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Abstract — The thermal conductivity of the chemo-
mechanically polished Si face and optically polished
C face 4H-SiC samples from different suppliers has
been examined using transient thermoreflectance.
Significantly lower thermal conductivity of the Si
face has been observed for higher quality substrates.
This is believed to arise from subsurface damage
occurring during the polishing process. The impact
of the lowering of the near-surface thermal
conductivity has been examined for a commercial
GaN-on-SiC RF transistor using finite-element
analysis.

L INTRODUCTION

Single crystal silicon carbide (SiC) is an excellent
material for power electronics and as a substrate for
GaN-on-SiC RF electronics as a result of its wide
bandgap, electrical properties, and high thermal
conductivity of between 300 and 420 W m™ K ' [1].
The high thermal conductivity of SiC is especially
essential for high power RF transistors to minimise
cooling requirements, meaning reduced weight of
electronics compared to other semiconductors [2].

An important aspect of SiC growth and processing is the
polishing of the different faces. Commonly available
commercial SiC substrates have an optical polish on the
C back-side whilst undergoing a rigorous chemo-
mechanical polish (CMP) on the Si growth face. It is
this face which is typically used for epitaxial growth of
doped SiC as well as for integration and growth of other
semiconductors such as GaN.

Previous work has investigated how different polishing
methods can result in different levels and kinds of
subsurface damage [3]. These works have shown that,
depending on the nature of the polishing, subsurface
damage can extend to more than 60 pum below the
surface. However, to date there has been minimal
characterisation on how these surface preparation

techniques affect the thermal conductivity of the SiC
substrate. On first sight, one may expect CMP to result
in a higher thermal conductivity than coarser polishing
techniques, regardless of the SiC vendor.

We have used transient thermoreflectance (TTR) to
investigate the thermal conductivity of four semi-
insulating 4H-SiC wafers from different vendors on
both the Si and C face. Finite element simulations have
been used to examine how the different thermal
conductivities could affect the thermal management in
a GaN RF-transistor.
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Figure 1. Schematic of the device structure used for
finite element simulations. Shown is five fingers of
the device which are related by symmetry to the
other five. The insert shows the detailed structure
of a single finger.

IL. EXPERIMENTAL METHODS

The samples investigated are shown in table 1. For TTR
measurements, a 150 nm Au transducer was deposited
with a 10 nm Cr adhesion layer by thermal evaporation.
A 355-nm pulsed laser (1/e* spot size ~65 um) was used
to heat the surface while a 532-nm continuous wave
probe laser (1/¢* spot size ~2 pm) was used to monitor
the reflectance change as a function of time. This is
linearly proportional to the temperature change of the

Table 1. Details of samples purchased and extracted SiC thermal conductivity. Error is given as the
10™ and 90" percentile of the fitted probability distributions from Monte Carlo analysis

Si Face Thermal

. A . . 1 C Face C Face Thermal
Vendor Si Face Polishing Conductllz_llt)y (Wm Polishing  Conductivity (W m- K-)
1 CMP 253+33 Optical 300+42/-43
2 CMP 263+33/-32 Optical 277+49/-40
3 CMP 240430 Optical 343+45/-44
4 CMP 243433 Optical 196+31
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sample surface. To extract the average isotropic thermal
conductivity of the SiC in the first ~ 25 pm, the
normalised traces were fitted by solving the heat
diffusion equations through a multilayer stack using a
global search algorithm with an adapted least squares
fitting routine [4]. The fixed parameters are shown in
Table 2. Errors were estimated using Monte Carlo error
analysis, repeating the fitting 500 times with slight
variations in the fixed properties of the materials and the
lasers. In addition to fitting the SiC thermal
conductivity, the effective thermal boundary resistance
between the Au and the SiC was also fitted.

