wo 20177222796 A2 I 000000 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
28 December 2017 (28.12.2017)

(10) International Publication Number

WO 2017/222796 A2

WIPO I PCT

(51) International Patent Classification:
HOIL 21/02 (2006.01) HO11 21/3213 (2006.01)

(21) International Application Number:
PCT/US2017/035954

(22) International Filing Date:
05 June 2017 (05.06.2017)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

62/345,403 03 June 2016 (03.06.2016) US

(71) Applicant: MASSACHUSETTS INSTITUTE OF
TECHNOLOGY [US/US]; 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139 (US).

(72) Inventors; and

(71) Applicants: HOLLIS, Mark A. [US/US]; 396 Plain-
field Road, Concord, Massachusetts 01742 (US). WADE,
Travis [US/US]; 54 Woodside Road, Harvard, Massachu-
setts 01451 (US). GEIS, Michael [US/US]; 8 Tuttle Drive,
Acton, Massachusetts 01720 (US). MOLNAR, Richard
[US/US]; 298 Old Littleton Road, Harvard, Massachusetts
01451 (US).

(72) Inventors: KIM, Jeehwan; 350 Third Street, No. 1612,
Cambridge, Massachusetts 02142 (US). ENGLUND, Dirk
Robert; 100 Pacific St., No. 9, Cambridge, Massachusetts
02139 (US).

Agent: COLICE, Max et al.; Cooley LLP, 1299 Pennsyl-
vania Avenue NW, Suite 700, Washington, District of Co-
lumbia 20004-2400 (US).

74

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(54) Title: SYSTEMS AND METHODS FOR FABRICATING SINGLE-CRYSTALLINE DIAMOND MEMBRANES

140

110

FIG. 1D

(57) Abstract: A bufter layer is employed to fabricate diamond
membranes and allow reuse of diamond substrates. In this approach,
diamond membranes are fabricated on the bufter layer, which in
turn is disposed on a diamond substrate that is lattice-matched to
the diamond membrane. The weak bonding between the buffer lay-
er and the diamond substrate allows ready release of the fabricat-
ed diamond membrane. The released diamond membrane is trans-
ferred to another substrate to fabricate diamond devices, while the
diamond substrate is reused for another fabrication.

[Continued on next page]



WO 20177222796 A2 {00000 0 O

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2017/222796 PCT/US2017/035954

Systems and Methods for Fabricating Single-Crystalline Diamond

Membranes

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the priority benefit under 35 U.S.C. § 119(e) of U.S.
Application No. 62/345,403, filed June 3, 2016, entitled “METHODS AND APPARATUS FOR
PRODUCING SINGLE-CRYSTAL DIAMOND MEMBRANES AND FILMS,” which is

hereby incorporated herein by reference in its entirety.
GOVERNMENT SUPPORT

[0002] This invention was made with Government support under Contract No. FA8721-05-C-
0002 awarded by the U.S. Air Force. The Government has certain rights in the invention.

BACKGROUND

[0003] Diamond is a wide bandgap semiconductor with an indirect gap of about 5.47 eV,
thereby supporting high electric fields before breakdown. High purity chemical vapor deposition
(CVD) diamond also has high mobility and long lifetimes for electrons and holes, in addition to
high thermal conductivity. These properties make diamond suitable for many applications.
[0004] For example, diamond can be used to control power at high voltages due to its wide
bandgap. A single diamond switch can be used to switch power at voltages approaching 50 kV,
which is challenging for other electronic materials, such as Si and Ge. In another example,
diamond can be used for radiation detection, especially in situations where volume sensitivity,
radiation hardness, and temperature insensitivity are desired. In contrast to many other solid
state radiation detectors, which use reverse biased diodes, high purity intrinsic diamond can act
as a solid state ionization chamber at room temperature because charges can travel freely through
the lattice of diamond with good purity and crystalline quality.

[0005] Currently, diamond membranes (also referred to as diamond films) are usually
fabricated via CVD on a non-diamond substrate, such as silicon, tungsten, and titanium.

