
IEEF TRANSACTIONS ON COMPUTER AIDED DESIGN VOL 8 NO I JANUARY I989 I 

A Charge-Based Capacitance Model of Short-Channel 
MOSFET’s 

STEVE SHAO-SHIUN CHUNG, MEMBER. IEEE 

Absrracr-A new quasi-static two-dimensional (2-D) intrinsic capac- 
itance model for short-channel MOSFET’s has been proposed. It was 
derived based on a physically based charge sharing scheme and imple- 
mented using a quasi-static solution of a MOS device simulator. 2-D 
field-induced mobility degradation, velocity saturation, and short 
channel effects are included in the model. In this model, charge con- 
servation holds and channel charge partitioning are properly treated. 
The simulation results clearly show the importance of 2-11 field-in- 
duced effects to short-channel MOS devices. Comparison of the simu- 
lated results with reported experimentally measured data shows that 
the proposed model is far more reliable than the analytical model. The 
proposed method can be used to link a device simulator and a circuit 
simulator for accurate timing calculation in both digital and analog 
MOS integrated circuits. 

1. INTRODUCTION 
ITH THE ADVENT in silicon MOS-VLSI tech- 
nology and the scaling down of device size, pre- 

cise characterization of small geometry MOS transistors 
and their associated circuit models are becoming increas- 
ingly important for predicting the performance of VLSI 
circuits, particularly for ac small signal or transient sim- 
ulation purpose in designing DRAM and switching ca- 
pacitor circuits. Two important characteristics needed for 
circuit simulation are the MOS dc ( I - V )  and ac ( C V )  
models. Much work has been devoted to the study of dc 
models for small geometry VLSI devices. On the other 
hand, by comparing with the development of dc models, 
insufficient effort has been placed on the ac characteriza- 
tion of these devices. 

The capacitances associated with a MOSFET include 
1) overlap capacitances, 2) junction capacitances, and 3 )  
intrinsic capacitances. Shown in Fig. 1 is a cross sectional 
view of a MOSFET with various capacitances indicated 
and a complete circuit model of MOSFET in SPICE2. I t  
shows the nonlinear dc circuit model and all of the above 
capacitances. Among them, overlap capacitances, such 
as CGDO, CGSO, CGBO, are linear capacitances and 
process-dependent, and can be measured from the test- 
key of IC process; junction capacitances, such as CJ, 
CJSW, are also process- and geometry-dependent and can 
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be formulated by the p-n junction theory or measured ex- 
perimentally. Intrinsic capacitances, such as CGs, C G ~ , ,  
CGB, etc., are caused by the gate induced charges in the 
channel region as shown in Fig. 2. They are nonlinear 
capacitances which are bias-dependent and so can not be 
easily modeled. This paper will be focused on the devel- 
opment of an intrinsic capacitance model for short-chan- 
ne1 MOSFET’s. 

Meyer [ l ]  is the first to present a capacitance model 
which is widely used in SPICE2. Much work [2]-[6] has 
been placed on the study of an improved model for solv- 
ing two existing problems. Ward and Dutton 121 pointed 
out the charge nonconservation problem in Meyer’s 
model. Another problem is the channel charge purtifion- 
ins  [4], [ 5 ] .  A more recent model, derived analytically 
from the depletion approximation by Sheu et al. based on 
CSIM [ 5 ]  (which has been replaced by a new name called 
BSIM in (61 and will be used hereafter in this paper), 
seems to be a better one in  terms of simplicity and con- 
sistency since its dc I-Vand ac CVcharacteristics are con- 
sistently derived. However, the model is not accurate 
enough for short-channel devices due to neglecting the 2- 
D field induced mobility degradation effects and the as- 
sumption of surface potential clamping at 2VF (where VF 
is the quasi-Fermi potential) for MOS devices operating 
in the strong inversion region. Until recently, Iwai et al. 
[7] proposed one way of using accurate numerical ap- 
proaches, i.e., numerical simulation, in  which some of 
the shortcomings mentioned above can be overcome. 
However, only the capacitances associated with the gate 
terminal can be computed, i.e., CGu, CGs, and CGB. The 
capacitances associated with the other terminals cannot be 
computed directly in their method since the way of chan- 
nel charge partitioning is unavailable. 

