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Controlling Residual Stress and Suppression of
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Abstract— Deposition of Aluminum Scandium Nitride (AlScN)
films directly on Silicon at high Sc alloying levels, with controlled
stress, and free of anomalous grains (AOGs) is demonstrated
using reactive co-sputtering. The average stress and AOG
formation consider the Sc alloying range between 20.3 and
36.6 atomic % and for film thicknesses from 400 nm to 1000 nm
for 27.3% and 31.7% Sc alloying. The combination of a gradient
seed layer and proper process gas mixture is shown to inhibit
formation of AOGs in AIScN with up to 36% Sc alloying even
when grown directly on Si. It is demonstrated that the total
flow can be utilized to control the average film stress across the
20-36% doping range while the process gas mixture primarily
impacts the density of AOG formation in the AlScN films. Bulk
acoustic wave resonators fabricated from 380 nm and 485 nm
thick low stress and AOG free Alg ggSco.32N films grown directly
on Si demonstrate high frequency operation of 3.6 and 4.8 GHz,
high electromechanical coupling >20%, and quality factors in
excess of 500. [2021-0252]

Index Terms— Bulk acoustic wave devices, piezoelectric films,
piezoelectric resonators, semiconductor defectors, stress control,
physical vapor deposition.

I. INTRODUCTION

DVANCEMENTS in wireless and sensor technology

have resulted in increasing demand for piezoelectric
MEMS devices in wireless handsets and base stations, automo-
bile technology, health monitoring sensors, and environmental
sensors [1]-[4]. Due to its high quality factor (Q), Young’s
modulus, sound velocity, and low mechanical and dielectric
losses, Aluminum Nitride (AIN) is an advantageous resonator
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material with applications in radio frequency filtering [2],
[4], [5]. During processing of AIN films, built in stress and
undesired microstructures impact the quality of the film and
ultimately the performance of the device. In addition, AIN’s
low piezoelectric coefficients limit its application, especially
when large electromechanical coupling is required such as in
wide bandwidth acoustic filters and energy harvesters.

In 2010, it was discovered that alloying AIN with Scandium
(Sc) increases its d33 piezoelectric coefficient by over 500%
and maintains compatibility with post-CMOS integration when
deposited below 400° [4]. Further studies demonstrated that
high quality and low stress AIScN [6] films possess enhanced
electromechanical coupling (k,z) above that observed for pure
AIN of approximately 7.6% for bulk acoustic wave resonators
(BAW) [2] and 1.8% for AIN Lamb wave resonators (LWR)
[7] as well as AlIScN phase velocities of greater than 8000 m/s
[31, [8]. As process parameters and Sc levels are modified to
enhance performance, this also impacts the built-in stress in the
film. Undesired stress can degrade device performance in thin
films. In 2015 Fichtner [6] analyzed stress in AIScN up to 37%
Sc concentration deposited on Platinum (Pt) using pulsed DC
reactive co-sputtering. Stress was controlled by modifying Ar
and N> gas mixtures, process pressure, and Sc levels although
there was a high density of anomalously oriented grains
(AOGsS) reported [6]. In 2017 Fichtner [9] reported decreased
AOG formation in AIScN materials between 27% and 43%
Sc concentration deposited on both Pt and Molybdenum (Mo)
electrodes with gas flows of 15 sccm N, and 5.3 sccm Ar.
Platinum has chemical inertness and is often utilized as a seed
electrode for AIScN. Mo is also selected in MEMS processes
for improved lattice matching and selective wet etching [9]
of the electrode and AIScN. Platinum also has adequate
lattice matching but is expensive and is not a standard metal
utilized in CMOS processing. Henry [10] found that a Ti,
TiN, and AlCu seed reduced anomalous grains in 12.5% single
target reactive sputtered AIScN [10]. Bogner and Esteves [7],
[11] deposited Aluminum Scandium Nitride using pulsed dc
magnetron sputtering up to 20% and 32% Sc alloying respec-
tively. Esteves used Ti, Titanium Nitride (TiN), Aluminum
Copper (AlCu), Ti/AlCu, and Ti/TiN/AICu metal stacks as
the seed layers for AIScN growth [7]. Esteves also considered
AIScN on an AIN seed, but the Ti/TiN/AICu more consistently
suppressed undesired grains [1]. Bogner [11], [12] used SiN,

