(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/066448 A1l

20 April 2017 (20.04.2017) WIPOIPCT

(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HO01J 37/34 (2006.01) GOIN 29/02 (2006.01) kind of national protection available): AE, AG, AL, AM,
C23C 14/35 (2006.01) HO3H 9/17 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
C23C 14/22 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
. .. i DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: PCT/US2016/056840 HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
CT/US KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
13 October 2016 (13.10.2016) 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,
(25) Filing Language: English TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

(26) Publication Language: English ZW.
(30) Priority Data: (84) Designated States (uniess otherwise indicated, for every
62/241,264 14 October 2015 (14.10.2015) Us kind Of regional protection available): ARIPO (BW, GH,
) GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(71) Applicant: QORVO US, INC. [US/US]; 7628 Thorndike TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
Road, Greensboro, North Carolina 27409 (US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
(72) Tnventors: MCCARRON, Kevin; 20900 King Hezekiah E\If E/{Ec El\ikFIMFTR’I\IGLB’I\I%R’PIiRiDI;Uﬁ(I)E’Ig’ IsTE LsTI Is“g
Way, Bend, Oregon 97702 (US). BELSICK, John; 2653 SM, TR, OAi’I B’F B’J Cla C,G C’I CfV[ éA E}N, >
NW Rainbow Ridge Drive, Bend, Oregon 97701 (US). - TR), (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

GW, KM, ML, MR, NE, SN, TD, TG).
(74) Agent: GUSTAFSON, Vincent, K.; Withrow & Terran- .
Published:

ova, P.L.L.C., 106 Pinedale Springs Way, Cary, North Car-
olina 27511 (US).

with international search report (Art. 21(3))

2017/066448 A1 |10 0000 10 010 O 0 O

100

(54) Title: DEPOSITION SYSTEM FOR GROWTH OF INCLINED C-AXIS PIEZOELECTRIC MATERIAL STRUCTURES

12211

Fi. 10

108

110

(57) Abstract: Systems and methods for growing hexagonal crystal structure piezoelectric material with a c-axis that is tilted (e.g.,
25 to 50 degrees) relative to normal of a face of a substrate are provided. A deposition system (100) includes a linear sputtering ap -
paratus (154), a translatable multi-aperture collimator (170), and a translatable substrate table (148) arranged to hold multiple sub -

O strates, with the substrate table and/or the collimator being electrically biased to a nonzero potential. An enclosure includes first and

W

second deposition stations each including a linear sputtering apparatus, a collimator, and a deposition aperture (150).



10

15

20

25

30

35

WO 2017/066448 PCT/US2016/056840

DEPOSITION SYSTEM FOR GROWTH OF INCLINED C-AXIS PIEZOELECTRIC
MATERIAL STRUCTURES

STATEMENT OF RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/241,264 filed on October 14, 2015, wherein the entire contents of the foregoing
application is hereby incorporated by reference as if set forth fully herein.

TECHNICAL FIELD

[0002] The present disclosure relates to structures including inclined c-axis
hexagonal crystal structure piezoelectric materials such as aluminum nitride (AIN) and
zinc oxide (Zn0O), as well as systems and methods for producing inclined c-axis
hexagonal crystal structure piezoelectric material. Inclined c-axis hexagonal crystal
structure piezoelectric materials may be used, for example, in various resonators as
well as in thin film electroacoustic and/or sensor devices, particularly for sensors

operating in liquid/viscous media (e.g., chemical and biochemical sensors), and the like.
BACKGROUND

[0003] Hexagonal crystal structure piezoelectric materials such as AIN and ZnO are
of commercial interest due to their piezoelectric and electroacoustic properties.
Beneficial properties in this regard include a high quality factor, moderate coupling
coefficient, moderate piezoelectric constant, high acoustic velocity, and low propagation
losses. In addition to these characteristics, AIN thin films are chemically stable and
compatible with various integrated circuit fabrication technologies, thereby making AIN
an attractive material for fabrication of electroacoustic devices, including bulk acoustic
wave (BAW) devices such as bandpass filters and the like.

[0004] A primary use of electroacoustic technology has been in the
telecommunication field (e.g., for oscillators, filters, delay lines, etc.). More recently,
there has been a growing interest in using electroacoustic devices in high frequency
sensing applications due to the potential for high sensitivity, resolution, and reliability.
However, it is not trivial to apply electroacoustic technology in certain sensor

applications — particularly sensors operating in liquid / viscous media (e.g., chemical
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and biochemical sensors) — since longitudinal and surface waves exhibit considerable
acoustic leakage into such media, thereby resulting in reduced resolution.

[0005] In the case of a piezoelectric crystal resonator, an acoustic wave may
embody either a bulk acoustic wave (BAW) propagating through the interior (or ‘bulk’) of
a piezoelectric material, or a surface acoustic wave (SAW) propagating on the surface
of the piezoelectric material. SAW devices involve transduction of acoustic waves
(commonly including two-dimensional Rayleigh waves) utilizing interdigital transducers
along the surface of a piezoelectric material, with the waves being confined to a
penetration depth of about one wavelength. BAW devices typically involve transduction
of an acoustic wave using electrodes arranged on opposing top and bottom surfaces of
a piezoelectric material. In a BAW device, different vibration modes can propagate in
the bulk material, including a longitudinal mode and two differently polarized shear
modes, wherein the longitudinal and shear bulk modes propagate at different velocities.
The longitudinal mode is characterized by compression and elongation in the direction
of the propagation, whereas the shear modes consist of motion perpendicular to the
direction of propagation with no local change of volume. The propagation
characteristics of these bulk modes depend on the material properties and propagation
direction respective to the crystal axis orientations. Since shear waves exhibit a very
low penetration depth into a liquid, a device with pure or predominant shear modes can
operate in liquids without significant radiation losses (in contrast with longitudinal
waves, which can be radiated in liquid and exhibit significant propagation losses).
Restated, shear mode vibrations are beneficial for operation of acoustic wave devices
with fluids because shear waves do not impart significant energy into fluids.

[0006] Certain piezoelectric thin films are capable of exciting both longitudinal and
shear mode resonance. To excite a wave including a shear mode using a standard
sandwiched electrode configuration device, a polarization axis in a piezoelectric thin
film must generally be non-perpendicular to (e.g., tilted relative to) the film plane.
Hexagonal crystal structure piezoelectric materials such as (but not limited to)
aluminum nitride (AIN) and zinc oxide (ZnO) tend to develop their polarization axis (i.e.,
c-axis) perpendicular to the film plane, since the (0001) plane typically has the lowest
surface density and is thermodynamically preferred. Certain high temperature (e.g.,
vapor phase epitaxy) processes may be used to grow tilted c-axis films, but providing
full compatibility with microelectronic structures such as metal electrodes or traces

requires a low temperature deposition process (e.g., typically below about 300°C).
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[0007] Low temperature deposition methods such as reactive radio frequency
magnetron sputtering have been used for preparing tilted AIN films having angles that
vary significantly with position over the area of a substrate. FIG. 1 is a simplified
schematic of an axial sputtering deposition apparatus arranged to eject metal atoms
from a target 2 (adjacent to a cathode (not shown)) toward a substrate 4 supported by a
substrate holder 6 that is substantially parallel to the target 2 in a reactive gas-
containing environment. The target 2 and the substrate 4 are aligned with one another
and share a single central axis 8; however, a typical geometry of sputtering deposition
results in a cosine distribution 10 of piezoelectric material molecules (e.g., AIN
molecules created by metal atoms reacting with nitrogen in the sputtering gas) being
received by the substrate 4. This phenomenon leads to a c-axis direction of the
deposited piezoelectric material that varies with radial position, from an angle of zero
(corresponding to a vertical c-axis) at the center of the substrate 4, to a c-axis direction
with a tilt angle that increases with distance from the center.

[0008] The above-described variation with radial position of c-axis direction of a
deposited piezoelectric material is disclosed by Stan, G.E., et al., “Tilt ¢ Axis Crystallite
Growth of Aluminium Nitride Films by Reactive RF-Magnetron Sputtering,” Digest
Journal of Nanomaterials and Biostructures, vol. 7, no. 1, pp. 41-50 (2012) (hereinafter,
“Stan”). FIG. 2A is a schematic representation (reproduced from Stan) of a rocking
curve measurement geometry of an AIN film structure obtained by radio frequency
magnetron sputtering in a reactive gas environment in an axially aligned planar
sputtering system without tilting a 50 mm Si substrate. FIG. 2A shows that the AIN film
structure according to Stan exhibits zero c-axis tilt angle at the center, and a radially
symmetrical variation of tilt angle of crystallites in the AIN film structure, analogous to a
circular "race track” with banked walls. FIG. 2B is a plot of tilt angle versus distance
from center (also derived from Stan) for the AIN film structure described in connection
with FIG. 2A, showing a nearly linear variation of tilt angle with increasing distance
away from a center of the AIN film structure, to a maximum tilt angle of about 6.5
degrees near the margins of the 50 mm wafer. One effect of the lack of uniformity of c-
axis tilt angle of the AIN film structure over the substrate is that if the AIN film-covered
substrate were to be diced into individual chips, the individual chips would exhibit
significant variation in c-axis tilt angle and concomitant variation in acoustic wave
propagation characteristics. Such variation in c-axis tilt angle would render it difficult to

efficiently produce large numbers of resonator chips with consistent and repeatable
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performance. Moreover, use of a target surface axially aligned with a substrate holder
that is parallel to the target surface enables attainment of only a limited range of c-axis
tilt angles, as evidenced by the 0-6.5 degree tilt angle range shown in FIG. 2A.

[0009] Before describing other techniques for preparing tilted AIN films, desirable
regimes for c-axis tilt angle (or angle of inclination) will be discussed. An
electromechanical coupling coefficient is a numerical value that represents the
efficiency of piezoelectric materials in converting electrical energy into acoustic energy
for a given acoustic mode. Changing the c-axis angle of inclination for hexagonal
crystal structure piezoelectric materials causes variation in shear and longitudinal
coupling coefficients, as shown in FIG. 3. FIG. 3 embodies plots of shear coupling
coefficient (Ks) and longitudinal coupling coefficient (K|) each as a function of c-axis
angle of inclination for AIN. It can be seen that a maximum electromechanical coupling
coefficient of shear mode resonance in AIN is obtained at a c-axis angle of inclination of
about 35 degrees, that a pure shear response (with zero longitudinal coupling) is
obtained at a c-axis angle of inclination of about 46 degrees, and that the shear
coupling coefficient exceeds the longitudinal coupling coefficient for c-axis angle of
inclination values in a range of from about 19 degrees to about 63 degrees. The
longitudinal coupling coefficient is also zero at a c-axis angle of inclination of 90
degrees, but it is impractical to grow AIN at very steep c-axis inclination angles. For
electroacoustic resonators intended to operate in liquids or other viscous media, it
would be desirable to provide piezoelectric films with a c-axis tilt angle sufficient to
provide a shear coupling coefficient that exceeds a longitudinal coupling coefficient — in
certain embodiments, at a c-axis tilt angle in which the longitudinal coupling coefficient
approaches zero, or at a c-axis-tilt angle at or near a value where shear coupling is
maximized. Thus, for an electroacoustic resonator including an AIN piezoelectric layer,
it would be desirable to provide a c-axis tilt angle in a range of from about 19 degrees to
about 63 degrees, and particularly desirable to provide a c-axis tilt angle of 35 or 46
degrees.

[0010] Various low temperature deposition methods that have been devised for
growing AIN films at c-axis tilt angles greater than those attainable with the axial
sputtering apparatus of FIG. 1 are described in connection with FIGS. 4A-4C. FIG. 4A
(which is adapted from Moreira, Milena De Albuquerque, “Synthesis of Thin
Piezoelectric AIN Films in View of Sensors and Telecom Applications,” 2014, Digital
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Technology, 1651-6214; 1160) (hereinafter, “Moreira”) is a simplified schematic of an
off-axis sputtering deposition apparatus arranged to eject metal atoms from a target
surface 12 toward a substrate 14 supported by a substrate holder 16 that is
substantially parallel to the target surface 12, with central axes of the substrate 14 and
the target surface 12 being parallel but offset relative to one another, with an angle 6
representing an angle between a central axis 18 of the target surface 12 and a center of
the substrate 14. A distribution 20 of piezoelectric material molecules created by
reaction of metal atoms and gas is received by the substrate 14, resulting in a tilted c-
axis direction of deposited piezoelectric material (including tilted ‘columns’ of
piezoelectric material with a preferential growth direction due to alignment with the tilted
flux), with the c-axis tilt angle of the piezoelectric material varying with respect to
position along the substrate 14. In particular, a portion of the deposited piezoelectric
material that is closer to the central axis 18 of the target surface 12 will exhibit a c-axis
tilt angle that is shallower than a portion of the piezoelectric material that is farther from
the central axis 18 of the target surface 12. Due to the lateral offset of the substrate 14
relative to the central axis 18 of the target surface 12, the off-axis sputtering deposition
apparatus of FIG. 4A is capable of attaining piezoelectric films with c-axis tilt angles that
are larger than those attainable with the apparatus of FIG. 1.

[0011] Additional low temperature deposition sputtering apparatuses capable of
growing piezoelectric films with even larger c-axis tilt angles are described in
connection with FIGS. 4B and 4C (which are also adapted from Moreira). FIG. 4B is a
simplified schematic of a sputtering deposition apparatus arranged to eject metal atoms
from a target surface 22 toward a substrate 24 supported by a substrate holder 26 that
is non-parallel to the target surface 22 (i.e., wherein the substrate holder 26 is tilted by
an angle 6 relative to a plane parallel with the target surface 22), wherein a central axis
28 of the target surface 22 extends through a center point of the substrate 24. A
distribution 30 of piezoelectric material molecules created by reaction of metal atoms
and gas is received by the substrate 24, resulting in a tilted c-axis direction of deposited
piezoelectric material (including tilted ‘columns’ of piezoelectric material with a
preferential growth direction due to alignment with the tilted flux), with the c-axis tilt
angle of the piezoelectric material varying with respect to position along the substrate
24. FIG. 4C is a simplified schematic of a sputtering deposition apparatus arranged to
eject metal atoms from a target surface 32 toward a substrate 34 supported by a

substrate holder 36 that is non-parallel to the target surface 32. A central axis 38B of
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the substrate 34 extends through a center point of the target surface 32, with a central
axis 38A of the target surface 32 being separated from the central axis 38B of the
substrate 34 by a first angle 64, and with substrate holder 36 being tilted by a second
angle 6, relative to a plane parallel with the target surface 32. A distribution 40 of
piezoelectric material molecules created by reaction of metal atoms and gas is received
by the substrate 34, resulting in a tilted c-axis direction of deposited piezoelectric
material (including tilted ‘columns’ of piezoelectric material with a preferential growth
direction due to alignment with the tilted flux), with the c-axis tilt angle of the
piezoelectric material varying with respect to position along the substrate 34.

[0012] Yet another method for growing a tilted c-axis AIN film involves two-step
sputtering deposition as described by Moreira, including first step growth of an initial,
non-textured seed layer at a relatively high process pressure while keeping the
substrate at room temperature, followed by second step growth of a film at a lower
process pressure and an elevated substrate temperature. FIG. 5A is a cross-sectional
schematic view of a seed layer 44 exhibiting multiple textures deposited via the first
sputtering step over a substrate 42, and FIG. 5B is a similar view of the seed layer 44
and substrate 42 of FIG. 5A following deposition via a second sputtering step of a tilted
axis AIN film 46 over the seed layer 44. As described by Moreira, the seed layer
exhibits different textures, most notably (103) and (002). Additionally, the film growth
tends to follow the crystallographic texture of the seed layer, and the low pressure
deposition in combination with a small distance between the target and substrate yields
a directional deposition flux that results in competitive column growth in which cones
having a c-axis along the direction of the deposition flux grow fastest. This results in a
film with a c-axis lying in the plane of the deposition flux at any given point along the
substrate. As noted by Moreira, even though there is no intentional tilt of the flux, the
magnetron disposition at the target surface generates a “race track”, which in turn
provides the tilted flux direction towards the substrate. Such a “race track” described by
Moreira is understood to correspond to a radially symmetric variation of tilt angle of
crystallites in the film structure, similar to that described hereinabove in connection with
FIGS. 2A and 2B.

[0013] Each of the foregoing apparatuses and tilted piezoelectric material growth
methods are understood to produce film-covered substrates exhibiting significant
variation in c-axis tilt angle with respect to position on the substrate. As noted

previously, one effect of a lack of uniformity of c-axis tilt angle of a piezoelectric film
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arranged on the substrate is that if the film-covered substrate were to be diced into
individual chips, then the individual chips would exhibit significant variation in c-axis tilt
angle and concomitant variation in acoustic wave propagation characteristics. Such
variation in c-axis tilt angle would render it difficult to efficiently produce large numbers
of resonator chips with consistent and repeatable performance.

[0014] Accordingly, there is a need for systems and methods for producing inclined
c-axis hexagonal crystalline material films over large area substrates without significant
variation in c-axis tilt angle, such as to enable economical production of bulk acoustic
wave resonator structures with repeatable performance characteristics. It would further
be desirable for such systems and methods to be compatible with integrated circuit
fabrication technologies and enable fabrication of piezoelectric films with c-axis tilt
angles sufficient to provide high shear coupling coefficients, so as to enable production

of resonator devices suitable for use in liquids and other viscous media.

SUMMARY
[0015] The present disclosure provides bulk acoustic wave resonator structures,
methods for fabricating such resonator structures, and deposition systems suitable for
producing inclined c-axis hexagonal crystal structure piezoelectric material that may be
incorporated in such resonator structures. A bulk acoustic wave resonator structure
includes a hexagonal crystal structure piezoelectric material bulk layer arranged over a
crystalline seed layer and supported by a substrate, wherein at least 50% (or at least
75%, or at least 90%, or at least 95%) of the bulk layer includes a c-axis with an
orientation distribution predominantly in a range of from 25 degrees to 50 degrees (or in
a subrange of from 30 degrees to 40 degrees) relative to normal of a face of the
substrate. Such c-axis orientation distribution is preferably substantially uniform over
the area of a large area substrate (e.g., having a diameter in a range of at least about
50 mm, about 100 mm, or about 150 mm), thereby enabling multiple chips having the
same or similar acoustic wave propagation characteristics to be derived from a single
substrate. A deposition system suitable for growing tilted c-axis hexagonal crystal
structure piezoelectric material includes a linear sputtering apparatus, a multi-aperture
collimator, and a translatable substrate table having a support surface arranged non-
parallel to a target surface of the linear sputtering apparatus, with the substrate table
and/or the collimator being electrically biased to a potential other than ground. In

certain embodiments, the collimator is grounded while the substrate table is electrically
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biased, or vice-versa. Another deposition system includes multiple linear sputtering
apparatuses, a substrate table that is translatable between different positions proximate
to different linear sputtering apparatuses, and multiple collimators arranged between
the substrate table and the respective linear sputtering apparatuses, with a support
surface of the substrate table being non-parallel to at least one target surface of the
different linear sputtering apparatuses. A method for fabricating at least one bulk
acoustic wave resonator structure includes growth of a crystalline seed layer over at
least one resonator device complex during a first step, followed by growth of a
hexagonal crystal structure piezoelectric material bulk layer of a defined c-axis
distribution range (e.g., from about 25 degrees to 50 degrees, or 30 to 40 degrees,
relative to normal of a face of a substrate), with at least one of the growth steps
including transit of metal atoms from a target surface of a linear sputtering apparatus
through a collimator and a deposition aperture to react with a gas species and be
received by the at least one resonator device complex, and with the target surface
being arranged non-parallel to a substrate. Another method for fabricating at least one
bulk acoustic wave resonator structure utilizes a substrate table that is movable
between first and second stations including first and second linear sputtering
apparatuses and a first collimator (optionally, further including a second collimator),
wherein a crystalline seed layer is grown by reactive sputtering in the first station, and a
hexagonal crystal structure piezoelectric material bulk layer comprising a different c-
axis orientation distribution than the crystalline seed layer is grown by reactive
sputtering in the second station.

