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Abstract

Diamond surface acoustic wave (SAW) has been usdmbost the frequency of thin film
filters made of piezoelectric materials [1-3,13,18}any designs have been tested and with
significant results, in particular, AIN on diamofdINoD) as the interface for transmitting
Rayleigh wave was studied extensively [4-12,16-Zbwever, in all cases, nano crystalline
or microcrystalline AIN coatings were depositedpitally by sputtering or CVD, on
polycrystalline diamond film. The diamond filmelé may contain nano of micro grains that
are deposited by CVD [4,5,7]. The presence of restte grain boundaries in AIN can
attenuate rapidly the propagation of Rayleigh waioreover, the bonding between loose
atomic packing of AIN and tight lattice of diamom&l weak so much of the mechanical
energy is dissipated as heat. In fact, the enkergg/is much higher than energy transmitted
during the resonating process. In this resear@attempted to improve the matching of
atoms at the interface of AINoD by doping AIN la#tiwith boron atoms. The shrinking of
the lattice may allow more atoms are aligned at ititerface. Moreover, a method of
coupling single crystal AIN on single crystal diamdois proposed. Such a coupling can
maximize the signal-to-noise ratio of the resomptiNoD at the same time minimize the
insertion loss of the SAW filter.
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Diamond SAW Filter with ZnO Vibration

Piezoelectric material (e.g. ZnO) coated diamohd fias been perceived as a superior SAW
filter (vibrator or resonator) than conventionasigms [2]. This is because diamond with its

unsurpassed rigidity can boost Rayleigh (surfacavewat the interface so the signal

frequency can be increased significantly. Morepudee to the extreme thermal conductivity

(e.g. >1000 W/mK) of diamond, the coupling heategated from the interdigital transducer

(IDT) can be dissipated fast so the SAW filter rhayoperated at high power (e.g. >10 W).
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Fig. 1: The design and appearance of ZnO/diamondVSiiters (Sumitomo Electric
Brochure).
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Fig. 2: The cooling effect of diamond substrat@atoid the melting down of aluminum IDT
when the filter was operated at high power (Sumitdttectric brochure).

Diamond on Lithium Niobate

ZnO has a low sound velocity that does not match with the high acoustic speed of
diamond. As a consequence, non-spherical vibratanthe interface are formed and the
eccentricity of the atomic movement may accumuoag the path of wave propagation.
Due to the mechanical drag of ZnO on diamond dutirg wave motion, the inharmonic
noise is compounded so the resonating signal bexamelear. Moreover, ZnO is typically
formed by vapor deposition (e.g. sputtering) witicnmscopic grains. The piezoelectric
effect is dampened by the large amount of graifasas and other defects. In addition, the
bonding between ZnO and diamond is weak, so thestmession of vibration in ZnO to
diamond, and vice versa, is ineffective. Consetipamost energy is lost as wasted heat.

In order to improve the filtering result, diamontinf may be deposited on a single crystal
resonator (Sung, Chien-Min, US Patent 6,814,138d fon Oct. 19, 2001, and US Patent
7,011,134 filed on Apr. 22, 2003), such as lithinmbate, LN (LINbQ) that is a common



vibrating film for SAW filters used in mobile phas¢8]. But the diamond film deposition
temperature is typically above 8Q0that can vaporize Li atoms in LN, so a proceskowaf
temperature (about 6a0D) was adapted. The diamond formed was nanocrystallith
ample graphitic (s}) bonds. As a result, the hardness and young'sutusdire less than half
of that for pure diamond. However, if Ar is usetstead of H as the carrying gas for
methane, uniform nano grains of diamond that isl@diwith graphitic bonds can be formed
as Argonne National Lab demonstrated years ago.

Fig. 3: The SEM micrographs of the top view and ¢hess section of the nano diamond film
deposited on a lithium niobate wafer [14].

Theldeal Diamond SAW Filter

All oxide piezoelectric layers are ionic so thedke@own field is limited. As a consequence,
the spacing of IDT cannot be tight as electricakbige may occur. Moreover, oxides are
highly thermal insulating, so the cooling effectcdamond is compromised. Furthermore,
oxides are notoriously difficult to bond firm withiamond film. The faithful coupling
between oxide layer and diamond film for effectivansmission of SAW is therefore not
possible.

