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Abstract 
 We report on two recent advances in Bulk Acoustic 
Wave (BAW) filter technology.  First, we have made 
major electrical filter performance improvements by 
increased quality factor (Q), accomplished by resonator 
stack and geometry optimization. This technology 
development leads to ~0.5 dB improvement in filter 
insertion loss. Secondly, we have achieved a significant 
reduction (up to ~40%) in BAW die size by advanced 
packaging techniques, enabling overall application size 
reductions and cost savings. 
 
INTRODUCTION 
 
 Mobile devices continue to demand more RF filter content 
year over year due to the increasing number of cellular bands 
and complexity (figure 1) [1]. SAW (Surface Acoustic Wave) 
and BAW filters are the technology of choice to address these 
bands, SAW typically addressing lower frequency bands 
(“Low Band”), and BAW addressing higher frequency bands 
(“Mid/High Band”). The need for high performance filters 

will not slow down in the future as 5G bands will soon be 
deployed in the coming years for higher data rates, for which 
BAW will continue to address at least the sub-6 GHz bands 
[2]. This huge demand drives rapid technology development 
in the filter space for both performance and size.  
 Due to the closeness of the cellular bands and multiplexing 
requirements ultra-high-performance filters with very steep 
skirts are required. To make steep transitions and reduce filter 
loss high quality factor (Q) is needed. Q is a measure of 
energy losses within the resonator which damp the resonance. 
We have recently improved our Q factor significantly by 
optimization of the resonator stack and geometry. Here we 
will show resonator and filter results from such optimization.  
 In addition to electrical performance requirements, rapidly 
increasing RF content requires major shrinkage of individual 
components in modules as more and more filters are being 
crammed in small footprints. BAW filter real estate can be 
separated into two components: (i) acoustic area which 
contain mainly resonator structures and (ii) non-acoustic 
structures which contain the micro-cavity packaging portion 
of the die to protect the resonator from packaging materials as 

 
Fig. 1.  Evolution of the RF front end. More and more filter functions are needed for the main path as well as the diversity 
path. Current modules can contain 20+ BAW dies [1]. 



well as make connections to the laminate substrate. Here we 
will focus on the latter packaging portion. Current WLP 
(wafer level package) micro-cavities can consume a 
significant amount of area, sometimes also called a WLP 
“house” made from permanent photo-definable dry film 
materials. The large area consumed by the house is partially 
related to cavity cap thickness requirement. The cap material 
must be relatively thick (~50um) to withstand high pressure 
overmold in packaging [3]. The thicker cap drives high aspect 
ratios for small lateral features and makes processability more 
challenging, therefore lateral dimensions are often grown for 
better processability. Additionally, connections to the 
laminate substrate are done through copper pillars outside the 
cavity which can also take significant space. We will discuss 
recent advances to shrink the thicknesses and lateral 
dimensions of the micro-cavity structure as well as reutilizing 
the micro-cavity wall and cap area as through-via for optimal 
use of interconnection space.  
 
Q FACTOR IMPROVEMENTS 
 
 Figure 2a shows a cross section of a SMR (solidly 
mounted resonator) BAW device. A piezoelectric thin film 
AlN layer is sandwiched between two electrodes and is driven 
with an electric field and hence vibrates in the vertical 
direction. Alternating layers of low and high acoustic 
impedance act as an acoustic Bragg reflector to confine 
energy in the vertical direction. A thicker ring of material is 
defined around the resonator perimeter (called “border 
region”) is used to confine lateral acoustic energy or mitigate 
acoustic leaking waves. We have reoptimized our reflector 
stack and border region to improve confinement and device 
response.  

 Figure 2b shows a smith chart comparison between 
previous generation (Gen4) and new generation BAW 
resonators (Gen5). The overall Q value is improved by more 
than a factor of two and spurious mode content is greatly 
reduced. Figure 3 shows a comparison of Gen4 vs. Gen5 Wifi 
filters showing significant improvement in Insertion Loss 
(~0.5 dB) at the band edges. This significant improvement in 
resonator and filter performance is necessary for next 
generation mobile applications.  
 
DIE SHRINK 
 
 Figure 4a shows a simplified picture of a Qorvo WLP 
BAW die. The non-acoustic area is made up of probe pads, 
outer and inner walls of the micro-cavity, and Cu pillar 
interconnects. The acoustic part of the die area is made up of 
the resonators themselves. Wall and cap layers are made from 
permanent photo-definable dry film materials and Cu pillars 

 
Fig. 2. (a) Cross section of a SMR BAW resonator 
showing a piezoelectric AlN thin film sandwiched 
between two metallic electrodes, Bragg reflector to 
confine vertical acoustic energy, and a border region to 
confine lateral energy. (b) Smith chart comparison 
showing previous technology (Gen4, blue) vs. new 
technology (Gen5, Red). Significant improvement in Q 
and spurious modes is seen here.  

 
Fig. 3. Previous (dashed blue) vs. new generation (solid 
red) filter pass band performance for Wifi filters. 
Significant improvement at the bad edges are seen here 
(~0.5 dB).  

 
Fig. 4.  (a) Simple top down schematic of Qorvo WLP 
BAW die. (b) Flip chip WLP BAW die (gray) with Cu 
pillar (orange) and WLP cavity made from photo-
definable dry film resist (yellow). (c) Next generation 
BAW package where via through dry film material is 
utilized to minimize non-acoustic area. 



are fabricated through an electroplating process. It can be seen 
here that a large part of the non-active area is from the Cu 
pillars. In next generation packages we fabricate the 
interconnection through the wall and cap layer which is a 
more efficient utilization of already existing non-active area 
(figure 4b and 4c). For future generation packages we also 
choose a thinner cap material. Reduction in cap thickness 
allows for better processability of the via (example: cap 
lithography, seed layer deposition and plating resist 
lithography) and better mechanical reliability. Reduction of 
the cap thickness also requires reduction of the overall mold 
pressure in assembly since the deflection of the cap in 
molding is proportional to the pressure and it is critical that 
the cap does not deflect significantly during the molding 
process [3].  Finally, inner wall width is reduced by a factor 
of two to reduce lateral space even further. These reductions 
overall lead to significant die space savings up to ~40% which 
is needed for future generation applications.  

 
CONCLUSIONS 
  
 BAW devices with better performance and smaller size 
will be needed as RF front ends get more complex and contain 
more bands. Qorvo BAW technology is well positioned in 
terms of both performance and size to address this complex 
and growing market. There are still many challenges to 
address to further increase performance and reduce overall 
filter function area closer to fundamental limits.  
 
ACKNOWLEDGEMENTS 
  
 The authors would like to thank process engineering, 
device engineering, and manufacturing in Qorvo Richardson 
for significant support as well as TOK America and 
Microchem for dry film photoresist evaluation support.  
 
REFERENCES 
 
[1] http://ir.qorvo.com/events-presentations (see Qorvo 

Investor Day Presentation) 
 
[2] S. Mahon, “The 5G Effect on RF Filter Technologies,” 

IEEE Transactions on Semiconductor Manufacturing, vol 
30, pp. 494 – 499, 2017.  

 
[3] N. Honda, Y. Hakone, Y. Ono, M. Quillen, and H. Lee, 
Design Rule Study of Transfer Molding Process on Polymer 
Cavity Packages, CS ManTech 2017. 

ACRONYMS 
 

BAW: Bulk Acoustic Wave  
SAW: Surface Acoustic Wave 
WLP: Wafer Level Packaging 
RF: Radio Frequency 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /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 true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /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 true
  /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 true
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


