2009 [IRW FINAL REPORT

A Fast, Simple Wafer-level Hall-Mobility Measurement Technique

L.C. Yu"? K.P. Cheung"’, V. Tilak’, G. Dunne’, K. Matocha®, J.P. Campbell', J.S. Suehle', K. Sheng’

'Semiconductor Electronics Division, NIST, 100 Bureau Drive, Gaithersburg, MD 20899
*Electrical and Computer Engineering, Rutgers University, 94 Brett Road, Piscataway, NJ 08854
3GE Global Research, One Research Circle, Niskayuna, NY 12309 USA
“kpckpe @ieee.org

ABSTRACT

Mobility is a good indicator of device reliability. High channel
mobility is one of the biggest challenges especially in novel devices
such as high-k based MOSFET, III-V devices and SiC power
MOSFET etc. Accurate measurement of channel mobility is required
for studying the limiting mechanism of mobility. Hall mobility is
more favorable than effective mobility or field effect mobility
because it takes into account only the mobile charges, which is
essential for measuring novel devices that have a very high trap
density. However, regular Hall measurement involves a bulky system
and tedious sample preparation, which inhibit frequent use. In this
paper, we demonstrate a fast and easy to implement wafer-level Hall-
mobility measurement technique that allows for large survey of many
devices under various conditions.

INTRODUCTION

The performance and reliability of MOSFET are strongly limited
by the quality of the gate-dielectric/substrate interface. Low quality
interface can lead to shifted threshold voltage, high leakage current
and low channel mobility. In the development of advanced/novel
devices, such as high-k based MOSFETs, III-V channel material
based devices, or even SiC power MOSFETs, improving channel
mobility is often the first and foremost challenge. The ability to
measure mobility accurately is the prerequisite for a clear
understanding on the degradation mechanisms. Split-CV is the most
frequently used mobility measurement method. It is not an easy
measurement and its accuracy decreases when the device is ultra
small [1] or when there is a high level of charge trapping [2]. While
correction methods exist for split-CV in those situations [1,2], the
complexity of implementation is further increased. Hall-mobility
measurement is an appealing alternative, which is immune to the
aforementioned shortcomings. However, other than being used as a
calibration for the corrected split C-V measurement [1], it is not
often used due to the expensive regular Hall measurement system
and tedious sample preparation. In addition to a bulky, expensive and
dedicated setup, wafer dicing, wire bonding and device packaging
inhibit frequent measurements. Any wide-ranging survey using a
large number of samples requires a heroic measurement effort. In this
work, we demonstrated a wafer-level Hall measurement method,
which requires neither packaging nor a bulky/expensive system. It
greatly reduces the efforts needed for Hall measurements and makes
device characterization much more convenient.

EXPERIMENT

In Hall measurements, a strong and uniform magnetic field is
required. The key of our approach is the realization that such
requirement can be satisfied by bringing a permanent magnet very
close to the device. In our experiment, a donut-shaped permanent
magnet with 3 mm inner diameter is placed above the device under

test using a micro-positioner with high precision (25 pm resolution),
as shown in the inset of Fig. 1. The area of the device is orders of
magnitude smaller compared to the size of the permanent magnet,
which allows the magnetic field to be very uniform across the device.
By bringing the magnet very close to the device, a maximum field of
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Fig. 1 Wafer-level Hall measurement set-up for the
inversion sheet charge density (ns). 4H-SiC gated Van der
Pauw structure is used, which has an active gate area of
150 pm x 150 pm.
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Fig. 2 Magnetic field calibration as a function of z positioner
readings. Three measurements performed on different days
and different time of the day agree very well. The variation
is well within 10 Gauss.
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3200 Gauss is achievable. The relationship between the magnetic
field and the vertical separation distance is calibrated by a small
(0.016 mm’® active area) Hall Sensor. As shown in Fig. 2, three
calibrations are performed on different days and different time of the
day. The variation between them is well within 10 Gauss (as shown
in Fig. 3), which is comparable to commercial Hall measurement
system. This variation takes into account the control error of the
micro-positioner and the effect of temperature change in the lab. The
magnetic field controlled by the micro-positioner is very repeatable.
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Fig. 3 B field variation within three measurements
performed on different days and at different time of
the day.
In this work, we utilize this Hall set-up to examine 4H-SiC n-
channel MOS-gated Van der Pauw structures with 150 pm x 150 um
gated area.

