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1 Introduction

Hf-based silicates and aluminates showing good thermal
stability [1] and favorable energy-band alignment [2]
have been intensively studied as most promising
alternative gate dielectrics. Despite a number of efforts
to improve the dielectric properties of such high-k thin
films, reliability issues such as charge trapping and
dielectric wear-out are till matters of research [3, 4],
especially for metal-gate/high-k dielectric gate stack.

In this work, we have focused on a HfAIO,
(Hf/(Hf+Al)=~0.3)/SION stack structure and studied its
temperature dependence of |eakage current from Al-gate,
charge trapping properties and time-dependent dielectric
breakdown (TDDB).

2 Experimental

After standard wet-cleaning of 300mm p-type Si(100)
wafers, a 1.2nm-thick oxynitride interfacial layer (IL)
was formed by a process sequence of NH; anneal at
700C and subsequent oxidation at 850°C in NO
ambience. HfAIO, (Hf/(Hf+Al)=~0.3) films in the
thickness range of 3-7nm were deposited on IL by an
atomic layer CVD (ALCVD) method, in which
trimethy-aluminum, tetrakis ethyl- methylamino hafnium
and water were used as precursors and NHs-plasma
treatment was performed at each cycle of ALCVD. The
post-deposition anneal was performed at 1000°C for 1sec
in 0.2% O, diluted by N,. Finaly, Al gates with a
diameter of 0.5mm were formed on top by evaporation.

3 Resultsand Discussion

3.1 Current Conduction M echanism

The leakage current through 3nm-thick HFAIO,/SION at
negative gate voltages beyond —1.5V agrees well with
direct tunneling (DT) current simulated in an energy
band alignment determined by XPS measurements [5]
(Fig. 1). For the cases with 5nm-thick and 7nm-thick
HfAIO,, Frenkel-Poole (FP) emission of trapped
electrons dominates the current leakage at voltages
beyond -2.0V, and the dielectric constant (~10eo)
evaluated from the slop of the FP plot on the leakage
current is dightly smaller than the value (~12¢)
determined from the accumulation capacitances. The
observed 1-V hysteresis and anomalous leakage current
in the gate voltage region below -1.0V for each case are
interpreted in terms of electron trapping and de-trapping
at defect states in the dielectric stacks. The strong
temperature dependence of leakage currents as shown in
Fig. 2 is attributed to an FP emission process from traps
localized at 0.7-0.8eV from the conduction band (Fig. 3).
Notice that the anomalous leakage current at lower
voltages is eliminated when temperatures rises to ~100'C

presumably by thermal re-emission of trapped electrons.
The fairly weak temperature dependence of the leakage
for the 3nm-thick HfAIO, case is also attributed to the
transport due to DT.

3.2 Charge Trapping Characteristics

A decrease in the leakage current during constant voltage
stress (CVS) is observable for each case until soft
breakdown (SBD) occurs (Fig. 4). The result is
attributable to the defect generation and electron trapping
at generated defects. [6]. The net positive charges during
CVS are differently changed in different HfAIO,
thicknesses (Fig. 5), which can be interpreted by a model
as schematically illustrated in Fig. 6. In the model, the
defect generation during CV S results electron trapping in
HfAIO, near the gate side and hole trapping near
HfAIO,/SION interface and/or in the SION interfacia
layer. The negative flat-band voltage shift caused by
hole trapping at sites far from the gate is more efficient
than the positive flat-band voltage shift by electron
trapping near the gate. With decreasing the dielectric
thickness, namely, the distance between the trapped
electrons and holes, the net sheet charge in the dielectric
stack is reduced in this model. For HfAIOx as thin as
3nm (Fig.6(a)), the neutralization of trapped holes with
injected electrons and hole detrapping may happen.
The enhanced electric field near the HfAIOx/SION
interface by charge trapping and resultant recombination
electron and hole near the interface during CV'S appears
to trigger soft breakdown.

3.3 TDDB Characteristics

The TDDB characteristics for the first current jump (soft
breakdown) during CVS as seen in Fig. 4 were measured
at different stress voltages and temperatures, and
characterized by Weibull distribution. With decreasing
the HfAIO, thickness, the Weibull dop is markedly
decreased (Fig. 7), being similar to the case of SiO,.
Although the time-to-SBD (tssp) is shorten with
increasing stress voltage and temperature irrespective of
conduction mechanism being dominated by DT or FP
emission, the Weibull slope remains unchanged with
stress voltage and temperature. We derived the field
acceleration factor from the sop of natural logarithmic
tssp o 63% failures vs electric field in HfAIO, and
plotted as a function of temperature (Fig. 8.) For the
case with 3nm-thick HfAIO,, the field acceleration factor
shows no clear temperature dependence, while for a
thicker HfAlIO, case the acceleration factor is remarkably
decreased with increasing temperature higher than ~60C.
Obviously, the field acceleration factor reflects the
temperature dependence of electron transport through the



dielectric stack. For the FP case, increased current flow
with temperature is major cause of SBD and the field
assistance for emission of trapped carriers at higher
temperatures becomes less important. In contrast, for
the DT case, increased charge trapping and/or defect
generation rate with thermal vibration is responsible for
shortened tsgp.

