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Abstract—A new paired gate-source voltage RF 
capacitance-voltage (C-V) method of extracting the 
effective channel length and parasitic capacitance 
using the intersection between two closely spaced 
linear regression lines of the gate capacitance versus 
gate length measured from S-parameters is proposed 
to remove errors from conventional C-V methods. 
Physically verified results are obtained at the gate-
source voltage range where the slope of the gate 
capacitance versus gate-source voltage is maximized 
in the inversion region. The accuracy of this method is 
demonstrated by finding extracted value corres- 
ponding to the metallurgical channel length.    
 
Index Terms—MOSFET, CMOS, parameter 
extraction, effective channel length, parasitic 
capacitance, modeling, RF C-V, S-parameter   

I. INTRODUCTION 

An effective channel length Leff is an important 
parameter in MOSFETs for process monitoring, analysis 
of short-channel characteristics, and SPICE compact 
modeling. In order to extract bias-dependent Leff and 
external resistance REXT, a conventional paired gate-
source voltage VGS DC method to obtain the intersection 
of the linear regression lines of the total channel 

resistance RTOT as a function of the total gate length Lg 
with various VGS has been widely used [1-3]. 

Since DC measurement of RTOT is carried out at non-
zero gate-drain voltage VDS, the channel mobility is 
degraded by the lateral field effect in deep-submicron 
MOSFETs, thus resulting in an extraction error of Leff. 
To eliminate this error, RF C-V methods [4-7] to extract 
the gate-channel capacitance CGC from measured S-
parameters at VDS = 0 V have been used to determine Leff. 

For accurate extraction of CGC, the extrinsic parasitic 
capacitance Cp outside the channel area should be 
eliminated from the measured gate capacitance CG in the 
inversion region. In general, Cp is expressed as the sum 
of Cof, Cov, and Cif where Cof is the outer fringing 
capacitance, Cov is the bias-dependent gate to 
source/drain overlap capacitance, and Cif is the bias-
dependent inner fringing capacitance caused by the 
depletion region between the LDD(lightly doped drain) 
and poly Si gate [7-9]. 

Conventionally, two methods based on the 
determination of Cp have been well known to extract CGC 
[3-6]. First a zero-bias method using Cp measured at VGS 
= 0 V leads to a Leff extraction error, because Cif existing 
at VGS = 0 V is added to CP. Second an accumulation 
method using Cp measured in the accumulation region 
also produces a Leff extraction error, because 
accumulated majority carriers make the LDD inverted.  

In order to avoid these Cp extraction errors, a simple 
method [7] using the ratio of maximum CG values 
between two short and long channel devices in the 
inversion region has been reported to remove the Cif error 
in determining Leff. However, it also produces large 
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errors in deep-submicron MOSFETs, because Cof and Cov 
still exist in strong inversion condition.  

In order to eliminate these problems in these 
conventional methods, in this paper, we propose a new 
paired VGS RF capacitance-voltage (C-V) method to 
extract Leff using the intersection of linear regression 
lines in CG versus gate length Lg in the inversion region. 
This method is very accurate, because Leff and Cp are 
determined simultaneously without errors from the 
conventional ones. 

II. MEASUREMENT AND ANALYSIS 

S-parameters are measured on multi-finger N-
MOSFETs fabricated using 0.13 mm RF CMOS process 
technology with the number of gate finger (Nf = 16), unit 
finger width (Wu = 2.5 mm), and gate length (Lg = 0.13, 
0.18, 0.25 and 0.35 mm) at VDS = 0 V with various VGS. 
The accurate de-embedding procedure was carried out to 
remove pad and interconnection parasitics from the S-
parameters [10]. Using a RF direct extraction method 
under the assumption of CGD = CGS where CGD is the 
gate-drain capacitance and CGS is the gate-source 
capacitance, at VDS = 0 V for MOSFETs with symmetric 
drain and source structure [6] CG is determined in the low 
frequency (LF) region using :  

 
 LF12GDG )Y(agIm)2(C2C w-»=         (1) 

 
In Fig. 1, the low frequency data of about 1 GHz were 

chosen for CG to neglect the influence of series 
resistances and inductances [4-6]. As shown in Fig. 2, the 
extracted CG data linearly increase at 0.3 V < VGS < 0.4 
V and their increasing rate decreases at VGS > 0.4 V. 