1057-7157 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Pennsylvania. Downloaded on March 08,2023 at 22:16:56 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-0991-5675
https://orcid.org/0000-0002-1142-236X
https://orcid.org/0000-0002-8007-5082
https://orcid.org/0000-0003-1303-9353

BEAUCEJOUR et al.: CONTROLLING RESIDUAL STRESS AND SUPPRESSION OF AOGs 605

Ti, and Ti/Pt varying seeds layers to decrease undesired grain
formation. The 30 nm of Ti and 30 nm of Pt improved
suppression of undesired grain growth and exhibited superior
electrical performance.

Certain applications in MEMs devices [2], RF res-
onators [8], and quantum structures [13] desire direct growth
of AIScN on Silicon substrates while maintaining both stress
control and suppression of anomalous grains. AIScN with low
AOG density has been previously demonstrated on <111>
FCC metals [1]. Si is a diamond center cubic structure
which presents neither hexagonal symmetry nor a close lattice
parameter to AIScN, making growth directly on Si more
challenging. Compared to studies on Pt, Mo, Al, Ti, and W,
these metals all present hexagonal symmetry with a close
lattice spacing to AIScN. The poor lattice matching of Si with
AlScN results in AIScN films that are more compressive at a
given Sc alloying ratio when compared to previously explored
AIScN films on FCC metals [6], [11]. The poor lattice match
also introduces a higher number of defects that promotes the
nucleation of AOGs.

Akiyama [4] used Radio Frequency (RF) magnetron reactive
co-sputtering to deposit AIScN directly on n-type Silicon
demonstrating a maximum piezoelectric response at 43% Sc
concentration. The c-axis orientation degraded significantly
between 30% to 40% Sc concentration while undesired cubic
phases dominated above 46% Sc. Stress control was not
reported by Akiyama [4] and the published results indicate
formation of AOGs but the density cannot be determined
from the publication. Similarly, Shao et al [3] displayed
a low density of AOGs on Pt but significant AOG cover-
age for thin films directly grown on silicon on the same
wafer.

Undesired phases and AOGs reduce piezoelectric coeffi-
cients, film orientation, and modify stress. AOGs also render
etching of device structures problematic as the AOG regions
etch at a much lower rate. When high compressive stress
persists, Euler buckling, and inclusions reduce performance in
suspended devices. High tensile stress can result in cracking
and delamination [1], [10]. Depending on the type of device
and the process utilized, the stress will need to stay within a
specific range. Thus, independent control of the stress and the
piezoelectric properties is important for device performance.
We report methods to deposit high quality AlScN films directly
on Si with controlled average stress and free of anomalous
grains using reactive co-sputtering. We study the average stress
and AOG formation for the Sc alloy range between 20.3
and 36.6 atomic % and for film thicknesses from 400 nm
to 1000 nm at 27.3% and 31.7% Sc. We demonstrate that a
gradient seed layer can be utilized to suppress AOGs when
depositing AIScN films directly on Si. We demonstrate that
the total flow can be utilized to control the average film
stress while the process gas mixture impacts the density
of AOGs in the film. Finally, we demonstrate the utility
of our growth processes by realizing high electromechanical
coupling (>20%) and high figure-of-merit bulk acoustic wave
(BAW) resonators from low stress 380 nm and 485 nm thick
Alg 68Sco 32N materials grown directly on Si.

