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Abstract

There is a need for selective-area n-type and p-type
doping for many GaN-based devices, including N+ doping
using Si, for reduced contact resistance in RF HEMTs and
p-type doping, using Mg, for the body and termination
regions of vertical power switches. We report the
successful demonstration of n-type doping using ion
implanted Si activated by high pressure annealing. In this
work, we used semi-insulating GaN photoconductive
switches (PCSS) as a test vehicle to separate implanted Si
dopant activation from leakage paths generated by N
vacancy formation due to decomposition and damage
during annealing. We observed n-type conductivity
consistent with Si activation in implanted regions while
preserving semi-insulating GaN with high breakdown
voltage and high photoresponse in unimplanted regions.
Optimization of the process has led to record low ohmic
contact resistivity to GaN below 2x10® ohm-cm?.

INTRODUCTION

Current GaN technology uses selective area regrowth
method, such as confined N+ regions for reduced contact
resistance in HEMTs and n-p-n stacks for vertical trench
MOSFET or CAVET devices, because ion implantation and
activation has not been well studied. Development of this
technology would allow truly planar devices, tailoring of
doping profile both laterally and vertically, and eliminate the
impurities incorporated at regrowth interfaces. We have
previously demonstrated activation of implanted Mg using the
SMRTA process [1], [2]. However, lateral n-type devices
such as HEMTs can also benefit from ion implanted n-type
doping processes for reduced contact resistance. Here, we
apply components of the SMRTA process, including a
protective cap and nitrogen overpressure to study implanted
Si activation in lateral GaN devices.

One challenge with activation of implanted dopants is that
it requires temperatures which are high enough to destabilize
and decompose GaN in the absence of significant nitrogen
overpressure. As this damage is often n-type due to the
presence of excessive nitrogen vacancies, it can be difficult to
optimize a Si doping process and effectively resolve

conduction from impurity doping from native defect
generation. For this work we used semi-insulating GaN by
carbon compensation as a test vehicle to ensure that the
unimplanted film retained semi-insulating properties while
the implanted regions became conductive. The structures used
here are relevant to photoconductive semiconductor switch
(PCSS) devices. As an optically controlled switch, no gate
contact is needed allowing effective isolation and fast
triggering to reduce switching losses.

EXPERIMENTAL

Semi-insulating GaN films were grown 4 um thick on SiC
doped with 5E17 cm™ carbon. Regions were masked and
implanted with Si following the implant profile in Figure. 1
with a total dose of 1.5E14 c¢cm?. Assuming full carbon
compensation, a maximum sheet carrier density of 1.25E14
cm? could occur from Si activation. A 200 nm AIN capping
layer was deposited using ambient temperature reactive
sputtering on an AJA international system. Samples were
annealed in pure N> under various conditions using a
conventional RTA system at atmospheric pressure or in a
custom high-pressure RTA system at 30 atm. Raman
spectroscopy was used to assess initial implant effects. Figure
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Fig. 1. Si implantation profile used for all samples.
Subtracting the SE17 C concentration give a theoretical
max of sheet density of 1.25E14 cm™ from Si activation.




2 shows the A; (LO) Raman peak broadens from ion
implantation and is recovered by even atmospheric pressure
anneals. Following anneals, the AIN cap removal was
performed using a process described in previous work [3].
The samples were patterned with Ti/Al/Ni/Au and heated at
850°C for 30 s to create ohmic contacts. The process flow for
fabrication of PCSS devices is highlighted in Figure 3.

Circular transmission line measurements (CTLM) were
performed using a Keithley 4200 with preamplifiers using an
outer circle diameter of 70 um with spacings ranging from 4-
20 pum. The resistivity and contact resistance were extracted
(results in Figure 4).

A, (LO) Raman Peak
T T T T T T

- - -+As Grown
As Implanted
—1160 C
1180 C

1.04

Normalized Intensity

0.0 R

715 720 725 730 735 740 745 750
Raman Shift (wavenumbers)

Fig. 2. Raman spectra of the samples before

implantation, after implantation, and recovery with 1 atm

RTA. Those recovered under different conditions yield

similar results.
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Fig. 3. Process for fabrication of PCSS devices used.
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Fig. 4. The resistivity (a) and contact resistance (b) of
the implanted regions at different annealing
temperatures, determined using CTLM.

The unimplanted regions were tested for breakdown
voltage (Fig 5a) and leakage current (at 5 V) (Fig. 5b) using
CTLM structures with 125 um outer circle diameters with 250
um and 25 pm gaps respectively.