[0016] In one aspect, a deposition system includes a linear sputtering apparatus
including a target surface configured to eject metal atoms; a substrate table including a
support surface that is configured to receive at least one wafer and is coupled to a
translation element, wherein the translation element is configured to translate the
substrate table and the at least one wafer during operation of the linear sputtering
apparatus; and a collimator including a plurality of guide members defining a plurality of
collimator apertures arranged between the linear sputtering apparatus and the
substrate table; wherein the target surface is arranged non-parallel to the support
surface; and wherein at least one of the substrate table or the collimator is electrically
biased to a potential other than ground.

[0017] In certain embodiments, the plurality of guide members of a collimator is

arranged non-perpendicular to the support surface. The guide members preferably



10

15

20

25

30

WO 2017/066448 PCT/US2016/056840

serve to redirect metal atoms ejected by the target surface toward the support surface
to reduce variability in atom trajectory and thereby promote uniformity (e.g., in c-axis tilt
angle) of material deposition. In certain embodiments, only the substrate table or only
the collimator is electrically biased to a potential other than ground; in other
embodiments, each of the substrate table and the collimator is electrically biased to a
potential other than ground. Electrical biasing of the substrate table and/or the
collimator desirably enhances control of material deposition, while movement (e.g.,
translation) of the at least one wafer during sputtering may desirably promote uniform
material deposition.

[0018] In certain embodiments, the linear sputtering apparatus comprises a linear
magnetron that includes a sputtering cathode operatively coupled to the target surface
to promote ejection of metal atoms from the target surface. In other embodiments, the
linear sputtering apparatus comprises a linear ion beam sputtering apparatus. In
certain embodiments, the collimator is configured to move (e.g., translate) during
operation of the linear sputtering apparatus. Movement of the collimator during
sputtering desirably prevents formation of “shadow” pattern (corresponding to the
shape and position of guide members of the collimator) that would otherwise be formed
on a surface receiving piezoelectric material following transit of metal atoms through the
collimator. In alternative embodiments, a rotating magnetron may be used in lieu of a
linear magnetron.

[0019] In certain embodiments, the plurality of guide members includes a plurality of
longitudinal members and a plurality of transverse members that form a grid. In certain
embodiments, the plurality of guide members includes a plurality of longitudinal
members biased to a first electrical potential other than ground and includes a plurality
of transverse members biased to a second electrical potential other than ground, and
wherein the second electrical potential differs from the first electrical potential.
Electrically biasing different groups of guide members may desirably enhance control of
material deposition.

[0020] In certain embodiments, the deposition system further includes a deposition
aperture arranged between the collimator and the substrate table. In certain
embodiments, the deposition system further includes a uniformity shield configured to
adjust dimensions (e.g., size and shape) of the deposition aperture. Utilization of a

uniformity shield may desirably prevent localized accumulation of deposited material on
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a substrate or resonator device complex that could otherwise result in undesirable
thickness variation of a deposited film.

[0021] In certain embodiments, the support surface is configured to receive multiple
(e.g., at least two, at least three, at least four, or five or more) wafers. In certain
embodiments, the target surface includes aluminum or zinc and is configured to eject
aluminum atoms or zinc atoms, such as may be useful for deposition of aluminum
nitride or zinc oxide films. Other metals may be used for formation of hexagonal crystal
structure piezoelectric materials other than aluminum nitride and zinc oxide. In certain
embodiments, the target surface is oriented 15 to 55 degrees apart from the substrate
table.

[0022] In certain embodiments, the deposition system is configured to receive a
supply of sputtering gas, wherein the sputtering gas includes a gas species adapted to
react with the metal atoms. In certain embodiments, the deposition system is
operatively coupled to a source of sputtering gas including nitrogen (such as may be
useful to react with aluminum ions to form aluminum nitride). In certain embodiments,
the deposition system is operatively coupled to a source of sputtering gas including
oxygen (such as may be useful to react with zinc ions to form zinc oxide). Other gas
constituents may be present, such as (but not limited to) argon or other noble gases.
[0023] In certain embodiments, the deposition system includes at least one wafer
received by the support surface, wherein the at least one wafer includes a substrate, an
acoustic reflector structure arranged over the substrate, and an electrode structure
arranged over at least a portion of the acoustic reflector structure. In certain
embodiments, following deposition of a hexagonal crystal structure piezoelectric
material bulk layer over the acoustic reflector structure and the electrode structure, a
second electrode structure may be formed over the hexagonal crystal structure
piezoelectric material to form a bulk acoustic wave resonator structure. In certain
embodiments, the deposition system includes at least one wafer received by the
support surface, wherein the at least one wafer includes a substrate defining a recess,
a support layer is arranged over the recess, and an electrode structure is arranged over
the support layer.

[0024] In certain embodiments, the deposition system is configured for growth of a
hexagonal crystal structure piezoelectric material bulk layer over a seed layer that
overlies a wafer received by the support surface, wherein at least 50% (or at least 75%,

or at least 90%, or at least 95%) of the hexagonal crystal structure piezoelectric
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material bulk layer includes a c-axis having an orientation distribution predominantly in
a range of from 25 degrees to 50 degrees (or in a subrange of from 30 degrees to 40
degrees) relative to normal of a face of the wafer.

[0025] In another aspect, a method for fabricating at least one bulk acoustic wave
resonator structure includes a first growth step including deposition of a crystalline seed
layer over at least one resonator device complex, wherein each resonator device
complex of the at least one resonator device complex includes a substrate and at least
one first electrode structure arranged over at least a portion of the substrate; and a
second growth step including deposition of a hexagonal crystal structure piezoelectric
material bulk layer over the crystalline seed layer that is arranged over the at least one
resonator device complex, and being configured to yield at least 50% (or at least 75%,
or at least 90%, or at least 95%) of the hexagonal crystal structure piezoelectric
material bulk layer including a c-axis having an orientation distribution predominantly in
a range of from 25 degrees to 50 degrees (or in a subrange of from 30 degrees to 40
degrees) relative to normal of a face of the substrate; wherein at least one of the first
growth step or the second growth step includes ejection of metal atoms from a target
surface of a linear sputtering apparatus to (i) transit through a collimator including
multiple collimator apertures and through a deposition aperture, and (ii) react with a gas
species and be received by the at least one resonator device complex, wherein the
target surface is arranged non-parallel to a face of the substrate. In certain
embodiments, the crystalline seed layer is compositionally matched to the hexagonal
crystal structure piezoelectric material bulk layer.

[0026] In certain embodiments, the method further includes forming at least one
second electrode structure over at least one portion of the hexagonal crystal structure
piezoelectric material bulk layer, such as may be useful to form at least one bulk
acoustic wave resonator device. In certain embodiments, the method further includes
roughening a backside of the substrate after said forming of the at least one second
electrode structure. Such roughening may desirably reduce or eliminate acoustic
reflections from the backside surface of the substrate.

[0027] In certain embodiments, the first growth step is configured to yield at least
50% (or at least 75%, or at least 90%, or at least 95%) of the crystalline seed layer
including a c-axis having an orientation distribution predominantly in a range of from 0
degrees to 35 degrees relative to normal of a face of the substrate. In certain

embodiments, the second growth step is configured to yield at least 90% (or at least
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75%, or at least 95%) of the hexagonal crystal structure piezoelectric material bulk layer
including a c-axis having an orientation distribution predominantly in a range of from 25
degrees to 50 degrees relative to normal of a face of the substrate.

[0028] In certain embodiments, the first growth step is performed at a deposition
pressure in a range of from about 5 mT to about 50 mT, or in a range of from 5 mT to
about 25 mT, or in a range of from about 10 mT to about 15 mT. In certain
embodiments, the first growth step is performed at a first deposition pressure, the
second growth step is performed at a second deposition pressure, and the first
deposition pressure is greater than the second deposition pressure. In certain
embodiments, the second deposition pressure is less than about 5 mT, less than about
3 mT, less than about 2 mT, or less than about 1 mT. In certain embodiments, at least
one of the first growth step or the second growth step further includes moving (e.g.,
translating) the collimator during sputtering.

[0029] In certain embodiments, each resonator device complex of the at least one
resonator device complex comprises an acoustic reflector structure arranged between
the substrate and the at least one first electrode structure. In other embodiments, each
resonator device complex of the at least one resonator device complex includes a
substrate defining a recess, with a support layer arranged over the recess, wherein the
at least one first electrode structure is arranged over the support layer.

[0030] In certain embodiments, the target surface is oriented 15 to 55 degrees apart
from a face of the substrate and/or the substrate table supporting the substrate. In
certain embodiments, the target surface includes aluminum or zinc and is configured to
eject aluminum atoms or zinc atoms.

[0031] In certain embodiments, for each resonator device complex of the at least
one resonator device complex, the substrate includes a diameter of at least about 50
mm (or at least 100 mm, or at least 150 mm). In certain embodiments, the at least one
resonator device complex includes a plurality of resonator device complexes. In certain
embodiments, the at least one resonator device complex is supported by a substrate
table, and the method further includes translating the substrate table during the first
growth step and during the second growth step.

[0032] In certain embodiments, the first growth step includes ejection of metal atoms
from a first target surface of a first linear sputtering apparatus located at a first station to
(i) transit through a first deposition aperture (optionally preceded by transit through a

first collimator including a first group of collimator apertures), and (ii) react with at least
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one gas species and be received by the at least one resonator device complex to
deposit the crystalline seed layer over the at least one resonator device complex; the
method further includes moving the substrate table to move the at least one resonator
device complex supported by the substrate table to a second station containing a
second linear sputtering apparatus; and the second growth step includes ejection of
metal atoms from a second target surface of the second linear sputtering apparatus to
(i) transit through a second collimator including a second group of collimator apertures
and through a second deposition aperture, and (ii) react with at least one gas species
and be received by the at least one resonator device complex to deposit the hexagonal
crystal structure piezoelectric material bulk layer over the crystalline seed layer of the at
least one resonator device complex. In certain embodiments, the first station and the
second station are arranged in a single enclosure with at least one vacuum pumping
element configured to generate at least one subatmospheric pressure condition within
the enclosure, such that the second growth step may be performed in a sequential
manner in a subatmospheric environment following the first growth step without any
need for removing the at least one resonator device complex into an atmospheric
pressure environment before the second growth step (e.g., which would otherwise
require significant time and energy to establish subatmospheric conditions in a second
enclosure). In certain embodiments, the first station is located in a first chamber having
an associated first vacuum pumping element, and the second station is located in a
second chamber having an associated second vacuum pumping element.

[0033] In certain embodiments, the method further includes electrically biasing to a
potential other than ground one or more of the following items: the substrate table, the
first collimator, or the second collimator, during at least one of the first growth step or
the second growth step. In certain embodiments, the method further includes
translating the first collimator during operation of the first linear sputtering apparatus,
and translating the second collimator during operation of the second linear sputtering
apparatus. Movement of the first collimator and the second collimator during sputtering
desirably prevents formation of “shadow” pattern (corresponding to the shape and
position of guide members of the respective collimators) that would otherwise be
formed on a surface receiving crystalline seed material during the first growth step and
a surface receiving piezoelectric material during the second growth step. In certain
embodiments, the substrate table and at least one collimator are translated during

operation of the linear sputtering apparatus during at least one of the first growth step
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or the second growth step, wherein a direction of translation of the collimator is
substantially perpendicular to a direction of translation of the substrate table.

[0034] In certain embodiments, the method further includes dicing the at least one
resonator device complex, over which the hexagonal crystal structure piezoelectric
material bulk layer and the crystalline seed layer are deposited, into a plurality of chips.
In certain embodiments, each chip of the plurality of chips includes a solidly mounted
bulk acoustic wave resonator chip or a film bulk acoustic wave resonator chip.

[0035] In another aspect, a bulk acoustic wave resonator device is produced by a
method disclosed herein.

[0036] In another aspect, an acoustic resonator structure includes a substrate; at
least one first electrode structure supported by the substrate; a crystalline seed layer
arranged over the substrate and the at least one first electrode structure; a hexagonal
crystal structure piezoelectric material bulk layer arranged over the crystalline seed
layer; and at least one second electrode structure arranged over at least a portion of
the hexagonal crystal structure piezoelectric material bulk layer; wherein at least 50%
(or at least 75%, or at least 90%, or at least 95%) of the hexagonal crystal structure
piezoelectric material bulk layer includes a c-axis having an orientation distribution
predominantly in a range of from 25 degrees to 50 degrees (or in a subrange of from 30
degrees to 40 degrees) relative to normal of a face of the substrate.

[0037] In certain embodiments, the crystalline seed layer is compositionally matched
to the hexagonal crystal structure piezoelectric material bulk layer. In certain
embodiments, a thickness of the crystalline seed layer is no greater than about 20%, no
greater than about 15%, or no greater than about 10% of a combined thickness of the
hexagonal crystal structure piezoelectric material bulk layer and the crystalline seed
layer. In certain embodiments, the crystalline seed layer includes a thickness in a
range of from about 500 Angstroms to about 2,000 Angstroms, and (for a hexagonal
crystal structure seed material such as AIN) may include a dominant (103) texture. In
certain embodiments, at least 50% (or at least 75%, or at least 90%, or at least 95%) of
the crystalline seed layer includes a c-axis having an orientation distribution
predominantly in a range of from 0 degrees to 35 degrees relative to normal of a face of
the substrate. In certain embodiments, the hexagonal crystal structure piezoelectric
material bulk layer includes a thickness in a range of from about 4,000 Angstroms to
about 26,000 Angstroms. Such bulk layer preferably includes substantially uniform

thickness, nanostructure, and crystallinity properties. Such bulk layer also preferably
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exhibits controlled stress and densely packed columnar grains or recrystallized grain
structure.

[0038] In certain embodiments, the substrate includes a semiconductor material. In
certain embodiments, an acoustic reflector structure is arranged between the substrate
and the at least one first electrode structure. In certain embodiments, an acoustic
reflector includes alternating layers of materials of different acoustic impedances (e.g.,
SiOC, Si3Ng, SiO,, AIN, and Mo), optionally embodied in a Bragg mirror. In certain
embodiments, the substrate is arranged between a backside surface and the acoustic
reflector structure, and the backside surface comprises a roughened surface configured
to reduce or eliminate backside acoustic reflection.

[0039] In certain embodiments, the substrate defines a recess, a support layer is
arranged over the recess, and the support layer is arranged between the substrate and
at least a portion of the at least one first electrode structure.

[0040] In certain embodiments, at least 90% of the hexagonal crystal structure
piezoelectric material bulk layer includes a c-axis having an orientation distribution
predominantly in a range of from 12 degrees to 52 degrees, or from 25 degrees to 50
degrees, relative to normal of a face of the substrate. In certain embodiments, at least
50% (or at least 75%, or at least 90%, or at least 95%) of the hexagonal crystal
structure piezoelectric material bulk layer includes a c-axis having an orientation
distribution predominantly in a range of from 30 degrees to 40 degrees relative to
normal of a face of the substrate. In certain embodiments, less than about 3 percent of
the c-axis orientation distribution of the hexagonal crystal structure piezoelectric
material bulk layer is in a range of from O degrees to 15 degrees relative to normal of a
face of the substrate. In certain embodiments, a hexagonal crystal structure
piezoelectric material bulk layer includes a thickness in a range of from 4,000
Angstroms to 26,000 Angstroms.

[0041] In certain embodiments, the substrate includes a diameter of at least about
50 mm (or at least 100 mm, or at least 150 mm), and the hexagonal crystal structure
piezoelectric material bulk layer covers at least about 50% (or at least about 75%, or at
least about 90%) of a face of the substrate. In certain embodiments, the substrate
includes a diameter of at least about 100 mm (or at least about 150 mm), and the
hexagonal crystal structure piezoelectric material bulk layer covers at least about 50%
(or at least about 75%, or at least about 90%, or at least about 95%) of a face of the

substrate.
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[0042] In certain embodiments, the hexagonal crystal structure piezoelectric material
bulk layer includes aluminum nitride. In certain embodiments, the hexagonal crystal
structure piezoelectric material bulk layer includes zinc oxide. In certain embodiments,
other hexagonal crystal structure piezoelectric material may be used.

[0043] In certain embodiments, the at least one first electrode structure includes a
plurality of first electrode structures; the at least one second electrode structure
includes a plurality of second electrode structures; a first portion of the acoustic
resonator structure includes a first bulk acoustic wave resonator device including a first
active region arranged between one first electrode structure of the plurality of first
electrode structures and one second electrode structure of the plurality of second
electrode structures; and a second portion of the acoustic resonator structure includes
a second bulk acoustic wave resonator device including a second active region
arranged between another first electrode structure of the plurality of first electrode
structures and another second electrode structure of the plurality of second electrode
structures. In certain embodiments, the first and second bulk acoustic wave resonator
devices are separable from one another, such as by dicing.

[0044] In another aspect, a bulk acoustic wave resonator chip is derived from the
acoustic resonator structure. In another aspect, a sensor or microfluidic device
incorporates the bulk acoustic wave resonator chip. In certain embodiments, a
microfluidic device includes a channel arranged to permit a liquid to be introduced and
arranged over the active region of at least one bulk acoustic wave resonator chip.
[0045] In another aspect, a deposition system includes a first linear sputtering
apparatus including a first target surface configured to eject metal atoms; a second
linear sputtering apparatus including a second target surface configured to eject metal
atoms; a substrate table including a support surface that is configured to receive at
least one wafer and that is coupled to a translation element, wherein the translation
element is configured to translate the substrate table and the at least one wafer
between a first position proximate to the first linear sputtering apparatus and a second
position proximate to the second linear sputtering apparatus; and a second collimator
including a second plurality of guide members defining a second plurality of collimator
apertures arranged between the second linear sputtering apparatus and the substrate
table when the support surface is proximate to the second linear sputtering apparatus;
wherein at least one of the first target surface or the second target surface is arranged

non-parallel to the support surface. In certain embodiments, the deposition system
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further includes a first collimator including a first plurality of guide members defining a
first plurality of collimator apertures arranged between the first linear sputtering
apparatus and the substrate table when the support surface is proximate to the first
linear sputtering apparatus.

