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1. Introduction 

With the progress of VLSI technologies, the gate oxide 
thickness scales down quickly to ensure device perform-
ance. Precise determination of gate dielectric thickness be-
comes more and more important. The effective oxide 
thickness (EOT) is typically calculated from the capaci-
tance-voltage characteristics measured by an impedance 
meter. Parallel or serial model is employed to derive the 
capacitance. However, as tunneling current becomes higher, 
the simple two-element equivalent circuit can not obtain 
valid result. To solve this problem, several equivalent cir-
cuit models have been proposed [1-4]. 

K. J. Yang and C. Hu took the series resistance arising 
from Si substrate, metal contact, and cables into considera-
tion [1]. A two-frequency method was proposed to extract 
valid capacitance from the three-element equivalent circuit. 
The applicability limits of the two-frequency method were 
examined by A. Nara et al. [2]. How to select the two fre-
quencies to minimize the effect of measurement errors was 
proposed in their work. However, some researchers ob-
served that the three element/two-frequency method does 
not work well on their samples [3, 4]. H. T. Liu proposed 
an improved two-frequency method according to a 
four-element equivalent circuit [3]. A series inductance was 
added and the parallel resistance in [1] was replaced by 
dielectric loss (tanδ). For high leakage current samples, DC 
loss due to shunt resistance can not be ignored. Therefore, 
the proposed method is not valid for high leakage current 
samples. Recently, Z. Luo and T. P. Ma proposed a differ-
ent four-element equivalent circuit (parallel RC method) [4]. 
A parasitic capacitance in parallel with the series resistance 
was suggested. Unfortunately, this method is not so effec-
tive due to the neglect of parasitic inductance. 

In this work, we propose a new methodology based on a 
new four-element equivalent circuit model. A simple ex-
traction procedure combining capacitance-voltage (C-V) 
and current-voltage (I-V) measurements is developed to 
extract the valid values of the four elements. It is demon-
strated that the new method is more efficiency than previ-
ously published methods and can be applied over a wide 
frequency range. 
 
2. New Four-element Model 

Fig.1(a) shows the proposed four-element equivalent 
circuit model. C represents the ideal MOS capacitor. Rp 
represents the effective resistance of the actual MOS ca-
pacitor due to tunneling current. It is assumed to be fre-
quency independent. Rs represents the parasitic resistance 

from Si substrate, gate electrode, and the measurement sys-
tem. L represents the parasitic inductance from cables and 
measurement systems. The two-element model used by the 
impedance meter is shown in Fig.1(b). 
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Fig. 1 (a) Proposed four-element equivalent circuit model. (b) 
Equivalent circuit of the parallel mode of an impedance meter. 
 

The impedances of the circuits in Fig.1(a) and 1(b) can 
be expressed as eq.(1) and eq.(2), respectively : 
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L can be easily solved by measuring C’ and D’ at two dif-
ferent frequencies. 
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The Rs and Rp can be extracted from the real part of 

impedance. Although two-frequency method can be applied, 
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here we suggest a simpler method. Under the same assump-
tion of 1  2

p
22 〉〉RCω , it is easy to obtain 
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Finally, Rp can be extracted from the DC resistance (RDC) 
by 

(6)                                                                                sDCp RRR −=

, where RDC can be obtained by I-V measurement. 
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Fig.2. Measured and corrected Capacitance-voltage (C-V) 
charateristics of the TaPt/ HfO2(3nm)/SiO2(1.5nm)/Si sample. 
 
3. Results and Discussion 

To verify the validity of the proposed model, the circuit 
shown in Fig.1(a) was built with four discrete elements. 
The values of the four elements are C=1nF, Rp=17.3MΩ, 
Rs=1KΩ, and L=4.7µH. The extracted values according to 
eqs.(3)-(6) are C=1.02nF, Rp=17.7MΩ, Rs=1.48Kohm, and 
L=7.83µH. The slightly higher extracted Rs and L is attrib-
uted to the additional parasitic resistance and inductance. 

Fig.2 show the C-V characteristics measured at differ-
ent frequencies and the corrected C-V characteristics. The 
sample structure is TaPt/HfO2(3nm)/SiO2(1.5nm)/Si. The 
apparent C-V distortion and severe frequency dispersion 
indicate that this is a non-ideal capacitor. However, the 
corrected C-V characteristics from any two frequencies are 
almost identical to the C-V measured at 10KHz. 
 

 
Fig.3. Frequency dependence of the corrected capacitance using 
different methods. One of the two frequencies is fixed at 500KHz. 
 

Fig.3 compares the corrected capacitance of the same 
sample in Fig.2 using different methods. One of the two 
frequencies is fixed at 500KHz. The Yang’s simple 
two-frequency method proposed shows large error because 
parasitic inductance was not considered. The Lue’s im-
proved two-frequency method is powerful than the Yang’s 
method but error still occurs at high frequency due to ig-
noring DC loss. The proposed method exhibits the best 
result. Although severe frequency dispersion occurs at fre-
quency higher than 70KHz, the corrected capacitance is 
constant up to 1MHz. 

 

Fig.4. Frequency dependence of the measured capacitance and the 
extracted Rp, Rs, and L. 
 

Fig.4 shows the frequency dependence of the extracted 
Rp, Rs, and L. The values of the extracted L, Rs and Rp are 
around 5µH, 450Ω, and 65MΩ, respectively. All of these 
values are reasonable. 
 
4. Conclusions 

We proposed a new four-element equivalent circuit to 
model the MOS structure with leaky gate dielectric. A sim-
plified procedure combining C-V and I-V measurements is 
developed to extract the values of the four elements. Ex-
periments show that the proposed method can obtain valid 
results over a wide frequency range even if the MOS device 
is distorted seriously. The proposed method is more effi-
cient than those published methods and can be applied to 
leaky dielectric if the assumption of 1  2

p
22 〉〉RCω  is valid. 

 
Acknowledgment 

This work was supported by the National Science 
Council, Republic of China, under the contract No. 
93-2815-C-009-019-E. 

 
References 
[1] K. J. Yang and C. Hu, IEEE Trans. on Electron. Dev., 46, 

(1999) 1500. 
[2] A. Nara, N. Yasuda, H. Satake, and A. Toriumi, IEEE Trans. 

on Semiconductor Manufacturing, 15, (2002) 209. 
[3] H. T. Lue, C. Y. Liu, and T. Y. Tseng, IEEE Electron Device 

Letters, 23, (2002) 553. 
[4] Z. Luo and T. P. Ma, IEEE Electron Device Letters, 25, (2004) 

655. 

0

200

400

600

800

1000

1 10 100 1000

Frequency(KHz)

R
p 

(M
Ω

) ;
 R

s 
(Ω

)
0

2

4

6

8

10

L 
(µ

H
)

Rp

Rs

L 



<<
  /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 <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	typ_page1: -497-