In order to accurately analyze the VGS-dependent 
characteristics of Cp from CG, linear regression lines of 
CG are plotted as a function of Lg in Fig. 3. The value of 
Cp corresponding to CG data at VGS < 0.05 V is shown to 
be irrelevant to Lg in Figs. 2 and 3. In Fig. 3, Cp increases 
at higher values at -1.5 V < VGS < 0.05 V above the 
flatband voltage, because the depletion capacitance in the 
surface of n- lightly doped drain (LDD) region under the 
gate oxide becomes larger with increasing VGS. Thus, Cov 
consisting of series connection of the surface depletion 
capacitance and oxide capacitance increases. In this case, 
Cif also increases because the depletion layer between n- 
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Fig. 1. Measured (−2/ω)Imag(Y12) vs. frequency at various Lg. 
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Fig. 2. VGS-dependent curves of extracted CG at various Lg. 
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Fig. 3. Extracted data and regression lines of CG versus Lg at
various VGS. 
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LDD and p-channel region is expanded into the channel 
region until the formation of inversion channel. 

In Fig. 3, the linear regression line slopes begin to 
increase slightly from VGS = 0.1 V, because the very 
weak inversion channel is formed. In the range of VGS = 
0.3 V ~ 0.4 V, the slopes in Fig. 3 appear to increase 
linearly due to the rise of strong inversion channel 
capacitance in Fig. 2. The increasing rate of the slope 
starts to decrease from VGS = 0.4 V. 

III. EXTRACTION 

Based on the linear-dependence of CGC on Lg, CG is 
expressed as: 

 

 ( ) pgchpeffchG CLLCCLCC +D-=+=         (2) 
 

where Cch and DL are defined as the bias-dependent CGC 
per unit length and the channel length reduction, 
respectively. 

According to (2), the linear regression lines of CG versus 
Lg at different VGS should intersect at the same point (DL, 
Cp), because Cch varies with VGS. Fig. 4 shows that the 
intersections of DL and Cp are changed with varying VGS, 
indicating that DL and Cp are VGS-dependent. 

Therefore, DL and Cp in the inversion region should be 
determined from the intersection between two adjacent 
linear regression lines with small VGS differences to 
ignore the VGS-dependence in Fig. 4. This new paired 
VGS RF C-V method is similar to the conventional paired 
VGS DC method [1-3]. However, this method is able to 

extract DL and Cp simultaneously without the Lg-
dependent error of the short-channel mobility caused by 
the lateral field effect. Using this new method, DL and Cp 
extracted at the average voltage VGSX of a VGS pair used 
for the intersection in Fig. 4 are plotted in Fig. 5.  

IV. DISCUSSION 

As shown in Fig. 5, DL and Cp abruptly decrease with 
increasing VGSX. In order to analyze the physical validity, 
DL is extracted using conventional zero and accumu- 
lation methods [3-6] shown in Fig. 6. The values of CGC 
at various Lg are extracted by subtracting Cp at the same 
Lg in Fig. 3 from measured CG at VGS = 0.4 V. From the 
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Fig. 4. Linear regression lines of extracted CG data versus Lg at 
0.25 V < VGS < 0.45 V. 
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Fig. 5. DL and Cp versus VGSX extracted at 0.25 V < VGSX < 
0.45 V using the new method. VGSX is the average voltage of 
each VGS pair in Fig. 4. These extraction results are obtained 
from N-MOSFETs (Lg = 0.13, 0.18, 0.25, 0.35 mm) fabricated 
using same 0.13 mm RF CMOS process technology. 
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Fig. 6. CGC versus Lg using two conventional methods. 
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x-intercept of CGC versus Lg in Fig. 6, it is obtained that 
DL = 0.079 mm from the zero-bias method and DL = 
0.048 mm from the accumulation method. 

