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Abstract 
The gate leakage current and the TDDB failure mechanisms of 

HfSiON/SiO2 gate dielectrics were investigated. The mechanisms 
are different under conditions of low or high electric field, due to 
the band height difference between interfacial SiO2 and HfSiON. It 
was revealed that low-gate-bias FET measurement is necessary for 
precise TDDB lifetime estimation. A system that can detect defect 
generation by using an emission microscope was developed, 
enabling low-bias TDDB measurement of large gate area transistor 
for precise lifetime estimation. Through this investigation, it was 
experimentally confirmed that 90-nm-node HfSiON/SiO2 
CMOSFETs have sufficient reliability for practical usage (TDDB 
lifetime: 10４ years at 85°C and 1.1 V). 
1. Introduction 

It is highly desirable to integrate high-k gate dielectric materials 
into CMOSFETs in order to reduce the device power usage [1-2]. 
Many investigation results such as mobility improvement [3-4], VT 
control [2], and reliability improvement [5-8] have been reported. 
In this work, we investigated the gate leakage current and the 
TDDB failure mechanism for a gate insulator consisting of 
high-quality HfSiON/SiO2 (EOT = 1.6 nm) for 90-nm low-power 
CMOSFETs.  
2. Experiment 

A synopsis of the process flow for HfSiON CMOSFETs with 
dual poly-Si gate electrodes is shown in Table I. In this 
investigation, we also fabricated MISFETs with a SiO2 gate 
insulator for the reference. The electrical characteristics of the 
HfSiON/SiO2 CMOSFETs fabricated for this study are indicated in 
Table II. A high mobility (N/PFET: 96/98%) and a lower leakage 
current (by a factor of 1/1000) as compared to SiO2 were obtained. 
The N/PBTI characteristics were less than 4% of the Ion shift after 
10 years of ±1.1 V stress at 85°C.  
3. Results and Discussion 
3-1. Gate Leakage Current Mechanisms: 

Figure 1 shows the NMOS and PMOS inversion gate leakage 
current (IG) with respect to the gate bias (VG) for SiO2 and 
HfSiON/SiO2 gate insulators (EOT: 1.6 nm). In the NMOS case, at 
low voltage (1.0 V), the HfSiON FET exhibited IG three orders 
lower than that of the SiO2 FET. At higher voltage (3.0 V), the 
HfSiON IG was less than one order lower as compared to that for 
SiO2. On the other hand, the PMOS IG was four orders lower for 
HfSiON independent of the gate bias. 

Figure 2 shows simulation results for the NMOS inversion 
leakage current and the corresponding band diagrams. The NMOS 
leakage current behavior shown in Fig. 1 is well explained by these 
results. At lower voltage, electrons passed through both SiO2 and 
HfSiON. At higher voltage, electrons passed through the interfacial 
SiO2 band gap, however electrons pass above the conduction band 
edge of HfSiON. This is the reason for the increase in the NMOS IG 
current at high voltage. Figure 3 shows (a) simulation results for the 
PMOS inversion leakage current and (b) actual carrier separation 
measurement results. Though the simulation results indicate that the 
main component of the PMOS gate leakage was holes, the 
measurements indicate a large electron current. It was considered 
that the electrons were generated by Fermi pinning at the gate 
electrode/HfSiON interface on the actual HfSiON FET. The large 
reduction in the PMOS inversion leakage independent of the gate 
bias magnitude, as seen in Fig. 1, can be explained that both 
electrons and holes passed through the HfSiON/SiO2 layers. 
3-2. TDDB Failure Mechanisms: 

Figure 4 shows a TDDB Arrhenius plot for both negative and 
positive bias stress in N/PFETs. For NMOS inversion and PMOS 
accumulation, plots for different electric fields are also shown. 

We first discuss the NMOS inversion breakdown mechanism. 
The activation energy (Ea:0.45 eV) of QBD under a high-bias 
condition, in which electrons from the substrate passed through 
only the SiO2 layer, was the same as the Ea of reference SiO2 (0.45 
eV). This indicates that the lifetime was limited by interfacial SiO2 
breakdown. Under a low-bias condition, in which electrons from 

the substrate passed through the entire HfSiON/SiO2 structure, Ea 
increased to 0.88 eV. The magnitude of the Ea increase due to 
electric field reduction was much greater than in the case of SiO2 
[9]. This indicates the change in lifetime limitation from interfacial 
SiO2 to HfSiON. The large density of defect precursors with high 
activation energies in HfSiON caused it to break down.  

Under the NMOS accumulation condition, in which electrons 
from the gate electrode passed through both the HfSiON and the 
SiO2, the Ea (0.85 eV) for NMOS accumulation was very close to 
that for low-bias NMOS inversion. Figure 5 shows the NMOS QBD 
under the accumulation condition for three different HfSiON/SiO2 
films (A: 2.0 nm/2.0 nm, B: 3.0 nm/2.0 nm, and C: 3.0 nm/1.0 nm). 
A similar QBD value was observed with the same HfSiON thickness, 
independent of the base SiO2 thickness. These results indicate that 
the HfSiON/SiO  lifetime was limited by HfSiON breakdown. 2

Under the PMOS inversion condition, in which electrons from 
the gate electrode passed through the entire HfSiON/SiO2 structure, 
the Ea (0.82 eV) was very close to that for NMOS accumulation 
(Fig. 4). This indicates that the lifetime was limited by HfSiON 
breakdown in this case as well. 