[0046] In certain embodiments, the deposition system further includes a load lock
chamber, wherein the translation element is configured to translate the substrate table
and the at least one wafer from the load lock chamber to at least one of the first position
or the second position. In certain embodiments, the deposition system further includes
an enclosure containing the first linear sputtering apparatus, the second linear
sputtering apparatus, the second collimator, and the substrate table; and at least one
vacuum pumping element configured to generate at least one subatmospheric pressure
condition within the enclosure.

[0047] In certain embodiments, the deposition system further includes a first vacuum
pumping element configured to generate a first subatmospheric pressure condition in a
first chamber containing the first linear sputtering apparatus, and including a second
vacuum pumping element configured to generate a second subatmospheric pressure
condition in a second chamber containing the second linear sputtering apparatus. In
certain embodiments, the first chamber further includes a first deposition aperture
(optionally in combination with a first collimator), and the second chamber further
includes the second collimator and a second deposition aperture, wherein the substrate
table is capable of being moved between the first chamber and the second chamber.
[0048] In certain embodiments, at least one of the first plurality of guide members or
the second plurality of guide members is arranged non-perpendicular to the support
surface. In certain embodiments, the second plurality of guide members includes a
second plurality of longitudinal members and a second plurality of transverse members
that form a second grid. If provided, the first plurality of guide members in certain
embodiments includes a first plurality of longitudinal members and a second plurality of
transverse members that form a first grid.

[0049] In certain embodiments, the substrate table is electrically biased to a
potential other than ground. In certain embodiments, at least one of the first collimator
or the second collimator is electrically biased to a potential other than ground.

[0050] In certain embodiments, the first linear sputtering apparatus includes a first
linear magnetron that includes a first sputtering cathode operatively coupled to the first

target surface to promote ejection of metal atoms from the first target surface, and
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wherein the second linear sputtering apparatus includes a second linear magnetron that
includes a second sputtering cathode operatively coupled to the second target surface
to promote ejection of metal atoms from the second target surface. In certain
embodiments, the first collimator (if provided) is configured to translate during operation
of the first linear sputtering apparatus, and the second collimator is configured to
translate during operation of the second linear sputtering apparatus.

[0051] In certain embodiments, the deposition system further includes an enclosure
containing the first chamber and the second chamber. In such an embodiment, the
second growth step using the second collimator may be performed in a sequential
manner in a subatmospheric environment following the first growth step using the first
collimator without any need for removing a substrate or resonator device complex into
an atmospheric pressure environment before the second growth step (e.g., which would
otherwise require significant time and energy to establish subatmospheric conditions in
the second chamber).

[0052] In certain embodiments, the second target surface is oriented 15 to 55
degrees apart from the support surface. In certain embodiments, the support surface is
configured to receive at least two wafers each having a diameter of at least 50 mm (or
at least 100 mm, or at least 150 mm). In certain embodiments, each of the first target
surface and the second target surface includes aluminum and is configured to eject
aluminum atoms, such as may be useful to produce aluminum nitride. In certain
embodiments, each of the first target surface and the second target surface includes
zinc and is configured to eject zinc atoms, such as may be useful to produce zinc oxide.
[0053] In certain embodiments, the deposition system is configured to receive a
supply of sputtering gas, wherein the sputtering gas includes a gas species adapted to
react with the metal atoms. In certain embodiments, the gas species includes nitrogen
or oxygen, optionally in combination with one or more other gas constituents, such as
(but not limited to) argon or other noble gases.

[0054] In certain embodiments, the deposition system includes at least one wafer
received by the support surface, wherein an acoustic reflector structure is arranged
over the at least one wafer, and at least one electrode structure is arranged over at
least a portion of the acoustic reflector structure.

[0055] In certain embodiments, the deposition system includes at least one wafer

received by the support surface, wherein the at least one wafer comprises a substrate
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defining a recess, a support layer is arranged over the recess, and an electrode
structure is arranged over the support layer.

[0056] In certain embodiments, the deposition system further includes a first
deposition aperture arranged between the first collimator and the substrate table; a first
uniformity shield configured to permit adjustment of dimensions of the first deposition
aperture; a second deposition aperture arranged between the second collimator and
the substrate table; and a second uniformity shield configured to permit adjustment of
dimensions of the second deposition aperture.

[0057] In certain embodiments, the first linear sputtering apparatus, optionally in
conjunction with the first collimator, is configured for growth of a crystalline seed layer
over the at least one wafer, the crystalline seed layer including a c-axis having an
orientation distribution predominantly in a range of from O degrees to 35 degrees
relative to normal of a face of the at least one wafer; and the second linear sputtering
apparatus and the second collimator are configured for growth of a hexagonal crystal
structure piezoelectric material bulk layer over the crystalline seed layer, the hexagonal
crystal structure piezoelectric material bulk layer including a c-axis having an orientation
distribution predominantly in a range of from 30 degrees to 50 degrees relative to
normal of a face of the at least one wafer.

[0058] In certain embodiments, the support surface is configured to receive the at
least one wafer, said at least one wafer having a diameter of at least 50 mm (or at least
100 mm, or at least 150 mm); the first linear sputtering apparatus, optionally in
conjunction with the first collimator, is configured for growth of the crystalline seed layer
covering at least about 50% (or at least about 75%, or at least about 90%, or at least
about 95%) of a face of the at least one wafer; and the second linear sputtering
apparatus and the second collimator are configured for growth of the hexagonal crystal
structure piezoelectric material bulk layer covering at least about 50% (or at least about
75%, or at least about 90%, or at least about 95%) of a face of the at least one wafer.
[0059] In another aspect, a method for fabricating at least one resonator structure
includes moving at least one wafer structure supported by a substrate table to a first
station containing a first linear sputtering apparatus that includes a first target surface
configured to eject metal atoms; generating a first subatmospheric pressure condition at
the first station; performing a first growth step including ejection of metal atoms from the
first target surface to (i) transit through a first deposition aperture (optionally preceded

by transit through a first collimator including multiple first collimator apertures), and (ii)
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react with a gas species and be received by the at least one wafer structure, to deposit
a crystalline seed layer over the at least one wafer structure; moving the at least one
wafer structure supported by the substrate table to a second station containing a
second linear sputtering apparatus that includes a second target surface configured to
eject metal atoms; generating a second subatmospheric pressure condition at the
second station; and performing a second growth step including ejection of metal atoms
from the second target surface to (i) transit through a second collimator including
multiple second collimator apertures and through a second deposition aperture, and (ii)
react with a gas species and be received by the at least one wafer structure, to deposit
a hexagonal crystal structure piezoelectric material bulk layer over the crystalline seed
layer that is arranged over the at least one wafer structure; wherein the hexagonal
crystal structure piezoelectric material bulk layer includes a c-axis orientation
distribution that differs from a c-axis orientation distribution of the crystalline seed layer.
[0060] In certain embodiments, the second growth step is configured to yield at least
50% (or at least about 75%, or at least about 90%, or at least about 95%) of the
hexagonal crystal structure piezoelectric material bulk layer including a c-axis having an
orientation distribution predominantly in a range of from 25 degrees to 50 degrees (or in
a subrange of from 30 degrees to 40 degrees) relative to normal of a face of the at least
one wafer structure.

[0061] In certain embodiments, the first growth step is configured to yield at least
50% (or at least about 75%, or at least about 90%, or at least about 95%) of the
crystalline seed layer having an orientation distribution predominantly in a range of from
0 degrees to 35 degrees relative to normal of a face of the at least one wafer structure.

[0062] In certain embodiments, the method further includes loading the substrate
table supporting the at least one wafer structure into a load lock chamber, and
generating an initial subatmospheric condition in the load lock chamber, prior to the
moving of the at least one wafer structure supported by the substrate table to the first
station.

[0063] In certain embodiments, the first station and the second station are arranged
within a single enclosure in which the first subatmospheric pressure condition and the
second subatmospheric pressure condition are generated. In certain embodiments, a
pressure of the first subatmospheric pressure condition is greater than a pressure of the

second subatmospheric pressure condition. In certain embodiments, the first station is

20



10

15

20

25

30

WO 2017/066448 PCT/US2016/056840

arranged within a first chamber, and the second station is arranged within a second
chamber.

[0064] In certain embodiments, the first growth step is performed at a deposition
pressure in a range of from about 5 mT to about 50 mT. In certain embodiments, the
first growth step includes translating the first collimator during deposition of the
crystalline seed layer over the at least one wafer structure, and the second growth step
includes translating the second collimator during deposition of the hexagonal crystal
structure piezoelectric material bulk layer over the crystalline seed layer. In certain
embodiments, the first growth step includes translating the substrate table supporting
the at least one wafer structure during deposition of the crystalline seed layer over the
at least one wafer structure, and the second growth step includes translating the
substrate table supporting the at least one wafer structure during deposition of the
hexagonal crystal structure piezoelectric material bulk layer over the crystalline seed
layer.

[0065] In certain embodiments, the second target surface is oriented 15 to 55
degrees apart from a face of the at least one wafer structure.

[0066] In certain embodiments, each wafer structure of the at least one wafer
structure includes a substrate and at least one first electrode structure arranged over at
least a portion of the substrate.

[0067] In certain embodiments, each wafer structure of the at least one wafer
structure includes a substrate, at least one acoustic reflector structure arranged over
the substrate, and at least one first electrode structure arranged over at least a portion
of the at least one acoustic reflector structure. In certain embodiments, each wafer
structure of the at least one wafer structure includes a substrate defining a recess, a
support layer arranged over the recess, and at least one first electrode structure
arranged over the support layer.

[0068] In certain embodiments, each wafer structure of the at least one wafer
structure includes a diameter of at least about 50 mm (or at least about 100 mm, or at
least about 150 mm), and the hexagonal crystal structure piezoelectric material bulk
layer covers at least about 50% (or at least about 75%, or at least about 90%, or at
least about 95%) of a face of the at least one wafer structure.

[0069] In certain embodiments, the at least one wafer structure includes a plurality of

wafer structures.

21



10

15

20

25

30

WO 2017/066448 PCT/US2016/056840

[0070] In certain embodiments, the crystalline seed layer is compositionally matched
to the hexagonal crystal structure piezoelectric material bulk layer. In certain
embodiments, the hexagonal crystal structure piezoelectric material bulk layer includes
aluminum nitride or zinc oxide. In certain embodiments, other hexagonal crystal
structure piezoelectric materials may be used.

[0071] In certain embodiments, the method further includes forming at least one
second electrode structure over at least one portion of the hexagonal crystal structure
piezoelectric material bulk layer. In certain embodiments, the method further includes
electrically biasing to a potential other than ground one or more of the following items:
the substrate table, the first collimator, or the second collimator. In certain
embodiments, the method further includes roughening a backside of the substrate after
said forming of the at least one second electrode structure.

[0072] In certain embodiments, the method further includes dicing the at least one
wafer structure, over which the hexagonal crystal structure piezoelectric material bulk
layer and the crystalline seed layer are deposited, into a plurality of chips. In certain
embodiments, each chip of the plurality of chips includes a solidly mounted bulk
acoustic wave resonator chip or a film bulk acoustic wave resonator chip.

[0073] Those skilled in the art will appreciate the scope of the present disclosure
and realize additional aspects thereof after reading the following detailed description of
the preferred embodiments in association with the accompanying drawing figures.

BRIEF DESCRIPTION OF DRAWINGS

[0074] FIG. 1 is a simplified schematic of an axial sputtering deposition apparatus
arranged to eject metal atoms from a target surface toward a substrate supported by a
substrate holder substantially parallel to the target surface, with central axes of the
target surface and the substrate being aligned with one another.

[0075] FIG. 2A is a schematic representation of a rocking curve measurement
geometry of an AIN film structure obtained by radio frequency magnetron sputtering in a
reactive gas environment in a planar sputtering system without tilting the substrate,
showing zero tilt angle at the center, and a radially symmetrical variation of tilt angle of

crystallites in the AIN film structure.
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[0076] FIG. 2B is a plot of tilt angle versus distance from center for the AIN film
structure described in connection with FIG. 2A, showing a nearly linear variation of tilt
angle with increasing distance away from a center of the AIN film structure.

[0077] FIG. 3 is a plot of shear coupling coefficient (Ks) and longitudinal coupling
coefficient (K)) as a function of c-axis angle of inclination for AIN.

[0078] FIG. 4A is a simplified schematic of an off-axis sputtering deposition
apparatus arranged to eject metal atoms from a target surface toward a substrate
supported by a substrate holder substantially parallel to the target surface, with central
axes of the substrate and the target surface being parallel but offset relative to one
another.

[0079] FIG. 4B is a simplified schematic of a sputtering deposition apparatus
arranged to eject metal atoms from a target surface toward a substrate supported by a
substrate holder that is non-parallel to the target surface, with a central axis of the
target surface extending through a center point of the substrate.

[0080] FIG. 4C is a simplified schematic of a sputtering deposition apparatus
arranged to eject metal atoms from a target surface toward a substrate supported by a
substrate holder that is non-parallel to the target surface, with a central axis of the
substrate extending through a center point of the target surface, and with a central axis
of the target surface being separated from the central axis of the substrate by a first
angle, and with the substrate holder being tilted by a second angle relative to a plane
parallel with the target surface.

[0081] FIG. 5A is a cross-sectional schematic view of a seed layer exhibiting
multiple textures (e.g., (103) and (002)) deposited via a first sputtering step over a
Substrate.

[0082] FIG. 5B is a cross-sectional schematic view of the seed layer and substrate
of FIG. 5A following deposition via a second sputtering step of a tilted axis AIN film over
the seed layer.

[0083] FIG. 6 is a schematic cross-sectional view of a portion of a bulk acoustic
wave solidly mounted resonator device including an inclined c-axis hexagonal crystal
structure piezoelectric material bulk layer as disclosed herein, with the resonator device
including an active region with a portion of the piezoelectric material arranged between
overlapping portions of a top side electrode and a bottom side electrode.

[0084] FIG. 7 is a schematic cross-sectional view of a portion of a bulk acoustic

wave solidly mounted resonator device according to one embodiment including an
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inclined c-axis hexagonal crystal structure piezoelectric material bulk layer arranged
over a crystalline seed layer as disclosed herein, with the resonator device including an
active region with a portion of the piezoelectric material arranged between overlapping
portions of a top side electrode and a bottom side electrode.

[0085] FIG. 8 is a schematic cross-sectional view of a film bulk acoustic wave
resonator (FBAR) device according to one embodiment including an inclined c-axis
hexagonal crystal structure piezoelectric material bulk layer arranged over a crystalline
seed layer as disclosed herein, with the FBAR device including a substrate defining a
cavity covered by a support layer, and including an active region registered with the
cavity with a portion of the piezoelectric material arranged between overlapping
portions of a top side electrode and a bottom side electrode.

[0086] FIG. 9 is an upper exterior perspective view of a reactor of a deposition
system for growing a hexagonal crystal structure piezoelectric material with an inclined
c-axis, the system including a linear sputtering apparatus, a movable substrate table for
supporting multiple substrates, and a collimator, according to one embodiment of the
present disclosure.

[0087] FIG. 10 is a downwardly-facing cross-sectional view of the reactor of FIG. 9.
[0088] FIG. 11 is a downwardly-facing cross-sectional view of a portion of the
reactor of FIGS. 9 and 10, showing a cathode and target surface of the linear sputtering
apparatus, the collimator, and a deposition aperture including a uniformity shield.

[0089] FIG. 12 is an upper perspective view of a portion of the reactor of FIGS. 9
and 10, showing the target surface of the linear sputtering apparatus, the collimator,
and the deposition aperture, and the flange-terminated translation section including rails
for supporting a movable substrate table.

[0090] FIG. 13 is an upper perspective view of a portion of the reactor of FIGS. 9
and 10, showing the target surface of the linear sputtering apparatus, the collimator,
and the deposition aperture, and a portion of the flange-terminated translation section
for supporting a movable substrate table.

[0091] FIG. 14A is a side elevation view of a portion of the reactor of FIGS. 9 and
10, showing a rear portion of the flange-terminated translation section, and showing the
movable substrate table (in dashed lines) supporting two substrates (also in dashed
lines), with the movable substrate table in a first position.

[0092] FIG. 14B is a side elevation view of the reactor portion shown in FIG. 14A,

with the movable substrate table and substrates (in hidden lines) in a second position.
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[0093] FIG. 15A is a side elevation view of the substrate table shown in FIGS. 13,
14A, and 14B, with the substrate table supporting two round substrates.

[0094] FIG. 15B is a side elevation view of the substrate table shown in FIGS. 14A,
14B, and 15A, with the substrate table supporting four round substrates.

[0095] FIG. 16 is a rear perspective view of a translation section for use within the
reactor of FIGS. 9 and 10, including translation rails, a movable truck, and a drive screw
assembly, as well as substrate table biasing hardware in a disengaged configuration.
[0096] FIG. 17 is a magnified rear perspective view of the translation section of FIG.
16 with the substrate table biasing hardware in an engaged configuration.

[0097] FIG. 18 is a perspective assembly view of a portion of the translation section
of FIGS. 16 and 17, showing translation rails arranged between chamber adapters, and
showing sputter shields prior to attachment to the rails.

[0098] FIG. 19 is a perspective view of a portion of the reactor of FIGS. 9 and 10,
including a collimator, collimator motion guide rails, and a screw-type drive mechanism
for causing the translation of the collimator.

[0099] FIG. 20 is a perspective assembly view of at least a portion of the collimator
shown in FIG. 19.

[00100] FIG. 21 is a simplified schematic showing electrical connections to collimator
and target surface portions of a reactor according to FIGS. 9 and10 according to one
embodiment, including independent electrical control of different collimator guides.
[00101] FIG. 22 is a top plan view of a portion of the reactor of FIGS. 9 and 10 visible
through an upper cathode flange, showing a deposition aperture, uniformity shield,
cathode, target surface, and collimator, with the collimator and the target surface in a
first configuration.

[00102] FIG. 23 is a top plan view of the reactor portion of FIG. 22, with the collimator
and cathode assembly in a second configuration.

[00103] FIG. 24 is a cross-sectional view of a portion of the reactor of FIGS. 9 and 10,
showing the cathode assembly, target surface, and collimator.

[00104] FIG. 25 is a perspective cross-sectional view of a portion of the cathode
assembly shown in FIG. 24 and useable in the reactor of FIGS. 9 and 10.

[00105] FIG. 26 is a perspective view of a cathode magnet structure of the cathode
assembly portion in FIG. 25.

[00106] FIG. 27 is a perspective view of a cathode assembly including the portion of
FIG. 25 and the cathode magnet structure of FIG. 26.
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[00107] FIG. 28 is a perspective view of an alternative collimator assembly arranged
within a deposition reactor, with vertical guide members extending in a single direction
and with wiring permitting individual electrical biasing of each vertical guide member.
[00108] FIG. 29A is a plot of bias voltage versus time for an electrically biased
collimator, including oscillations due to translation of the collimator.

[00109] FIG. 29B is a plot of bias voltage versus time embodying a magnified portion
of the plot of FIG. 29A for time values of 65 minutes to 75 minutes.

[00110] FIG. 30A is a schematic diagram showing components and piping
connections of a deposition system including multiple linear sputtering apparatuses, a
translatable substrate table, and multiple collimators arranged between the substrate
table and the respective linear sputtering apparatuses.