However, the lattice constants of these substrate materials typically do not match the lattice
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constant of diamond. This lattice constant mismatch can introduce strain into the epitaxial
diamond layer, thereby preventing epitaxial growth of thicker diamond layers without defects.
[0006] Alternatively, diamond films can also be deposited on a diamond substrate. In this
case, one diamond substrate usually fabricates only one diamond membrane so the cost is high.
Reuse of diamond substrates can be challenging because it is difficult to remove the fabricated
diamond membrane without damaging the surface of the diamond substrate. For example,
chemical lift-off as often used in industry can be slow, and the etching residues tend to become
surface contamination after release. Another method of removing fabricated diamond layers is
the optical lift-off technique, which releases the fabricated diamond membrane via selective
heating. However, the heating can roughen the substrate surface and the local pressurization at
the membrane-substrate interface caused by high-power thermal irradiation can induce cracks or

dislocations.
SUMMARY

[0007] Embodiments of the present invention include apparatus, systems, and methods for
fabricating diamond membranes and devices. In one example, a method of fabricating a
diamond device includes disposing a buffer layer on a diamond substrate and forming a diamond
membrane comprising single-crystalline diamond on the buffer layer. The method also includes
transferring the diamond membrane from the diamond substrate to a host substrate.

[0008] In another example, a method diamond processing includes forming a graphene layer
having a thickness substantially equal to or less than 2nm on a copper foil and transferring the
graphene layer from the copper foil to a diamond substrate. The method also includes forming a
first single-crystalline diamond membrane on the graphene layer using the diamond substrate as
a seed for the single-crystalline diamond membrane and removing the first single-crystalline
diamond membrane from the graphene layer. The method also includes forming a second single-
crystalline diamond membrane on the graphene layer using the diamond substrate as a seed for
the second single-crystalline diamond membrane and removing the second single-crystalline
diamond membrane from the graphene layer.

[0009] In yet another example, a method of diamond processing includes forming a graphene
layer on a first substrate and transferring the graphene layer from the first substrate to a diamond

substrate. The method also includes depositing a diamond layer on the graphene layer and
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depositing a stressor layer on the diamond layer. The stressor layer causes propagation of a
crack between the diamond layer and the graphene layer. The method further includes disposing
a flexible tape on the stressor layer and pulling the diamond layer and the stressor layer off the
graphene layer with the flexible tape.

[0010] It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detail below (provided such concepts are not mutually inconsistent)
are contemplated as being part of the inventive subject matter disclosed herein. In particular, all
combinations of claimed subject matter appearing at the end of this disclosure are contemplated
as being part of the inventive subject matter disclosed herein. It should also be appreciated that
terminology explicitly employed herein that also may appear in any disclosure incorporated by
reference should be accorded a meaning most consistent with the particular concepts disclosed

herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described herein.
The drawings are not necessarily to scale; in some instances, various aspects of the inventive
subject matter disclosed herein may be shown exaggerated or enlarged in the drawings to
facilitate an understanding of different features. In the drawings, like reference characters
generally refer to like features (e.g., functionally similar and/or structurally similar elements).
[0012] FIGS. 1A — 1E illustrate a method of diamond membrane fabrication using a buffer
layer and mechanical release of the fabricated diamond membrane.

[0013] FIGS. 2A —2E illustrate a method of diamond membrane fabrication using a buffer
layer and chemical release of the fabricated diamond membrane.

[0014] FIGS. 3A —3E illustrate a method of diamond membrane fabrication using graphene as
a buffer layer.

[0015] FIG. 4A — 4B show the effects of graphene layer thickness and the underlying diamond
substrates on the growth of diamond membranes on the graphene layer.

[0016] FIGS. 5A — 5E illustrate a method of reusing a diamond substrate in epitaxial growth of

diamond membranes.
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[0017] FIGS. 6A — 6H illustrate a method of fabricating diamond membranes using a porous
buffer layer.