In the characterization of small size MOSFET’s, ac- 
curate models should consider 2-D or 3-D effects. In this 
paper, we propose for the first time a novel approach in 
obtaining all of the intrinsic capacitances including the 
nonreciprocal components for short- and long-channel 
MOSFET’s through numerical simulation. The above 
mentioned two problems in reported literatures, charge 
conservation and channel charge partitioning, are prop- 
erly treated. Also, since the numerical simulation in- 
volves the solution of the 2-D fields which include the 
field-induced mobility degradation and velocity satura- 
tion, short-channel effects in the proposed model are 
properly considered. The evidence of the computed re- 
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Fig. 1 .  (a) Cross-sectional view of a MOSFET and the associated capac- 
itances. Intrinsic capacitances are shown in dashed lines. (b) A complete 
circuit-based model of MOSFET for SPICE2. 

sults in this paper would show that mobility and velocity 
saturation effects will affect the short-channel device sig- 
nificantly. The motivation in developing the intrinsic ca- 
pacitance is intended to link a device simulator and a cir- 
cit or timing simulator (e.g., [8]) without using equivalent 
circuit model for capacitance calculation. A charge-based 
model is proposed and implemented using device simu- 
lator-MINIMOS [9] in Section 11. Section I11 shows the 
simulation results and the short-channel effects on the CV 
characteristics are investigated. Comparison of the new 
results with reported models are given in Section IV. Fi- 
nally, summary and conclusions are given in Section V. 

"G 

+-- L Y B b - 4  
Intrinsic Region 

Fig. 2 .  Schematic cross section of a MOSFET with associated charge dis- 
tributions and the boundaries of Q,. 

11. CHARGE-BASED MODEL 
In formulating a 2-D charge model which is suitable for 

short-channel MOSFET's, accurate calculation of the 
charge distribution in the MOS devices has been proposed 
based on a physically-based charge sharing scheme and a 
reasonable channel charge partition for Qs and Q D .  The 
numerical simulation by incorporating these ideas will be 
discussed in this section. 

For the n-channel MOSFET given in Fig. 2, there are 
four kinds of charges associated with the terminals of the 
device, in which QG, QD, Q,, and QB represent the gate, 
drain, source, and bulk terminal charges, respectively. 
The channel charge in the inversion layer is called Q ,  and 
is split with some ratio into Qs and QD depending on the 
device operating regions. They must satisfy the charge 
conservation rule 

QB + QB + Qc = 0. (1) 

All of these charges are nonlinear functions of device ter- 
minal voltages, VG,  V,, Vs,  and VB. The intrinsic capac- 
itances are defined by 

C, = - a Q j / a Y ,  for i # j ( 2 )  
where i, j represents one of the four terminals, i.e., 
D(drain), S(source), G(gate), and &bulk). Qj is the charge 
of the i terminal and V, is the voltage of the j terminal. 
For intrinsic capacitance calculation, we need to find the 
above charge components as functions of terminal volt- 
ages which again give various 0' characteristics in the 
voltage range of interest. 

For example, there are three gate capacitances associ- 
ated with the gate 

cGS = - d ~ G / a ~ s l v ~ , , , v ~ ~  

cGD = - ~ Q G / ~ V D  I vGs.vGs 

and 

cGB = - ~ Q G  / a VB I vGs. v G D .  ( 3 )  

For numerical simulation, CGD is calculated as 
-AQc/AVD. Q G  is computed by integrating E , ,  E along 
the gate electrode periphery between the source and drain 
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edges, i.e., 

r L  P L  

Here, qc(  y )  is the gate charge per unit channel length, 
E ( x )  is the electric field perpendicular to the gate elec- 
trode, and W is the channel width. AQc is computed as 
the gate charge difference between the two simulations for 
V,  and V,  + AVD, that is 

(4b) 

which then gives C,, from (3). Similarly, C,, and C,, 
are computed in a similar manner by replacing AVD by 
AV, or AV,. 