However, since the data of Cp at VGS = 0 V in Fig. 3 
contain extra value of Cif disappeared in the inversion 
region, unphysically large capacitance values are 
removed from CG for each Lg. Therefore, the extracted 
value of DL using the zero-bias method is overestimated. 
On the contrary, the extracted DL using the accumulation 
method is underestimated, because unphysically small 
values of Cp reduced in the accumulation region at VGS = 
-1.5 V in Fig. 3 are removed from CG for each Lg. Since 
the new paired VGS RF C-V method uses the intersection 
of two linear regression lines for CG versus Lg in the 
inversion region, it is possible to determine DL and Cp 
accurately without the Cp errors. 

As Lg is scaled down, the influence of Cp on the 
determination of CGC increases because CG is reduced. 
Thus, the reliability of conventional methods based on 
the removal of Cp is more seriously deteriorated due to 
the inaccuracy of the Cp extraction at shorter Lg. 
However, the new method is theoretically more accurate 
than the conventional ones, because removal process of 
Cp is not needed.  

However, in Fig. 5, DL at VGSX = 0.275 V is larger 
than the overestimated value of the zero-bias method and 
DL at VGSX = 0.425 V is smaller than the underestimated 
value of the accumulation method. This unphysical 
extraction at VGSX = 0.275 V and 0.425 V is generated 
because the increasing rate in the nonlinear region of CG 
versus VGS is irregularly varied at different Lg in Fig. 2. 
If a regression error due to this irregular slope change in 
the range of Lg occurs, this intersection becomes 
inaccurate. Since a VGS-dependent slope Cch in (2) should 
be independent of Lg to prevent this inaccuracy of DL, 
the intersection should be extracted in the linear region of 
C-V curve in 0.3 V < VGS < 0.4 V where the increasing 
rate of CG versus VGS is maximized. 

In this valid range of VGS, the values of DL = 
0.0615 mm at VGSX = 0.325 V and 0.058 mm at 0.375 V 
are physically acceptable because these are between the 
overestimated value of the zero-bias method and the 
underestimated one of the accumulation method. Due to 
the same reason, the extracted values of Cp = 34.2 fF at 
VGSX = 0.325 V and 33.4 fF at VGSX = 0.375 V that are 

smaller than Cp of 39.5 fF at VGS = 0 V but larger than Cp 
of 30 fF at VGS = -1.5 V are also valid. These physical 
results are obtained because the intersections are 
determined in the linear CG-VGS region with a maximum 
slope. When the channel carrier density increased at 
larger VGS is higher than the doping density in the n- 
LDD region, the n- LDD overlap length is reduced [1]. 
Thus, the extracted DL at VGSX = 0.375 V is slightly 
shorter than that at 0.325 V in Fig. 5. 

In order to verify the accuracy of the new method, 
another extraction method [11] to obtain the 
metallurgical channel length Lmet is performed as 
follows: The intrinsic gate-bulk capacitance CGBI is 
extracted by subtracting the extrinsic gate-bulk 
capacitance CGBE at VGS = 0.4 V from the gate-bulk 
capacitance CGB at VGS = -1.5 V by using Y-parameter 
equation: CGB = (1/ω)Imag(Y11+2Y12) converted from S-
parameters. When a decreasing rate of the overlap and 
depletion length LOD extracted from x-intercept data of 
CGBI versus Lg has a maximum at VGS = -1.5 V, the n- 
LDD overlap length Lov to obtain Lmet is determined to be 
0.058 mm. This value of Lov agrees well with DL at VGSX 
= 0.325 V and 0.375 V, verifying the accuracy of the 
new method. 

The new method is much simpler than the one using 
CGBI because the complex procedure to extract LOD is not 
needed. Since DL is extracted in the inversion region, it 
is physically more accurate than the CGBI method in the 
accumulation region. 

V. CONCLUSIONS 

We propose a new paired VGS RF C-V method to 
extract DL and Cp simultaneously from the intersection 
between two closely spaced linear regression lines of CG 
versus Lg in the linear region of CG versus VGS where the 
slope is maximized. Its validity is confirmed by 
observing more physical results than conventional C-V 
methods. The accuracy of this method is verified by 
finding the excellent correspondence to the metallurgical 
channel length obtained using Lg-dependent CGBI data. 
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