DETAILED DESCRIPTION

[0018] Fabricating Diamond Membranes Using a Buffer Layer

[0019] To take advantage of the lattice matching of diamond substrates while controlling the
fabrication costs, systems and methods described herein employ a buffer layer to fabricate
diamond membranes on diamond substrates. In this approach, diamond membranes are
fabricated on a buffer layer, which in turn is disposed on a diamond substrate that is lattice-
matched to the diamond membrane. The bonding between the buffer layer and the diamond
substrate is usually weaker than the bonding between two diamond layers. Accordingly, the
fabricated diamond membranes can be readily removed (e.g., mechanically or chemically) and
transferred to another substrate to fabricate diamond devices, while the diamond substrate is
reused for another fabrication. In other words, the buffer layer serves as a reusable and universal
platform for growing diamond membranes and also serves as a release layer that allows fast,
precise, and repeatable release at the diamond membranes.

[0020] FIGS. 1A — 1E illustrate a method 100 of fabricating diamond membranes using a
buffer layer and mechanical release of the fabricated diamond membranes. FIG. 1A shows that a
buffer layer 120 is formed or disposed on a diamond substrate 310, which can be a single-
crystalline wafer. For example, the buffer layer 120 can include an epitaxial layer directly grown
on the diamond substrate 110. Alternatively, the buffer layer 120 can be prepared on another
substrate (not shown) and then transferred to the diamond substrate 110. The lattice structure of
the buffer layer 120 can be substantially similar to the lattice structure of crystalline diamond so
as to reduce the effects of lattice mismatch. In one example, the buffer layer 120 can include
silicon. In another example, the buffer layer 120 can include germanium. In yet another
example, the buffer layer 120 can include iridium. In yet another example, the buffer layer 120
can include graphene. The graphene used for the buffer layer 120 can be a monolayer of
graphene, a bilayer of graphene, or a multilayer of graphene. In addition, more than one layer of
graphene monolayers, bilayers, or multilayers can also be used (see more details below with

reference to FIGS. 3A —3E).
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[0021] FIG. 1B shows that a diamond membrane 130 (also referred to as a diamond film or a
diamond layer) is epitaxially grown on the buffer layer 120. The growth of the diamond
membrane 130 can be realized via, for example, the CVD technique. In some cases, the diamond
membrane 130 can include single-crystalline diamond. In one example, the growth of the
diamond membrane 130 uses the buffer layer 120 as the seed. Alternatively, the growth of the
diamond membrane 130 can use the diamond substrate 110 as the seed. In this case, the
thickness of the buffer layer 120 should be substantially equal to or less than 2 nm (e.g., about 2
nm, about 1.8 nm, about 1.6 nm, about 1.4 nm, about 1.2 nm, about 1.0 nm, about 0.9 nm, about
0.8 nm, about 0.7 nm, about 0.6 nm, about 0.5 nm, or less, including any values and sub ranges
in between).

[0022] FIG. 1C shows that a stressor 140 is disposed on the diamond membrane 130. For
example, the stressor 130 can include a high-stress metal film such as a Ni film. In this example,
the Ni stressor can be deposited on the diamond membrane 130 in an evaporator at a vacuum
level of about 1x107 Torr. In some cases, the thickness of the stressor 140 can be substantially
equal to or greater than 400 nm (e.g., about 400 nm, about 450 nm, about 500 nm, about 550 nm,
about 600 nm, or greater, including any values and sub ranges in between). In some other cases,
the thickness of the stressor 140 can be about 1 um to about 30 um (e.g., about 1 um, about 1
um, about 2 um, about 3 um, about 5 um, about 10 um, about 15 um, about 20 um, about 25 um,
or about 30 um, including any values and sub ranges in between. An optional adhesive tape
layer (not shown) can be disposed on the stressor 140 for handling the stressor 140. The tape
and the stressor 140 are used to mechanically exfoliate the diamond membrane 130 from the
buffer layer 120 at a fast release rate by applying high strain energy to the interface between the
diamond membrane 130 and the buffer layer 120, as illustrated in FIG. 1D.

