from about
90 to about 300 kHz. The prefer m Em ME depends on the type of
material, GAFPRFE3 on and struc ¢ M he DLN coapcTys9siB3dsn a

further preferred enbodi ment, a pref erred rret hod of deposition uses a

pl asma di scharge in a triode plasnmatrogf, as shown schematically in FIG 3,
with the plasma energy density above about 5 Kwh/ gram at om of 15 carbon.
The charged particles are extracted by a high voltage field in the vacuum

chanmber and directed g0 tth: At @omy Illtsﬂn% psekeizablse that the

potenti al of the subtrate er is froma out -0..3_.to ahout +5.0 Kv, and
most pr ef er &0 -Y(YQ? t%ﬁﬁj %i}%mﬁﬂq g isdectrdGuency in t he
range of fr(matahmﬂlé), twhededif 229 dvier foFr dﬂ@l@aﬁr‘flrcoma&le&litawﬁsto about 300
kHz for e r f th el ectr m _SSi ntothe rbaon rsor flow
in the pl asrPeEtarcoen |s M 4 &Lﬁce&%qtaa’egﬁout § elrelcctaﬁgﬁfs cﬁelr S%ﬁtv%cl e. 25

Or ganosi Bi cmuﬁnmmd§alsijm%i@®nmmemreé pegiee fireoth pr ddamonds for C,

H S and 015%33éafﬁéﬂéea%éﬂa&¥¥¥yéﬂ rfedRUMN irf erpenetrating
pol yphenyl met hyl si | oxane, cont ai ni ng 1 to 10 Si atons. The high b0|I|ng

poi nt 30 siHSRNATKS REMRYE-§ing @d@e@mmféethey caFben; Metyorke pl asm

regi on thrOlEﬁhk&.Méw&nﬁﬂfyiﬁﬁd‘geﬂmtaa@Baés}ﬂ.lﬂﬁ alllqc@elr atwdigad (3 in
FIG 3 and Flagﬁ%hZ grls heate i a radla i.on fro %rnocathodes 4. The
S

photon and 7% |°8‘r¥%efnt t R HORE Mddedta § 35
evapor aflbon,ndtwarie mfatdaparend Jepsmdas iaan dmfpatdteqmn@mm haylmgul es on the

surface of tdieEAt Jrdiclbdde b T Y iR %z‘l%’aﬁ;mtra%ﬁef or the

pl asma

16. The capacitor according to claim 15
wherein the carbon content is greater than about 40
15 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.

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

25 18. The capacitor according to claim 17,
wherein the organosiloxane is polyphenylmethylsiloxane.

19. The capacitor according to claim 15,
wherein the carbon content of the diamond-like material
30 1is from about 40 wt.% to about 98 wt.%

20. The capacitor according to claim 15,
wherein the carbon to silicon weight ratio of the
diamond-like material is from about 2:1 to about 8:1.

35



WO 97/ 13263 PCT/ US96/ 15368 - 23 -
generator. An alternative met hOdL\IIH"} muumu'lmum t he sil oxane precursors
Is to use hioRmliadedl ection from PCT/USDb/€5368
formati on of dopant-containing -beans nmay be reallzed by any one of, or
conmbi nation of, the foll ow ng nethods: thermal evaporation; 2)

ion-sputtering; 3) ion beans. The doparnt-contai ning beans are directed onto
the growing filmsurface through the vacuum chanber to 10 excl ude

interparticle collisions inthhecgdgRestbl 0R-CHREPEE tdS€ldimSidstrates are
pl aced in an adj acent chgg‘iécpon a rotating substtate hoI der,” (for exanple

a drum) whi cHhergireshgo Bt 5PyORPEEBNVe LN FAFER Pt Ehanber being
connect ed t odihmopbatiRegmaeeaiadnishasbrraBSubyo am: Dpedi dgoditor3 t he

em ssion of the atom c or ionic beanms, as shown schematically in FIG 2.