As the ultimate SAW filter, hexagonal diamond issa@mn material. The piezoelectric
hexagonal diamond has the same sound speed of didloond and it is an intrinsic heat
spreader. The next best piezoelectric materaliigzite BN (w-BN) that is the counterpart
of cubic boron nitride. W-BN has a tight lattice & can minimize the mismatch when it
adheres to diamond. However, w-BN is hard to falsy its piezoelectric effect is weak.

Wiirtzite BN and waurtzite AIN are isostructural sb$olution. AIN is relatively easy to form
on diamond, e.g. by sputtering or CVD. By replachl for B atoms in the same crystal
structure, the lattice of AIN is tightened so itdtice matching with diamond improves.
Boron doped AIN has a higher thermal conductivitg @lso with a higher breakdown field
than any oxide piezoelectric material. These fest@allow using submicron spacing of Al
IDT. However it is preferable to use a refractomgtal (e.g. Ti) for making IDT of higher
thermal stability. Refractory metals can bond @&rmwith BN (e.g. forming TiBand TiN) or
diamond (e.g. forming TiC) so the energy loss atitiberface can be minimized.



Table 1: The Thermal and Electric Endurance ofi€amiuctors

Material Thermal Conductivity (W/mK) Break-down Field (MV/cm)
Si 150 0.3

SIC(4H) 500 3

GaN 130 5

Diamond 2400 10

A diamond SAW filter with AIN piezoelectricity field with tight IDT may attain a resonating
frequency higher than 20 GHz. The IC processingatibility of such a design would

make diamond SAW filters a prime candidate of fatdmgh frequency communication

devices. For example, diamond SAW filter can beimbed on the common platform of the
future semiconductor-on-diamond (SOD) to form atreare system-on-chip (SoC) that can
process and transmit MW or even RF.

Table 2: The comparison of sound velocities amdeggelectric materials and diamond

Material Rayleigh Wave Velocity (Km/sec) % of Diamond Speed
ZnO(sputtered) 2.60 14

LiINbO3(64Y) 4.74 25

GaN(MOCVD) 8.77 47

AIN(Sputtered) 10.40 55

Diamond(CVD) 18.78 100

GaN data calculated from AIN
Diamond data referred from [13]

e, el e, e =T, <l =T,

=5 = =T ™ = — W™y W
W L=, = r ! =+

- — s = i

gl 1 1 1 P, | 1 [ PR I

. . . e A

< 7 9z Z z 5 2
= w2 5 E &

o

Fig. 4: The size scale of relevant semiconductors.
(Al,B) N Deposition

Boron doped AIN can be sputtered conveniently anéosurface of a polished diamond film.
The boron doping can shrink AIN lattice to makeldser to diamond. Moreover, (Al,B) N
film is stiffer than AIN film so a higher acousticave velocity is expected.

In order to increase further the lattice matchingd also the adherence at the interface, boron
doped diamond film may be used as the substratethid case, the expansion of diamond
lattice and the tightening of AIN lattice can inase the amount of matching atoms across the
interface.

The solid solution of (Al,B) N was formed on thefage of a CVD diamond film maintained
at 200C by magnetron sputtering of both hBN (RF) and AIC[Dtargets in a vacuum



atmosphere that contains a mixture of nitrogen aigwn. The diamond film (20 microns)
was deposited by a HFCVD system onto a silicon waléhe grown surface was polished to
reach a surface smoothness of about 1 nm Ra. i@hedd film substrate for this research
was provided by Kinik Company.

AIN [0.4 pm]
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Diamond

Fig. 5: SEM micrograph that shows the buffer lafdB) N between diamond film and AIN
layer.

It was observed that the B content in the sputtditedincreases with the increasing RF
power. Moreover, the increase of B was due ta¢péacement of Al in the AIN dominating
lattice (wurtzite).
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Fig. 6: XPS data of Al, B contents in the deposfied with AIN matrix as a function of RF
power of the puttering. During the experiment, &@b40% nitrogen atoms in AIN lattice
were replaced by oxygen. Note that B atoms arerparated at the expense of Al atoms in
the lattice of AIN [22].

It is observed that a significant reduction ofitstsize accompanied the replacement of Al
by B atoms. However, because the flakes of AINlamger in a-direction than in c-direction,
the shrinkage along the basal planes is more diathan that between them.
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Fig. 7: The lattice constant as a function of borontent in AIN.