Next, we discuss the PMOS accumulation breakdown 
mechanism. The Ea (0.50 eV) under a high-bias condition, in which 
electrons passed through the SiO2 layers, was similar to the NMOS 
Ea under highly biased inversion. It is considered that the lifetime 
was limited by interfacial SiO2 breakdown. On the other hand, the 
Ea (0.87 eV) under a low-bias condition, in which electrons from 
the substrate passed through the HfSiON/SiO2 layers, was high 
compared to that under the high-bias condition. This indicates that 
the lifetime was limited by HfSiON breakdown, just as in the case 
of low-bias NMOS inversion. 
3-3.TDDB Lifetime Prediction: 

Because of the stress bias polarity dependence on breakdown 
mechanism, accumulation stress measurement with MOS capacitor 
is not suitable for actual device lifetime estimation. In addition, 
electric field dependence indicated that HfSiON/SiO2 lifetime 
estimation should be measured at low electric field. To investigate 
the actual breakdown time under a condition of low electric field, 
acceleration measurement with large gate area of MISFETs was 
necessary. Figure 6 shows the leakage current status during normal 
TDDB measurements, which detect increases in the leakage current 
as a means of soft breakdown detection. The breakdown leakage 
current increase caused by soft breakdown became negligible with 
increasing gate area. To determine the lifetime of large-gate 
MISFETs, we constructed a TDDB measurement system using an 
emission microscope, which can obtain breakdown images, as 
illustrated in Fig. 7. This system has sufficient resolution even for 
the soft breakdown detection. Figure 8 shows a summary of lifetime 
measurement results for fabricated CMOSFETs with HfSiON/SiO2 
and SiO2 gate insulator structures. The HfSiON PMOS case 
exhibited a lifetime three orders greater (105 years) than that for 
SiO2 at 1.1 V and 85°C. The HfSiON NMOS lifetime prediction 
line had a change of slope at about 2.6 V. These data confirm that 
an NMOSFET would also have sufficient lifetime for typical 
operation (104 years). 
4. Conclusion 

We have demonstrated the gate leakage current and breakdown 
mechanisms for HfSiON/SiO2 CMOSFETs. Experimental results 
obtained with a TDDB measurement system using an emission 
microscope showed that CMOSFETs with this gate insulator 
structure would have a TDDB lifetime of more than 10 years at 
85°C and 1.1 V. 
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Fig.1　IG-VG characteristics for SiO2 and HfSiON. 
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Fig.8 Lifetime prediction for HfSiON/SiO2 and 
SiO2.

Fig.2 Simulation results for the NMOS 
inversion leakage current with the 
corresponding band diagrams.

Fig.3 (a) Simulation results for the PMOS inversion leakage current with 
the corresponding band diagrams, (b) charge separation measurement 
results for the PMOS leakage current

Fig.4 Arrhenius plots of the QBD (total charge through the insulator before 
breakdown) for both NMOS and PMOS FETs. The activation energies (Ea) 
and breakdown mechanisms are also shown. 

Fig.5 NMOS accumulation stress 
QBD(50%) for three types of  FETs with  
HfSiON/SiO2 layers as follows: A: 
2.0nm/2.0nm, B3.0nm/2.0nm, 
C:3.0nm/1.0nm.

Fig.6 Area dependence of the NMOS 
TDDB characteristics. The 
breakdown level is also indicated.

Fig.7 Illustration of the TDDB measurement system using an 
emission microscope.
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Table I. CMOS process flow

EOT 　1.6nm
Mobility 　NMOS:96%

　PMOS:98%
IG　　　　　　NMOS:5.8E-4A/cm2

　　　　　　　PMOS:1.8E-5A/cm2

Reliability (BT Instability)
(@10years,85°C,±1.1V)

NMOS PBTI <10mV
PMOS NBTI <5mV

Table II. CMOS characteristics

Time

I G

breakdown

Time

I G

breakdown

Emission image

(b) Measurement

e-
Sub.Poly-Si

HfSiON
SiO2

h+

Fermi pinning

e-
Sub.Poly-Si

HfSiON
SiO2

h+

Fermi pinning

S D

Gate

Depth(nm)

E
ne

rg
y(

eV
)

Poly-Si Sub.

VG=3.0V

SiO 2HfSiON

e-

Depth(nm)

E
ne

rg
y(

eV
)

Poly-Si Sub.

VG=1.5V

SiO2HfSiON

e-

0 1 2 3
VG(V)

Lo
g 

I G
(a

rb
. u

ni
t)

NMOS Tr.

Simulation

Depth(nm)

E
ne

rg
y(

eV
)

Poly-Si Sub.

VG=1.5V

SiO 2HfSiON

e-

Depth(nm)

E
ne

rg
y(

eV
)

Poly-Si Sub.

VG=3.0V

SiO 2HfSiON

e-

Electron

Hole

- 75 -



<<
  /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
  /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