4 Summary

For AI/HfAIOx/SION/SI(100) stack structures, the
leakage current at high negative gate voltages is
dominated by direct tunneling for the case with
3nm-thick HfAIO, and by the Poole-Frenkel emission for
the cases with thicker HfAIO,. During CVS for the
gate injection, electron and hole trapping in the dielectric
stack proceeds near the Al gate and Si(100), respectively.
For the direct tunneling case, the field acceleration factor
of TDDB shows no significant temperature dependence,
but for the FP emission cases it decreases at temperatures
above ~60 ‘C. The charge trapping in the dielectric

stack is a maor factor to characterize the dielectric
breakdown.
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Back Ground

© Hf-based aluminates
Favorable energy-band alignment

Eg(HfAIOx)=6.58V, AEc=1.78eV :> Promising alternative
Excellent thermal stability gate dielectrics
Against crystallization>900 °C

© Eliminate poly-Si gate depletion |:> Application of metal gate

MOSFETs with High-K
Release the Fermi-level pinning on s 9

Major concern : Reliability

Poly-Si gate Breakdown mechanism K. Torii: IEDM (2004), VLSI(2004)
Reliability W. Mizubayashi: APL(2004)
This work

Metal (Al, Ni and Au)/HfAIOX/SION/p-Si(100) MOS Capacitor

Charge Trapping TDDB

Fabrication of MOS Capacitors

300mm p-Si(100) ~10Q -crir

© Wet-Cleaning
 MEASUREMENTS

1.2nmSiON © Current-Voltage (I-V)

Capacitance-Conductance-Voltage (C-G-V
RTON P ge (CCV)

Constant Voltage Stress (CVS)
© ALCVD : HfAIOy [Hf/(Al+Hf)=0.3] (3~7nm)

Precursors
Hf[N(CoH5)CH3l 4,
Al (CH3)3 ,H0,

With NH3-plasma treatment at each cycle of ALCVD
© PDA  :0.2% O2in Np
1000°C:1sec

© Nitridation 700°C, NH,
© Oxidation NO

Leakage Current Characteristics

HFAI )
O Hnmsion Charge Trapping Characteristics

TDDB Characteristics

Metal Gate (P 0.5mm)
1

o Metal Gate (Al, Auand Ni) & 0.5mm & 1.2nmSION

|-V Characteristics of AI/HfAIOX/SION Capacitors
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Capacitors with 3nm-thick HfAIOx:
Capacitors with 5 or 7nm-thick HfAIOx:

DT tunneling current

Poole-Frenkel conductive mechanism
Anomalous leakage current at lower voltages: Electron charge trapping and detrapping

|-V Temperature Char acteristics of Al/HfAIOx/SION Capacitors
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Energy Level of Charge Trapping:

7nm-thick HfAIOx: 0.77eV 5nm-thick HfAIOx: 0.68eV

C-V and |-V Characteristics of Metal/HfAIOx/SION Capacitors

25
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I1-V and C-V Characteristics Under Cold Light and In Dark Thickness Dependence of Charge Trapping
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?EB Ih G"ISE l')h ¢ Au and Ni electrode: Hole current The change of net positive charge density is dependent on HfAIOx thickness.
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Au-Gate capacitors: The flat band shift is larger than Al-Gate case by several folds.
The negative flat band shift and conductance change with stress time of CVS were observed. . . .

Astress field dependence of AD;; becomes weak with increasing of Qjp;
For Au gate capacitors, the negative flat band shift is more significant than Al gate capacitors. !
and tend to be saturated.

tsgp and Qggp Characteristics Energy Band Diagram with and without Charge Trapping
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The soft breakdown (SBD) was attributed to the charge trapping generated in the stack film.

3nm-thick HFAIOx

7nm-thick HFAIOx
Au-gate Capacitors: Both of t ggp and Qgpgp are increased,
indicating a lower defect generation rate. Recombination of electron and holesl | Enhanced electric field near interface

The same Weibull slope (3 ~3.3) indicates the same breakdown mechanism.
Soft Breakdwon




Weibull Plots of SBD for Al-Gate Capacitors

Stress at -3.7V 2

Thickness Dependence of Weibull Plots
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-4 3"'“ HfA'ox B= 1 £50:4 4 4 5 6 The Weibull slope is increased as increase of HfAIOx thickness.
“In( SBD) ln( ¢ SBD)
The Weibull slope is independent on the temperatures and stress voltages.
Thermal Activation Energy and Field Acceleration Factor Summary

for SBD of Al-Gate Capacitors

S 09 80
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Epitaiox (MV/cm) 1000/T (K)
Ea --- 5.8~7.8eV (3.2~3.9MV/cm) oo Qcrit
Ea=AHy“CE (AH0*=1.858V, C=0.34) BD™ J(T, Eox) & (T, Eox)
) 1
Breaking Bond: dIntgp d (T, Eo) o (T, Eox)

y= =

Hf-O (~801.7kJ/mol) and Si-O (~800kJ/mol) 9 Eox 5 Eox

© Leakage Current Characteristics:

Al-Gate Capacitor : Electron Current is dominate DT (3nm-thick HfAIOx)
Au-Gate Capacitor : Hole current contributes to the leakage current PF (5 or 7nm-thick HfAIOXx)
© Charge Trapping Characteristics:

The electron trapping and hole trapping are generated near metal gate and interface of
HfAIOx/SION by electron and hole current respectively.

Energy band distortion and release energy due to charge chapping and recombination may play
a role on the soft breakdown.

© Soft Breakdown:

TDDB Weibull slope which independent on the field and temperature of stress is increased
with increasing the thickness of HfAIOXx.

The temperature dependence of TDDB is associated with major contribution of pre-existing traps,
especially at the interface between the HfAIOx and SiON layers, to the breakdown path formation.

Thiswork was supported by the 21st Century COE progEmﬁ o
“Nanoelectronics for Terra-Bit Information Processing” .





<<
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