In order to determine the bulk charge, QB, a 2-0  charge 
sharing scheme [lo] is adopted as shown in Fig. 2 for 
MOS device operating in the linear region. In this scheme, 
the slant line at the source and drain regions are drawn to 
approximate the value of the bulk charges. The bulk 
charges outside the slanted boundaries are assumed to be 
the depleted charges due to the source and drain junc- 
tions, whereas that inside the slant lines are the gate in- 
duced bulk charge in the intrinsic region. In other words, 
QB is the total gate induced depletion charge bounded by 
the dashed trapezoidal region and has 2-D distributions in 
the x-  and y-directions. The boundary points, (xl,  y l )  and 
(x2, y 2 ) ,  are determined as follows. 

The drain and source regions are assumed to be a planar 
junction in vertical direction and a cylindrical junction in 
the lateral direction. In Fig. 2 ,  xj is the source/drain and 
bulk junction in the depth direction, x, is the lateral dif- 
fusion length of the source(drain) junction, and is as- 
sumed to be 0.7 times xj in practice. W, and Wd are the 
depletion layer width of a plane junction at the source and 
drain side respectively. W,, and WsD are the depletion 
layer width of a cylindrical junction. The overall deple- 
tion layer around the junction can be considered to be an 
ellipse with center at the gate end. W, and W, are given 
by 

W, = KJvb,-vBs (5a) 

and 

K = J2ebi /qNA.  ( 6 )  

Here, vbi is the built-in voltage of the source(drain)-bulk 
junction, VBs is the back gate bias, and V,, is the drain to 
source voltage. Once W, and Wd are known, the lateral 
diffusion length across the cylindrical junction can be ap- 

proximated by the ellipsoidal formula [ l  I], i .e.,  

ws, = .,[dl + d,(W,/x,) - d,(w,/x,)21 (7a) 

Wdc = x~[dl  + d2(Wd/xj) - d3(Wd/x,)2] (7b) 

where 

dl = 0.0631353, d2 = 0.8013292, 

and d3 = 0.01110777. (7c) 

The boundary point (xl, yI  ) is on the ellipse, therefore, 
we have 

[XI/(X, + WJ2 + [Yl/(Wsc + 4 1 '  = 1 

Yl  = (Wsc + x J 4 1  - XI/(Ws + .,,'I. 

( 8 )  

(9)  

which then gives 

Also, 

XI = K m  (10) 

where is the surface potential at y = x, + W,, and can 
be obtained from simulation. There are two unknowns in 
(9) and (lo), only 2 or 3 iterations are needed to determine 
xI and yl. Similarly, x2 and y2 can be determined from the 
following two formulas. 

Y2 = ( L  + h c )  - (wdc + xc) J[ - x2/( Wd + x,)2] 

(11) 

and 

X2 = K m  (12) 

where is the surface potential at y = L + x,  - Wdc. 
Therefore, Q ,  is calculated as 

L 

QB = -W So qs(Y) 4 

- - -w s: p q [ p ( x ,  Y) - N.41 dx dY. (13) 