In order to get Ly, inversion sheet charge density (n,) and sheet
resistance (R,) are measured separately. In the n, measurement, the
gate is kept at a certain potential, the source and substrate are
grounded and the drain voltage is modulated from 0.2 V to 0.4 V by
a 127 Hz square wave with t;, = tg; = 300 ps. The differential
voltage between the two Hall terminals is measured using a
differential amplifier (10 MQ input impedance) and monitored with
an oscilloscope along with the source current. The set-up is shown in
Fig. 1. The use of drain voltage modulation allows the signal-to-
noise ratio to be improved significantly by averaging. The short
measurement time prevents complications due to device drift during
the measurements. This is especially important when measuring SiC
MOSFETS, which are known to have significant as-processed charge
trapping and de-trapping [3].

Vg

Fig. 4 Van der Pauw procedure for measurement
of sheet resistance (Rs)
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The sheet resistance (R,) is measured with standard Van der Pauw
procedures [4]. As illustrated in Fig. 4, under a certain gate bias, a
constant current is forced from terminal 2 to terminal 1 (I,;) and the
voltage difference between terminal 3 and 4 (V34) is measured. Ry 34
= V3, / 1, is calculated. Repeat this measurement on different edges
of the device and with different directions. R, can be determined by
the following equations.

Ra=(Ra134 + Rizas + Ryz 1o + Ryg01)/4
Rp = (R3z41 + Rz 14 + Rygn3 + Ryp30)/4
exp(-tRA/R;) + exp(-mRp/R;) = 1
With ng and Ry, Hall mobility can be easily calculated using py,
=1/(ngxRy).

RESULTS AND DISCUSSIONS

Fig. 5 shows the measured waveforms from the Hall terminals
corresponding to the drain voltage modulation at four different
magnetic fields. The source current is also plotted on the secondary
axis, measured by a current amplifier. The peaks at each transition
are due to displacement current arising from the asymmetry in the
device geometry. The asymmetry also produces an offset voltage in
the measured differential voltage, as expressed in equation (1) where
Ve 18 the voltage difference between the Hall terminals, V, is the
offset voltage, B is the magnetic field, I is the drain or source current
and q is the electron charge. While the voltage difference between
the two flat regions (dVg) is the sum of the actual Hall voltage
change and the offset voltage change, only Hall voltage gets larger as
the magnetic field increases. Measuring the voltage difference at a
few magnetic fields can separate the two contributions. Fig. 6 plots
dVg/dl as a function of B field. According to equation (2) the
inversion sheet charge density n, can be directly extracted from the
slope in Fig. 6.
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Fig. 5 Differential voltage waveforms between the Hall terminals
corresponding to the drain voltage modulation at four magnetic
fields. Source current is measured with a current amplifier and
plotted on the secondary y-axis.

2009 [IRW FINAL REPORT

Authorized licensed use limited to: NIST Research Library. Downloaded on March 29,2010 at 10:34:17 EDT from IEEE Xplore. Restrictions apply.



Wafer-Level Hall-Mobility Measurement Technique

350 T T T
Ve=17.5V ; ;
300 - ;
250 - ‘
a N |
P —— L y=252.41x+220.18- - -
2 ! R® = 0.9994
31 Bl
3 50 | ne = 2.48 X 102 cm’?
100 +------ S SRR -
| | |
| | |
50 1 : : :
| | |
0 1 1 1
0 0.1 0.2 0.3 0.4

B[T]
Fig. 6 ns extraction from the differential voltage waveforms
measured at four magnetic fields. dVgg/dl is plotted as a
function of B field. ns is extracted from the slope. This
measurement is done with Vg = 17.5 V.
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Fig. 7 Sheet resistance and inversion sheet charge density
measured at different gate voltages.

Same measurements and extractions are done with five gate
voltages (from 10 to 20 V). Sheet charge density is plotted as a
function of gate voltage in Fig. 7. Ry is also plotted in the same
figure, measured by the standard Van der Pauw procedures. The Hall
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Fig. 8 Hall mobility calculated from Rs and ns as a function
of gate voltage.
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mobilities are calculated from py,=1/(qnR;). Fig. 8 shows the Hall
mobility as a function of gate bias. It has very weak dependence on
the gate voltages investigated. This is not what one would expect for
a high-quality Si-based MOSFET. However, for novel devices based
on SiC, it is common. Similar dependency has been reported on SiC
devices measured by regular Hall measurement systems [5,6]. The
measured mobility is very small compared to the bulk value. This is
also well known for SiC MOSFETs.