Three-dimensional finite element simulations were
carried out to model a ten-finger Cree CGH400010
commercial transistor operating at a power dissipation
of 5 W mm’, varying the thermal conductivity of the
first 25 um of SiC using the values measured in this
work. The GaN buffer was 1.4 um, effective thermal
boundary resistance was 15 m? K GW™', gate length was
250 nm, gate width was 350 nm, gate pitch was 40 um,
gate-drain spacing was 2.8 um, and the drain-source
spacing was 4 pm. The structure used is shown in Fig.
1. Appropriate temperature dependencies were used for
the thermal conductivity of each material. Parameter
response surfaces were generated by varying the
subsurface thermal conductivity of the SiC, TBR.y, and
GaN buffer thickness. The GaN thermal conductivity

Table 2. Fixed parameters used for TTR analysis.

Isotropic Densit Specific
Material Thermal (K m_§) Heat (J
Conductivity g Kg! K™
Au 200[6] 19320[7] 128[7]
4H-SiC Fitted 3211[8] 690[8]
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Fig. 2: (a) Examples of fitted thermoreflectance traces for the sample from vendor 1 for the C and Si
face; (b) shows the histograms from Monte Carlo analysis for the same sample. The darker colours in
the centre indicate overlap of the C and Si face probability distributions.

had a thickness dependency based on the work of Ziade

et al. [5].
I RESULTS AND DISCUSSION
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histograms from error analysis are shown in Fig. 2.
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Fig. 3: Simulated peak temperatures for a
commercial GaN-on-SiC RF transistor operating at
5 W mm?'. The first 25 pm of SiC thermal
conductivity (TC) was varied whilst bulk TC was
taken as that measured from the C face for vendor 1
(black) or vendor 3 (red). Vertical lines indicate the
measured TC of the Si face (orange) and C face
(green) for both vendor 1 (solid) and vendor 3
(dotted).
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Fig. 4. Parameter space plots investigating the importance of the subsurface SiC thermal conductivity on the
Si face as well as GaN thickness for three TBR svalues. Simulations all undertaken with a power dissipation of

5W mm™.

These examples are for the sample from vendor 1 and a
lowering of the thermal conductivity for the Si face is
evident. The results for all samples and faces
investigated are given in Table 1. The largest difference
was seen for the substrates from vendor 1 and 3. Both
these samples showed a higher thermal conductivity for
the more roughly polished C face. It is likely that the
increased processing involved in reducing the surface
roughness of the Si face is resulting in significant
subsurface damage, reducing the phonon mean free path
on average in the first ~25 pm of the SiC (the
penetration depth of the TTR). These two samples
possessed the highest measured thermal conductivities
(300 and 343 W m' K'") suggesting that this affect is
mostly observed in substrates with a high initial crystal
quality. For samples with poorer crystal quality, it is
likely the high number of pre-existing defects means the
effect of polishing is negligible.

In Fig. 3 the role of the near surface SiC thermal
conductivity on device temperature of a GaN-on-SiC
ten-finger RF transistor is examined. In this simulation
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the measured C-face thermal conductivity was taken as
the bulk thermal conductivity from either vendor 1 or 3.
These results suggest that the thermal conductivity of
the subsurface SiC could play a significant role in
thermal management of a device. In the worst case
(vendor 3), the drop off in thermal conductivity could
result in a peak channel temperature rise of 10°C. These
simulations underline that, with the increase in readily
available, good crystal quality SiC, understanding how
different polishing techniques can cause an increase in
phonon scattering centres is important for optimal
thermal management.

Further simulations were carried out to investigate the
importance of the subsurface SiC thermal conductivity
in relation to other parameters such as 7BR.; and GaN
thickness, keeping the bulk SiC thermal conductivity
fixed at the values provided by Wolfspeed (cross-plane
390 and in-plane 490 W m" K™') [9] (Fig. 4). The
importance of GaN thickness is shown for three TBR.y
values ranging from the state of the art (10 m?* K GW™)
to a highly thermally resistive interface (50 m* K GW-

