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Abstract - We present a method to extract the substrate 
resistance of RF MOSFETs. We also analyze the substrate 
networks of multi-tinger RF MOSFETs with vertical body 
contacts and propose a new method to predict the substrate 
resistance for any number of gate fingers. After the resistance 
components of the substrate networks are extracted, the 
effective substrate resistance is expressed as a function of the 
number of gate fingers. We compare the values of the 
substrate resistance predicted by the proposed method and 
extracted from Y-parameter data. The Y-parameters are 
obtained from both device simulation and measurement. The 
model predicts the substrate resistances accurately for multi- 
finger transistors. 

The substrate resistance, Rrub, significantly affects the 
small-signal output characteristics of RF MOSFETs at 
high frequencies cl]-[5]. Recent RF MOSFET models 
include the substrate-related components, such as the 
junction capacitance and the substrate resistance. Accurate 
modeling of the substrate resistance is crucial for RF 
MOSFET modeling. A simple model consisting of a single 
resistance has been shown to be accurate up to 10 GHz [6]. 
We have suggested a method of extracting Rsub in [71. 

The prediction of Rsuh as a function of the number of 
gate fingers, N,, is also important for the scalable model. It 
has been reported that Rsuub is almost ccmstant for devices 
with different N, when N, is a large number [8], [9]. 
However. the trends of R,.,, predicted with the model in [S] 
and [9] were different from those of our measurement. We 
believe that’s because the effect of the substrate 
resistances between junctions were neglected and 
therefore only the resistances from the transistor edges to 
the body ccmtacts were considered for large N, in [8]. In 
this paper, we proposed a new method to predict Rsub as a 
function of Nfi We have found that the resistances between 
junctions are considerable parts of the substrate resistance, 
.especially when N, is a large number. The prediction of 
Rsu,, was verified by comparing with Rsub extracted from Y- 
parameters of multi-finger transistors. We presented the 
results for both measurement and device simulation. It is 
shown that the new method predicts the Rsub very well. 

Gate 

Fig. 1. Equivalent circuit of an RF MOSFET using a single 
substrate resistance, Rhd, when the device is turned off and the 
intrinsic components of the MOSFET are negligible. 

II. EXTRACTION METHOD OFR,,]~ 

When the gate voltage is smaller than the threshold 
voltage, the intrinsic components of the device are 
negligible and the equivalent circuit is simplified as shown 
in Fig. 1 [7]. Czn and C,, represent the gate-to-source and 
the gate-to-drain zero-bias capacitances, respectively. C,, 
indicates the sum of intrinsic and extrinsic gate-to-body 
capacitances. C,s and C,d are source/drain junction 
capacitances. Rsua represents the substrate resistance. 
Through Y-parameter analysis, the elements in Fig. 1 can 
be represented by the folkking relationships: 

C &I =- 
Im[r,,l 

0 

c, = 
Im~,,l+2~m~:,l 
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5 ,,I W/L = lo/O.18 (N,= 4) 

Frequency ( GHz ) 

Fig. 2. C,, and Rsvb extracted from the measured Y-parameters 
of an RF MOSFET. 

at frequencies up to a few GHz. C,d and Rsub can be 
extracted from the measured Y-parameters by using (l)-(4). 
Fig. 2 shows the extracted C,d and Rmi, as functions of the 
frequency for a MOSFET with W/L = lo/O.18 and 4 gate 
fingers. The results were independent of the frequency for 
less than 8 GHz, where the components are accurately 
extracted. 

Ill. ANALYSIS OF THE SUBSTRATE NETWORK 

The substrate networks were introduced to model the 
substrate resistance, Rsub, for multi-fmger RF MOSFETs. 
Fig. 3 shows the cross sections and the substrate networks 
of multi-finger transistors when the body contacts ax 
located at both sides of the device [91. Rb is the resistance 
between the outmost junction and the body contact. R,,sb is 
the resistance between two adjacent junctions. The 
resistances from the internal junctions to the body contact 
through the bulk substrate were not illustrated in Fig. 3, 
since the resistive path through R&b (high doped region) is 
a dominant path rather than through the bulk substrate. 
After each resistance component was extiacted, we have 
found that even the resistance from the second outmost 
junction to the body contact, R,,, was 15 times larger than 
(Rb + R,,J, so that it can be omitted from the substrate 
networks. 