[00111] FIG. 30B is a schematic diagram showing components, including thermal and
control components, of the deposition system of FIG. 30A.

[00112] FIG. 31 is a plot of intensity versus c-axis angle for X-ray diffraction analysis
of a tilted c-axis AIN bulk layer formed over a substrate without an intervening seed
layer.

[00113] FIG. 32 is a plot of intensity versus c-axis angle for X-ray diffraction analysis
of a tilted c-axis AIN bulk layer formed over an AIN seed layer supported by a substrate,
with the seed layer formed at a comparatively low pressure of 5 mT.

[00114] FIG. 33 is a plot of intensity versus c-axis angle for X-ray diffraction analysis
of a tilted c-axis AIN bulk layer formed over an AIN seed layer supported by a substrate,
with the seed layer formed at a comparatively higher pressure of 15 mT.

[00115] FIG. 34 is a plot of squared shear coupling coefficient over squared
longitudinal coupling coefficient (shear/long ratio) versus c-axis angle of inclination for
AIN.

[00116] FIG. 35 is a plot of squared shear coupling coefficient over squared
longitudinal coupling coefficient (shear/long ratio) for a first set of eight AIN film samples
grown according to three growth conditions (i.e., no seed layer, seed layer grown at 5
mT, and seed layer grown at 15 mT).

[00117] FIG. 36 is a plot of squared shear coupling coefficient over squared
longitudinal coupling coefficient (shear/long ratio) for a second set of twenty-four AIN
film samples grown according to three growth conditions (i.e., no seed layer (five
samples), seed layer grown at 5 mT (fourteen samples), and seed layer grown at 15

mT (five samples)).
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[00118] FIG. 37A is a cross-sectional scanning electrode microscopy (SEM)
photograph (50,000x magnification) of an AIN bulk layer deposited over an AIN seed
layer grown at 5 mT.

[00119] FIG. 37B is a SEM photograph (50,000x magnification) of a top surface of the
AIN bulk layer of FIG. 37A.

[00120] FIG. 38A is a cross-sectional view SEM photograph (50,000x magnification)
of an AIN bulk layer deposited over an AIN seed layer grown at 15 mT.

[00121] FIG. 38B is a SEM photograph (50,000x magnification) of a top surface of the
AIN bulk layer of FIG. 38A.

[00122] FIG. 39 is a cross-sectional view SEM photograph (50,000x magnification) of
an AIN bulk layer having a c-axis tilted 35 degrees relative to normal of an underlying
Substrate.

[00123] FIG. 40A is a cross-sectional SEM photograph (50,000x magnification) of a
portion of an AIN bulk layer grown without the use of an AIN seed layer and without the
use of collimator biasing.

[00124] FIG. 40B is a cross-sectional SEM photograph (75,000x magnification) of a
portion of the same film of FIG. 40A with an AIN bulk layer grown without the use of an
AIN seed layer and without the use of collimator biasing, wherein the AIN bulk layer
exhibits a c-axis tilt angle of 9.63 degrees relative to normal of a substrate.

[00125] FIG. 41A is a cross-sectional SEM photograph (50,000x magnification) of a
portion of an AIN bulk layer grown without the use of an AIN seed layer but with the use
of collimator biasing.

[00126] FIG. 41B is a cross-sectional SEM photograph (75,000x magnification) of a
portion of the same film of FIG. 41A with an AIN bulk layer grown without the use of an
AIN seed layer but with use of collimator biasing, wherein the AIN bulk layer exhibits a

c-axis tilt angle of 6.83 degrees relative to normal of a substrate.

DETAILED DESCRIPTION
[00127] Embodiments set forth below represent the necessary information to enable
those skilled in the art to practice the invention and illustrate the best mode of practicing
the invention. Upon reading the following description in light of the accompanying
drawing figures, those skilled in the art will understand the concepts of the invention

and will recognize applications of these concepts not particularly addressed herein. It
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should be understood that these concepts and applications fall within the scope of the
disclosure and the accompanying claims.

[00128] It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these
terms. These terms are only used to distinguish one element from another. For
example, a first element could be termed a second element, and, similarly, a second
element could be termed a first element, without departing from the scope of the
present disclosure. As used herein, the term "and/or" includes any and all
combinations of one or more of the associated listed items.

[00129] Relative terms such as "below" or "above" or "upper" or "lower" or
"horizontal" or "vertical” may be used herein to describe a relationship of one element,
layer, or region to another element, layer, or region as illustrated in the Figures. It will
be understood that these terms and those discussed above are intended to encompass
different orientations of the device in addition to the orientation depicted in the Figures.
[00130] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the disclosure. As used herein,

the singular forms "a," "an,” and "the" are intended to include the plural forms as well,

unless the context clearly indicates otherwise. It will be further understood that the

terms "comprises,” "comprising,” "includes,” and/or "including”" when used herein
specify the presence of stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components, and/or groups thereof. As
used herein, the terms "proximate" and "adjacent” as applied to a specified layer or
element refer to a state of being close or near to another layer or element, and
encompass the possible presence of one or more intervening layers or elements
without necessarily requiring the specified layer or element to be directly on or directly
in contact with the other layer or element unless specified to the contrary herein.

[00131] Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly understood by one of ordinary skill
in the art to which this disclosure belongs. It will be further understood that terms used
herein should be interpreted as having a meaning that is consistent with their meaning
in the context of this specification and the relevant art and will not be interpreted in an

idealized or overly formal sense unless expressly so defined herein.

28



10

15

20

25

30

WO 2017/066448 PCT/US2016/056840

[00132] The present disclosure relates in various aspects to bulk acoustic wave
resonator structures, methods for fabricating such resonator structures, and deposition
systems suitable for producing inclined c-axis hexagonal crystal structure piezoelectric
material that may be incorporated in such resonator structures. As compared to
conventional resonator structures, fabrication methods, and deposition systems,
various embodiments disclosed herein include or enable inclined c-axis piezoelectric
films to be fabricated over large areas (e.g., large area substrates) with increased
uniformity of c-axis tilt angle, preferably accompanied with c-axis tilt angles of sufficient
magnitude to provide a shear coupling coefficient exceeding a longitudinal coupling
coefficient.

[00133] Various factors are used separately or in combination in one or more
embodiments to enable efficient growth of inclined c-axis hexagonal crystal structure
piezoelectric material of uniform character over large areas. One factor includes use of
a deposition system incorporating a multi-aperture collimator arranged between a target
surface of a linear sputtering apparatus and a substrate table that supports one or more
wafers or substrates for receiving sputter-deposited material (with the target surface
being non-parallel to the substrate table, and the intermediately arranged collimator
preferably being non-parallel to both), wherein the collimator and the substrate table are
preferably both capable of movement (e.g., translation) during sputtering, and at least
one of the substrate table or the collimator is preferably biased to an electrical potential
other than ground. Another factor includes growth of a crystalline seed layer during a
first step according to a first set of process conditions, followed by growth of a
hexagonal crystal structure piezoelectric material bulk layer (of a defined c-axis
distribution range) over the crystalline seed layer during a second step according to a
second set of process conditions (e.g., at a higher pressure than used during the first
growth step and/or using a target surface and collimator that are angled differently
relative to a substrate or wafer in different growth steps). Such growth steps may be
performed using a single sputtering apparatus in certain embodiments. In other
embodiments, such growth steps may be performed with a deposition system utilizing
multiple linear sputtering apparatuses, a substrate table that is translatable between
different positions proximate to different linear sputtering apparatuses, and multiple
collimators arranged between the substrate table and the respective linear sputtering
apparatuses. For example, a crystalline seed layer may be grown by reactive

sputtering at a first station using a first collimator according to a first growth step, and a
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hexagonal crystal structure piezoelectric material bulk layer comprising a different c-
axis orientation distribution than the crystalline seed layer may be grown by reactive
sputtering at a second station using a second collimator according to a second growth
step, wherein both stations are located in a single enclosure in which subatmospheric
conditions may be generated using at least one vacuum pumping element, and a wafer
or substrate supporting the respective layers may be moved between the stations
without need for removal from subatmospheric conditions. In certain embodiments, the
first collimator may be omitted for growth of the crystalline seed layer. In certain
embodiments, the first station is arranged within a first chamber and the second station
is arranged within a second chamber, wherein at least one first vacuum pumping
element is associated with the first chamber and at least one second vacuum pumping
element is associated with the second chamber. In certain embodiments, different
process conditions and/or different angular positions between target surfaces,
collimators, and a wafer or support surface may be used in the first and second growth
steps. For example, a first growth step may be configured to yield at least 50% (or at
least 75%, or at least 90%, or at least 95%) of the crystalline seed layer including a c-
axis having an orientation distribution predominantly in a range of from 0 degrees to 35
degrees relative to normal of a face of the substrate or wafer, and a second growth step
may be configured to yield at least 50% (or at least 75%, or at least 90%, or at least
95%) of the hexagonal crystal structure piezoelectric material bulk layer including a c-
axis having an orientation distribution predominantly in a range of from 25 degrees to
50 degrees (or in a subrange of from 30 degrees to 40 degrees) relative to normal of a
face of the substrate or wafer. In certain embodiments, sputtering pressure during
deposition of a hexagonal crystal structure piezoelectric material bulk layer such as AIN
may be in a range of from 0.7 to 3 mTorr (mT) to obtain adequate AIN c-axis (002)
orientation.

[00134] In one aspect of the present disclosure, a deposition system suitable for
growing tilted c-axis hexagonal crystal structure piezoelectric material includes a linear
sputtering apparatus, a multi-aperture collimator, and a translatable substrate table
having a support surface arranged non-parallel to a target surface of the sputtering
apparatus, with the substrate table and/or the collimator being electrically biased to a
potential other than ground. The linear sputtering apparatus, which may include a
linear magnetron or a linear ion beam sputtering apparatus, includes a target surface

configured to eject metal (e.g., aluminum or zinc) atoms, with the target surface being
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non-parallel to (e.g., oriented 15 to 55 degrees apart from) the support surface.
Preferably, the collimator is also arranged non-parallel to the support surface. In
certain embodiments, a target surface is arranged at a first nonzero angle relative to a
support surface, and a collimator is arranged at a second nonzero angle relative to the
support surface, wherein the first nonzero angle is greater than the second nonzero
angle. Metal atoms ejected from the target surface react with a gas species contained
in a gas-containing environment to form piezoelectric material. For example, aluminum
atoms ejected from an aluminum or aluminum-containing target surface may react with
nitrogen gas species to form aluminum nitride, or zinc atoms ejected from a zinc or
zinc-containing target surface may react with oxygen gas species to form zinc oxide.

[00135] In certain embodiments, a support surface of a substrate table is configured
to receive at least one wafer (e.g., one, two, three, four, or more wafers, preferably
having a diameter in a range of at least about 50 mm, about 100 mm, or about 150 mm)
and is coupled to a movable element (e.g., a translation element) configured to move
the substrate table during operation of the linear sputtering apparatus, wherein such
movement may promote uniform material deposition over large areas (e.g., by
preventing localized material deposition regions of different thicknesses). An
exemplary collimator includes multiple guide members arranged non-parallel to the
support surface, such as a plurality of longitudinal members and a plurality of
transverse members that form a grid defining multiple collimator apertures. Electrical
biasing of the substrate table and/or the collimator to a potential other than ground
enhances control of material deposition during operating of the sputtering apparatus.
Collimator biasing has also been found to influence microstructure development of tilted
c-axis piezoelectric bulk material in a bulk acoustic wave resonator device. In certain
embodiments, the substrate table and the collimator are independently biased to
electrical potentials other than ground. In certain embodiments, different guide
members of a collimator may be electrically biased differently relative to one another.
For example, in certain embodiments, a plurality of guide members includes a plurality
of longitudinal members biased to a first electrical potential other than ground and
comprises a plurality of transverse members biased to a second electrical potential
other than ground, with the second electrical potential differing from the first electrical
potential. In certain embodiments, the collimator is configured to translate during
operation of the linear sputtering apparatus, such as to prevent formation of a “shadow”

pattern that would otherwise be formed on a surface receiving deposited piezoelectric
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material following transit of metal atoms through the collimator. In certain
embodiments, a deposition aperture (optionally augmented with a uniformity shield
configured to adjust dimensions of the deposition aperture) is arranged between the
collimator and the substrate table.

[00136] In certain embodiments, a deposition system disclosed herein is configured
for growth of a hexagonal crystal structure piezoelectric material bulk layer over a
crystalline seed layer (optionally being compositionally matched with the bulk layer) that
overlies a wafer received by the support surface, wherein at least 50% (or at least 75%,
or at least 90%, or at least 95%) of the hexagonal crystal structure piezoelectric
material bulk layer comprises a c-axis having an orientation distribution predominantly
in a range of from 25 degrees to 50 degrees (or in a subrange of from 30 degrees to 40
degrees) relative to normal of a face of a substrate or wafer received by the support
surface. Such c-axis orientation distribution is preferably substantially uniform over the
area of a large area substrate (e.g., having a diameter in a range of at least about 50
mm, about 100 mm, or about 150 mm), thereby enabling multiple chips having the
same or similar acoustic wave propagation characteristics to be derived from a single
substrate. In certain embodiments, at least 50% (or at least 75%, or at least 90%, or at
least 95%) of the crystalline seed layer includes a c-axis having an orientation
distribution predominantly in a range of from 0 degrees to 35 degrees relative to normal
of a face of a substrate or wafer received by the support surface.

[00137] In certain embodiments, the deposition system includes at least one wafer
received by the support surface, wherein the at least one wafer comprises a substrate,
an acoustic reflector structure arranged over the substrate, and an electrode structure
arranged over at least a portion of the acoustic reflector structure — such as may be
useful to produce at least one solidly mounted bulk acoustic wave resonator device. In
certain embodiments, the deposition system includes at least one wafer received by the
support surface, wherein the at least one wafer comprises a substrate defining a
recess, a support layer is arranged over the recess, and an electrode structure is
arranged over the support layer — such as may be useful to produce at least one film
bulk acoustic wave resonator device.

[00138] In one aspect, the disclosure relates to a method for fabricating at least one
acoustic resonator structure, wherein a first growth step includes deposition of a
crystalline seed layer over at least one resonator device complex, and a second growth

step includes deposition of a hexagonal crystal structure piezoelectric material bulk
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layer over the crystalline seed layer (optionally, wherein the hexagonal crystal structure
piezoelectric material bulk layer is compositionally matched to the crystalline seed
layer). Each resonator device complex includes a substrate and at least one first
electrode structure arranged over at least a portion of the substrate. The second
growth step includes deposition of a hexagonal crystal structure piezoelectric material
bulk layer over the crystalline seed layer that is arranged over the at least one
resonator device complex, and is configured to yield at least 50% (or at least 75%, or at
least 90%, or at least 95%) of the hexagonal crystal structure piezoelectric material bulk
layer including a c-axis having an orientation distribution predominantly in a range of
from 25 degrees to 50 degrees (or in a subrange of from 30 degrees to 40 degrees)
relative to normal of a face of the substrate. At least one of the first growth step or the
second growth step includes ejection of metal atoms from a target surface of a linear
sputtering apparatus to (i) transit through a collimator including multiple collimator
apertures and through a deposition aperture, and (ii) react with a gas species and be
received by the at least one resonator device complex, wherein the target surface is
arranged non-parallel to (e.g., in a range of 15 to 55 degrees apart from) a face of the
substrate. In certain embodiments, the first growth step is configured to yield at least
50% (or at least 75%, or at least 90%, or at least 95%) of the crystalline seed layer
comprising a c-axis having an orientation distribution predominantly in a range of from O
degrees to 35 degrees relative to normal of a face of the substrate. In certain
embodiments, a first growth step is performed at a higher deposition pressure (e.g., in a
range of from about 5 mT to about 50 mT) than the second growth step. In certain
embodiments, a substrate table and/or collimator is configured to translate during
operation of the linear sputtering apparatus, to promote uniform material deposition. In
certain embodiments, at least one second electrode structure is formed over at least
one portion of the hexagonal crystal structure piezoelectric material bulk layer, such as
may be useful to form at least one bulk acoustic wave resonator device. An active
region of bulk acoustic wave resonator device is provided in an area in which the
hexagonal crystal structure piezoelectric material bulk layer is arranged between a first
electrode structure and a second electrode structure. Such growth steps may be
performed using a single sputtering apparatus in certain embodiments. In other
embodiments, such growth steps may be performed with a deposition system utilizing
multiple linear sputtering apparatuses, a substrate table that is translatable between

different positions proximate to different linear sputtering apparatuses, and multiple
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collimators arranged between the substrate table and the respective linear sputtering
apparatuses. In certain embodiments, at least one resonator device complex, over
which the hexagonal crystal structure piezoelectric material bulk layer and the
crystalline seed layer are deposited, is diced into a plurality of chips, such as solidly
mounted bulk acoustic wave resonator chips or film bulk acoustic wave resonator chips.
[00139] Although various embodiments disclosed herein are directed to use of linear
sputtering apparatuses, in alternative embodiments, one or more rotating sputtering
apparatuses such as rotating magnetrons may be substituted.

[00140] In one aspect of the present disclosure, an acoustic resonator structure
include a substrate supporting at least one first electrode, a crystalline seed layer
arranged over the at least one first electrode, a hexagonal crystal structure piezoelectric
material bulk layer (optionally compositionally matched with the crystalline seed layer)
arranged over the crystalline seed layer, and at least one second electrode structure
arranged over at least a portion of the hexagonal crystal structure piezoelectric material
bulk layer, wherein at least 50% (or at least 75%, or at least 90%, or at least 95%) of
the hexagonal crystal structure piezoelectric material bulk layer comprises a c-axis
having an orientation distribution predominantly in a range of from 25 degrees to 50
degrees (or in a subrange of from 30 to 40 degrees) relative to normal of a face of the
substrate. In certain embodiments, a thickness of the crystalline seed layer is no
greater than about 20%, no greater than about 15%, or no greater than about 10% of a
combined thickness of the hexagonal crystal structure piezoelectric material bulk layer
and the crystalline seed layer. In certain embodiments, the crystalline seed layer may
comprise a thickness in a range of from about 500 to about 2,000 Angstroms and/or the
hexagonal crystal structure piezoelectric material bulk layer may comprise a thickness
in a range of from about 4,000 to about 26,000 Angstroms. In certain embodiments, at
least 50% (or at least 75%, or at least 90%, or at least 95%) of the crystalline seed
layer comprises a c-axis having an orientation distribution predominantly in a range of
from O degrees to 35 degrees relative to normal of a face of the substrate. In certain
embodiments, an acoustic reflector structure is arranged between the substrate and the
at least one first electrode structure to provide a solidly mounted bulk acoustic
resonator device. Optionally, a backside of the substrate may include a roughened
surface configured to reduce or eliminate backside acoustic reflection. In other
embodiments, the substrate defines a recess, a support layer is arranged over the

recess, and the support layer is arranged between the substrate and at least a portion
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of the at least one first electrode structure, to provide a film bulk acoustic wave
resonator structure. In certain embodiments, less than about 3 percent of the c-axis
orientation distribution of the hexagonal crystal structure piezoelectric material bulk
layer is in a range of from 0 degrees to 15 degrees relative to normal of a face of the
substrate. In certain embodiments, the substrate comprises a diameter of at least
about 50 mm (or at least about 100 mm, or at least about 150 mm) and the hexagonal
crystal structure piezoelectric material bulk layer covers at least about 50% (or at least
about 75%, or at least about 90%, or at least about 95%) of a face of the substrate. In
certain embodiments, multiple bulk acoustic wave resonator devices each including an
active region between a first electrode structure and a second electrode structure are
provided on a single substrate. Multiple bulk acoustic resonator chips may be derived
from such a substrate (e.g., by dicing), and may be incorporated in one or more
sensors and/or fluidic devices.