[0023] In FIG. 1E, the released diamond layer 130 is disposed on a host substrate 150 (also
referred to as a host wafer 150). The tape and the stressor 140 are already removed as shown in
FIG. 1E, leaving the diamond layer 130 for further processing, such as forming more
sophisticated devices (e.g., power electronics, high speed transistors, etc.) or depositing
additional materials on the diamond layer 130. In one example, the tape layer and the stressor
140 can be etched away by a FeCls-based solution. The host substrate 150 can include, for

example, silicon, silicon oxides (e.g., Si02), and silicon nitride (SiN), among others.
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[0024] In the method 100, after the release of the diamond layer 130 shown in FIG. 1D, the
remaining diamond substrate 110 can be reused for another cycle of diamond membrane
fabrication. In one example, a new buffer layer 120 can be disposed on the diamond substrate
110 for fabrication of each new diamond membrane 130. The buffer layer 120 can be reused as
well. In either case, the buffer layer 120 can protect the diamond substrate 110 from damage,
thereby allowing multiple uses and reducing cost. For example, the diamond substrate 110 can
be reused for more than 20 times (e.g., more than 20 times, more than 30 times, more than 50
times, more than 100 times, including any values and sub ranges in between).

[0025] FIGS. 2A - 2E illustrate a method 200 of diamond membrane fabrication using a buffer
layer and chemical release of the fabricated diamond membranes. In the method 200, a buffer
layer 220 is disposed on a diamond substrate 210 as shown in FIG. 2A. A diamond membrane
230 is grown or deposited on the buffer layer 220, as shown in FIG. 2B. In FIG. 2C, the buffer
layer 220 is exposed to an etching solution 245, contained in a container 240, that selectively
etches away the buffer layer 220, leaving the diamond membrane 230 disposed on the diamond
substrate 210. In one example, the assembly of the diamond substrate 210, the buffer layer 220,
and the diamond membrane 230 is immersed in the etching solution 245 (see FIG. 2C). In
another example, the etching solution 245 is locally applied to the buffer layer 220 for the
etching.

[0026] After the buffer 220 has been etched away, the diamond membrane 230 is disposed on
the diamond substrate 210. The bonding between the diamond membrane 230 and the diamond
substrate 210 is loose enough that the diamond membrane 230 can be readily removed from the
diamond substrate 210, as shown in FIG. 2D. The removed diamond membrane 230 is
transferred to a host substrate 250 for further fabrication, as shown in FIG. 2E. The transfer of
the diamond membrane 230 can be achieved using a stress Ni layer and a tape layer as descried
above.

[0027] In one example, the buffer layer 220 includes silicon and the etching solution 245 can
include KOH and/or Tetramethylammonium hydroxide (TMAH). In another example, the buffer
layer 230 includes germanium and the etching solution 245 includes H20:.

[0028] FIGS. 3A - 3E illustrate a method 300 of diamond fabrication using graphene as a
buffer layer. Graphene is a crystalline film and is a suitable substrate for growing epitaxial

diamond layers for several reasons. First, graphene’s weak interaction with other materials
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substantially relaxes the lattice mismatching rule for epitaxial growth, potentially permitting the
growth of diamond membranes with low defect densities. Second, the epilayer (e.g., the
diamond membrane) grown on a graphene substrate can be easily and precisely released from the
substrate owing to graphene’s weak van der Waals interactions, which permits rapid mechanical
release of epilayers without post-release reconditioning of the released surface. Third,
graphene’s mechanical robustness can increase or maximize its reusability for multiple
growth/release cycles.

[0029] As shown in FIG. 3A, a graphene layer 320 is fabricated on a first substrate 310, such
as a Si substrate, SiC substrate, or copper foil. The fabricated graphene layer 320 is removed
from the first substrate 310 and then disposed on diamond substrate 330, as shown in FIG. 3B.
FIG. 3C shows that a diamond membrane 340 (e.g., a single crystalline diamond layer) is then
fabricated on the graphene layer 320. The diamond membrane 340 is then removed from the
graphene layer 320, as shown in FIG. 3D, and transferred to a host substrate 350, as shown in
FIG. 3E.