Al ternatively, the plasma generation may be carried out within the chanber
contai ni rg the substraas. ﬂhE(bepaaitadi@ccoequngcy0p©lehmih$,is general ly

applied to thg.20;3upgLr abgagéue%aﬂeags Qf@og'%i%eee@@f Do gxt.gr nal

substrate heating 1s requi e substrate der | ned

speci fical | yCPﬁsHSFéInEan-sBof Lii f Nay efit+ sBapele: aQ: v&ﬁ‘al deeTip ent to one
skilled in thg, fmgldptybafubeyaCbatmgnsMﬁt tihe abpverdegselived wes hods for
25 depositioa ac%ude the use of sputtered silicon and oxygen
gas as precu §0r§ fo ’t g &%t - err], the use of sputtered carbon and
hydr ogerii®r hydrocarbon gas used as car bon and hydrogen precursors, or any

23. The capacitor according to claim 15,
wherein said layer is deposited in a thickness of from
about 0.05 to about 5 micrometers.

15 24. The capacitor according to claim 15
wherein said layer is deposited in a thickness of from
about 0.1 to about 2.0 micrometers.

25. The capacitor according to claim 15,

20 wherein the conductive layers are made from a material
comprising a diamond-like material having
interpenetrating networks comprising a diamond-like
carbon network stabilized by hydrogen, a glass-like
silicon network stabilized by oxygen, and at least one

25 network of non-conductive dopant elements or non-
conductive- dopant compounds containing elements from
Groups 1 to 7b and 8 of the periodic table.

26. A method of controlling the charge-holding
30 capacity of a substrate surface comprising:
providing a substrate surface; and
coating the substrate surface with at least one
dielectric layer, said dielectric layer made from a
diamond-like solid state material having interpenetrating
35 networks comprising a diamond-like carbon network
stabilized by hydrogen, a glass-like silicon network
stabilized by oxygen, and optionally at least one network



conbi nation thereof. 30 For deposi,tJd . . - ucting substrates, a

met hod whereby a flow of neutral jﬂﬂﬁ ﬂﬂ,l " H t;ed froma high voltage

target and %579@2& to the substr . tically perfidensdks The
S d [

process enpl oy epositions simlarly to those showmn in FIG 3, except
that a reflecting electrode is used to generate a neutral beam This
process elimnates surface danmage of t - WO 97/ 13263
PCT/ US96/ 15368 - 24 - substrate resulting from charged and/ or fast
particles i nmpengi n gt S i . - descri bed
flexible cogﬁfzgs?%%fﬁt ﬁéggle%r%%sg%?h? \%gl;tlt ?%ﬁgt&g%gecgggégﬁt@ég on the
sel ect ed sub$tedeatisn frere Breyess 1r &/gi7Rg andoth aff ehenpasietéestabla-few
m crons, preferably from about 20nmto about 12 mcroneters, depending only
on the desired application of the coated sugitrate. Egr the thin capacitor
uses of the 10 present’i'nvenCPBRONERE GRRABLPeQLDRRIAIYEr 2t APEKAESS i s in
t he ranges of af compainent Guitace,akaditd totponenanebapgistinge preferably from
about 0.05 to about 5 m_gr r Wi atai . 1.0 0 o]
about 2 microneters bei r?g ?r'og%%%p?’gfee.rl%ggi %%etd gg%%%ﬁ%n%nggg#tﬁ%r%‘%grge be
15 tail ored feomes dipaopdopgdke eolidgstase matesiah parmpdufzpm
appl i cation. jHte RPN PREGOYR Remirikhitgt WodiahohAL eexBet work DLNs
guar ant ees uni f rmstreng}:t]{h of t_fie 20 %tr%ctures inall di rickl ons. The
struct ures arcgr%pélen&two stabilized by hydrogen, a glass-like

10 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 of the periodic
table; |
and optionally, at least one conductive layer.
15



m cropores even at thicknesses of 80 Angstroms (8 nm). The DLNs are
therefore extrenely stable and possess uni que conbi nati ons of chem cal,
mechani cal , el ectronic, and superconducting properties. 25 Many ot her _
nodi fi cati owsomdzaaari ations of the present invention are posi/ti$%/15368t he
skilled practitioner in the field in light of the teachings herein. It is
t herefore understood that, wthin the 3$’%gspe of the clains, the present

i nvention can be practiced other than a ei n specifically described.