AINoD SAW Filter

An AINoD wafer provided by Kinik was fabricated ina resonator at Tai Saw, a major SAW
filter maker in Taiwan. The Al IDT was formed bwing the same mask that produced
guartz resonators. The measured peak frequenaggonating quartz was determined to be
434.42 MHz.
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Fig. 8: Resonating spectrum of quartz.

The same mask that produced the above spectrurasedgo fabricate AINoD. The FWHM
of the rocking curve for the sputtered AIN was 3.1degree. The resonating spectrum
demonstrated the dramatic increase of the frequienoyer 1 GHz.
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Fig. 9: The resonating spectrum of AINoD.



An AINoD wafer was also sent to Temex in Francetfa fabrication of a resonator with a
tighter IDT of about 1 micron. The rocking curvketbe sputtered AIN was 9.882 degrees.
The resonating frequency was found to be about & @lth a Q value of about 400. The
calculated acoustic wave speed was 9.14 Km/sebdocomposite structure.
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Fig. 10: The resonating spectrum of AINoD with ffeak at 4.865 GHz.

The adherence of sputtered AIN on diamond film sakv As a result, the insertion loss
during the energy transfer is large. One way teroeme the bonding at the interface is to
deposit Ti on diamond and TiN on Ti. After theriNAcan be firmly attached on TiN [15].

Reverse Casting of Diamond Film on AIN

GaN is another piezoelectric material that may eduto construct a diamond SAW filter.
Diamond film was used as the substrate to depasit By MOCVD. The film so formed
was polycrystalline due to the large lattice misthabetween relaxed GaN and tightened
diamond.
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Fig. 11: GaN deposited on polished polycrystaliiimond film. Note some crystals show
basal plane alignment of GaN along the wafer sarfac
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In order to overcome the problem of lattice misrhatGaN formed on sapphire (e.g. for
making LED) may be bonded to polished diamond figrbrazing and the sapphire substrate
removed (e.g. by laser splitting) afterwards.

CVD diamond =

o

Fig. 12: The cross section of GaN on diamond (G \gebsite).

AIN is the common buffer layer for GaN LED with gdqre as the major substrate. Instead
of coating diamond film with microscopic AIN, diamg film can be deposited onto AIN or
GaN wafer. In this case the piezoelectric layea igolycrystalline AIN or a single crystal
GaN. However, if the above substrate of GaN on étNdapphire can be used to deposit AIN
again (e.g. by MOCVD), the AIN so formed can berayle crystal. The perfection of AIN
single crystal can be facilitated by grading thewposition of GaN to AIN in such a way that
Al to Ga ratio in the mixed crystal is increasings GaN and AIN form a solid solution with
no limitation, AIN lattice can follow the guidancé GaN lattice. The AIN single crystal so
formed would be the best piezoelectric layer agotild not attenuate the wave propagation.
Moreover, if the AIN can be graded with the additmf boron atoms, the tightened lattice of
(Al,B) N is an excellent substrate for growing sengrystal diamond film with hetero-epitaxy,
particularly, if the diamond lattice is opened ypdoping with boron atoms. If both (Al,B)
N and diamond are single crystal, the SAW can besmitted with the minimal loss of
energy. Moreover, the signal to noise ratio wdaddthe most clear due to the elimination of
most grain boundaries.
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Fig. 13: The schematic of growing single crystaNAdn GaN and the subsequent deposition
of diamond with hetero-epitaxy. After the remogélGaN, the AIN on diamond duplex is
the most efficient SAW filter system conceivablaii§, Chien-Min, US Patent 7,095,157
fled on Nov. 8, 2004).

Conclusion

AINoD can be the ideal substrate for fabricatinghhquality SAW filters or resonators. The
improved attributes include high frequency (>20 (gHugh power (>10 W), small size and
IC process compatibility. AINoD can be integrateih SOD to form a superior SoC that
may obsolete current designs of SoC.

The most desirable AINoD can be fabricated by using ED system with GaN on sapphire.
A single crystal AIN may be deposited on GaN wikiemical gradation from Ga to Al. The
AIN so formed can be doped with boron. Subsequdidton doped diamond can be grown
on the boron doped AIN. The diffused boundary leemvpiezoelectric AIN and diamond can
preserve the most of the wave energy so the besit i SAW resonance can be achieved.
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