[0030] The graphene layer 320 can be fabricated on the first substrate 310 via various methods.
In one example, the graphene layer 320 can include epitaxial graphene with a single-crystalline
orientation and the substrate 310 can include a (0001) 4H-SiC wafer with a silicon surface. The
fabrication of the graphene layer 320 can include multiple annealing steps. A first annealing step
can be performed in Hz gas for surface etching and vicinalization, and a second annealing step
can be performed in Ar for graphitization at high temperature (e.g., about 1,575 °C).

[0031] In another example, the graphene layer 320 can be grown on the first substrate 310 via a
CVD process. The substrate 310 can include a nickel substrate or a copper substrate.
Alternatively, the substrate 310 can include an insulating substrate of SiO2, HfO2, Al2O3, Si3Na,
and/or practically any other planar material compatible with high temperature CVD processes.
[0032] In yet another example, the first substrate 310 can be any substrate that can hold the
graphene layer 320, and the fabrication can include a mechanical exfoliation process. In this
example, the first substrate 310 can function as a temporary holder for the graphene layer 320.
[0033] Various methods can also be used to transfer the graphene layer 320 from the first
substrate 310 to the diamond substrate 330. In one example, a carrier film (not shown) can be
attached to the graphene layer 320. The carrier film can include a thick film of poly(methyl
methacrylate) (PMMA) that is spin-coated onto the graphene layer 320 or a thermal release tape.



WO 2017/222796 PCT/US2017/035954

The thermal release tap may be attached to the graphene layer 320 via mechanical pressing.
After the combination of the carrier film and the graphene layer 320 is disposed on the diamond
substrate 330, the carrier film can be dissolved (e.g., in acetone) for further fabrication of the
diamond membrane 340 on the graphene layer 320.

[0034] In another example, a stamp layer (not shown) including an elastomeric material, such
as polydimethylsiloxane (PDMS), can be attached to the graphene layer 320. Etching away first
substrate 310 leaves the combination of the stamp layer and the graphene layer 320. After the
stamp layer and the graphene layer 320 are placed on the diamond substrate 330, the stamp layer
can be removed by mechanical detachment, thereby producing a clean surface of the graphene
layer 320 to grow the diamond membrane 340.

[0035] In yet another example, a self-release transfer method can be used to transfer the
graphene layer 320 to the diamond substrate 330. In this method, a self-release layer (not
shown) is first spun-cast over the graphene layer 320. The release layer can include polystyrene
(PS), poly(isobutylene) (PIB), and/or Teflon AF (poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-
dioxole-co-tetrafluoroethylene]). An elastomeric stamp is then placed in conformal contact with
the self-release layer. The first substrate 310 can be etched away to leave the combination of the
stamp layer, the self-release layer, and the graphene layer 320. After this combination is placed
on the diamond substrate 330, the stamp layer can be removed mechanically and the self-release
layer can be dissolved under mild conditions in a suitable solvent.

[0036] Effects of Substrate Field On the Epilayer

[0037] In the method 300 illustrated in FIGS. 3A — 3E, the diamond membrane 340 is
fabricated on the graphene layer 320. Since graphene typically is on the order of one atom thick
(e.g., on the order of 3 A thick), any covalently bonded substrate surface immediately below the
graphene may affect the epitaxial growth of the diamond membrane 340 by, for example,
altering the crystalline orientation of the diamond membrane 340. Therefore, it can be beneficial
to understand the effect of the underlying diamond substrate 330 on the growth of the diamond
membrane 340 so as to, for example, reduce defect density on the diamond membrane 340 as
well as to control the properties such as crystalline orientation of the diamond membrane 340.
[0038] FIGS. 4A — 4B show schematics of graphene-based fabrication systems to illustrate the
effect of underlying diamond substrates on the growth of diamond membranes. FIG. 4A shows a