SUMMARY

We have demonstrated a fast wafer-level Hall-mobility
measurement method that does not require any wafer dicing, wire
bonding, packaging nor the bulky, expensive regular Hall measurement
system. This method is very simple and cost-effective that it can be
employed by university labs. Device characterization and development
are much more convenient by using this technique. With this method,
further explorations of interactions between interface traps and channel
carriers as well as device degradation mechanisms become possible.

ACKNOWLEDGEMENT

The authors acknowledge the support of Army Research Lab and
the Office of Microelectronics Programs at NIST and samples
provided by GE.

REFERENCES

[1]  A. Toriumi et al, International Electron Device Meeting, 2006,
pp.1-4

[2] W. Zhu et al, Electron Devices, IEEE Transactions on Vol.51
(2004), pp.98-105

[3] M. Gurfinkel et al, IEEE Transactions on Vol.55 (2008),
pp.2004-2012

[4] D. K. Schroder, Semiconductor Material
Characterization, John Wiley & Sons, 2006

[5] T. Hatakeyama et al, Materials Science Forum, Vols.483-485
(2005), pp. 829-832

[6] N.S. Saks et al, Applied Physics Letters, Vols.77 (2000),
pp-3281-3283

and Device

QUESTIONS AND ANSWERS

Q1: Did you use an alternative purely electrical IBM Research and
Development method to extract the mobility?

Al: The purpose of Hall mobility measurement is determining the mo-
bility contributed truly by the mobile electrons. The mobility extrac-
tion based on purely electrical measurement is affected by the charge
trapping in the oxide. This influence is even more severe in novel de-
vices with alternative channel / dielectric materials such as SiC, InGaAs
and high-k dielectrics etc, which are known to be full of traps.

Q2: Did you look into charge trapping hysteresis?
A2:No, we have not characterized the hysteresis due to charge trapping
yet.

Q3: Did you find that hall mobility and effective mobility were differ-
ent or the same?

A3: The effective mobility is much smaller than the Hall mobility. The
effective mobility extracted was ~25% of the Hall mobility.

Q4: Do you think the voltage drift is too big? Isn’t voltage drift going to
be a small effect and something you don’t have to worry about?
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A4: The bigger-than-expected voltage drift could be caused by a combi-
nation of device drift and differential amplifier drift. For the measure-
ment of small Hall voltages, a differential amplifier with high input
impedance is required. On the other hand, high input impedance means
longer time constant and thus more time to stabilize. However, for the
purpose of sheet charge density extraction, the DC voltage drift is not
something we are concerned about, because the voltage difference in
response to the AC drain voltage modulation is what we are after, and it
does not drift.

Q5: Why do people use Van der Pauw over a simpler geometry?

AS5: In a very simple rectangular-shaped Hall plate, in order to achieve
a geometrical correction factor close to 1, the sense contacts must be
made very small. While in Van der Pauw structure, a geometrical correc-
tion factor very close to 1 can easily be achieved.

Q6: What is the distance between magnet and sample and how much did
you have to change the probe tips to get it to fit?

A6: The probe tips are bended so that the magnet can be placed about
1.5 mm above the sample without touching the probe tips in between.

Q7: Have you done this on a plain material and not a MOSFET?
A7: No, we have not done it on a plain material.

Wafer-Level Hall-Mobility Measurement Technique

Q8: What is the temperature effect on the magnetic field?

A8: Temperature has very small effect on the magnetic field. We mea-
sured the magnetic field on different days and different times of the day.
This takes into account the magnetic field variation due to temperature
change in the lab. The variation is well within 10 Gauss, which is less
than 1% of the field we applied.

Q9: What is the lowest inversion charge density you can measure?
A9: We are still optimizing our measurement system. At this moment,
we are not sure what is the lowest inversion charge density we can
measure.

Q10: How do you measure (calibrate) the height of the magnet above
the sample?

A10: The absolute distance between the magnet and the sample is not
necessary for the measurement. In the B field calibration, the magnetic
field is measured as a function of the micropositioner reading. With this
relationship and the chip thickness offset, the magnetic field is readily
controllable. The actual distance is the micropositioner reading offset
by the distance between the sample and the reference point of the
micropositioner.

2009 [IRW FINAL REPORT

Authorized licensed use limited to: NIST Research Library. Downloaded on March 29,2010 at 10:34:17 EDT from IEEE Xplore. Restrictions apply.




<<
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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