Hall Effect measurements were performed in the
LakeShore CRX-VF Probe Station using currents ranging
from 10-1000 pA and fields ranging from 0.5-2 T. Van der
Pauw’s calculations produced consistent sheet resistivities
(Rs), electron mobilities (1), and sheet densities (ns) to at least
3 significant digits at all measured currents and fields for all
samples with results shown in Figure 6.
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Fig. 5. (a) The breakdown voltage for a 250 pm CTLM

structure and (b) Leakage current at 5 V of 25 um CTLM

structures.

Photoionization spectroscopy [4] was performed across the
GaN devices using a Keithley 4200 semiconductor system
with an external monochromatic light source. A 10 V bias was
applied across devices that had a gap of 25 um with an
illumination time of 10 s. Results are shown in Figure 7.

DIsSCUSSION
From the analysis of the implanted regions, it is clear that

Si activation occurred in both the conventional and
overpressure RTA samples. Raman spectroscopy in Figure 2

shows the implant-induced broadening of the A; (LO) peak.
Since this peak is caused by phonon-plasmon coupling and
changes with n-type carrier concentration [5]-[7], the induced
broadening is from implant-induced defect carriers in addition
to crystal damage. After annealing, the peak returned to its
original width, suggesting that these defects are repaired. This
occurred even when the less than ideal atmospheric pressure
conditions were used.
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Fig. 6. The temperature dependent sheet density (a) and
mobility (b) extracted using the Hall effect. The
percentage of Si activated is plotted in (a) assuming the
theoretical max is 1.25E14 from Fig. 1, and carriers are
purely from Si.

Electrical measurements on the implanted regions
showed an increase in the conductivity with annealing
temperature up to about 1070°C (see Fig. 4a). A minimum in
contact resistivity was also observed at the same temperature.
Most of the carriers created by the annealing are likely from
either Si doping or nitrogen vacancy formation. The higher
leakage current and lower breakdown voltage from Figure 5,
show that nitrogen vacancy formation was more prevalent for
atmospheric pressure anneal.

From the temperature-dependent Hall effect
measurements (Figure 6), the sheet density is constant with
respect to temperature. This effect has been observed in



samples with high Si concentration [8]. The results reveal that
higher temperature annealing can lead to Si activation of over
40%, with a reduction in mobility. Since the mobility
increased with temperature, the increase indicates a reduction
in ionized impurities such as nitrogen vacancies.

The photoionization spectroscopy was able to detect a
Carbon acceptor at Ec — 3.0 eV with a Frank-Condon shift of
0.28 eV [9]. Different GaN samples were subjected to various
anneals and their photoresponse spectra are shown in Figure
7. Two anneals that were 30 minutes long seem to decrease
the total photo response by 2-3 orders of magnitude. One
anneal which was over 1000°C, corresponded to a decrease in
the signal from the Carbon acceptor. A 5 min anneal at
1070°C appears to preserve the highest photoresponse, while
removing the carbon acceptor.
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Fig. 7. The normalized current per photon of PCSS
devices fabricated from GaN annealed under 30 atm
overpressure Carbon acceptors can be seen at photon
energy of 3.0 with a Frank-Condon shift of 0.28 eV. Long
anneals decrease the total photoresponse while higher
temperature anneals decrease the concentration of the
carbon acceptors.

CONCLUSIONS

In summary, ion implanted Si is efficiently activated using
AIN capping under both conventional atmospheric pressure
RTA and under 30 atm N, overpressure. It was shown that
activation of Si ions under the contact pad successfully
reduced the contact resistivity to record low levels.
Additionally, annealing with a 30 atm N, overpressure
formation, demonstrated improved breakdown voltages
compared to atmospheric pressure anneals.
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RTA: Rapid Thermal Annealing

SMRTA: Symmetric Multicycle Rapid Thermal
Annealing




<<
  /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 /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 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



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all odd numbered pages
     Trim: none
     Shift: move left by 9.00 points
     Normalise (advanced option): 'improved'
     Keep bleed margin: no
      

        
     D:20190408122543
      

        
     -4
     1
     0
     0
     Full
     1076
     347
    
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Left
     9.0000
     -0.3456
            
                
         Odd
         5
         AllDoc
         5
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0g
     Quite Imposing Plus 4
     1
      

        
     0
     4
     2
     2
      

   1
  

 HistoryList_V1
 qi2base



