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(7) ABSTRACT

A method of depositing nanocrystalline diamond film on a
substrate at a rate of not less than about 0.2 microns/hour at
a substrate temperature less than about 500° C. The method
includes seeding the substrate surface with nanocrystalline
diamond powder to an areal density of not less than about
10'%ites/cm?, and contacting the seeded substrate surface
with a gas of about 99% by volume of an inert gas other than
helium and about 1% by volume of methane or hydrogen
and one or more of acetylene, fullerene and anthracene in the
presence of a microwave induced plasma while maintaining
the substrate temperature less than about 500° C. to deposit
nanocrystalline diamond on the seeded substrate surface at
a rate not less than about 0.2 microns/hour. Coatings of
nanocrystalline diamond with average particle diameters of
less than about 20 nanometers can be deposited with thermal
budgets of 500° C.-4 hours or less onto a variety of sub-
strates such as MEMS devices.
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NEXAFS dq‘ta as fun
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Intensity (arb. units)

Electron Energy Loss Spectra of Low Temp UNCD
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The EELS spectrum
from low temp UNCD
confirms that the
sample is phase pure
diamond. The small
shoulder around 285
eV is due to the
disordered carbon
grain boundaries and
damage during TEM
sample preparation
(ion milling).
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Surface morphology very similar

> Growth rate
-~ ~0.8 ymin 4 hrs (0.2 gm/hr)
~ QOutstanding growth rate at ~400 °Clll
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Low-temp UNCD growth onto CMOS chip

UNCD was grown at ~400C onto CMOS circuity
~ CMOS thermal budget: ~2hrs at 400C

Transistors tested after 6 hrs deposition time
* They still workll

UNCD MEMS on CMOS a real possibility! |
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Good conformal deposition of
UNCD on microcircuit features
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METHOD TO GROW PURE NANOCRYSTALLINE
DIAMOND FILMS AT LOW TEMPERATURES AND
HIGH DEPOSITION RATES

RELATED APPLICATIONS

[0001] This application, pursuant to 37 C.FR. 1.7§(c),
claims priority based on provisional application Ser. No.
60/493,152 filed on Aug. 7, 2003.

[0002] The United States Government has rights in this
invention pursuant to Contract No. W-31-109-ENG-38
between the U.S. Department of Energy (DOE) and The
University of Chicago representing Argonne National Labo-
ratory.

SUMMARY OF THE INVENTION

[0003] This invention relates to an improved method for
preparing nanocrystalline diamond films. More specifically
this invention relates to an improved method for preparing
phase-pure nanocrystalline diamond films at low tempera-
tures and with high deposition rates. Ultrananocrystalline
diamond (UNCD) films grown at high temperatures (700-
900° C.) have grain sizes between about 3 and about 5
nanometers and preferably are fully dense and continuous
throughout. A method of preparing UNCD films is disclosed
in U.S. patent application Ser. No. 10/845,867 filed May 13,
2004, the disclosure of which is incorporated herein by
reference. Major techniques for depositing diamond-like
films onto substrates involve using hydrogen-rich plasma
chemistries via plasma enhanced chemical vapor deposition
(PECVD) using either RF or microwave frequencies, and
hot-filament reactors. The drawback to these techniques is
that the deposition takes place at temperatures typically
between 700° C. and 900° C. There are applications for
diamond films in microelectromechanical systems (MEMS)
and field emission, where the different materials in use
require that the films be deposited at much lower tempera-
tures, thus ruling out the use of materials that must be
deposited at high temperatures. For example, many MEMS
devices are fabricated on top of or co-planer with CMOS
integrated circuit (IC) electronics. The “thermal budget”
requirement for most IC chips, that is, the maximum dura-
tion at which the chip can be subjected to a given tempera-
ture, places not only a temperature constraint but also a time
constraint on the deposition of the diamond film. For most
CMOS chips this thermal budget is on the order of one hour
(or less) for temperatures of about 350-450° C. Diamond-
like carbon (DLC) films can be deposited at or near room
temperature, but these films are intrinsically inferior to
UNCD film.

[0004] The invention is an improved method of preparing
nanocrystalline diamond films having average grain size
about 20 nm or less, deposited at low temperatures of less
than about 5000 C with deposition rates high enough so that
enough film can be deposited to be useful, particularly as an
antistiction coating (stiction refers to a combination of static
friction and adhesion forces) in MEMS devices, at deposi-
tion rates of about % to about % micron/hr. It is important
that the films also be continuous, pinhole free and fully
dense, for applications as electrochemical electrodes or
hermetic coatings, for bio-MEMS devices for example. The
improved method includes the following: 1) the use of
nanocrystalline diamond powder, preferably of average

Feb. 10, 2005

grain size less than about 30 nm, to seed the substrate surface
prior to growth to reduce deposition time. 2) Fine control of
plasma power and pressure during the growth process to
control and minimize plasma heating of the substrate. 3) Use
of a water-cooled sample holder which incorporates both
active heating and cooling to control the temperature of the
substrate in the range of 200-500° C. 4) Continuous rotation
of the sample to enhance uniformity of the temperature of
the sample during growth, which leads to films being
deposited over large areas with uniform thickness. Low
temperature deposited UNCD films of the present invention
have average grain sizes up to about 20 nm with most
preferred average grain sizes about 10 nm or less. These are
slightly larger than UNCD (3-5 nm) grown at high tempera-
ture.