- 25 - VWA CLALMED: 1..A net hod of making_a aaC|tor co pr i Si ng

provi di ng Al Pl  copdluct’i e

dielectrl,l er &t acHEE ectr clayer
made fronfsg, dtanong m etgtijng

net wor ks [ Ofmes-=af Ao -rogen
gl ass-1i kE ¥ oy -%

| east one|neiws %o ' CO ve
dopant co @ @ he
periodi c P

wherein t :gq“ﬂ ed‘-f- omthe
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t he organosil oxane is pol yphenyl net hyl si |l oxane. 4. The net hod accordi ng
to claim1, Wnewﬁéythe carbon content of the dianpnd-like naterial is from
25 about 40 wt.% t03%out 98 wt.% 5. The net hod according to claiml,
wherein the carbon content of the dianond-like material is fromabout 50

w.%to about 98 wt.% 30 6. The net hod according to claiml, 9615368
carbon to silicon weight ratio of the di like material is from about
2:1 to about 8:1. 35 7. Th od according to claim1,
wherein the silicon to oxygen weight ratio of the dianond-like material is
fromabout 0.5:1 to about 3:1. WO 97/ 13263

PCT/ US96/ 15368 - 26 - 8. The net hod according to claim1l, wherein the
coating is deposited on a netal substrate. 9. The net hod according to

claim1l1l, wherein 5 the coating is deposited on a non-netal substrate. 10.
The met hod according to claim 1, wherein the dopant elenents are sel ected
fromthe group consisting of B, Li, Na, Si, G, Te, O M, W Ta, Nb, 10
Pd, Ir, Pt,q%—ke__Co, My, Mh, Ni, Ti, Zr, C, Re, H, Cu, Al, N Ag, and
Au. 11. Thg nmephod fccqriTtmo~ts alm 1, wherein the carbon content is
greater thdo_about #Q e e hydr ogen content is

from about N._a%om C ﬁ 3o sum of
O3
o .,Cfg/

@Ox
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the silicon, oxygen and dopants together is greater than-about 2 atomc %
.of the coating. 20 12. The nethod according to claiml,
wherein the dielectric material is deposited to a thickness of from about
0.05 to ahgpgig7/p32@3 croneters. 13. The nmet hod according to ckParfsi6/1Me ein 25
the dielectric material is deposited to a thickness of fromabout 0.1 to
about 2.0 mcroneters. 14. The net hod according to claim1l1, wherein the
conductive layers are made from a nﬁé?r conprising 30 a dianond-Iike
solid state material having interpe i ng networks conprising a

di anond- | i ke carbon network stabilized by hydrogen, a glass-like silicon
network stabilized by oxygen, and at |east one network of non-conductive
dopant el enents or non- 35 conductive dopant conpounds containing el enents
fromGoups 1 to 7b and 8 of the periodic table. WO 97/ 13263

PCT/ US96/ 15368 - 27 - {15. A capacitor conprising |ayersjof electrically:
conductive materials gnd dlelectrlc naterlals mherein h | ayer of

dielectric materi al g of electrically
conductive 5 material g, sal dlelectrlc naterlal made ffom a di anond- |ike
solid state material forned rominterpenetrati ng netwofks conprﬁhing a

kwork statd |ized by hydrogf

Yptionally,
ds. havi ng

| @ ot -dag wor k of

~9

11~

r———
I~
otfr—
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elements from Goups 1-7b and 8 of the periodic table. 16. The capacitor
according to claim 15 wherein the carbon content is greater than about 40
15 atomc %of the coating, the hydrogen content is fromabout 1 atomc %
up to about wioragesi ¢ % of the carbon, and the sum of the siRGIGPS/1836§gen
and dopants together is greater than about 2 atomc % of the coating. 20
17.  The capacitor according to claim 15, wherein the carbon, hydrogen,
silicon and oxygen are obtained fromt kﬁagosgnpom tion of an organosil oxane
having from about 1 to about 10 silico 18. The
capacitor according to claim 17, wherej e org il oxane is

pol yphenyl net hyl si | oxane. 19. The cgfacitor accordi ngNo claim 15, wherein
the carbon content of the di anond;A i ke mteri al m about 40 wt.%to
about 98 wt.% 20. itor i N rein the carbon
to silicon weight rati about 2:1 to
about 8:1. 35 - 28 capaci tor according §jg clai m\15, wherein
the silicon to oxygen ht2r tio of the dianond-§+KHE materiyal is from
about 0.5:1 to about 3: 22. The capdgit acgording to

claim 15, wherein_t t elenments are selected frimihe grooup
8\3CGe, Te, O M, W Ta, No ﬁjﬁ“@v Fe,

consi sting of =B™
Co, My, Mh, N, Ti, Re, Hf, Cu, A, N Ag angi|Au.
5116

!