[00141] In one aspect of the present disclosure, a deposition system includes first
and second linear sputtering apparatuses (e.g., linear magnetron or linear ion beam
sputtering apparatuses) and a translation element configured to translate a substrate
table that is configured to receive at least one wafer between a first position proximate
to the first linear sputtering apparatus and a second position proximate to the second
linear sputtering apparatus. Such a system may be used, for example, to perform a
second growth step in a sequential manner in a subatmospheric environment following
performance of a first growth step without a need to remove a wafer or substrate into an
atmospheric pressure environment before the second growth step (e.g., which would
otherwise require significant time and energy to establish subatmospheric conditions in
the second chamber). The first linear sputtering apparatus includes a first target
surface, and the second linear sputtering apparatus including a second target surface,
wherein each target surface is configured to eject metal atoms. A first collimator (if
provided) includes a first plurality of guide members that define a first plurality of
collimator apertures arranged between the first linear sputtering apparatus and the
substrate table when the support surface is proximate to the first linear sputtering
apparatus, and a second collimator includes a second plurality of guide members that
defines a second plurality of collimator apertures arranged between the second linear
sputtering apparatus and the substrate table when the support surface is proximate to
the second linear sputtering apparatus. In certain embodiments, the first collimator may

be omitted. In certain embodiments, the first and/or the second collimator includes a
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plurality of longitudinal members and a plurality of transverse members that form a grid.
At least one (or both) of the first target surface or the second target surface is arranged
non-parallel to a support surface of the substrate table. In certain embodiments, a load
lock chamber is provided, wherein a translation element is configured to translate the
substrate table and the at least one wafer from the load lock chamber to a first position
(e.g., at a first station) proximate to the first linear sputtering apparatus, and is further
configured to translate the substrate table and the at least one wafer to a second
position (e.g., at a second station) proximate to the second linear sputtering apparatus.
In certain embodiments, an enclosure contains the first station (e.g., including the first
linear sputtering apparatus, a first (optional) collimator, and a first deposition aperture)
and contains the second station (e.g., including the first linear sputtering apparatus, a
first (optional) collimator, and a first deposition aperture), wherein at least one vacuum
pumping element is configured to generate at least one subatmospheric pressure
condition within the enclosure In certain embodiments, the first station may be
contained in a first chamber, and the second station may be contained in a second
chamber. For example, in certain embodiments, first and second vacuum pumping
elements are configured to generate first and second subatmospheric pressure
conditions, respectively, in a first chamber containing the first linear sputtering
apparatus and in a second chamber containing the second linear sputtering apparatus,
wherein both chambers may be located in an enclosure. In certain embodiments, first
and second deposition apertures, each including an associated uniformity shield
configured to permit adjustment of dimensions of the deposition aperture, are
positioned between respective collimators and the substrate table.

[00142] In certain embodiments, the first linear sputtering apparatus, optionally in
combination with a first collimator, is configured for growth of a crystalline seed layer
over the at least one wafer, the crystalline seed layer comprising a c-axis having an
orientation distribution predominantly in a range of from O degrees to 35 degrees
relative to normal of a face of the at least one wafer. It is to be recognized that a
crystalline seed layer having a c-axis orientation distribution of 0 degrees may be
attained without a first collimator, and that even (non-zero) shallow angle c-axis
orientation distributions may be attained without a first collimator (e.g., if a first target
surface is sufficiently angled relative to a surface of the at least one wafer); however,
more uniform and/or more steeply angled (non-zero) c-axis orientation distributions may

be promoted with use of a first collimator as disclosed herein. Additionally, the second
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linear sputtering apparatus and the second collimator are configured for growth of a
hexagonal crystal structure piezoelectric material bulk layer over the crystalline seed
layer, the hexagonal crystal structure piezoelectric material bulk layer comprising a c-
axis having an orientation distribution predominantly in a range of from 30 degrees to
50 degrees (or in a subrange of from 30 degrees to 40 degrees) relative to normal of a
face of the at least one wafer. In certain embodiments, the support surface is
configured to receive at least one wafer having a diameter of at least about 50 mm (or
at least about 100 mm, or at least about 150 mm), wherein the first linear sputtering
apparatus, optionally in combination with a first collimator, is configured for growth of
the crystalline seed layer covering at least about 50% (or at least about 75%, or at least
about 90%, or at least about 95%) of a face of the at least one wafer, and the second
linear sputtering apparatus and the second collimator are configured for growth of the
hexagonal crystal structure piezoelectric material bulk layer covering at least about 50%
(or at least about 75%, or at least about 90%, or at least about 95%) of a face of the at
least one wafer. Preferably, each linear sputtering apparatus is configured to receive a
supply of sputtering gas including a gas species adapted to react with metal atoms
ejected from a target surface, and in certain embodiments each target surface may
comprise aluminum (e.g., to eject aluminum atoms that may react with nitrogen species
to form AIN) or zinc (e.g., to eject zinc atoms that may react with oxygen species to
form ZnO).

[00143] In another aspect of the present disclosure, a method for fabricating at least
one resonator structure includes use of a first station containing a first linear sputtering
apparatus including a first target surface, and use of a second station containing a
second linear sputtering apparatus including a second target surface. At least one
wafer structure supported by a substrate table is moved to the first station in which a
first subatmospheric pressure condition is generated, a first growth step is performed to
deposit a crystalline seed layer over the at least one wafer structure, the at least one
wafer structure supported by the substrate table is moved to the second station in
which a second subatmospheric pressure is generated, and a second growth step is
performed to deposit a hexagonal crystal structure piezoelectric material bulk layer over
the crystalline seed layer, wherein the hexagonal crystal structure piezoelectric material
bulk layer includes a c-axis orientation distribution that differs from a c-axis orientation
distribution of the crystalline seed layer. The first growth step includes ejection of metal

atoms from the first target surface to (i) transit through a first deposition aperture
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(optionally preceded by transit through a first collimator including multiple first collimator
apertures), and (ii) react with a gas species and be received by the at least one wafer
structure, to deposit the crystalline seed layer. The second growth step includes
ejection of metal atoms from the second target surface to (i) transit through a second
collimator including multiple second collimator apertures and through a second
deposition aperture, and (ii) react with a gas species and be received by the at least
one wafer structure, to deposit the hexagonal crystal structure piezoelectric material
bulk layer. In certain embodiments, the first growth step is configured to yield at least
50% (or at least about 75%, or at least about 90%, or at least about 95%) of the
crystalline seed layer having an orientation distribution predominantly in a range of from
0 degrees to 35 degrees relative to normal of a face of the at least one wafer structure;
and the second growth step is configured to yield at least 50% (or at least about 75%,
or at least about 90%, or at least about 95%) of the hexagonal crystal structure
piezoelectric material bulk layer including a c-axis having an orientation distribution
predominantly in a range of from 25 degrees to 50 degrees (or in a subrange of from 30
degrees to 40 degrees) relative to normal of a face of the at least one wafer structure.
In certain embodiments, the substrate table supporting the at least one wafer structure
is loaded into a load lock chamber, and an initial subatmospheric condition is generated
in the load lock chamber, prior to the moving of the at least one wafer structure
supported by the substrate table to the first station. In certain embodiments, the first
station and the second station are arranged within a single enclosure in which the first
subatmospheric pressure condition and the second subatmospheric pressure condition
are generated. In other embodiments, the first station is arranged within a first chamber
having an associated first vacuum pumping element, and the second station is
arranged within a second chamber having an associated second vacuum pumping
element.

[00144] In certain embodiments, a pressure of the first subatmospheric pressure
condition is greater than a pressure of the second subatmospheric pressure condition.
In certain embodiments, the first growth step is performed at a deposition pressure in a
range of from about 5 mT to about 50 mT. In certain embodiments, the first growth step
optionally includes translating the first collimator during deposition of the crystalline
seed layer over the at least one wafer structure, and the second growth step includes
translating the second collimator during deposition of the hexagonal crystal structure

piezoelectric material bulk layer over the crystalline seed layer. In certain
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embodiments, both a collimator and the substrate table are translated during material
deposition to promote uniform deposition. A direction of translation of the collimator
may be substantially perpendicular to a direction of translation of the substrate table; for
example, a collimator may be moved in a vertical direction while the substrate table is
moved in a horizontal direction. In certain embodiments, each wafer structure of the at
least one wafer structure includes a diameter of at least about 50 mm (or at least about
100 mm, or at least about 150 mm), and one or more of the crystalline seed layer or the
hexagonal crystal structure piezoelectric material bulk layer covers at least about 50%
(or at least about 75%, or at least about 90%, or at least about 95%) of a face of the at
least one wafer structure. In certain embodiments, the at least one wafer structure
(over which the hexagonal crystal structure piezoelectric material bulk layer and the
crystalline seed layer are deposited) is diced into a plurality of chips, wherein each chip
may include a solidly mounted bulk acoustic wave resonator chip or a film bulk acoustic
wave resonator chip.

[00145] In certain embodiments, linear sputtering apparatuses utilized herein may
include linear magnetron-type sputtering apparatuses or linear ion beam sputtering
apparatuses. lon beam deposition allows variable control of primary (sputtering) and
secondary (bombarding) ion beams, as well as the potential for substrate manipulation,
which may be beneficial to promote growth of hexagonal crystal structure piezoelectric
material at higher c-axis tilt angles.

[00146] In certain embodiments, a hexagonal crystal structure piezoelectric material
bulk layer, which is deposited over a crystalline seed layer, comprises a c-axis having
an orientation distribution predominantly in a range of from 12 degrees to 52 degrees,
or in a range of from 27 degrees to 37 degrees, or in a range of from 75 degrees to 90
degrees, relative to normal of a face of a substrate or wafer supporting the crystalline
seed layer and hexagonal crystal structure piezoelectric material bulk layer. In certain
embodiments, the hexagonal crystal structure piezoelectric material bulk layer includes
a thickness in a range of from about 4,000 Angstroms to about 26,000 Angstroms.
Such hexagonal crystal structure piezoelectric material bulk layer preferably includes
substantially uniform thickness, nanostructure, and crystallinity properties, with
controlled stress and densely packed columnar grains or recrystallized grain structure.
In certain embodiments, a crystalline seed layer includes a thickness in a range of from
500 Angstroms to 2,000 Angstroms, and (for a hexagonal crystal structure piezoelectric

material such as AIN) may include a dominant (103) texture.
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[00147] Various aspects and features of the disclosure will be described with
reference to the drawings, in which illustrated elements are not to scale unless
specifically indicated to the contrary.

[00148] FIG. 6 is a schematic cross-sectional view of a portion of a bulk acoustic
wave solidly mounted resonator device 50 including a piezoelectric material bulk layer
64 embodying an inclined c-axis hexagonal crystal structure piezoelectric material (e.g.,
AIN or ZnO) as disclosed herein. If the piezoelectric material bulk layer 64 comprises
AIN, then the (002) direction (or c-axis) is tilted away from a direction normal to a
substrate 52, as illustrated by two arrows superimposed over the piezoelectric material
bulk layer 64. The resonator device 50 includes the substrate 52 (e.g., typically silicon
or another semiconductor material), an acoustic reflector 54 arranged over the
substrate 52, the piezoelectric material bulk layer 64, and bottom and top side
electrodes 60, 68. The bottom side electrode 60 is arranged between the acoustic
reflector 54 and the piezoelectric material bulk layer 64, and the top side electrode 68 is
arranged along a portion of an upper surface 66 of the piezoelectric material bulk layer
64. An area in which the piezoelectric material bulk layer 64 is arranged between
overlapping portions of the top side electrode 68 and the bottom side electrode 60 is
considered the active region 70 of the resonator device 50. The acoustic reflector 54
serves to reflect acoustic waves and therefore reduce or avoid their dissipation in the
substrate 52. In certain embodiments, the acoustic reflector 54 includes alternating thin
layers 56, 58 of materials of different acoustic impedances (e.g., SIOC, SizN4, SiOo,
AIN, and Mo), optionally embodied in a Bragg mirror, deposited over the substrate 52.
In certain embodiments, other types of acoustic reflectors may be used. Steps for
forming the resonator device 50 may include depositing the acoustic reflector 54 over
the substrate 52, followed by deposition of the bottom side electrode 60, followed by
growth (e.g., via sputtering or other appropriate methods) of the piezoelectric material
bulk layer 64, followed by deposition of the top side electrode 68.

[00149] FIG. 7 is schematic cross-sectional view of a portion of another bulk acoustic
wave solidly mounted resonator device 50A including a piezoelectric material bulk layer
64 embodying an inclined c-axis hexagonal crystal piezoelectric material {e.g., AIN or
ZnQ) arranged over a crystalline seed layer 62. In certain embodiments, the inclined c-
axis hexagonal crystal piezoelectric material of the piezoelectric material bulk layer 64
is compositionally matched to the crystalline seed layer 62. For example, the crystalline

seed layer 62 may also embody AIN or ZnO. The resonator device 50A includes a
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substrate 52, an acoustic reflector 54 arranged over the substrate 52, a piezoelectric
material bulk layer 64, and bottom and top side electrodes 60, 68, with the top side
electrode 68 being arranged along a portion of an upper surface 66 of the piezoelectric
material bulk layer 64. A portion of the piezoelectric material bulk layer 64 arranged
between the top side electrode 68 and the bottom side electrode 60 embodies an active
region 70 of the bulk acoustic wave solidly mounted resonator device 50A. Steps for
forming the resonator device 50A may include depositing the acoustic reflector 54 over
the substrate 52, followed by deposition of the bottom side electrode 60, followed by
growth (e.g., via sputtering or other appropriate methods) of the crystalline seed layer
62, growth of the piezoelectric material bulk layer 64, and by deposition of the top side
electrode 68.

[00150] FIG. 8 is a schematic cross-sectional view of a film bulk acoustic wave
resonator (FBAR) device 72 according to one embodiment. The FBAR device 72
includes a substrate 74 (e.g., silicon or another semiconductor material) defining a
cavity 76 that is covered by a support layer 78 (e.g., silicon dioxide). A bottom side
electrode 80 is arranged over a portion of the support layer 78, with the bottom side
electrode 80 and the support layer 78 being overlaid with a crystalline seed layer 82. A
piezoelectric material bulk layer 84 embodying inclined c-axis hexagonal crystal
structure piezoelectric material (e.g., AIN or ZnQ) is arranged over the crystalline seed
layer 82, and a top side electrode 88 is arranged over at least a portion of a top surface
86 of the piezoelectric material bulk layer 84. A portion of the piezoelectric material
bulk layer 84 arranged between the top side electrode 88 and the bottom side electrode
80 embodies an active region 90 of the FBAR device 72. The active region 90 is
arranged over and registered with the cavity 76 disposed below the support layer 78.
The cavity 76 serves to confine acoustic waves induced in the active region 90 by
preventing dissipation of acoustic energy into the substrate 74, since acoustic waves do
not efficiently propagate across the cavity 76. In this respect, the cavity 76 provides an
alternative to the acoustic reflector 54 illustrated in FIGS. 6 and 7. Although the cavity
76 shown in FIG. 8 is bounded from below by a thinned portion of the substrate 74, in
alternative embodiments at least a portion of the cavity 76 extends through an entire
thickness of the substrate 74. Steps for forming the FBAR device 72 may include
defining the cavity 76 in the substrate 74, filling the cavity 76 with a sacrificial material
(not shown) optionally followed by planarization of the sacrificial material, depositing the

support layer 78 over the substrate 74 and the sacrificial material, removing the
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sacrificial material (e.g., by flowing an etchant through vertical openings defined in the
substrate 74 or the support layer 78, or lateral edges of the substrate 74), depositing
the bottom side electrode 80 over the support layer 78, growing (e.g., via sputtering or
other appropriate methods) the crystalline seed layer 82 and the piezoelectric material
bulk layer 84, and depositing the top side electrode 88.

[00151] FIG. 9 is an upper exterior perspective view of a reactor 100 of a deposition
system for growing a hexagonal crystal structure piezoelectric material with an inclined
c-axis, the system including a linear sputtering apparatus, a movable substrate table for
supporting multiple substrates, and a collimator, according to one embodiment of the
present disclosure. The reactor 100 includes a first tubular portion 102 extending in a
generally vertical direction between a base 104 and an upper flange 106. Extending
upward from the upper flange 106 is a collimator drive adapter flange 118 and a
cylindrical high voltage shield 116, each including a central axis that is laterally offset
from a central axis of the upper flange 106. A recirculating ball screw drive mechanism
114 and a collimator drive rotational seal 112 arranged to mate with a drive motor (not
shown) further extend upward from the cylindrical high voltage shield 116. The purpose
of the recirculating ball screw drive mechanism 114 and the collimator drive rotational
seal 112 are to facilitate movement (e.g., translation) of a collimator assembly within the
first tubular portion 102, as described in further detail herein.