[0005] The invention consists of certain novel features and
a combination of parts hereinafter described, illustrated in
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 illustrates the enhancement of nucleation
density for the growth of nanocrystalline films grown at
500° C., and seeded using nanocrystalline diamond powder
for 5 minutes; 10 minutes, 15 minutes and 25 minutes;

[0007] FIG. 2 illustrates the temperature calibration that
was performed as a function of temperatures and time to
determine the temperature of the substrate during deposi-
tion;

[0008] FIG. 3 illustrates the visible Raman data of films
deposited at substrate temperatures of 400° C. to 800° C.;

[0009] FIG. 4 illustrates the NEXAFS data from diamond
and graphite reference films;

[0010] FIG. 5 illustrates the NEXAFS data as a function
of temperature;
[0011] FIG. 6 illustrates the high resolution TEM taken

from a UNCD film grown at low temperature;

[0012] FIG. 7 illustrates Electron Energy Loss Spectra of
Low Temp UNCD;

[0013] FIG. 8 illustrates the grain size distribution in a
400° C. grown UNCD film;

[0014] FIG. 9 illustrates the SEM of UNCD films grown
at 400° C. and 800° C. and a SEM cross-section of the 400°
C. film; and

[0015] FIG. 10 illustrates low-temperature UNCD growth
onto a CMOS chip.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0016] 1. Asilicon wafer 100 mm in diameter was cleaned
and seeded by immersing the wafer in an ultrasonic bath
containing a mixture of nanometer sized diamond powder
and an organic solvent (acetone, methanol, etc.). After the
ultrasound, the wafer was removed from the bath and rinsed
using a combination of organic solvent and distilled wafer.
The seeding process was optimized to give the maximum
initial areal nucleation density possible, about 10*° sites/cm?
(FIG. 1); however, nucleation areal densities in the range of
from about 10'° to 10*2 are satisfactory.
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[0017] 2. Prior to UNCD deposition, the temperature of
the substrate wafer during growth was calibrated through the
use of a thermocouple mounted to the surface of a test wafer
which was loaded into the microwave plasma chemical
vapor deposition system and exposed to the same set of
process conditions as would be used to grow a film at low
temperatures (FIG. 2). It is not necessary to perform this
step every time a low-temperature deposition is to be
performed. With the substrate heater turned OFF, it was
estimated that the temperature was about 318° C.+/-50° C.
By turning the heater ON and supplying differing amount of
heating current to the heater, the temperature at the wafer
surface was continuously adjusted from about 320° C. to
850° C.

[0018] 3. The seeded silicon wafer was loaded into the
plasma system, and the chamber was pumped down using
vacuum pumps to a pressure of about 10-4 Torr for a period
of about 30 minutes, to remove as much nitrogen gas from
the deposition system prior to deposition of UNCD.

[0019] 4. A mixture of argon, methane, and hydrogen
gases were flowed into the chamber, a plasma was struck,
and the flows adjusted until the steady-state conditions were
achieved. These conditions were: Ar flow: 49.5 scem, CH,
flow: 0.5 scem, Pressure: 200 mbarr, microwave power: 800
W. As is understood CH,, disassociates producing hydrogen.

[0020] 5. The position of the wafer relative to the plasma
was adjusted vertically so that the wafer surface just con-
tacted the bottom of the plasma. If the wafer position was too
high, then the heating of the wafer surface by the plasma was
too great, leading to both higher temperatures and non-
uniform temperatures across the wafer surface. If the wafer
position is too low, then no growth of UNCD will occur.
Adjustment to obtain the desired substrate (wafer) tempera-
ture is within the skill of the art.

[0021] 6. The growth time for the inventive films was four
hours. In practice, this time would be adjusted based on the
intended application. After four hours had elapsed, the
microwave power was turned off, the gas flows stopped, and
then Ar gas was flowed at a high rate (400 sccm) to cool the
sample rapidly. After about 30 minutes, the wafer was then
removed and subjected to characterization using Raman
Spectroscopy, scanning electron microscopy (SEM), high-
resolution transmission electron microscopy (TEM), and
near-edge x-ray absorption fine structure (NEXFAS).