system 401 including a diamond substrate 411 and a graphene layer 421 disposed on the
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diamond substrate 411. A diamond membrane 431 is fabricated on the graphene layer 421. The
diamond substrate 411 has a potential field 441 (e.g., via van De Waals force or other atomic or
molecular forces) indicated by arrows in FIG. 4A. In this case, the graphene layer 421 includes
only a single monolayer of graphene (i.e., the graphene layer 421 is one atom thick) and the
potential field 441 reaches beyond the graphene layer 421 and can interact with the diamond
membrane 431. As a result, the potential field 441, which depends on the material properties
(such as crystalline orientation) of the diamond substrate 411, can affect the growth of the
diamond membrane 431. At the same time, the graphene layer 421 also has its own potential
field (not shown in FIG. 4A), which may similarly influence the growth of the diamond
membrane 431. The net result can be that the diamond membrane 431 includes films 431a and
431b having two different orientations such as (100) and (111) orientations. Alternatively, the
field 441 from the diamond substrate 411 can be strong enough to overcome graphene field, in
which case the diamond membrane 431 can include single-crystalline structures that resemble
the diamond substrate 411.

[0039] FIG. 4B shows a system 402 including a diamond substrate 412 and a graphene layer
422 disposed on the diamond substrate 412. A diamond membrane 432 is fabricated on the
graphene layer 422. The diamond substrate 412 has a potential field 442 indicated by arrows in
FIG. 4B. In contrast to the graphene layer 421 in FIG. 4A, the graphene layer 422 in FIG. 4B
includes multiple stacks of monolayer graphene (i.e., the graphene layer 422 is more than one
atom thick). Accordingly, the potential field 442 may interact only with the graphene layer 422
and may not reach the device layer 432. In other words, the growth of the diamond membrane
432 occurs outside the potential field 442 of the diamond substrate 412. In this case, the potential
field of the graphene layer 422 affects the growth of the diamond membrane 432.

[0040] FIGS. 4A-4B show that the effect of the diamond substrate (e.g., 411 and 412) on the
growth of the diamond membrane (e.g., 431 and 432) depends on the distance between them. In
other words, the thickness of the graphene layer (e.g., 421 and 422) sandwiched between the
substrate and the diamond membrane determines the interaction strength. Beyond a critical
distance, the underlying diamond substrate may not have any effect on the epitaxial growth of
the diamond membrane. In some cases, this critical distance can be about 0.5 nm to about 3 nm

(e.g., about 0.5 nm, about 0.6 nm, about 0.7 nm, about 0.8 nm, about 0.9 nm, about 1.0 nm, about
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1.2 nm, about 1.4 nm, about 1.6 nm, about 1.8 nm, about 2.0 nm, about 2.2 nm, about 2.4 nm,
about 2.6 nm, about 2.8 nm, or about 3 nm, including any values and sub ranges in between).
[0041] Reuse of Diamond Substrates in Epitaxial Growth of Diamond Membranes

[0042] FIGS. 5A — 5E illustrate a method 500 of reusing diamond substrates in epitaxial
growth of diamond membranes. In this method 500, graphene is used in the buffer layer 520, but
other materials, such as silicon, germanium, and iridium, can be used instead. In FIG. 5A, a
donor wafer 510a is provided to grow a graphene layer 520 (shown in FIG. 5B). FIG. 5B shows
that the graphene layer 520 is then transferred to a diamond wafer 510b. In FIG. 5C, a diamond
membrane 530 is grown epitaxially above the graphene layer 520. Since the graphene layer 520
is sufficiently thin in this case, the growth of the diamond membrane 530 is seeded by the
diamond wafer 510b underneath the graphene layer 520. In FIG. 5D, a stressor 540 is deposited
on the diamond membrane 530 to facilitate subsequent layer transfer. The stressor 540 can
include high stress metal materials such as nickel. In FIG. SE, a tape layer 550 is disposed on the
stressor 540 so as to handle the stressor 540 for releasing the diamond membrane 530 from the
graphene layer 520 and the diamond wafer 5S10b.