[00152] A medial section of the first tubular portion 102 is partially bisected by a
second tubular portion 120 extending in a generally horizontal direction between a
substrate translation flange 124 and a load lock attachment flange 134, with the second
tubular portion 120 including lower and upper substrate table translation rails. The
substrate translation flange 124 generally surrounds a first chamber adapter 122, which
has a generally disc-like shape, includes a first aperture 126 supporting a first end of a
drive screw, and defines a rectangular aperture 130 generally aligned with a substrate
table (not shown). Fasteners 128 are provided to attach drive screw supports (not
shown) along an inner surface of the first chamber adapter 122. A third tubular portion
108 extends in a generally horizontal direction perpendicular to the second tubular
portion 120 and includes a flange 110 arranged to couple to a vacuum pump (not
shown) to generate a subatmospheric condition within the reactor 100. A sputtering
gas inlet port 125 is further arranged in fluid communication with the second tubular

portion 120 to admit a sputtering gas into the reactor 100.
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[00153] FIG. 10 is a downwardly-facing cross-sectional view of the reactor 100 of
FIG. 9, showing the first, second, and third tubular portions 102, 120, 108 as well as the
substrate translation flange 124 and load lock attachment flange 134. A collimator
assembly (“collimator”) 170 and a linear sputtering apparatus 154 (e.g., a pulsed direct
current linear magnetron cathode assembly) are provided within the first tubular portion
102 proximate to a deposition aperture 150 that is bounded along one edge by a
uniformity shield 152. The linear sputtering apparatus 154 includes a target 166
including a surface configured to eject metal atoms, as well as a cathode body structure
156 with perimeter magnets 238 and liquid cooling channels 158, arranged between
channel guides 222 extending in a vertical direction and arranged to receive collimator
support bearing assemblies (not shown) coupled to collimator side brackets 162. In
certain embodiments, the target 166 includes dimensions of about 5 inches by 16
inches. A collimator ground strap 168 is further arranged between the collimator
assembly 170 and the linear sputtering apparatus 154. A ftranslation section 115
enabling movement of a substrate table 148 is arranged within the second tubular
portion 120. A lower surface of the second tubular portion 120 supports a lower
substrate table translation rail 142 defining a recess 144 for guiding lateral translation of
movable trucks (not shown) that support the substrate table 148, with movement of the
substrate table 148 during operation of the linear sputtering apparatus 154 beneficially
promoting uniform deposition of sputtered material on one or more substrates (not
shown) supported by the substrate table 148. As shown in FIG. 10, the target 166 is
arranged at a first angle non-parallel to the substrate table 148, and the collimator
assembly 170 is arranged between the target 166 and the substrate table 148 at a
second angle non-parallel to the substrate table 148, wherein the second angle is
smaller than the first angle. During operation of the reactor 100, subatmospheric
conditions are established with a vacuum pump (not shown) coupled to the third tubular
portion 108, and a sputtering gas is supplied to the reactor 100 through the sputtering
gas inlet port 125 while metal atoms are ejected from a surface of the target 166 to
transit through the collimator assembly 170 toward one or more substrates supported
by the substrate table 148. Reaction between the metal atoms (e.g., aluminum or zinc)
and the sputtering gas (e.g., containing nitrogen or oxygen) yields molecules of
piezoelectric material (e.g., AIN or ZnQO) that are deposited on or over one or more

substrates (not shown).
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[00154] FIG. 11 is a downwardly-facing cross-sectional view of a portion of the
reactor of FIGS. 9 and 10, showing a substrate 214 arranged proximate to the
deposition aperture 150 (bounded in part by a shield panel 180 and the uniformity
shield 152), with the collimator assembly 170 intermediately arranged between the
substrate 214 and the linear sputtering apparatus 154. In certain embodiments, the
deposition aperture 150 includes a width ranging from about 3 inches to about 9 inches,
with the uniformity shield 152 extending into the deposition aperture 150 including a
maximum width of about 2 inches. The collimator assembly 170 includes multiple
horizontal guide members 172 and vertical guide members 174 that in combination
form a grid defining multiple apertures that permit passage of metal atoms ejected by a
surface of the target 166. The collimator assembly 170 is further bounded laterally by
tubular supports 176. An ejection surface of the target 166 is arranged along a front
surface of the linear sputtering apparatus 154, which includes liquid ports 164
configured to circulate liquid, and channel guides 222 arranged to receive bearings 160
and to support collimator side brackets 162 that permit the collimator assembly 170 to
move (e.g., translate) in a vertical direction.

[00155] FIG. 12 is an upper perspective view of the translation section of the reactor
of FIGS. 9 and 10, showing the collimator assembly 170 arranged between the linear
sputtering apparatus 154 and the deposition aperture 150. The cathode body structure
156 includes a hollow interior containing liquid cooling channels 158, with an ejection
surface of the target 166 arranged along a front of the cathode body structure 156
between the channel guides 222 that enable collimator side brackets 162 supporting
the collimator assembly 170 to translate in a vertical direction. A collimator ground
strap 168 extends between the linear sputtering apparatus 154 and the collimator
assembly 170 along lower portions thereof intermediately arranged between tubular
supports 176 bounding lateral edges of the collimator assembly 170. The deposition
aperture 150 is bounded from above by an upper substrate table translation rail 178,
and laterally by shield panels 180, 182 as well as a uniformity shield 152 (optionally
including multiple finger portions of different lengths) that extends laterally from one
shield panel 182, which may be repositioned by sliding laterally within a secondary slot
(not shown) defined in a lower substrate table translation rail 142 (which also defines a
recess 144 for guiding lateral translation of movable trucks (not shown) supporting the
substrate table. Additional shield panels 184, 186 are arranged between the shield

panel 182 supporting the uniformity shield 152 and a second chamber adapter 132.
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The second chamber adapter 132 has a generally disc-like shape surrounded by the
load lock attachment flange 134, includes a first aperture 136 supporting a second end
of a drive screw suitable for translating a substrate table (not shown), and defines a
rectangular aperture 140 generally aligned with the substrate table. The second
chamber adapter 132 further includes fasteners 138 for attachment of drive screw
supports (not shown) along an inner surface of the second chamber adapter 132. The
first chamber adapter 122, which is bounded by the substrate translation flange 124
and includes fasteners 128, is arranged at a first end of the lower and upper substrate
table translation rails 142, 178 opposing the second end where the second chamber
adapter 132 is located.

[00156] FIG. 13 is an upper perspective view of a portion of the reactor of FIGS. 9
and 10, showing the collimator assembly 170 intermediately arranged between the
target 166 of the linear sputtering apparatus 154 and the deposition aperture 150
bounded in part by the uniformity shield 152, and showing the substrate table 148
supported by movable trucks 200A, 200B. Each movable truck 200A, 200B includes a
body structure 202A, 202B and lower wheels 204A, 204B that are received by a recess
144 defined in the lower substrate table translation rail 142. Each movable truck 200A,
200B further includes upper wheels (not shown) that are received by a similar recess
defined in the upper substrate table translation rail (not shown). The cathode body
structure 156 includes a hollow interior containing liquid cooling channels 158, with the
target 166 arranged along a front of the cathode body structure 156 between the
channel guides 222 that enable collimator side brackets 162 supporting the collimator
assembly 170 to translate in a vertical direction. In certain embodiments, a minimum
distance between the target 166 and the deposition aperture 150 is about 2 inches.
[00157] FIG. 14A is a side elevation view of a portion of the reactor of FIGS. 9 and
10, showing a portion of a translation section arranged within the second tubular portion
120 (shown in FIG. 10), with the movable substrate table 148 supporting two substrates
214A, 214B (in dashed lines) in a first position. The deposition aperture 150 is
bounded in part by the shield panel 180 and the uniformity shield 152. A rotary driver
(such as a motor) 220 is arranged to rotate a drive screw (not shown) coupled to a
follower (not shown) to translate the substrate table 148 in a horizontal direction. FIG.
14B is a side elevation view of the reactor portion shown in FIG. 14A, with the substrate
table 148 in a different position following translation motivated by the rotary driver 220.

FIG. 14B shows a tubular guard 188 that contains a drive screw (not shown) coupled to
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the rotary driver 220, with the tubular guard 188 defining a lateral slot 218 permitting
movement of a follower (not shown) coupled to the drive screw.

[00158] FIG. 15A is a side elevation view of the substrate table 148 shown in FIGS.
13-14B, with the substrate table 148 including a support surface 212 supporting two
round substrates 214A, 214B, and including fasteners 216 for mounting the substrates
214A, 214B to the support surface 212. FIG. 15B is a side elevation view of the
substrate table 148 of FIGS. 14A-15A, with the support surface 212 supporting four
round substrates 214A-214D and including corresponding fasteners 216. Although two
or four round substrates are shown in FIGS. 15A and 15B, it is to be appreciated that
any suitable number of substrates of any desired shapes may be supported by a single
substrate table. In certain embodiments, each substrate includes a diameter of at least
about 50 mm, at least about 100 mm, or at least about 150 mm.

[00159] FIG. 16 is a rear perspective view of the translation section 115 for use within
the reactor of FIGS. 9 and 10, including lower and upper substrate table translation rails
142, 178 as well as a tubular guard 188 extending between drive screw supports 194,
196. A shield panel 180 extends vertically between the lower and upper substrate table
translation rails 142, 178 and laterally between the deposition aperture 150 and an end
of the translation section 115. The tubular guard 188 contains a drive screw
terminating at a first end 127 extending through the drive screw support 194 for mating
with a rotary driver (not shown), with a follower 190 coupled to the drive screw also
being configured to translate a movable truck 200B adapted to support a substrate
table (not shown). The movable truck 200B includes lower wheels 204B received by a
recess 144 defined in the lower substrate table translation rail 142 and upper wheels
206B received by a recess 198 defined in the upper substrate table translation rail 178.
As illustrated, the movable truck 200B is positioned proximate to the deposition
aperture 150, and separated from a fixed contact plate 211. The movable truck 200B
includes a tab portion 208 extending rearward from the body structure 202B and
terminating at a leaf spring contact 210 (which may comprise beryllium copper), with
the leaf spring contact 210 being configured to contact the fixed contact plate 211 when
the movable truck 200B is translated toward the drive screw support 194 (as shown in
FIG. 17). The fixed contact plate 211 is in electrical contact with a substrate table
ground strap 215 coupled to a terminal 213 arranged in communication with an
electrical bias supply element (not shown) configured to apply a biasing voltage to the

substrate table (not shown) when coupled to the movable truck 200B.
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[00160] FIG. 17 is a magnified rear perspective view of the translation section 115 of
FIG. 16, following translation of the movable truck 200B toward one end of the
translation section 115 to permit the leaf spring contact 210 (shown in FIG. 16) to
contact the fixed contact plate 211 and permit a biasing voltage to be applied through
the movable truck 200B to a substrate table (not shown) coupleable to the movable
truck 200B. Electrical biasing of the substrate table to a nonzero voltage desirably
enhances control of material deposition during sputtering. Translation of the movable
truck 200B is motivated by the drive screw (contained within tubular guard 188)
terminating at the first end 127, and facilitated by rolling of the lower and upper wheels
204B, 206B in recesses 144, 198 defined in the respective lower and upper substrate
table translation rails 142, 178. The lower substrate table translation rail 142 defines a
secondary slot 192 for receiving a shield panel {(not shown) to enable repositioning of a
uniformity shield (not shown) proximate to one edge of the deposition aperture 150.
[00161] FIG. 18 is a perspective assembly view of a portion of the translation section
115 of FIGS. 16 and 17, showing lower and upper substrate table translation rails 142,
178 and drive screw supports 194, 196 arranged between first and second chamber
adapters 122, 132. The tubular guard 188 also extends between the drive screw
supports 194, 196 and defines a lateral slot 218 permitting translation of a follower 190
that is coupled to a drive screw (not shown) within the tubular guard 188 and is
coupleable to a movable truck (not shown). The drive screw terminates at a first end
127 that extends through a first aperture 126 defined in the first chamber adapter 122
for coupling to a rotary driver (not shown). Fasteners 128 are provided to attach the
drive screw supports 194, 196 to inner surfaces of the first and second chamber
adapters 122, 132. FIG. 18 shows the translation section 115 prior to attachment of
two fixed sputter shield panels 180, 186 to the lower and upper substrate table
translation rails 142, 178. Not shown are movable sputter shields that may be received
by a secondary slot 192 defined in the lower substrate table translation rail 142. Inserts
191 are further coupled to the lower and upper substrate table translation rails 142, 178
proximate to the deposition aperture 150.

[00162] FIG. 19 is a perspective view of a portion of the reactor of FIGS. 9 and 10,
including the collimator assembly 170 and linear sputtering apparatus 154 (which is
obscured by the collimator assembly 170) that are insertable into the first tubular
portion 102 shown in FIG. 9. FIG. 19 further illustrates the recirculating ball screw drive

mechanism 114 and the collimator drive rotational seal 112 arranged to mate with a
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drive motor {(not shown) that extend upward from the high voltage shield 116 arranged
above the collimator drive adapter flange 118. The recirculating ball screw drive
mechanism 114 is arranged to rotate a drive screw 230 that extends through the
collimator drive adapter flange 118 to engage a follower (not shown) coupled to the
collimator assembly 170 to promote vertical translation of the collimator assembly 170.
Hollow guides 248 also extend through the collimator drive adapter flange 118 to
convey liquid to and from liquid cooling channels in the cathode assembly (not shown).
An electrically conductive mounting bar 250 proximate to a lower surface of the
collimator drive adapter flange 118 is arranged between upper ends of channel guides
222 that define channels 224, that extend in a vertical direction, and that are arranged
to receive collimator support bearing assemblies {(not shown) which are coupled to
collimator side brackets 162. In combination with collimator end brackets 226, the
collimator side brackets 162 maintain the collimator assembly 170 in a desired
orientation. The collimator assembly 170 includes multiple horizontal guide members
172 and multiple vertical guide members 174 that in combination form a grid defining
multiple apertures for guiding passage of metal atoms ejected from an ejection surface
of the target (not shown). Spacing between horizontal guide members 172 is
maintained by tubular supports 176 that extend in a vertical direction inboard of the
collimator side brackets 162. A collimator ground strap 168, which may be formed by a
flexible spring steel band (e.g., made from steel tape measure material) connects the
horizontal and vertical guide members 172, 174 of the collimator assembly 170 to
ground, with the horizontal and vertical guide members 172, 174 being electrically
isolated from the collimator side brackets 162 and collimator end brackets 226.
Grounding of the horizontal and vertical guide members 172, 174 prevents any
sputtering current from flowing through bearings supporting the collimator assembly
170 within channels 224 defined in the channel guides 222, and from flowing through
the drive screw 230 arranged to move the collimator assembly 170.

[00163] In certain embodiments, the collimator assembly 170 of FIG. 19 has a
maximum travel distance of about 5.5 inches, and is configured to travel at a rate of
about 0.2 inches per second in steps of 0.125 inch. In certain embodiments, the
collimator assembly 170 is moved to a travel length of about 3.5 inches, then the travel
length is increased in steps of about 0.125 inch until a travel length of 5.5 inches is
attained, then the travel length is decreased in steps of 0.125 inch until a travel length

of 3.5 inches is attained, and the process is repeated. Preferably, the entire ejection
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surface of the target is covered by horizontal and vertical guide members 172, 174 of
the collimator assembly 170 at all positions of the collimator assembly 170 during
travel.

[00164] FIG. 20 is a perspective assembly view of at least a portion of the collimator
assembly 170 of FIG. 19, including horizontal guide members 172 and vertical guide
members 174 arranged to cooperate with one another to form a grid. In certain
embodiments, the horizontal guide members 172 and the vertical guide members 174
define slots to permit the respective horizontal and vertical guide members 172, 174 to
load lock with one another. Spacing between horizontal guide members 172 is
maintained by tubular supports 176. In certain embodiments, the horizontal guide
members 172 and the vertical guide members 174 may comprise grade 2 titanium
sheet metal with a thickness of about 0.063 inches, and the tubular supports 176 may
also comprise grade 2 titanium. Rods 228 with threaded ends may be inserted through
the tubular supports 176 to maintain positioning of the horizontal and vertical guide
members 172, 174 and the tubular supports 176. In certain embodiments, spacing
between horizontal guide members 172 may be about 0.75 inch, spacing between
vertical guide members 174 may be about 0.688 inch to about 0.731 inch, each
horizontal guide member 172 may have a front-to-rear depth of about 0.5 inch, and
each vertical guide member 174 may have a front-to-rear depth of about 0.574 inch.
[00165] FIG. 21 is a simplified schematic showing electrical connections to portions of
a collimator assembly 170 and to a target 166 of a reactor according to FIGS. 9 and 10
according to one embodiment, including independent electrical control of different
collimator guide members 172, 174A-174F. As shown, the collimator assembly 170 is
arranged in a configuration that is generally parallel to the target 166 associated with
the linear sputtering apparatus 154. The collimator assembly 170 includes horizontal
guide members 172 optionally coupled to a first power source 231, with the horizontal
guide members 172 being physically separated from vertical guides 174A-174F (to
prevent electrical interaction therewith), and the vertical guides 174A-174F being
separately coupled to independent power sources 229A-229F. Use of independent
power sources coupled to different collimator guides 172, 174A-174F enables
enhanced control of sputter deposition when metal atoms ejected by the target 166
through the collimator assembly 170. The linear sputtering apparatus 154 arranged
proximate to the target 166 is coupled to a cathode power source 232. The horizontal

guide members 172 are separated from one another by tubular supports 176. The
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linear sputtering apparatus 154 and target 166 as well as the collimator assembly 170
are arranged between collimator side brackets 162 and generally above a collimator
end bracket 226. The collimator assembly 170 is supported by the collimator side
brackets 162 and is arranged to translate vertically relative to the linear sputtering
apparatus 154. Liquid ports 164 arranged along a top surface of the linear sputtering
apparatus 154 are configured to circulate liquid through the linear sputtering apparatus
154 to transfer heat away therefrom during sputtering operation.

[00166] FIG. 22 is a top plan view of a portion of the reactor of FIGS. 9 and 10 visible
through the upper flange 106 and first tubular portion 102, showing a collimator
assembly 170 arranged between a linear sputtering apparatus 154 and a deposition
aperture 150 that is bounded laterally by a uniformity shield 152 and a shield panel 180.
The deposition aperture 150 is also arranged below the upper substrate table
translation rail 178. As shown, the collimator assembly 170 is arranged in a
configuration that is generally parallel to the target 166 associated with the linear
sputtering apparatus 154. The horizontal guide members 172 of the collimator
assembly 170 are physically separated from vertical guides 174, with the horizontal and
vertical guide members 172, 174 being arranged generally above a collimator end
bracket 226 and generally arranged between collimator side brackets 162. An ejection
surface of the target 166 is arranged to eject metal atoms through apertures defined by
horizontal and vertical guide members 172, 174 of the collimator assembly 170 toward
the deposition aperture 150 and a substrate (not shown). Liquid ports 164 are provided
along a top surface of the linear sputtering apparatus 154 for cooling thereof.

[00167] FIG. 23 is a top plan view of the reactor portion of FIG. 22, with the collimator
assembly 170 and the linear sputtering apparatus 154 in a second configuration,
wherein the collimator assembly 170 is arranged at a first angle non-parallel to the
deposition aperture 150 (and a substrate (not shown) behind the deposition aperture
150), and the linear sputtering apparatus 154 (and associated target 166) is arranged at
a second angle non-parallel to the deposition aperture 150, wherein the second angle is
greater than the first angle. The horizontal guide members 172 of the collimator
assembly 170 are physically separated from vertical guide members 174, with the guide
members 172, 174 being generally above a collimator end bracket 226 and generally
arranged between collimator side brackets 162. An ejection surface of the target 166 is
arranged to eject metal atoms through apertures defined by guide members 172, 174 of

the collimator assembly 170 toward the deposition aperture 150 and a substrate (not
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shown). As shown, a leftmost collimator side bracket 162 interferes with a shield panel
180, demonstrating that modification of size or shape of the shield panel 180 or the
collimator side bracket 162 (and collimator end bracket 226) may be necessary to
achieve the positioning shown in FIG. 23. Other elements shown in FIG. 23 are
generally the same as shown in FIG. 22.