[0022] 7.FIG. 3 shows a series of Raman spectra obtained
from films grown at different temperatures. Interpretation of
these spectra is that the spectrum effectively represents the
sp>-bonding structures within the grain boundaries only and
not the grains themselves. The change in line shape between
600° C. and 700° C. indicates the role of hydrogen in the
growth.

[0023] 8. FIGS. 4-5 show the near-edge x-ray absorption
spectroscopy data (NEXAFS) obtained from diamond and
graphite reference samples and a series of films grown at low
temperatures. These data clearly show that all of the films
contain a substantial amount (greater than 90%) sp” (dia-
mond) bonding.

[0024] 9. FIGS. 6-8 show high-resolution transmission
electron microscopy data (TEM) obtained from a low-
temperature film grown at about 400° C. These data clearly
indicate that the low-temperature films consist of grains 3-20
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nm in size (average about 10 nm) and abrupt grain bound-
aries; a very similar nanoscale structure compared to UNCD
films (3-5 nm) grown at 800° C.

[0025] 10. FIG. 10 shows that we successfully grew on a
silicon wafer containing microelectronic CMOS (comple-
mentary metal-oxide-semiconductor) circuits with a low-
temperature UNCD film. The circuitry was tested exten-
sively following the deposition and all the transistors were
still functional and survived the deposition. The thermal
budget was about 425° C. for 4 hours.

[0026] The overarching goal of diamond thin film research
is to develop techniques and practices that allow the depo-
sition of films on a variety of substrates that retain most if
not all of the outstanding properties of natural diamond
(hardness, electron mobility, thermal conductivity, etc.).
This work has been going on for many years and has resulted
in a number of thin film deposition technologies for growing
diamond (>95% sp> bonded carbon) films, including the
patented ultrananocrystalline diamond (UNCD) technology
invented by Gruen and co-workers at Argonne National
Laboratory. The two major techniques are plasma enhanced
chemical vapor deposition (PECVD, using either RF or
microwave frequencies) and hot-filament reactors. A draw-
back to many of these deposition technologies (which is not
shared by UNCD, as explained below), is the requirement
that the deposition take place at relativity high temperatures,
typically between 700° C. and 900° C. There are many
potential applications of diamond films, in microelectrome-
chanical systems (MEMS) and field emission, for instance,
where the demands of materials integration require that the
films be deposited at much lower temperatures, and thus the
use of these films in many of these applications is ruled out
on this basis. In particular, for MEMS, many devices are
fabricated on top of or co-planar with CMOS IC electronics.
The “thermal budget” requirement for most IC chips, which
is the maximum duration that the chip can be subjected to a
given temperature, places both a temperature and time
constraint on the deposition process. For most CMOS chips
this thermal budget is on the order of one hour (or less) for
temperatures of about 350-450° C.

[0027] A crucial aspect of the current invention is the
realization that, with a few additional processing steps and
the application of voltages to the sample during growth, the
fundamental deposition chemistry involved in the UNCD
technology developed at ANL will allow nanocrystalline
diamond films to be deposited at low temperatures with
deposition rates high enough so that enough film can be
deposited to be useful, particularly as an anti-stiction coating
in current and future MEMS devices. It is important that the
films also be continuous, pinhole free, and fully dense, for
applications such as electrochemical electrodes or hermetic
coatings.

[0028] The UNCD technology involves the generation of
C,-dimer molecules, which are believed to be the funda-
mental growth species for the synthesis of UNCD thin films.
C, dimers are generated in noble-gas discharges, in which a
small amount of carbon source gas is added. Currently the
typical plasma chemistries use a gas mixture of 99% Ar with
1% CH,. C, dimers will naturally insert into the diamond
lattice with remarkably low activation energies of 5.9 kcal/
mole, which is much lower that for the more common
technique used to grow diamond films, e.g. with hydrogen-
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methane plasmas for which methyl radicals are the principal
growth species. The hydrogen-abstraction reactions require
much higher energies (25 kcal/mole) than the C, dimer-
based chemistry that is the heart of the UNCD technology.
As is known, any inert gas, other than helium, may be used
and carbon sources other than methane, such as acetylene,
fullerene or anthracene may be used in some situations be
preferred.

[0029] The subject invention involves the following key
points:

[0030] 1. The use of nanocrystalline diamond powder to
seed the substrate surface prior to growth, in such a way as
to maximize the areal density of initial growth sites on the
surface. The best results are with nanocrystalline diamonds
of less than about 20 nm average grain size but grain sizes
up to about 30 nm may be used. As the number of initial
growth initiation sites (referred to as nucleation sites)
increases, the total time needed to deposit a film of a given
thickness is reduced. It is critical that the seeding process be
performed for longer times (up to 30 min.) in order to
achieve sufficiently high nucleation densities. FIG. 1 illus-
trates the enhancement of nucleation density on the growth
of a UNCD thin film at low temperatures.