[0043] In the method 500, the graphene layer 520 is thin enough that the graphene seeding
effect disappears or is overshadowed by the stronger substrate seeding effect. After the release
of the diamond membrane 530, the remaining graphene layer 520 and the diamond wafer 510b
can be used for another round of diamond membrane fabrication, i.e., the method 500 proceeds
back to FIG. 5B to grow a second diamond membrane 520, which is removed and transferred
again as in FIGS. SC—5E. In this manner, the diamond wafer 510b can be reused for multiple
times, thereby reducing the total costs of fabrication. In addition, the graphene layer 520 may
also be reused. Alternatively, a new graphene layer 520 can be prepared for each diamond
membrane 530. In yet another example, the quality of the graphene layer 520 can be monitored.
In the event of detecting damages on the graphene layer 520, a new graphene layer 520 can be
used.

[0044] Fabrication of Diamond Membrane Using A Porous Buffer Layer

[0045] FIGS. 6A — 6H illustrate a method 600 of fabricating diamond membranes using a
porous buffer layer. A porous buffer layer includes a buffer layer (e.g., 120 and 220) patterned

with periodic or aperiodic holes. The porous buffer layer can facilitate interaction between the
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diamond substrate and the diamond membrane, thereby allowing the diamond substrate to seed
the growth of the single-crystalline diamond membrane.

[0046] In FIG. 6A, a buffer 620 is disposed on a diamond substrate 610. The buffer layer 620
can be grown on the diamond substrate 610 via, for example, chemical vapor deposition.
Alternatively, the buffer layer 620 can be transferred to the diamond substrate 610, e.g., from
another substrate. A porous film 630 (e.g., oxide, nitride, or photoresist film) is then disposed on
the buffer layer 620 as shown in FIG. 6B. The porous film 630 has a high density of pinholes
(e.g., about one hole per square micron). Alternatively, the porous film 630 can include any film
with holes to allow subsequent processing shown in FIGS. 6C — 6H.

[0047] In FIG. 6C, dry etching using Ar plasma or Oz plasma is carried out to open up the
pinholes in the porous film 630. This etching creates a plurality of holes 635 in the porous film
630, allowing the ions in the etching plasma to propagate through the porous film 630 to the
buffer layer 620. The etching plasma then etches the portion of the buffer layer 620 directly
underneath the pinholes 635 in the porous film 630. Ions in the etching plasma can damage the
buffer layer 620 by creating a plurality of holes 625 in the buffer layer 620, which now becomes
a porous buffer layer 620. In one example, the etching of the porous film 630 and the etching of
the porous buffer layer 620 can be achieved with the same etching plasma. In another example,
the etching of the porous film 630 and the etching of the buffer layer 620 can be achieved with
different etching plasmas.

[0048] In FIG. 6E, the porous film 630 is removed, leaving the now-porous buffer layer 620
exposed to further processing. In one example, the porous film 630 includes photoresist material
and can be removed by acetone. In another example, the porous film 630 includes oxide or
nitride and can be removed by hydrogen fluoride (HF). FIG. 6E also shows that a diamond
membrane 640 is grown on the porous buffer layer 620. The growth starts from the area where
the holes 625 were created. The holes 625 allow direct interaction of the diamond substrate 610
with the diamond membrane 640, thereby allowing the diamond substrate 610 to guide the
crystalline orientation of the diamond membrane 640. The growth of the diamond membrane
640 then extends to cover the entire buffer layer 620, forming a planar diamond membrane 640.
[0049] In FIG. 6@, the formed diamond membrane 640 is released from the buffer layer 620
and the diamond substrate 610. The released diamond membrane 640 is transferred to a target

substrate 650, as shown in FIG. 6H, for further processing, such as forming a functional device.
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The bufter layer 620 and the diamond substrate 610, after the release of the diamond membrane
640 shown in FIG. 6G, is then reused to fabricate another diamond epilayer, and the cycle can be
repeated multiple times.

[0050] Conclusion

[0051] While various inventive embodiments have been described and illustrated herein, those
of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, is included within
the inventive scope of the present disclosure.

[0052] Also, various inventive concepts may be embodied as one or more methods, of which
an example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in an
order different than illustrated, which may include performing some acts simultaneously, even
though shown as sequential acts in illustrative embodiments.

[0053] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.
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[0054] The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”
[0055] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally

including other elements); etc.