TABLE I

SPUTTER DEPOSITION PARAMETERS FOR ALSCN
SCANDIUM CONCENTRATION EXPERIMENT

Process Parameter Value
Temperature 350 °C
Sputter Power Al Cathode | 1000 W
Sputter Power Sc Cathode | 300-655 W
DC Pulsing Frequency 150 kHz

N, Flow 20 scem

Ar Flow 0 sccm

Film Thickness 500 nm

Base Pressure < 3x107 mbar

TABLE I

EQUIVALENT SCANDIUM CATHODE POWER TO SCANDIUM
CONCENTRATIONS MEASURED BY EDS

Sc (W)
Se (%)

300 400 450 555 605 655
20.3 24.9 273 31.7 345 36.6

II. EXPERIMENTATION DETAILS

A. AlScN Sputtering Process Parameters and
Metrology Methods

AlScN is deposited directly onto 100 mm p-type Si wafers
for stress optimization and 150 mm p-type Si wafers for
BAW device fabrication using an Evatec pulsed DC reactive
co-sputtering system at various Sc powers and sputtering
conditions, summarized in Tables I-V. Depositions on the
100 mm wafers were performed using a 150 mm pocket wafer.
The scandium cathode power, Al cathode power, temperature,
gas flow, process gas mixture, and substrate-to-target distance
all impact the Sc level, growth rate, average stress, and
crystallinity of the resulting film. The Aluminum power is
held constant through these experiments while the Sc cathode
power is modified to control the Sc alloying in the resulting
films [14]. To determine the impact on the Sc alloying ratio
of the Sc cathode power, samples using a Sc cathode power
of 450, 555, 605, and 655 W were produced while holding
the while holding the Al cathode power constant at 1000 W
[14]. Both targets were 100 mm in diameter. The scandium
concentration was then measured for each sample using
energy dispersive X-ray spectroscopy (EDS) in a scanning
electron microscope (SEM) resulting in Sc concentrations of
27.3 (450 W), 31.7 (555 W), 34.4 (605 W), and 36.6 (655 W).
An epitaxial AlspScsgN material, where the composition was
previously verified using Rutherford Backscattering Spectrom-
etry (RBS), was used as a reference sample for the k-factor
analysis during the measurement of these samples [15]. When
utilizing a reference sample, SEM/EDS measurements have
been shown to be highly accurate with less than 2% relative
error [16]. The SEM/EDS measurements of these samples
were then used to determine the Sc cathode power required
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(a)

Height Sensor W

Fig. 1.
a gradient layer with no Argon gas and 25 sccm Nitrogen gas.

to produce samples of varying Sc alloying levels. To aid
in the suppression of AOGs, a 15 nm AIN seed and a
35 nm gradient seed layer are utilized. The gradient seed
layer, where the Sc concentration is linearly graded from 0%
Sc alloying to the final Sc concentration over a thickness
of 35 nm, sits on top of the AIN seed. The gradient seed
layer is formed by linearly increasing the Sc cathode power
with time from 0 W to the power corresponding to the
desired final alloying level reported in Table II. Atomic Force
Microscope (AFM) micrographs in Figure 1 display how this
seed layer suppresses the formation of AOGs in Figure 1(b)
when compared to unseeded materials in Figure 1(a). The
final thickness of the film is measured using a Woollam
Ellipsometer. The film orientation is assessed using the rocking
curve full width half maximum (FWHM) from an w-scan in a
Rigaku X-Ray diffraction (XRD) machine with Cu-Ka source
and the roughness and surface structure are measured using a
Bruker AFM. The average stress is measured using a Tencor
(Keep Looking Ahead) KLA stress profilometer. The average
film stress is computed by first measuring the wafer’s radius of
curvature before and after deposition using a profilometer then
subsequently calculated using Stoney’s equation [6], [17], [18].
This method was previously shown to be repeatable within
+20 MPa [19].

III. RESULTS AND DISCUSSION
A. Scandium Concentration

The DC power provided to the Scandium (Sc) cathode accel-
erates more plasma towards the target, releases more Sc ions
into the environment, and raises the percentage (in atomic %)
of Sc in Aluminum Scandium Nitride films. The Alp ¢gSco 32N
materials were sputtered under the conditions shown in Table I.
Table II provides the corresponding Scandium cathode power
and its resulting Sc percentage for 500 nm films deposited with
gas flows of 0 sccm Ar and 20 sccm N». A power of 300 W
provided 20.3% Sc alloyed AlScN, while increasing the power
to 655 W increased the content to 36.6%. In Figure 2(a), large
average compressive stresses arise with higher percentages
of Sc. These compressive stresses can lead to buckling in
MEMS plates and clamp-clamp beams. The average stress
decreases at a near linear rate with increasing Sc content.

