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Abstract

This paper demonstrates the first growth and
fabrication of wide bandwidth BAW Resonators and RF
Filters using single crystal Aluminum Scandium Nitride
(AIScN) piezoelectric films grown on 150-mm
<111> silicon substrates by MOCVD. Epitaxial AlosSco2N
films with Alo2GaosN interlayers with overall thickness of
approximately 400 nm were engineered for low stress and
high crystalline alignment with 0.38° FWHM measured by
XRD. With a unique wafer transfer flow BAW process
(XBAW) utilizing the single crystal films, Alo.sSco.2N and
Alo.75Sco.25N, resonators were fabricated at 4.62 GHz and
7.04 GHz, showcasing FoM of 140 and 124, respectively.
These new single crystal resonators were used to
demonstrate PCM REF filters using a ladder configuration
of four series and three shunt resonators. Finally, RF
power measurements indicated a consistent 2-dB
improvement in power handling over filters constructed
using physical vapor deposited (PVD) material in the same
XBAW process.

INTRODUCTION

Next generation of wireless standards, such as 5G and WiFi
6E, are expected to enhance device performance and enable
new applications while drastically increasing number of bands
and the bandwidth of wireless communication systems. These
are enabled by high-performance acoustic Micro-Electro-
Mechanical (MEMS) filters [1-3]. To achieve optimal
acoustic filter performance within newly allocated frequency
spectrum, trade-offs between power, frequency and bandwidth
of RF resonators must be engineered. One such engineering
“knob” is the starting piezoelectric layer which has historically
been constructed using PVD-based, polycrystalline films. For
wideband applications, scandium-doped aluminum nitride has
commercially covered the much-needed bandwidth
requirement both at mid and high frequency spectrum. From
a volume manufacturing aspect, the major drawbacks are the
PVD target material’s fixed concentration requirement and
costs, as Sc content increases. Additionally, fixed
concentrations provide discrete values of kr?, impacting filter
design approach. From an application aspect, the power
requirement has always been demanding for access points,
small cell, and infrastructure deployments.
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Fig 1. Motivation of MOCVD (single crystal PZ) growth
compared to PVD (poly crystal PZ) growth to achieve wide
range of resonator coupling.

Acoustic quality factor, Q,

25

The key metric for it is the power handling capability of
BAW resonators, which is dependent on the crystal quality of
the piezoelectric material and its effect on thermal
conductivity. Higher Sc concentrations tend to show lower
thermal conductivities [4]. However, due to microstructural
material differences between single crystal and polycrystalline
films, the thermal conductivity for bulk quality single crystal
material has been shown to outperform polycrystalline
sputtered piezoelectric films [5-7]. Our prior work
demonstrated at 3.6 GHz exhibited 2.6 dB power improvement
for single crystal AIN piezoelectric films compared to
polycrystalline AIN [8]. As the MOCVD deposition technique
can achieve continuous and optimal coupling values by
adjusting Sc-gas flow in the growth reactor (Fig. 1) to control
the Sc content while producing material with lower defect
density, the above key aspects get addressed.

In this work, we explore Sc-alloy AIN (AIScN)
piezoelectric (PZ) layers manufactured using MOCVD to
achieve wide bandwidth, high frequency BAW REF filters and
showcase the key performance of XBAW products.

MOCVD GROWTH OF SINGLE CRYSTAL ALSCN FILMS

Highly Sc-doped AIScN film structures were grown in a
multi-wafer, 150-mm configured MOCVD system onto Si
<111> substrates. First, a nucleation layer was first deposited
to ensure a wurtzite crystal structure, with AlGaN layers with
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increasing Ga concentrations then grown to produce a
compressive film stress during growth. AIScN was then
deposited using TMAI, NH3 and a proprietary, commercially
available metal-organic Sc source.

Fig 2. (a) Piezoelectric material stack grown for this study,
(b) TEM cross-section of single crystal AlysScooN
superlattice and (c) SEM of AlygSco2N surface.
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Fig 3. 0002 w-scan of single crystalline MOCVD-grown
(solid line) and polycrystalline PVD-grown (dotted line)
Alo_gSCo'zN films.
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Fig 4. Reciprocal space map in the 10-15 direction of the as-
grown AlScN structure, showing the nucleation layer, AlGaN