[0056] As used herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating items in a list,
“or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a
number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.e., “one or the other but not both””) when preceded by terms of

29 CC

exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.” “Consisting
essentially of,” when used in the claims, shall have its ordinary meaning as used in the field of

patent law.

[0057] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements and
not excluding any combinations of elements in the list of elements. This definition also allows
that elements may optionally be present other than the elements specifically identified within the

list of elements to which the phrase “at least one” refers, whether related or unrelated to those

13
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elements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other than A);,
in yet another embodiment, to at least one, optionally including more than one, A, and at least

one, optionally including more than one, B (and optionally including other elements); etc.

[0058] In the claims, as well as in the specification above, all transitional phrases such as

2% 2% ¢

containing,” “involving,” “holding,”

2% ¢

“comprising,” “including,

2%

carrying,” “having,
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. A method of fabricating a diamond device, the method comprising:

disposing a buffer layer on a diamond substrate;

forming a diamond membrane comprising single-crystalline diamond on the buffer layer;
and

transferring the diamond membrane from the diamond substrate to a host substrate.

2. The method of claim 1, wherein disposing the buffer layer comprises disposing a

graphene layer on the diamond substrate.

3. The method of claim 2, wherein disposing the graphene layer comprises disposing a

single-crystalline graphene layer.

4. The method of claim 2, wherein disposing the graphene layer comprises:
forming the graphene layer on a copper foil; and

transferring the graphene layer from the copper foil to the diamond substrate.

5. The method of claim 2, wherein the graphene layer comprises more than one layer of
graphene and forming the diamond membrane comprises using the graphene layer as a seed for

the diamond membrane.
6. The method of claim 5, wherein the graphene layer has a thickness greater than 8.5 A.

7. The method of claim 2, wherein the graphene layer consists of a single layer of graphene
and forming the diamond membrane on the graphene layer comprises using the diamond

substrate as a seed for the diamond membrane and using the graphene layer as a release layer.

8. The method of claim 1, wherein transferring the diamond membrane comprises:
forming a stressor layer on the diamond membrane;
pulling the stressor layer and the diamond membrane off the buffer layer; and

disposing the stressor layer and the diamond membrane on the host substrate.

0. The method of claim 8, further comprising:

removing the stressor layer via etching.

15
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10. The method of claim 8, wherein the stressor layer comprises nickel.

11. The method of claim 8, wherein the stressor layer has a thickness of about 1 um to about
30 pm.

12. The method of claim 1, wherein the buffer comprises at least one of silicon or

germanium, and transferring the diamond membrane comprises:
etching away the buffer layer to release the diamond membrane; and

disposing the diamond membrane to the host substrate.

13. The method of claim 12, wherein etching away the buffer layer comprises exposing the
buffer layer to an etching solution comprising at least one of KOH or Tetramethylammonium

hydroxide (TMAH).
14. A device formed by the method of claim 1.

15. A method of diamond processing, the method comprising:

forming a graphene layer having a thickness substantially equal to or less than 2 nm on a
copper foil;

transferring the graphene layer from the copper foil to a diamond substrate;

forming a first single-crystalline diamond membrane on the graphene layer using the
diamond substrate as a seed for the single-crystalline diamond membrane;

removing the first single-crystalline diamond membrane from the graphene layer;

forming a second single-crystalline diamond membrane on the graphene layer using the
diamond substrate as a seed for the second single-crystalline diamond membrane; and

removing the second single-crystalline diamond membrane from the graphene layer.

16. The method of claim 15, wherein removing the first single-crystalline diamond

membrane comprises exfoliating the first single-crystalline diamond membrane.
17. A device formed by the method of claim 15.

18. A method of diamond processing, the method comprising:
forming a graphene layer on a first substrate;

transferring the graphene layer from the first substrate to a diamond substrate;

16
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depositing a diamond layer on the graphene layer;

depositing a stressor layer on the diamond layer, the stressor layer causing propagation of
a crack between the diamond layer and the graphene layer; and

disposing a flexible tape on the stressor layer; and

pulling the diamond layer and the stressor layer off the graphene layer with the flexible
tape.
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