[00168] FIG. 24 is a cross-sectional view of a portion of the reactor of FIGS. 9 and 10,
showing the target 166 arranged between the linear sputtering apparatus 154 and the
collimator assembly 170, with the collimator assembly 170 arranged non-parallel to an
ejection surface of the target 166. Superimposed in dashed lines over the collimator
assembly 170 and the collimator ground strap 168 are the drive screw 230 and the
recirculating ball screw drive mechanism 114, which are configured to promote vertical
translation of the collimator assembly 170. The collimator assembly 170 includes
multiple horizontal guide members 172 and multiple vertical guide members 174 that in
combination form a grid defining multiple apertures for guiding passage of metal atoms
ejected from an ejection surface of the target 166. Spacing between horizontal guide
members 172 is maintained by tubular supports 176 that extend in a vertical direction,
generally inboard of the collimator side brackets 162 and above a collimator end
bracket 226. Vertical movement between the collimator end bracket 226 and channels
224 defined by the channel guides 222 is provided by bearings 160. The linear
sputtering apparatus 154 includes a cathode body structure 156 supporting center pole
magnets 236 and perimeter magnets 238, with the cathode body structure 156 further
including a hollow interior containing liquid cooling channels 158 bounded by thermally
conductive (e.g., copper) inserts 240. In certain embodiments, the magnets 236, 238
may comprise NdFeB block magnets with nickel (e.g., Ni-Cu-Ni) plating. In certain
embodiments, the perimeter magnets 238 in combination form a rounded rectangular
(e.g., racetrack) shape, and the center pole magnets 236 form a linear shape. A
thermally conductive (e.g., copper) backing plate 234 is provided between the thermally
conductive inserts 240 and the target 166. Conductive elements 242 are further
arranged around lateral boundaries of the cathode body structure 156 that is coincident
with the perimeter of the target 166 and the thermally conductive backing plate 234.
[00169] FIG. 25 is a perspective cross-sectional view of a portion of the linear
sputtering apparatus 154 shown in FIG. 24 and useable in the reactor of FIGS. 9 and
10. A cathode body structure 156 supports center pole magnets 236 (preferably

arranged in a line) and perimeter magnets 238 (preferably arranged in a rounded
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horizontal configuration). The cathode body structure 156 further defines a cavity 244
containing liquid cooling channels 158 bounded by thermally conductive inserts 240
and bounded by the thermally conductive backing plate 234, which abuts the target
166. The target 166 preferably consists of a pure metal (e.g., 99.999% pure aluminum
or zinc). Lateral edges of the cathode body structure 156 and the perimeter magnets
238 are bounded by conductive elements 242.

[00170] FIG. 26 is a perspective view of the cathode body structure 156 and magnets
236, 238 of the linear sputtering apparatus 154 shown in FIG. 25 and useable in the
reactor of FIGS. 9 and 10. A peripheral portion of the cathode body structure 156 forms
a rounded rectangular shape supporting the perimeter magnets 238, and an inner
portion of the cathode body structure 156 forms an elevated linear wall 156A supporting
the center pole magnets 236. The cathode body structure 156 forms a cavity 244.
Along one end, the cathode body structure 156 defines apertures 246 to enable liquid
to flow to and from liquid cooling channels 158 (shown in FIG. 25).

[00171] FIG. 27 is a perspective view of the linear sputtering apparatus 154 mounted
between end caps 157 and the channel guides 222 for use with the reactor of FIGS. 9
and 10. Each end cap 157 may be formed of insulating conductive material, and
preferably includes a curved surface (not shown) to abut a curved end of the cathode
body structure 156 shown in FIG. 26. An electrically conductive mounting bar 250 is
arranged between upper ends of channel guides 222 (which include channels 224), and
defines liquid ports 164 coupled to hollow guides 248 that guide liquid conveying tubes
connected to the thermally conductive backing plate 234.. As shown, an ejection
surface of the target 166 is exposed to permit ejection of metal atoms during sputtering
operation.

[00172] FIG. 28 is a perspective view of an alternative collimator assembly 155
arranged within the first tubular portion 102 of a deposition reactor, with vertical guide
members 174A-174F separated by tubular supports 176 and extending in a single
direction.  Electrical conductors 254A-254F are arranged in communication with
individual vertical guide members 174A-174F for separate application of voltage to
different vertical guide members 174A-174F for electrical biasing thereof, to enhance
control of material deposition when a sputtering cathode assembly and target surface
(not shown) are arranged proximate to the collimator assembly 155. As shown, the
vertical guide members 174A-174F are arranged proximate to a deposition aperture

bounded by shield panels 180, 182 and a uniformity shield 152, with the vertical guide
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members 174A-174F being angled (or inclined) relative to two substrates 214A, 214B
to guide the passage of metal atoms (e.g., aluminum or zinc) that react with a gas
species (e.g., nitrogen or oxygen) within the reactor to deposit crystalline seed material
and/or hexagonal crystal structure piezoelectric material over the substrates 214A,
214B. Preferably, deposited piezoelectric material includes a c-axis having an
orientation distribution predominantly in a range of from 25 degrees to 50 degrees (or in
a subrange of from 30 degrees to 40 degrees) relative to normal of a face of the
substrates 214A, 214B. In certain embodiments, each substrate 214A, 214B is circular
in shape and includes a diameter of about 100 mm.

[00173] In certain embodiments, a collimator assembly is configured to move (e.g.,
translate) during operation of a linear sputtering apparatus, such as to prevent
formation of a “shadow” pattern that would otherwise be formed on a surface (e.g.,
substrate or wafer) receiving deposited piezoelectric material following transit of metal
atoms through the collimator assembly. Such a collimator assembly is preferably
electrically biased to a non-zero voltage during sputtering operation. FIGS. 29A and
29B provide plots of bias voltage versus time for operation of an electrically biased
collimator that forms a two-dimensional grid, such as shown in FIG. 19. FIG. 29A
shows a bias voltage that varies from about 2 V to about 14 V, FIG. 29B shows that the
bias voltage has a primary oscillation frequency of about 3 Hz, and FIG. 29A shows that
the bias voltage further exhibits secondary oscillations that are due to translation of the
collimator assembly.

[00174] In certain embodiments, a deposition system includes multiple linear
sputtering apparatuses, a substrate table that is translatable between different positions
(e.g., at different stations and/or to different chambers) proximate to different linear
sputtering apparatuses, and one or more collimators arranged between the substrate
table and one or more of the respective linear sputtering apparatuses, with a support
surface of the substrate table being non-parallel to at least one target surface of the
different linear sputtering apparatuses. A representative deposition system 300
including multiple linear sputtering apparatuses is shown in FIGS. 30A and 30B. FIG.
30A Illustrates components and piping connections of the deposition system 300, and
FIG. 30B includes representation of thermal and control components of the deposition
system 300.

[00175] Referring to FIG. 30A, the deposition system 300 includes a load lock

chamber 302 including an exterior door 304 and a transition door 306, with the load
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lock chamber 302 being intermediately arranged between a deposition enclosure 334
and an exterior environment to enable transfer of a substrate table 322 and substrates
326 without exposing the deposition enclosure 334 to atmospheric conditions.
Contents of the load lock chamber 302 and/or the deposition enclosure 334 may be
vented through valves 400, 406 to a vent 422. A vacuum gauge 330 and pressure
switches 332 are in sensory communication with the load lock chamber 302. After the
substrate table 322 with substrates 326 supported by a support surface 324 is loaded
through the exterior door 304 into the load lock chamber 302, a roughing pump 418
and/or a turbomolecular vacuum pump 410 in combination with valves 402, 408, 412
(and a pressure switch 416) may be used to extract gaseous contents of the load lock
chamber 302 through an exhaust 420 in order to establish a subatmospheric pressure
condition in the load lock chamber 302. Thereafter, the substrate table 322 and
substrates 326 may be loaded through the transition door 306 into the deposition
enclosure 334, which includes a first station 334A and a second station 334B, optionally
divided by a wall or partition 336 whereby the first station 334A may be provided in a
first chamber and the second station 334B may be provided in a second chamber.
Although FIG. 30A illustrates both stations 334A, 334B as being provided in a single
deposition enclosure 334, it is to be recognized that in certain embodiments, separate
first and second chambers (not shown) containing the first and second stations 334A,
334B, respectively, may be provided. In such an instance, such chambers are
preferably selectively isolated relative to one another, with a first vacuum pumping
element being associated with the first chamber and a second vacuum pumping
element being associated with the second chamber. Continuing to refer to FIG. 30A, a
background gas shower nozzle 354 positioned within the deposition enclosure 334 is
configured to receive background gas (e.g., an inert gas such as Argon) from a
background gas source 364 and a valve 366. In certain embodiments, the substrate
table 322 bearing substrates 326 is initially positioned at the first station 334A for
deposition of a crystalline seed layer over the substrates 326, and thereafter the
substrate table 322 and substrates 326 are moved (e.g., translated) to the second
station 334B for deposition of a hexagonal crystal structure piezoelectric material bulk
layer over the crystalline seed layer. A differential pump 370 is also provided between
the deposition enclosure 334 and the roughing pump 418 proximate to the exhaust 420.
[00176] The first station 334A includes a first sputtering cathode assembly 344A

arranged to discharge metal atoms from an ejection surface of a first target 346A to
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transit through a first collimator assembly 348A toward the substrates 326. A
magnetron gas source 360A and an associated valve 362A are arranged to supply gas
(preferably including a gas that is reactive with the metal atoms, such as nitrogen or
oxygen) to gas nozzles 340A arranged downstream of the first collimator assembly
348A. An additional (shower) gas source 356A and an associated valve 358A are
arranged to supply additional gas to gas nozzles 342A arranged proximate to the first
target 346A. The first sputtering cathode assembly 344A and the first collimator
assembly 348A are preferably supported by (e.g., suspended from) a first large flange
350A and a first small flange 352A that is not coaxially aligned with the first large flange
350A, whereby the first large flange 350A may be repositioned to adjust distance
between the first target 346A and the substrates 326, and the first small flange 352A
may be repositioned to adjust a tilt angle of the first sputtering cathode assembly 344A
(and the first collimator assembly 348A) relative to the substrates 326. As shown in
FIG. 30A, the first sputtering cathode assembly 344A and the first collimator assembly
348A may be positioned at a relatively shallow angle relative to the substrates 326, in
order to promote growth of a crystalline seed layer including a c-axis having an
orientation distribution predominantly in a range of from O degrees to 35 degrees
relative to normal of a face of the substrates 326.

[00177] The second station 334B includes a second sputtering cathode assembly
344B arranged to discharge metal atoms from an ejection surface of a second target
346B to transit through a second collimator assembly 348B toward the substrates 326.
A movable truck 338 including electrical biasing hardware is arranged proximate to the
substrate table 322 to translate the substrate table 322 and bias the substrate table 322
to an electrical potential other than ground to enhance control of material deposition
during use of the second sputtering cathode assembly 344B. A magnetron gas source
360B and an associated valve 362B are arranged to supply gas (preferably including a
gas that is reactive with the metal atoms) to gas nozzles 340B arranged downstream of
the second collimator assembly 348B. An additional (shower) gas source 356B and an
associated valve 358B are arranged to supply additional gas to gas nozzles 342B
arranged proximate to the second target 346B. The second sputtering cathode
assembly 344B and the second collimator assembly 348B are preferably supported by
(e.g., suspended from) a second large flange 350B and a second small flange 352B
that is not coaxially aligned with the second large flange 350B, whereby the second

large flange 350B may be repositioned to adjust distance between the second target
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346B and the substrates 326, and the second small flange 352B may be repositioned to
adjust a tilt angle of the second sputtering cathode assembly 344B (and the second
collimator assembly 348B) relative to the substrates 326. As shown in FIG. 30A, the
second sputtering cathode assembly 344B and the second collimator assembly 348B
may be positioned at a steeper angle relative to the substrates 326, in order to promote
growth of a hexagonal crystal structure piezoelectric material bulk layer including a c-
axis having an orientation distribution predominantly in a range of from 25 degrees to
50 degrees (or in a subrange of from 30 degrees to 40 degrees) relative to normal of a
face of the substrates 326. Further provided in sensory communication with the
deposition enclosure 334 are pressure switches 372 and vacuum gauges 368, 374.
The latter vacuum gauge 374 is arranged to provide feedback to a valve 388 arranged
between the deposition enclosure 334 and a cryogenic pumping system 376, which
includes a cryopump 380, an overpressure valve 384, a cryopumping exhaust valve
386, and a purge valve 382 coupled to a purge gas source 378. The cryopump 380 is
further coupled with a cryocompressor 392. The cryopumping exhaust valve 386 and
an enclosure exhaust valve 390 are both coupled to exhaust piping monitored by a
vacuum gauge 396 and coupled to a roughing pump 394 arranged to remove gas to an
exhaust 398.

[00178] Referring to FIG. 30B, the load lock chamber 302 of the deposition system
300 includes a substrate heater 312 arranged to receive power from a transformator
316 to heat the substrates 326 supported by the support surface 324 of the substrate
table 322, and includes substrate table heaters 314 arranged to receive power from a
transformator 318 to heat the substrate table 322. A load lock chamber heating
controller 320 is arranged to receive temperature feedback signals from a substrate
pyrometer 308 and a substrate table pyrometer 310 to provide control signals to the
transformators 316, 318. The heaters 312, 314 may be used to eliminate any vapor
(e.g., water vapor and/or cleaning solvent) from the substrates 326 and the substrate
table 322 that may be present after loading the substrate table 322 and substrates 326
through the exterior door 304. After vapor removal is complete and appropriate
subatmospheric conditions are established in the load lock chamber 302, the substrate
table 322 and substrates 326 may be moved through the transition door 306 into the
deposition enclosure 334, preferably to a first station 334A proximate to the first
sputtering cathode assembly 344A. As noted previously, the deposition enclosure 334

may be subdivided into a first station 334A and a second station 334B, optionally

56



10

15

20

25

30

WO 2017/066448 PCT/US2016/056840

divided by a wall or partition 336; alternatively, a first station may be provided in a first
chamber, and a second station may be provided in a second chamber, wherein the
respective stations are preferably selectively isolatable relative to one another.
Continuing to refer to FIG. 30B, the deposition enclosure 334 includes a chamber
heater 448 coupled to a heating element 446. Additionally, localized heating of the
substrate table 322 may be accomplished with heaters (e.g., infrared heaters) 424A-
424C each coupled to a corresponding heating transformator 426A-426C that is
controlled by a deposition enclosure heating controller 430 that receives temperature
feedback signals from pyrometers 436A-436C arranged proximate to the heaters 424A-
424C. A first DC generator 442A coupled to a reactive sputtering controller 440 is
arranged to supply power to the first sputtering cathode assembly 344A, and a first
crystal oscillator monitor 428A coupled to a first oscillator 438A is provided to monitor
the first target 346A to provide information regarding material deposition rate during
operation of the first sputtering cathode assembly 344A. A second DC generator 442B
coupled to the reactive sputtering controller 440 is arranged to supply power to the
second sputtering cathode assembly 344B, and a second crystal oscillator monitor
428B coupled to a second oscillator 438B is provided to monitor the second target
346B to provide information regarding material deposition rate during operation of the
second sputtering cathode assembly 344B. Thickness of one or more material films
deposited over the substrates 326 is monitored with a film thickness monitor 444. A
radio frequency generator 432 and a transformator 434 are coupled to electrical biasing
hardware associated with a movable truck 338 arranged proximate to the substrate
table 322 to bias the substrate table 322 to an electrical potential other than ground to
enhance control of material deposition during use of the second sputtering cathode
assembly 344B. The first sputtering cathode assembly 344A and the first collimator
assembly 348A are preferably supported by (e.g., suspended from) a first large flange
350A and a first small flange 352A that is not coaxially aligned with the first large flange
350A, and the second sputtering cathode assembly 344B and the second collimator
assembly 348B are preferably supported by (e.g., suspended from) a second large
flange 350B and a second small flange 352B that is not coaxially aligned with the
second large flange 350B.

[00179] Preferably, a crystalline seed layer as described herein is grown over the
substrates 326 at the first station 334A using the first sputtering cathode assembly

344A (optionally in conjunction with the first collimator assembly 348A), then the
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substrate table 322 supporting the substrates 326 is moved (e.g., translated) to the
second station 334B, and a hexagonal crystal structure piezoelectric material bulk layer
as described herein is grown over the crystalline seed layer at the second station 334B.
In this manner, a second growth step (for growing a piezoelectric material bulk layer
such as aluminum nitride or zinc oxide) may be performed in a sequential manner in a
subatmospheric environment following the first growth step (for growing the crystalline
seed layer) without any need for removing the at least one resonator device complex
into an atmospheric pressure environment before the second growth step (e.g., which
would otherwise require significant time and energy to establish subatmospheric
conditions at the second station 334B, and may otherwise require performance of
additional steps to avoid introduction of particulates and other contaminants that could
lead to defects in finished devices).

[00180] Various embodiments disclosed herein relate to use of at least one linear
sputtering apparatus and at least one multi-aperture collimator for depositing a
crystalline seed layer over a substrate, and for depositing a tilted c-axis hexagonal
crystal structure piezoelectric material bulk layer over the crystalline seed layer (with
the c-axis hexagonal crystal structure piezoelectric material bulk layer being
compositionally matched to the crystalline seed layer in preferred embodiments). It has
been determined that providing a crystalline seed layer below the piezoelectric material
bulk layer beneficially enables a greater angle of c-axis distribution range than can be
achieved in the absence of a crystalline seed layer (as apparent by comparison of
FIGS. 31 and 32), and that increasing pressure during deposition of the crystalline seed
layer increases uniformity of the c-axis angular distribution range of the piezoelectric
material bulk layer (as apparent by comparison of FIGS. 32 and 33). Such points are
further detailed below.

[00181] FIG. 31 is a plot of intensity versus c-axis angle for X-ray diffraction analysis
of a tilted c-axis AIN bulk layer formed over a substrate without an intervening seed
layer. As shown, peak intensity is shown at a c-axis angle of about 7 degrees, with the
angular distribution declining in a nearly asymptotic manner for c-axis angles greater
than about 16 degrees, exhibiting negligible intensity for c-axis angles above about 20
degrees. FIG. 32 is a plot of intensity versus c-axis angle for X-ray diffraction analysis
of a tilted c-axis AIN bulk layer formed over an AIN seed layer supported by a substrate
(of the same type used in FIG. 31 and grown in the same apparatus under similar AIN

layer growth conditions), with the seed layer formed at a deposition pressure of 5 mT.
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In contrast to FIG. 31, FIG. 32 shows attainment of peak intensity at a c-axis angle of
about 30 degrees, with a substantially smaller secondary peak visible around 7
degrees, wherein the intensity value of the secondary peak is less than about one
eighth the intensity value of the primary peak visible at about 30 degrees. FIGS. 31
and 32 in combination therefore evidence that presence of crystalline AIN seed material
enables growth of an AIN bulk layer having a greater c-axis tilt angle than can be
attained by depositing an AIN bulk layer over a substrate without an intervening seed
layer. As noted above, increasing deposition pressure for growth of the crystalline seed
layer has been found to increase uniformity of the c-axis angular distribution range of
the piezoelectric material bulk layer. FIG. 33 is a plot of intensity versus c-axis angle
for X-ray diffraction analysis of a tilted c-axis AIN bulk layer formed over an AIN seed
layer supported by a substrate, with the seed layer formed at a comparatively higher
pressure of 15 mT. Growth of crystalline AIN seed material at 15 mT takes significantly
longer than growth of the same thickness of crystalline AIN seed material at 5 mT, but
leads to attainment of higher quality in a subsequently deposited AIN bulk layer. In
contrast to FIG. 32, FIG. 33 shows near-zero intensity values (i.e., less than about 3
percent) for c-axis angles in a range of from about 0 to 15 degrees. The absence of a
significant secondary peak in a c-axis tilt angle range of from about 0 to 15 degrees is
expected to increase the ratio of shear coupling coefficient relative to longitudinal
coupling coefficient for the piezoelectric bulk material, thereby providing increased
shear coupling for enhanced response of resonator devices useable in liquids or other
viscous media. Thus, in certain embodiments, less than about 3 percent of a c-axis
orientation distribution of a hexagonal crystal structure piezoelectric material bulk layer
is in a range of from O degrees to 15 degrees relative to normal of a face of the
substrate of a bulk acoustic wave resonator device.