stress-mitigating layers, and the AlysSco2N resonator layer.
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During MOCVD growth of the AIScN layer, it was
observed that a combination of the film stress during growth
and the low defect density of the films causes an accumulation
of Sc atoms on the growth surface in a mechanism similar to
that observed in InGaN growth by MOCVD [9]. This
accumulated Sc roughens the surface and results in a three-
dimensional film morphology unsuitable for further
processing. To prevent this, 2 nm-thick Alp»GagsN interlayers
were deposited in 20 nm intervals to maintain a smooth growth
surface (Fig 2). The resulting AlogSco.N superlattice was 370
nm in total thickness and had no abnormally oriented grains as
is typically observed with PVD films. The full-width half-
maximum (FWHM) of the (002) AIScN peak as measured by
x-ray diffraction (XRD) was 0.38°, indicating highly ordered,
single crystal PZ material. For comparison, typical PVD films
of the same thickness have FWHM values of 1.8 to 1.9° as
shown in Fig 3. 20-o scans performed by XRD also showed
no extraneous diffraction peaks as has been observed in other
thick AIScN growth by MOCVD [10], and a reciprocal space
map shown in Fig. 4 of the AlIGaN/AIScN structure shows the
AIScN peak partially strained to the underlying AlGaN layers,
but with a c/a ratio smaller than AIN. The epitaxial superlattice
structures reported contained either AlygSco2N or Alg75Sco2sN
layers, with no difference in XRD FWHM observed between
the different alloy compositions. Sc content was verified by
SIMS analysis.

DEVICE FABRICATION WITH ALSCN FILM

Wide bandwidth resonators and filters were manufactured
combining the single-crystal AlygSco,N and Alg75Sco2sN
piezoelectric films with a novel MEMS-based BAW process
[11] to achieve the final device structure shown in Fig 5. This
unique process allows utilizing an epitaxially grown thin film
on a flat seed substrate in a manner that is not possible with
conventional BAW resonator manufacturing procedures and
includes removing the underlying AlGaN and nucleation
layers prior to electrode metallization. The process is versatile
such that high performance resonators can be produced from a
wide variety of piezoelectric films extending from sputtered
polycrystalline AIN to AlIScN films with greater 30% Sc
content [12][13]. The resonators were tested using on-wafer,
1-port configuration with air coplanar ground-signal probe.

Interconnect electrode
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NN Electrode

W Piezoelectric layer

— —

Fig 5. Schematic cross-section of finished XBAW resonator
used to fabricate RF filter. The piezoelectric layer consists of
MOCVD grown, single crystal AIScN superlattice.
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Fig 6. Measured Bode plot of Q-curve vs. frequency of
single crystal AlpsSco.N resonator.
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Fig 7. Q-circle or S11 plot on a Smith Chart from measured
data of single crystal AlysSco.N resonator.

The XBAW device using the AlpsSco,N superlattice was
designed for 4.63 GHz and exhibited keff of 10.7%. The Q
Bode of the measured resonator and its mBVD model is
evaluated using the method described in [14]. As seen in Fig 6,
the Bode plot shows Qs, Oy, and Omax of 1150, 820, and 1310,
respectively.  This translates to a figure of merit (FoM),
product of QOmax and keff, of 140. Smith chart of the de-
embedded measured device overlaying the mBVD fitted
electrical network is shown in Fig 7. The XBAW device using
the Alp7sScoosN superlattice was designed for 7.04 GHz and
exhibited kZ¢r of 11.45%. As seen in Fig 8, the Bode plot
shows QOs, Op, and Omax of 600, 831, and 1087, respectively.
This translates to FoM of 124. Smith chart of the de-embedded
measured device overlaying the mBVD fitted electrical
network is shown in Fig 9.

MEASURED FILTER RESULT

The process control monitor (PCM) XBAW RF filter
designs were evaluated. The BAW die features a ladder type
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filter topology of four identical series and three identical shunt
resonators (4s3p).
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Fig 8. Measured Bode plot of Q-curve vs. frequency of

single crystal Aly75Sco2sN resonator.
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Fig 9. Q-circle or S11 plot on a Smith Chart from measured
data of single crystal Aly75Sco2sN resonator.

The die size is 600 x 350 um? and is matched to 50 Ohms
using external reactive elements. Fig. 10 shows the measured
S21, S11, and S22 response of 4.8 GHz PCM filter using
AlpsScooN superlattice over the frequency of interest,
respectively with insertion loss of 0.78 dB and 3 dB bandwidth
0f 390 MHz. Fig. 11 shows the S21 response of 7.2 GHz PCM
filter using Alo75Sco2sN superlattice over the frequency of
interest with insertion loss of ~2.2 dB and a -3dB bandwidth
of 914 MHz. The centre of passband has higher insertion loss
because wide bandwidth was purposely targeted. No spurious
modes are observed in both passband and stopband.