soinm soinm
-5.0 nm -5.0 nm

Height Sensor W

AFM micrographs of 500nm PVD deposited Al g3Scp.32N films (a) with no gradient layer, no Argon gas and 20 sccm Nitrogen gas and (b) with

TABLE III

SPUTTER DEPOSITION PARAMETERS FOR ALSCN GAS FLOW AND TOTAL
GAS FLOW EXPERIMENT

Process Parameter Value
Temperature 350 °C
Sputter Power Al Cathode | 1000 W
Sputter Power Sc Cathode | 555 W

DC Pulsing Frequency 150 kHz

N, Flow 15-30 sccm
Ar Flow 0-10 sccm
Film Thickness 500 nm

Base Pressure < 3x107 mbar

Increases in Sc concentration have been shown to increase
the piezoelectric coefficients. This study reveals that additional
processing parameters are required to reduce the compressive
stress developed if highly Sc alloyed materials are to be
utilized in MEMS devices.

Figures 2(a) and 3 show the trends in the orientation and
structure of the films. The full-width half-maximum (FWHM)
of the film is decreasing with increasing Scandium alloying
which demonstrates the ability to deposit AIScN films with
high c-axis orientation required for large piezoelectricity. The
002 peak in the XRD 2-theta plot of Figure 3 increases slightly
from 36° with increased Sc alloying, indicting a change in the
distance between the atomic planes in the crystal using Braggs
law. The results provide corroborating evidence of higher
in-plane compressive stress being imparted into materials with
high amounts of Sc incorporation.

B. Process Gas Flow Rate and Process Gas Mixture

Figure 2(c) shows the resulting average film stress of
Alg 68Sco 32N as the total gas flow is increased from 20 sccm
to 40 sccm for a 500 nm thick film with depositions parameters
provided in Table III. In Figure 2(c) different gas mixtures are
utilized. The AIScN film becomes more tensile with increasing
total process gas flow. The average stress is a strong function
of the total gas flow but varies minimally based on the ratio of
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Fig. 2. Study of average stress and full width half max (FWHM) for Alj_yScxN films for (a) Scandium concentrations between 20.3% to 36.6% at gas flows
of 0 sccm Ar, 20 sccm Ny, and 500 nm film thickness (b) Varying film thicknesses between 400 nm and 1000 nm deposited at 27.3% and 31.7% Scandium,
0 scem Ar, and 25 sccm Nj (¢) Total flow from 20 to 40 sccm at 31.7% Scandium, 500 nm film thickness, varying gas mixtures of 0, 5, and 10 sccm Ar
and (d) Increasing concentrations of N at a constant 25 sccm total flow at 31.7% Scandium and 500 nm film thickness. The corresponding process pressure

for the flow conditions is also shown.
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Fig. 3. XRD plots of AIScN at Sc concentrations between 20.3-36.6%.

1000 counts have been added to the intensity of each sequential plot for
visualization.

Ar to Ny used for the process gasses, as shown in Figure 2(c).
Figure 2(d) provides a plot of average stress at a constant
25 sccm total flow while the ratio of the constituent Ar and

N, gasses are varied. As the N, concentration increases, the
resulting average film stress remains nearly constant. These
experiments indicate the total flow (or process pressure) is
the critical parameter in controlling average stress. Nitrogen
concentrations can be increased to maintain the same level
of average stress without the need to flow Ar gases into
the chamber. Higher process gas, total flow, and an increase
in Ar flow degraded the film properties as indicated by the
increased FWHM in Figure 2(c) and the AOG formation seen
in Figure 4. A constant flow of 25 sccm produces the slightly
tensile average stresses desired in many MEMS devices and
processes for 500 nm thick AlyggSco32N. Varying the total
process gas flow also alters the surface structure of the AIScN.
While the process gas mixture has minimal effect on the
residual average film stress, it has a profound impact on the
AOG formation.