We derived the analytic equations for Ysub of the 
substrate networks in Fig. 3 where the sowce and the body 
terminals arc tied to ground. Y,, is the admittance of the 
substrate networks to which only the substrate components 
contribute. Therefore, Yrub can be considered as a series 
combination of C,, and R,& [lo]. By analyzing the Ysd, 
RIub can be extracted as a function of Rbr Rdrb, and N? For a 

(b) Even number of gate fingers (N,= 2n) 

Fig. 3. Substrate networks for a single finger RF MOSFBT 
and multi-finger RF MOSFETs. 

single fmger transistor shown in Fig. 3(a), Rrvb is given by 
the following equation: 

R rub = 
&CR, +R,,) 

24 + R,, 
(3 
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For multi-finger transistors shown in Fig. 3(b) and (c), Rsub 
are given by the following equations: 

R 
R, + R,, 

rub = 2 
+ R,, (N, - 2)(N, - 4) 

12 
(6) 

N f 

for a device with an even number of fingers and 

R 4 R,, R, (N, -MN, - 3) 
rub =l+T+y (7) 

W, + 1) 

for a device with an odd number of fingers, where the 
number of fingers is denoted by N? For auy number of 
fingers, the total junction capacitance, C,d, is obtained by 
summing the capacitance of ail the drain junctions as the 
following equation: 

The resistance value obtained from (6) is larger than that 
from (7) for any two consecutive numbers of fingers ~ 
one is even and the other is odd. The inequality means that 
RIub for a transistor with an even number of fingers (2n) is 
larger than that for a transistor with the successive odd 
number of fingers (2n+l), since the distance from the 
outmost drain junction to the body contact is closer for the 
device with an odd number of fingers. Equations (6) and 
(7) show that Rsuub increases with N,, while the equations in 
[8] claim that Rrunrb decreases with N, and it is saturated for 
large Nf This difference will be discussed in the following 
section. 

By using (5)-(7), Rb and Rds,, can be extracted from the 
measured Rsub for two or more devices with different 
numbers of fingers. After Rb and Rdsb are extracted, Rsub 
can be represented as a function of the Nr only, which 
enables to predict the values of Rsub for any number of 
gate fmgen. 

IV. MEASUREMENT RESULTS AND DISCUSSIONS 

The MOSFETs were fabricated in a commercially 
available 0.18-w CMOS technology. The S-parameters 
were measured by using an Agilent 851OC vector network 
analyzer. and a CASCADE Summit probe station. Open 
and short dummy patterns were used to de-embed the pad 
parasitics. The body contacts were located at both sides of 
each device. The schematic layout of the device is shown 
in Fig. 4. N,in each device was 1, 2, 3,4,5, 6,7, 8, or 16. 
The width of the gate fingers was fixed at 2.5 p. 

The values of Rsub were extracted from the measured Y- 
parameters by the method proposed in this paper and they 
are presented in Fig. 5. Rrub for a transistor with an even 
number of fingers is larger than that for the transistor with 
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Fig. 4. Schematic layout of the device with substrate contacts. 
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Fig. 5. The prediction of R,, for the devices with multiple 
gate fingers. 

the following odd number of fingers, which was expected 
in (6) and (7). Fig. 5 also shows that Rsub increases with N, 
as predicted in (6) and (7). When a transistor has a large Nr 
the resistances from the inner junctions to the body 
contacts increase. They make large contributions to the 
red pat of Y,,, so that the effective substrate resistance, 
Rsub, increases. 

From the measurement results, we extracted Rb and Rdrb 
of the substrate networks in Fig. 3. Rab was extracted from 
the slope of Rrvb to N,, since the slope is R,&12 (see (6) 
and (7)). Rdrb was 151 n and Rb was calculated to be 389 
R by using (5). 

Rsub were predicted for Nr from 1 to 16 by using (S)-(7) 
and they are presented in Fig. 5. The prediction matches 
well with the extracted R,&. For comparison, RIub were 
also estimated from the relationships in [8]. The dotted 
lines in Fig. 5 show that the trends of Rsub estimated by the 
method in [81 slightly decrease with N,, which cannot 
predict the measurement results correctly. 
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Fig. 6. Doping concentration of the p-well for the MOSFET 
sowtures created by the ATLAS device simulator. 
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Fig. I. The prediction of Rsti for the devices with multiple 
gate fingers, where the devices were created by the ATLAS 
device simulator. 

v. SUvtULATION RESULTS 

We also verified OUT model by performing the device 
simulation. The MOSFET shuchxes were created with N, 
varying from 1 to 12 by using the ATLAS device simulator. 
The width of the gate fingers was 10 m. The body 
contacts were placed at both sides of the device as 
illustrated in Fig. 3. The doping profile of the p-well and 
some information on the device dimensions are presented 
in Fig. 6. The Y-parameters were obtained by executing 
the ac simulation. 

The values of Rsub were extracted from the simulated Y- 
parameters and they are presented in Fig. 7. A very similar 
result to the measured one was observed. Rsub increased 
with Nf as expected. 

VI. CONCLUSION 

We proposed a method to extract the substrate resistance, 
R,& of RF MOSFETs. We analyzed the substrate networks 
of multi-finger RF MOSFETs and derived analytic 
equations to predict Rsub as a function of the number of 
gate fingers, N, For a large N,, the effect of internal 
resistance, Rdsb. is significant rather than negligible, so that 
the Rsti increased with N,. The trends of R,& were shown 
for the simulated and measured devices and were 
predicted accurately by the model proposed in this paper. 
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