Figure 12 depicts the performance of each material in terms
of power handling capability, namely, (Pin vs. Pout). A
separate PCM 1 stage RF filter, comprising of one series and
one shunt resonator (1slp) was evaluated. For reference, a
PVD sputtered AlpsScooN (polycrystalline) material was
included in the experiment. To maintain consistency in the
measurement, frequencies were swept only in 30% of mid-
band. The input power is swept from 0 dBm until the failure
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of devices through passband collapse were detected. As shown
in Fig. 12, mean failures were observed for PVD 20% Sc
polycrystalline at 31 dBm, while the MOCVD-grown epitaxial
(EPI) material at both Sc compositions at 33 dBm.
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Fig 10. Measured S21, S11, S22 response for 4s3p ladder 4.8
GHz PCM REF filter using single crystal AlygScooN
piezoelectric film.
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Fig 11. Measured S21, S11, S22 response for 4s3p ladder 7.2
GHz PCM REF filter using single crystal Alp75Sco2sN
piezoelectric film.

Fig 12. Power measurement using 1s1p PCM RF filter for
PVD (polycrystalline) 20% Sc, EP1 20% Sc, and EPI 25% Sc.
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CONCLUSION

With a novel wafer transfer BAW (XBAW) process, we
report first demonstrations of MOCVD-based AlygSco.N and
Alp7sSco2sN superlattice films. The resulting superlattice
films had no abnormally oriented grains as is typically
observed with PVD films and are highly ordered with FWHM
of 0.38°. The BAW resonators with AlosSco.N at 4.63 GHz
exhibits FoM of 140 and with Alp75Sco2sN at 7.04 GHz,
exhibits FoM of 126. No spurious modes are observed in both
passband and stopband of the measured filter response.
Further, first demonstrators of 4.8 GHz and 7.2 GHz RF filters
exhibit impressive low insertion loss and wide bandwidth.
Additionally, the power measurements for these films at
~7 GHz demonstrate 2 dB improvement in MOCVD films
compared to polycrystalline PVD. In addition to the expected
better thermal conductivity in epitaxial films, the superlattice
structure and inter-layers utilized to make high crystalline
piezoelectric film has contributed to improving the power
handling. Finally, these results demonstrate the promise of
producing continuous and optimal values of mechanical
coupling in AIScN films using Sc-configured MOCVD.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the support of
DARPA and Ben Griffin under the PDK-MEMS Project
(Contract No.: HR0011-21-9-0004).

REFERENCES

[11 R. Ruby, IEEE Microwave Magazine, vol. 16, no. 7, pp.
46-59, Aug. 2015.

[2] R. Aigner et al, JEEE IEDM, pp. 332-335, December
2018.

[3] D.Kimetal., IEEE MTT-S IMS, pp. 207-209, 2021.

[4] Yiwen Song et al., ACS Applied Materials & Interfaces,
13 (16), 19031-19041, 2021.

[S] B. E. Belkerk et al., Appl. Phys. Lett. 105, 221905
(2014).

[6] Zhe Cheng et al., Phys. Rev. Materials 4, 044602, 2020.

[7] Gustavo Alvarez-Escalante et al., APL Materials 10,
011115 (2022)

[8] Y. Shen etal., 2020 IEEE IUS, Las Vegas, NV, USA,
2020, pp. 1-3.

[9] K. Pantzas et al, phys. stat. sol. (a), 209, pp. 25-28.

J. Ligl et al, J. Appl. Phys. 127, pp. 195704.

R. Vetury et al, 2018 IEEE Int. Ultrason. Symp., Oct

2018.

Y. Shen et al, 2019 IEEE Int. Electron Devices Meeting,

San Francisco, CA, USA, 2019, pp. 17.6.1-17.6.4.

[13] M.D. Hodge et al, I[EEE IEDM, pp625-628, December
2017.

[14] R. Ruby et al, Proc. of IEEE Ultrason. Symp., pp1815-
1818, 2008.

CS MANTECH Conference, May 9 -12, 2022




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Helvetica
    /Helvetica-Bold
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Hi-Res for Proof'] [Based on 'Hi_Res for Print'] [Based on 'Hi_Res for Print'] [Based on 'Hi_Res for Print'] [Based on 'Hi_Res for Print'] [Based on 'Hi_Res for Print'] [Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 9
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