i amond- | i ke material plls fro

FIG.3
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10 23. The capacitor according to claim 15, wherein said |ayer is deposited
in a thickness of fromabout 0.05 to about 5 mcroneters. 15

24. The capacitor according to claim 15 wherein said |layer is deposited in
a t hi cknesw@b7/fa2ean about 0.1 to about 2.0 mcroneters. 25.PCTS6IARGRCI t OF
according to claim15, 20 wherein the conductive |ayers are nade from a
material conprising a diannnd-likefggyggial havi ng i nterpenetrating
networks conprising a dianond-Iike n network stabilized by hydrogen, a
gl ass-like silicon network stabilized by oxygen, and at |east one 25

net wor k of non-conductive dopant elenents or nqn: conductive dopant
conmpounds containing el ements from Goups 1t 2 and 8 of the peri odic
table. 26. A nethod of co@ﬁ ' 3 charg hol ding 30 capacity of a
substrate surface conpri 2 _SP3I@ce; and coating
the substrate surface wt | ayer, said dielectric

| ayer nmade from a di anond . v )&Y i nterpenetrating
35 networks conprising a dianond-TTKe carbon network stabilized by
hydrogen, a glass-like silicon networR2stabilized by oxygen, and optionally
at | east one network WO 97/ 13263

PCT/ US96/ 15368 - 29 - of dopanthjﬁ2§ or dopant conpounds cont ai ni ng

el enents from Goups 1 to 7b and 8 t periodic table.
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N 7
27. A .conponent capable of holding a charge oﬁLﬁﬂ %,%§4b6nént
conponent conpri sing: i el"ec
di amond- | i ke
conprising a

gl ass- | iker hOaioliai G

at | east one |ayer

o L Ayt QLR | | n oD
PO R L A AR

of d tric materi

(AR Pt iGien BRORVHE VARG SorRB IR ARBATYAPC)

| east
B i . . TTIAAVT IIH A2 I B ) 3 | | s )
f r om| GHduipreationayPrtentElasgfication Slhe per i odi ¢ | (1ahternationed PoitalionNumber;  at | WA 9703263
conduct ig|qd ager. 15 Al _
(43) International Publication Date: 10 April 1997 (10.04.97)
(21) International Application Number: PCT/US96/15368 | (81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR,

(22) International Filing Date: 25 September 1996 (25.09.96)

(30) Priority Data:

08/538,475 3 October 1995 (03.10.95) Us

(71) Applicant: ADVANCED REFRACTORY TECHNOLOGIES,
INC. [US/US]; 699 Hertel Avenue, Buffalo, NY 14207
(US).

(72) Inventors: GOEL, Arvind; 156 Highgate Avenue, Buffalo, NY
14214 (US). BRAY, Donald, J.; 257 Sausalito Drive, East
Ambherst, NY 14051 (US). MARTIN, Steven, C.; 123 E,
Pinelake Drive, Williamsville, NY 14221 (US). BLAKELY,
Keith, A.; 63 Mortris Avenue, Buffalo, NY 14214 (US).

(74) Agents: WEYAND, Karla, M. et al.; Nixon, Hargrave, Devans
& Doyle L.L.P., Clinton Square, P.O. Box 1051, Rochester,
NY 14603 (US).

BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, Fl, GB, GE,
HU, IL, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS,
LT, LU, LV, MD, MG, MK, MN, MW, MX, NO, NZ, PL,
PT, RO, RU, SD, SE, SG, 8I, SK, TJ, TM, TR, TT, UA,
UG, UZ, VN, ARIPO patent (KE, LS, MW, SD, SZ, UG),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, CH, DE, DK, ES, Fl, FR, GB,
GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ,
CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD, TG).

Published
With international search report.
Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendments.

(57) Abstract

A method of making capacitors (25) comprising, pro-
viding as the dielectric (27) and/or conductive layers (26), a
material made from a diamond-like nanocomposite solid-state
material having interpenetrating atomic scale networks of car-
bon 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 elements or dopant
compounds having elements from Groups 1-7b and 8 of the
periodic table.
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