The AFM images in Figure 4 show the increased sur-
face roughness and formation of undesired grains that can
occur at increased process pressures. As Ar gas flow is
increased, a higher AOG density is observed on the film
surface leading to a higher surface roughness. High sur-
face roughness can scatter acoustic waves propagating in
resonant MEMS devices which lowers their quality factor.
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2D AFM images of 1um x lum area scans for AIScN with ranges of Nitrogen and Argon flows from 20-30 sccm and 0-10 sccm, respectively.

Bright triangular features are anomalously oriented grain growth (AOG), average in-plane film stress is provided in the top left corner of each image, FWHM
is provided on the middle left, and the surface roughness of the film is provided in the bottom left corner. These 500 nm films were sputtered at 350°C and

cathode powers of 555 W Sc (31.7% Sc) and 1000 W Al

TABLE IV

SPUTTER DEPOSITION PARAMETERS FOR ALSCN
FILM THICKNESS EXPERIMENT

TABLE V

SPUTTER DEPOSITION PARAMETERS FOR ALSCN XBAW

DEVICE FABRICATION PROCESS

Process Parameter Value Process Parameter Value

Temperature 350 °C Temperature 350 °C

Sputter Power Al Cathode | 1000 W Sputter Power Al Cathode 1000 W

Sputter Power Sc Cathode | 450 W and 555 W Sputter Power Sc Cathode | 555 W

DC Pulsing Frequency 150 kHz DC Pulsing Frequency 150 kHz

N, Flow 25 scem N, Flow 25 scem

Ar Flow 0 sccm Ar Flow 0 sccm

Film Thickn 0.4 um, 0.6 um, 0.8 Base Pressure < 3x1077 mbar
ilm Thickness

Base Pressure

um, and 1 um
< 3x107 mbar

Furthermore, anomalously oriented grains do not contribute
to the piezoelectric response [2] but contribute to the mass,
stiffness, and capacitance of the material, thereby decreasing
the electromechanical coupling. When Ar is removed from the

process gas mixture, the roughness is observed to decrease and
smooth films free of AOGs can be formed. Depositions free
of Ar process gas were found to suppress AOG formation and
allow process gas flows up to 30 sccm N to tailor the residual
average film stress in Al 3Sco.32N over the range from —458

to +287 MPa.

Authorized licensed use limited to: University of Pennsylvania. Downloaded on March 08,2023 at 22:16:56 UTC from IEEE Xplore. Restrictions apply.



BEAUCEJOUR et al.: CONTROLLING RESIDUAL STRESS AND SUPPRESSION OF AOGs 609

TABLE VI

DEVICE PARAMETERS FOR BAW RESONATORS FORMED FROM THE 380 NM AND 485 NM AL( 3SC(.32N MATERIALS IN
THE AKOUSTIS XBAW PROCESS AND COMPARISON TO STATE-OF-THE-ART

Sc (%) | fi(GHz) f,(GHz) ket? (%) k(%) Qs

Q thickness FOM

(nm) Source

FOM-f,+10°

20 1.79 1.9 11.2 15.6 -

20 4.09 4.29 9.1 124 ---

28 3.33 3.56 12.5 17.6 530

30 2.93 3.17 14.6 21.0 328.5

32 3.61 3.94 16.0 23.6 776

32 4.8 5.23 15.8 23.1 545

890 890 113 215 Bogner 2

210 400 21 90 Bogner 2

831 762 119 424 Moe 8

- 900 56%* 178 Wang 2

574 485 110 433 This work

630 380 118 617 This work

*FOM calculated using reported Qs

AlScN films at thicknesses ranging from 400 nm to 1000 nm
and Sc alloys at 27.3% and 31.7% were sputter deposited using
0 sccm Ar and 25 sccm Nj process gases on 100 mm wafers.
Table IV provides depositions parameters used for this study.
At larger film thickness, tensile stress increased in the AIScN
films for all Sc concentrations. The 25 sccm Nj gas flow was
optimized for the 31.7% Sc alloy, but a slightly lower total
flow will achieve the equivalent average stress for the 27.3%
alloys. The trend in Figure 2(b) confirms increasing average
stress with an increase in film thickness and indicates a stress
gradient from compressive to tensile through the thickness of
the AIScN materials. Deposition processes to suppress this
stress gradient are the subject of on-going research.