[0031] 2. The use of a water-cooled or equivalent sample
holder/manipulator, which incorporates both active heating
and cooling, in order to actively control the temperature of
the substrates in the range of 200-500° C.

[0032] 3. The use of a sample holder/manipulator that
allows for continuous movement or rotation of the sample,
in order to enhance the uniformity of the temperature of the
sample during growth, which leads to films being deposited
over large areas with uniform thickness.

[0033] A film grown at a nominal temperature of ~350° C.
is shown in FIG. 10. This film was deposited on a silicon
wafer that was seeded using nanocrystalline diamond pow-
der ultrasonically for 30 minutes prior to growth, and was
grown using an initial bias voltage of —100 V. The film was
grown for four hours. After deposition, the wafer was
cleaved and examined in cross-section using scanning elec-
tron microscopy (SEM). The film thickness measured is
about 0.8 um. This is only slightly less than the ~1.0 um
thickness that is usually observed for UNCD films grown at
800° C. UV Raman data (not shown) indicate the clear
presence of sp> bonding in the film.

[0034] While particular embodiments of the present
invention have been shown and described, it will be appre-
ciated by those skilled in the art that changes, modifications
and improvements may be made, for example in the pro-
cessing of the materials or in the electrode and/or cell design
without departing from the true spirit and scope of the
invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:
1. A method of depositing nanocrystalline diamond film

on a substrate at a rate of not less than about 0.2 microns/

hour at a substrate temperature less than about 500° C.,

comprising seeding the substrate surface with nanocrystal-

line diamond powder to an areal density of not less than
about 10*° sites/cm®, and contacting the seeded substrate
surface with a gas of about 99% by volume of an inert gas
other than helium and about 1% by volume of methane or
hydrogen and one or more of acetylene, fullerene and
anthracene in the presence of a microwave induced plasma
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while maintaining the substrate temperature less than about
500° C. to deposit nanocrystalline diamond on the seeded
substrate surface at a rate not less than about 0.2 microns/
hour.

2. The method of claim 1, wherein the substrate is a
semiconductor.

3. The method of claim 1, wherein the substrate is a
complementary metal oxide semiconductor(CMOS).

4. The method of claim 1, wherein the substrate is
maintained at a temperature less than about 400° C. during
deposition of the nanocrystalline diamond.

5. The method of claim 1, wherein the gas contains
methane.

6. The method of claim 1, wherein the gas contains
acetylene.

7. The method of claim 1, wherein the gas contains a
fullerene.

8. The method of claim 1, wherein the gas contains
anthracene.

9. The method of claim 1, wherein the substrate is
maintained at a temperature less than about 400° C. during
deposition, the nanocrystalline diamond and the deposition
rate is at least about 0.5 microns/hour.

10. The method of claim 9, wherein the substrate tem-
perature is controlled in part by cooling the substrate during
deposition.

11. The method of claim 1, wherein relative movement is
provided between the substrate and the plasma during
nanocrystalline diamond deposition.

12. The method of claim 1, wherein a majority of the
substrate is maintained out of contact with the plasma during
nanocrystalline deposition to control the substrate tempera-
ture.

13. The method of claim 1, wherein the gas is a mixture
of argon and acetylene and hydrogen.

14. The method of claim 1, wherein the substrate is seeded
by immersing the substrate in a mixture of an organic
solvent and nanometer sized diamond powder.

15. The method of claim 14, wherein the mixture of
solvent and powder is subjected to ultrasonic energy while
the substrate is immersed therein for a time sufficient to
provide 10'° to 10*? nucleation sites/cm” on the substrate.

16. The method of claim 15, wherein the powder has an
average particle size of less than about 30 nanometers and
the nanocrystalline film has an average particle size of less
than about 20 nanometers.

17. An article of manufacture comprising an electronic
material unstable when subjected to a thermal budget greater
than about 500° C.-4 hours and a nanocrystalline diamond
film in contact therewith.

18. The article of claim 17, wherein said electronic
material is a semiconductor.

19. The article of claim 17, wherein said electronic
material is a CMOS.

20. The article of claim 17, wherein said electronic
material is unstable when subjected to a thermal budget
greater than about 400° C.-(4) hours.

21. The article of claim 20, wherein said nanocrystalline
film has an average particle size less than 20 nanometers.

22. The article of claim 21, wherein the average particle
size of the nanocrystalline film is substantially between 3
and 20 nm.

23. The article of claim 22, wherein the average particle
size of the nanocrystalline film is about 10 nm.
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