Analyzing and Increasing Yield of ZnO Thin-Film Transistors for Large-area
Sensing Systems by Preventing Process-Induced Gate Dielectric Breakdown

Zhiwu Zheng, Levent E. Aygun, Yoni Mehlman, Sigurd Wagner, Naveen Verma and James C. Sturm
Princeton University, Department of Electrical Engineering, Princeton, New Jersey, 08544, USA
Email: zhiwuz@princeton.edu / Phone: (609) 258-6624

Thin film transistors (TFT’s) on flexible large-area substrates enable large-scale deployment of form-fitting
embedded and tactile sensors. However, the combination of insulating substrates (e.g., glass, plastics), long metal
traces for distributed sensors and circuits over large areas, plasma processing and packaging/assembly for hybrid
(CMOS-TFT) systems makes anomalous breakdown in TFT gate dielectrics a prominent limiter of yield in complex
systems. In this work, we use layout modifications, shielding layers, and temporary “shorting bars” to enable high-
yield processing and assembly of distributed sensor-acquisition circuits, in which 161 ZnO TFT’s are used per
sensor (Fig. 1) to implement compressed sensing (i.e., matrix projection). Although this is a large number of TFT’s,
compressed sensing greatly enhances critical system metrics, e.g., reduces the number of acquisition cycles and
physical interfaces to a readout CMOS IC, as demonstrated in a tactile force-sensing system [1].

ZnO TFT’s were fabricated on glass with a bottom-gate staggered structure (Fig. 2). Cr was first evaporated and
patterned as gate metal. An A2O3/ZnO/ALO; stack by RF (13.56 MHz) plasma-enhanced atomic layer deposition
(PEALD) at 200 °C (plastic compatible) formed gate dielectric, channel layer, and passivation layer, respectively [2].
After isolation, via etching and passivation removal, source/drain metal was deposited and patterned, followed by a
final interconnect layer.

The circuit for compressed sensing requires a matrix of 5 rows each with 32 TFT’s. Each row of TFT’s is connected
to a common long (~8 mm) gate line (Fig. 3) [1]. Initially, when this connection was formed together with the gate
electrodes, the TFT’s exhibited widespread gate breakdown. We attribute this to non-uniform surface charging along
the gate line from the plasma during the PEALD ALO; deposition, caused by the edge asymmetry between the RF
powered electrode and the larger grounded electrodes (sample holder and chamber walls) [3], or to current
imbalance due to non-uniform plasma [4] exacerbated by cycling the plasma every atomic layer during the PEALD
process. A long metal interconnect under the Al2O3 enables electrons to tunnel up and down through the dielectric
(Fig. 4). This leads to dielectric breakdown after passage of ~2x10'¢ electrons/cm?, as we measured on the 40-nm
thick A2Os gate dielectric. Breakdown was prevented by separating the gate metal for each TFT before gate stack
PEALD to break the current path, and connecting the gates only after all plasma processing, in a final interconnect
step. This approach raised the yield of fully functional 161-TFT die from 2 out of 98 to 40 out of 77. As an added
benefit, there was a striking increase in the I-V curve uniformity (Fig. 5) due to less stress in the gate dielectric.

The glass substrate was singulated into individual die with a dicing saw. The initial dicing damaged all 40 die
(which had been functional before) by breaking down gate dielectrics, especially of all the sensor-select TFT’s (1 of
the 161 TFT’s per die). Applying metal shielding layers on top of the photoresist-coated glass substrate and its
underside did not help significantly. However, modeling capacitive division of an ESD voltage of 10kV between the
top and bottom shields estimated only 9V across the gate dielectric (C5 in Fig. 6), not enough to cause failure. On
the other hand, a pinhole short in the top photoresist would produce 84V across the gate dielectric, well above its
measured breakdown voltage of ~40V. We prevent this damage by depositing temporary metal “shorting bars”
between the source/drain and gate of all functional TFT’s at transistor level (Fig. 7) to hold zero voltage on the gate
dielectric, and remove them after dicing. This brought the die yield (all 161 TFT’s functional) to 100% (5 out of 5)
after dicing (Fig. 8).

In summary, compression of sensor data in the TFT domain enables a great reduction in the required number of
interfaces and acquisition cycles between large-area electronics and CMOS IC’s, but requires a high TFT yield. We
identified plasma charging damage and ESD during dicing as process steps severely impairing yield, and showed
how to prevent such damage using layout modifications and temporary shorting of connections on key components.
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Fig. 1. Die, on glass, of control logic block for selecting
sensors and superposing their currents for compressed-

sensing acquisition in tactile sensing.
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Fig. 3. Top-view layouts of chrome layers
interconnected (top) and isolated (bottom) TFT-gates.
7.7 mm long lines connect the gates of each row of the
data compression array.
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Fig. 5. Transfer curves for (left) 7 of 10 measured TFT’s
with interconnected gates (3 had gate shorts), and (right)
160 TFT’s with isolated gates. Isolating the gates raised
the number of die with all 160 TFT’s yielding from 2/98
to 40/77.
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Fig. 2. In-house fabricated evaporated-Cr bottom-gate
TFT, with dielectric (AlOs3), channel (ZnO), and
passivation layer (ALOs) deposited by PEALD,
followed by evaporated source/drain (S/D) metal. Final
interconnect not shown.
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Fig. 4. Visualization of net current through gate
dielectric due to non-uniform plasma (top) and its
suppression by isolating the electrodes in each row of
gates (bottom).

, Top metal shield .

=iC i '
% Sho rt'7 !:-t¥1 Photoresist :: 'C1 C
‘. S[ A0 D, T
Zn0
ESD, ::‘.::C; ATO Ca==F=
event [~ Gate metal : Ml

C3:::.:

Substrate (glass) Cy#::5:C)
Back metal shield i

c 100
|
Ve ¢ sip g 0| WineRstor
A > 20 Y
3 02463810
Back Time (ns)

Fig. 6. Electrical model of effect of electrostatic
discharge during dicing, showing how capacitive
coupling determines induced gate-source/drain voltage
(voltage on Cs). Assuming a 10kV ESD event and no
pinhole in the photoresist, only an (inconsequential) 9V
is developed on the gate dielectric. A short through a
photoresist pinhole raises the voltage on the dielectric
to 84V (enough to damage the dielectric).
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Fig. 8. Comparison of effects of top and bottom metal
shields vs. shorting bars in reducing die loss due to

transistor.
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ESD during dicing.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