C. Device Realization and Performance

High quality AlpegSco.32N films of 380 nm and 485 nm
thicknesses were deposited directly on 150 mm diameter Si
wafers and were subsequently integrated into the Akoustis
XBAW process to realize high performance bulk acoustic wave
(BAW) resonators. The Akoustis XBAW process can integrate
films grown directly on Si into BAW resonators with top and
bottom electrodes as previously demonstrated by Moe [8] and
Kim [21]. The AlpegSco.32N materials were sputtered under
the conditions shown in Table V. The films were free of AOGs
and exhibited average residual stress levels of —178 MPa and
—142 MPa for the 380 nm and 485 nm thick films respectfully.
The difference in the average stress levels observed between
the 100 mm and 150 mm diameter wafers arises from the
more compressive AIScN stress observed near the edges of
the 150 mm wafers. The 100 mm diameter wafers used for
the stress optimization studies in Figures 1-4 were deposited
in a 150 mm pocket wafer and have stress values similar to
the center 100 mm of a 150 mm diameter wafer. The wafers
exhibit a stress distribution of more tensile in the wafer center
to more compressive at the wafer edges that results in a more
compressive average film stress for the 150 mm wafers.

To form BAW resonators, the 380 nm thick AIScN materials
were integrated with 99 nm thick top and 90 nm thick bottom
Molybdenum electrodes using the Akoustis XBAW process.

N
o

— 485 nm
— 380 nm

Q
S

N
o

Magnitude [dB]
S
o

0 2 4 6 8
Frequency[GHz]

b Q Bode

Q Bode - 485 nm
—— Q Bode - 380 nm

1000
800

600

400

2007

3 3.5 4

4.5 5
Frequency [GHz]

Fig. 5. (a) Y-Parameters of resonators with Akoustis XBAW process using
380 nm and 485 nm deposited with O sccm Ar and 25 sccm Ny and (b) Bode
Q plot for 380 nm and 485 nm.

Similarly, the 485 nm AIScN materials were integrated with
143 nm thick top and 120 nm thick bottom Molybdenum
electrodes. Figure 5 shows (a) the admittance plots and (b) the
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Bode Q values of the resonators fabricated from the 380 and
485 nm Al sSco.32N films. The 485 nm thick AlgggSco 32N
films resulted in a BAW resonant frequency of 3.61 GHz, a
k,2 = 23.6% and series (Qs) and parallel (Qp) quality factors
of 776 and 574. The k> was determined by measuring the
series and parallel resonant peaks, fy and f,, according to
equations 1 and 2.

2= 17
kepp = (Eq. 1)
Ip
2 k2
T eff
K= 4L Eq. 2
t 3 1 _i2 (Eq. 2)

eff
The figure-of-merit for the 3.94 GHz resonator was calculated
to be 110 from equation 3.

(Eq. 3)

The 380 nm thick AlpegSco 32N films resulted in a BAW
series resonant frequency of 4.8 GHz, a kt2 = 23.1% and
series (Qs) and parallel (Qp) quality factors of 545 and
630. Table VI compares the performance to state-of-the-art
high coupling BAW resonators from the literature, where a
compelling combination of high coupling, high quality factor,
and high frequency operation is demonstrated.

IV. CONCLUSION

This study reported on stress control and anomalously ori-
ented grain suppression in AIScN thin films deposited directly
on Si using sputter deposition. Methods to maintain a high
degree of crystallinity across the Sc doping range, to con-
trol average film stress, and to limit formation of undesired
grains were studied by utilizing a gradient seed layer, tuning
the total flow, and controlling constituent gas species. The
films were optimized to control stress, suppress AOGs, and
increase piezoelectric coefficient via aggressive Sc alloying.
The resulting films exhibit a high degree of crystallinity
and low surface roughness and are therefore promising for
next generation MEMS devices. The exceptional piezoelectric
properties, high film quality, low surface roughness, and low
stress were confirmed via the demonstration of high coupling
and high FOM BAW resonators operating at 3.61 and 4.8 GHz.
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