[00182] FIG. 34 is a plot of squared shear coupling coefficient over squared
longitudinal coupling coefficient (shear/long ratio) versus c-axis angle of inclination for
AIN, with such plot being derivable from the plot of FIG. 3. As shown in FIG. 34, the
shear/long ratio increases more than threefold by increasing the c-axis angle of
inclination of AIN from 20 degrees to 30 degrees. For biochemical sensing applications
incorporating bulk acoustic wave resonator devices, shear/long ratios are preferably
greater than 1, more preferably at least 1.25, more preferably at least 2, and still more

preferably at least 3.
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[00183] FIG. 35 is a plot of squared shear coupling coefficient over squared
longitudinal coupling coefficient (shear/long ratio) for a first set of eight AIN film samples
(including AIN bulk material) grown according to three growth conditions (i.e., no seed
layer, presence of an AIN seed layer grown at 5 mT, and presence of an AIN seed layer
grown at 15 mT). The horizontal dashed line represents a desired minimum shear/long
ratio value of 1.25. As shown, the shear/long ratio was less than 0.5 for all four
samples with no seed layer, and was also less than 0.5 for the single sample including
a seed layer grown at 5 mT. In contrast, the shear/long ratio values for all samples that
included a seed layer grown at 15 mT were greater than 1.5. This data set shows that
shear/long ratio may be enhanced by the presence of an AIN seed layer grown at 15
mT.

[00184] FIG. 36 is a plot of squared shear coupling coefficient over squared
longitudinal coupling coefficient (shear/long ratio) for a second set of twenty-four AIN
film samples grown according to three growth conditions (i.e., no seed layer, presence
of an AIN seed layer grown at 5 mT, and presence of an AIN seed layer grown at 15
mT). The horizontal dashed line represents a desired minimum shear/long ratio value
of 1.25. As shown, the shear/long ratio was less than 0.5 for all five samples with no
seed layer, while shear/long ratio values varied from a minimum of about 0.5 to a
maximum of nearly 2.5 (with an average value closer to about 1.2) for the fourteen
samples including a seed layer grown at 5 mT. Significant variability in shear/long ratio
values was exhibited by the samples including a seed layer grown at 5 mT. In contrast,
the shear/long ratio was greater than 1.25 for all five samples with a seed layer grown
at 15 mT, demonstrating a higher average shear/long ratio and less variability in
shear/long ratio as compared to the samples grown at 5 mT.

[00185] Hexagonal crystal structure piezoelectric materials, such as AIN grown
utilizing systems and methods disclosed herein, preferably exhibit controlled stress and
densely packed columnar grains or recrystallized grain structure. FIG. 37A is a cross-
sectional scanning electrode microscopy (SEM) photograph (50,000x magnification) of
an AIN bulk layer 450A deposited over an AIN seed layer (barely visible) grown at 5 mT
and an aluminum thin film 452A over a substrate 454A. The AIN seed layer is vertically
aligned, and a transition to the AIN bulk layer 450A is where tilted AIN grains initiate
growth. FIG. 37B is a SEM photograph (50,000x magnification) of a top surface of the
AIN bulk layer 450A of FIG. 37A. For comparison, FIG. 38A is a cross-sectional SEM
photograph (50,000x magnification) of an AIN bulk layer 450B deposited over an AIN
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seed layer (barely visible) grown at 15 mT over an aluminum thin film 452B and over a
substrate 454B, and FIG. 38B is a SEM photograph (50,000x magnification) of a top
surface of the AIN bulk layer 450B of FIG. 38A. As shown in the foregoing four figures,
the AIN bulk layer 450B provided over an AIN seed layer at 15 mT exhibits a denser
and more regular grain structure than the AIN bulk layer 450A grown over an AIN seed
layer grown at 5 mT. This appears consistent with a comparison between FIGS. 32
and 33, in which less variability in c-axis tilt angle was found for an AIN bulk layer
provided over an AIN seed layer grown at 15 mT than for an AIN bulk layer provided
over an AIN seed layer grown at 5 mT.

[00186] FIG. 39 is a cross-sectional view SEM photograph (50,000x magnification) of
an AIN bulk layer having a c-axis tilted 35 degrees relative to normal of an underlying
substrate. The AIN bulk layer was deposited using a collimator-to-substrate angle of 36
degrees utilizing a deposition reactor according to the design of FIGS. 9 and 10.
[00187] As noted previously, electrical biasing of the substrate table and/or the
collimator to a potential other than ground may be utilized during deposition of
piezoelectric material such as AIN. FIG. 40A is a cross-sectional SEM photograph
(50,000x magnification) of a portion of an AIN bulk layer grown at 1.2 mT without the
use of an AIN seed layer and without the use of collimator biasing. FIG. 40B is a cross-
sectional SEM photograph {75,000x magnification) of a portion of the same film of FIG.
40A, with the AIN bulk layer exhibiting a c-axis tilt angle of 9.63 degrees relative to
normal of a substrate. For comparison, FIG. 41A is a cross-sectional SEM photograph
(50,000x magnification) of a portion of an AIN bulk layer grown at 0.6 to 0.8 mT with
use of collimator biasing at 60V. FIG. 41B is a cross-sectional SEM photograph
(75,000x magnification) of a portion of the same film of FIG. 41A with an AIN bulk layer
grown without the use of an AIN seed layer but with the use of collimator biasing. The
AIN bulk layer of FIG. 41B exhibits a c-axis tilt angle of 6.83 degrees relative to normal
of a substrate. A visual comparison between FIGS. 40B and 41B suggests that the use
of collimator biasing may result in more densely packed columnar grains or
recrystallized grain structure. Separately, Applicant has found that collimator biasing
tends to improve influence microstructure development of tilted c-axis piezoelectric bulk
material in a bulk acoustic wave resonator device.

[00188] Embodiments as disclosed herein may provide one or more of the following
beneficial technical effects: enablement of growing inclined c-axis hexagonal crystalline

material films (preferably of high tilt angles) over large area substrates without
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significant variation in c-axis tilt angle, facilitating efficient manufacture of c-axis
hexagonal crystalline material films of high tilt angles over large area substrates for
production of bulk acoustic wave resonator structures; and enhanced control of
deposition of inclined c-axis hexagonal crystalline material films.

[00189] Upon reading the following description in light of the accompanying drawing
figures, those skilled in the art will understand the concepts of the disclosure and will
recognize applications of these concepts not particularly addressed herein. Those
skilled in the art will recognize improvements and modifications to the preferred
embodiments of the present disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein and the claims that follow.
Any of the various features and elements as disclosed herein may be combined with
one or more other disclosed features and elements unless indicated to the contrary

herein.
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CLAIMS

What is claimed is:

1. A deposition system comprising:

a linear sputtering apparatus comprising a target surface configured to eject
metal atoms;

a substrate table comprising a support surface that is configured to receive at
least one wafer and is coupled to a translation element, wherein the translation element
is configured to translate the substrate table and the at least one wafer during operation
of the linear sputtering apparatus; and

a collimator comprising a plurality of guide members defining a plurality of
collimator apertures arranged between the linear sputtering apparatus and the
Substrate table;

wherein the target surface is arranged non-parallel to the support surface; and

wherein at least one of the substrate table or the collimator is electrically biased

to a potential other than ground.

2. The deposition system of claim 1, wherein the plurality of guide members is

arranged non-perpendicular to the support surface.

3. The deposition system of claim 1, wherein the substrate table is electrically

biased to a potential other than ground.

4. The deposition system of claim 1, wherein the collimator is electrically biased to

a potential other than ground.
5. The deposition system of claim 1, wherein the linear sputtering apparatus
comprises a linear magnetron that includes a sputtering cathode operatively coupled to

the target surface to promote ejection of metal atoms from the target surface.

6. The deposition system of claim 1, wherein the linear sputtering apparatus

comprises a linear ion beam sputtering apparatus.
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7. The deposition system of claim 1, wherein the plurality of guide members
comprises a plurality of longitudinal members and a plurality of transverse members

that form a grid.

8. The deposition system of claim 1, wherein the plurality of guide members
comprises a plurality of longitudinal members biased to a first electrical potential other
than ground and comprises a plurality of transverse members biased to a second
electrical potential other than ground, and wherein the second electrical potential differs

from the first electrical potential.

9. The deposition system of claim 1, wherein the collimator is configured to

translate during operation of the linear sputtering apparatus.

10.  The deposition system of claim 1, further comprising a deposition aperture

arranged between the collimator and the substrate table.

11.  The deposition system of claim 10, further comprising a uniformity shield

configured to adjust dimensions of the deposition aperture.

12.  The deposition system of claim 1, wherein the support surface is configured to

receive at least two wafers.

13.  The deposition system of claim 1, wherein the target surface comprises

aluminum or zinc and is configured to eject aluminum atoms or zinc atoms.

14.  The deposition system of claim 1, being configured to receive a supply of
sputtering gas, wherein the sputtering gas comprises a gas species adapted to react

with the metal atoms.

15.  The deposition system of claim 1, operatively coupled to a source of sputtering

gas comprising nitrogen or oxygen.

16.  The deposition system of claim 1, including at least one wafer received by the

support surface, wherein the at least one wafer comprises a substrate, an acoustic
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reflector structure arranged over the substrate, and an electrode structure arranged

over at least a portion of the acoustic reflector structure.

17.  The deposition system of claim 1, including at least one wafer received by the
support surface, wherein the at least one wafer comprises a substrate defining a
recess, a support layer is arranged over the recess, and an electrode structure is

arranged over the support layer.

18.  The deposition system of claim 1, wherein the target surface is oriented 15 to 55

degrees apart from the substrate table.

19.  The deposition system of claim 1, being configured for growth of a hexagonal
crystal structure piezoelectric material bulk layer over a seed layer that overlies a wafer
received by the support surface, wherein at least 50% of the hexagonal crystal structure
piezoelectric material bulk layer comprises a c-axis having an orientation distribution
predominantly in a range of from 25 degrees to 50 degrees relative to normal of a face

of the wafer.

20.  The deposition system of claim 1, being configured for growth of a hexagonal
crystal structure piezoelectric material bulk layer over a seed layer that overlies a wafer
received by the support surface, wherein at least 90% of the hexagonal crystal structure
piezoelectric material bulk layer comprises a c-axis having an orientation distribution
predominantly in a range of from 25 degrees to 50 degrees relative to normal of a face

of the wafer.

21. A method for fabricating at least one bulk acoustic wave resonator structure, the
method comprising:

a first growth step including deposition of a crystalline seed layer over at least
one resonator device complex, wherein each resonator device complex of the at least
one resonator device complex includes a substrate and at least one first electrode
structure arranged over at least a portion of the substrate; and

a second growth step including deposition of a hexagonal crystal structure
piezoelectric material bulk layer over the crystalline seed layer that is arranged over the

at least one resonator device complex, and being configured to yield at least 50% of the
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hexagonal crystal structure piezoelectric material bulk layer comprising a c-axis having
an orientation distribution predominantly in a range of from 25 degrees to 50 degrees
relative to normal of a face of the substrate;

wherein at least one of the first growth step or the second growth step comprises
ejection of metal atoms from a target surface of a linear sputtering apparatus to (i)
transit through a collimator comprising multiple collimator apertures and through a
deposition aperture, and (ii) react with a gas species and be received by the at least
one resonator device complex, wherein the target surface is arranged non-parallel to a

face of the substrate.

22.  The method of claim 21, wherein the crystalline seed layer is compositionally

matched to the hexagonal crystal structure piezoelectric material bulk layer.

23.  The method of claim 21, further comprising forming at least one second
electrode structure over at least one portion of the hexagonal crystal structure

piezoelectric material bulk layer.

24.  The method of claim 23, further comprising roughening a backside of the

substrate after said forming of the at least one second electrode structure.

25. The method of claim 21, wherein the first growth step is configured to yield at
least 50% of the crystalline seed layer comprising a c-axis having an orientation
distribution predominantly in a range of from O degrees to 35 degrees relative to normal

of a face of the substrate.

26. The method of claim 21, wherein the second growth step is configured to yield at
least 90% of the hexagonal crystal structure piezoelectric material bulk layer comprising
a c-axis having an orientation distribution predominantly in a range of from 25 degrees

to 50 degrees relative to normal of a face of the substrate.

27.  The method of claim 21, wherein the first growth step is performed at a

deposition pressure in a range of from about 5 mT to about 50 mT.
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28. The method of claim 21, wherein the first growth step is performed at a first
deposition pressure, the second growth step is performed at a second deposition
pressure, and the first deposition pressure is greater than the second deposition

pressure.

29. The method of claim 21, wherein the target surface is oriented 15 to 55 degrees

apart from a face of the substrate.

30. The method of claim 21, wherein for each resonator device complex of the at
least one resonator device complex, the substrate comprises a diameter of at least

about 50 mm.

31.  The method of claim 21, wherein the at least one resonator device complex

comprises a plurality of resonator device complexes.

32. The method of claim 21, wherein at least one of the first growth step or the

second growth step further comprises translating the collimator.

33. The method of claim 21, wherein each resonator device complex of the at least
one resonator device complex further comprises an acoustic reflector structure

arranged between the substrate and the at least one first electrode structure.

34. The method of claim 21, wherein the at least one resonator device complex is
supported by a substrate table, and the method further comprises translating the

substrate table during the first growth step and during the second growth step.

35. The method of claim 34, wherein the target surface is oriented 15 to 55 degrees

apart from the substrate table.
36. The method of claim 34, further comprising electrically biasing at least one of the

substrate table or the collimator to a potential other than ground during at least one of

the first growth step or the second growth step.
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37. The method of claim 34, further comprising translating the collimator and
translating the substrate table during operation of the linear sputtering apparatus during
at least one of the first growth step or the second growth step, wherein a direction of
translation of the collimator is substantially perpendicular to a direction of translation of

the substrate table.

38. The method of claim 21, further comprising dicing the at least one resonator
device complex, over which the hexagonal crystal structure piezoelectric material bulk

layer and the crystalline seed layer are deposited, into a plurality of chips.

39. The method of claim 38, wherein each chip of the plurality of chips comprises a
solidly mounted bulk acoustic wave resonator chip or a film bulk acoustic wave

resonator chip.

40. A bulk acoustic wave resonator device produced by the method of claim 21.

41.  An acoustic resonator structure comprising:

a substrate;

at least one first electrode structure supported by the substrate;

a crystalline seed layer arranged over the substrate and the at least one first
electrode structure;

a hexagonal crystal structure piezoelectric material bulk layer arranged over the
crystalline seed layer; and

at least one second electrode structure arranged over at least a portion of the
hexagonal crystal structure piezoelectric material bulk layer;

wherein at least 50% of the hexagonal crystal structure piezoelectric material
bulk layer comprises a c-axis having an orientation distribution predominantly in a range

of from 25 degrees to 50 degrees relative to normal of a face of the substrate.
42.  The acoustic resonator structure of claim 41, wherein the crystalline seed layer is

compositionally matched to the hexagonal crystal structure piezoelectric material bulk

layer.
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43.  The acoustic resonator structure of claim 41, wherein a thickness of the
crystalline seed layer is no greater than about 20% of a combined thickness of the
hexagonal crystal structure piezoelectric material bulk layer and the crystalline seed

layer.

44.  The acoustic resonator structure of claim 41, wherein the crystalline seed layer
comprises a thickness in a range of from about 500 Angstroms to about 2,000
Angstroms.

45.  The acoustic resonator structure of claim 41, wherein at least 50% of the
crystalline seed layer comprises a c-axis having an orientation distribution
predominantly in a range of from O degrees to 35 degrees relative to normal of a face of
the substrate.

46.  The acoustic resonator structure of claim 41, wherein the hexagonal crystal
structure piezoelectric material bulk layer comprises a thickness in a range of from
about 4,000 Angstroms to about 26,000 Angstroms.

47.  The acoustic resonator structure of claim 41, wherein the substrate comprises a

semiconductor material.

48.  The acoustic resonator structure of claim 41, further comprising an acoustic
reflector structure arranged between the substrate and the at least one first electrode

structure.

49. The acoustic resonator structure of claim 48, wherein the substrate is arranged
between a backside surface and the acoustic reflector structure, and the backside
surface comprises a roughened surface configured to reduce or eliminate backside
acoustic reflection.

50. The acoustic resonator structure of claim 41, wherein the substrate defines a

recess, a support layer is arranged over the recess, and the support layer is arranged

between the substrate and at least a portion of the at least one first electrode structure.
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51.  The acoustic resonator structure of claim 41, wherein at least 90% of the
hexagonal crystal structure piezoelectric material bulk layer comprises a c-axis having
an orientation distribution predominantly in a range of from 25 degrees to 50 degrees

relative to normal of a face of the substrate.

52.  The acoustic resonator structure of claim 41, wherein at least 50% of the
hexagonal crystal structure piezoelectric material bulk layer comprises a c-axis having
an orientation distribution predominantly in a range of from 30 degrees to 40 degrees

relative to normal of a face of the substrate.

53. The acoustic resonator structure of claim 41, wherein less than about 3 percent
of the c-axis orientation distribution of the hexagonal crystal structure piezoelectric
material bulk layer is in a range of from 0 degrees to 15 degrees relative to normal of a
face of the substrate.

54.  The acoustic resonator structure of claim 41, wherein the substrate comprises a
diameter of at least about 50 mm, and the hexagonal crystal structure piezoelectric

material bulk layer covers at least about 50% of a face of the substrate.

55.  The acoustic resonator structure of claim 41, wherein the substrate comprises a
diameter of at least about 100 mm, and the hexagonal crystal structure piezoelectric

material bulk layer covers at least about 50% of a face of the substrate.

56. The acoustic resonator structure of claim 41, wherein the hexagonal crystal

structure piezoelectric material bulk layer comprises aluminum nitride or zinc oxide.

57.  The acoustic resonator structure of claim 41, wherein:

the at least one first electrode structure comprises a plurality of first electrode
structures;

the at least one second electrode structure comprises a plurality of second
electrode structures;

a first portion of the acoustic resonator structure comprises a first bulk acoustic

wave resonator device including a first active region arranged between one first
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electrode structure of the plurality of first electrode structures and one second electrode
structure of the plurality of second electrode structures; and

a second portion of the acoustic resonator structure comprises a second bulk
acoustic wave resonator device including a second active region arranged between
another first electrode structure of the plurality of first electrode structures and another

second electrode structure of the plurality of second electrode structures.

58. A bulk acoustic wave resonator chip derived from the acoustic resonator

structure of claim 57.

59. A sensor or microfluidic device incorporating the bulk acoustic wave resonator

chip of claim 58.
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