209




1. This is an interesting parameter space to explore
given the recent interest in buffer-free GaN-on-SiC
devices which have shown excellent electrical
properties [10]. In all cases, the peak temperature of the
device becomes more sensitive to the subsurface SiC
thermal conductivity with thinner GaN. It is important
to recall that thin GaN layers have a much-reduced
thermal conductivity compared to thicker layers. Ziade
et al. showed that for layers <400 nm, the thermal
conductivity dropped well below 100 W m™ K™ [5].
Somewhat counter intuitively, reducing the thickness of
the GaN buffer could result in an increased thermal
resistance between the device hot spot and the heat sink.
Additionally, a thinner GaN buffer results in higher
local heat fluxes at the interface due to less lateral heat
dissipation. Hence, the heat spreading of the near
surface SiC becomes increasingly more important in
reducing peak temperatures. For all TBR. values, the
subsurface SiC thermal conductivity has a similar effect
although there is a greater temperature range for higher
TBRyy values. In reality TBR.y is the most important
factor to be considered in the thermal management of
these devices. However, for interfaces with very low
thermal resistance and thin GaN layers, it may become
and important parameter to consider when estimating
peak temperatures of devices and trying to optimise
thermal management. Whilst the lowering of subsurface
thermal conductivity of SiC has not been observed
previously, much work has been carried out on devices
with thick buffer layers. In this circumstance, the effect
of the lowered thermal conductivity becomes very small
and could be easily accounted for by variation of other
parameters.

Iv. CONCLUSION

We have shown that the thermal conductivity of 4H-SiC
can vary significantly from Si face to C face of the same
wafer dependent on the polishing technique employed.
For the best quality SiC substrates, CMP appears to
increase the number of phonon scattering centres in the
first few tens of microns of the SiC, reducing its thermal
conductivity. The importance of this region in the
thermal management of GaN-on-SiC RF transistors has
been demonstrated using FEA simulations; the lowering
measured in this work could result in an increased peak
temperature of 10°C for the worst-case scenario of the
substrates studied. This parameter could become
increasingly important for buffer-free GaN-on-SiC
transistors.

Acknowledgements —

D. Field’s studentship is co-funded by the EPSRC
Centre for doctoral training in diamond science and
technology (EP/L015315/1) and Element Six. We thank
Dr Vishal Shah and Prof. Peter Gammon for useful
discussions and providing the SiC substrates.

210

REFERENCES

[1] J.L. Hudgins, G.S. Simin, E. Santi, M.A. Khan,
IEEE Trans. Power Electron. 18 (2003) 907—
914.

[2] A. Bar-Cohen, J.J. Maurer, D.H. Altman, J.
Electron. Packag. 141 (2019) 1-14.

[3] P. Vicente, D. David, J. Camassel, Mater. Sci.
Eng. B Solid-State Mater. Adv. Technol. 80
(2001) 348-351.

[4] Y. Zhou, J. Anaya, J. Pomeroy, H. Sun, X. Gu,
A. Xie, E. Beam, M. Becker, T.A. Grotjohn, C.
Lee, M. Kuball, ACS Appl. Mater. Interfaces 9
(2017) 34416-34422.

[5] E. Ziade, J. Yang, G. Brummer, D. Nothern, T.
Moustakas, A.J. Schmidt, Appl. Phys. Lett. 110
(2017).

[6] A.J. Schmidt, R. Cheaito, M. Chiesa, J. Appl.
Phys. 107 (2010).

[7] W.M. Haynes, D.R. Lide, CRC Handbook of
Chemistry and Physics, 92nd ed., CRC ;, Boca
Raton, Fla., 2011.

[8] "NSM Archive of Semiconductor Properties.”
[Online]. http://www.ioffe.rt/SVA/NSM/Semicond/.

[Accessed: 10-Jul-2020].

[9] "Wolfspeed SiC Catalogue.” [Online].
https://assets.wolfspeed.com/uploads/2020/12/material

s_catalog.pdf.

[10] K. Hirama, M. Kasu, Y. Taniyasu, Jpn. J. Appl.
Phys. 51 (2012) 01AG09.

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



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 4.50 points
     Normalise (advanced option): 'improved'
     Keep bleed margin: yes
      

        
     D:20220407054605
      

        
     32
     1
     1
     0
     Full
     966
     190
    
     Fixed
     Up
     4.5000
     0.0000
            
                
         Both
         2
         AllDoc
         3
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0g
     Quite Imposing Plus 4
     1
      

        
     0
     4
     3
     4
      

   1
  

 HistoryList_V1
 qi2base