Here, qB( y )  is the depleted bulk charge per unit channel 
length and width, p is the hole density in the x-y direction 
and xd is the depletion layer width. The channel charge, 
Q,, in the inversion layer, is the sum of Q, and Q,. In 
reported literatures [2], [4]-[5], channel charge partition- 
ing, i.e., the partition between Qs and Q,, were pre- 
sented. The ratio of Q ,  and Qs varies for devices oper- 
ating in different regions based on the artifact of satisfying 
a specific boundary condition. However, note that there 
are infinite ways to do the channel charge partitioning. To 
overcome this problem, a physically-based channel charge 
partitioning method proposed by Oh er al. [12] was used 
in [5] and will be used here also. Since qc(  y) is a stiff 
exponential function in the x-direction, it is rather difficult 
to compute the numerical integration of q,( y )  directly. 
Instead of computing the direct integration of q,( y) .  an 
indirect way of using qc(  y )  = - (qG(  y )  + q B (  y ) )  in the 
numerical integration is proposed. Therefore, Qs and Q ,  
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are represented by 
L 

QS = W S (1  - Y / L ) [ q c ( Y )  + qB(Y)]  dY (14) 
0 

and 

QD = W S: ( Y / L ) [ q c ( Y )  + qB(Y)]  dY (15) 

respectively. Here, qc( y )  is the channel charge per unit 
channel length. 

A 2-D device simulator-MZNZMOS 3.0, has been ade- 
quately modified with a suitable chosen grid by increasing 
the grids near the source and drain regions in y-direction 
and increasing the grids near the depletion layer boundary 
in x-direction in order to keep the integration accuracy. A 
physically-based mobility model in [ 131 has also been in- 
corporated in the simulator. By applying the above equa- 
tions, the charge densities, qG( y ) ,  qB( y ) ,  and hence, the 
charge associated with their respective terminals can be 
calculated using accurate cubic spline numerical integra- 
tion technique. Once the charge variations in the voltage 
range of interest are known, the intrinsic capacitances can 
be computed by applying (3). Note that since the simu- 
lation results from MINIMOS are obtained at steady-state, 
the capacitance values were developed for quasi-static op- 
eration. 

111. SIMULATION RESULTS 
Simulations have been carried out for a set of n-channel 

Si-Gate MOS devices with different channel lengths ( L ) .  
Device and process parameters are: device channel width, 
W = 30 pm, gate oxide thickness, to, = 450 A, and sub- 
strate doping, NA = 1.2 X l O I 5  cmP3. The drain and 
source regions are As-implanted through a thin oxide (550 
A )  with an energy of 150 keV and dose of 1 X l O I 5  cm-*. 
Diffusion temperature and time are 1050°C and 30 min- 
utes, respectively. Junction depth, x,, is about 0.3 pm. 
The simulated capacitances are normalized by WLC,, , 
where Cox is the computed gate oxide capacitance per unit 
area. 

Figs. 3 and 4 show the simulated intrinsic capacitances 
versus VGs characteristics for 2-pm and, 20-pm channel 
length devices, respectively, operating throughout all the 
regions. In order to investigate the short-channel effect on 
the CV characteristics, a number of C - VGs curves for 
MOS devices with L = 1, 2,  4,  and 20 pm are also com- 
puted and compared as shown in Figs. 5-7. Several im- 
portant features and the short-channel effect can be ob- 
served from the comparison of these figures. 

( 1 )  For the long-channel device (Fig. 3), CGs will ap- 
proach the 2/3WLCo, value in the saturation region and 
decrease to a lower value in the linear region. This 
2 / 3  WLC,, capacitance is the value that is used widely in 
the rather primitive Meyer's model [ 11. However, for the 
short channel device (Fig. 4), the value of CGs will be 
higher than that of long-channel device at saturation and 
approaches this value at very high gate voltage in the lin- 
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Fig. 3.  Results of intrinsic capacitance simulation for L = 20 pm at VDs 
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Fig. 5 .  Computed normalized capacitance for different channel lengths and 

the observed short channel effects. C,,, is the gate oxide capacitance. 
(-) C G , ,  (---) CGD, (---) C G B .  

ear region. It is worth noting that normalized values of 
CsG and CDG will approach with each other to an approx- 
imate value of 0.5 at very high gate voltages (linear re- 
gion). This is essentially the same as the channel charge 
partition which was widely used in reported literatures [2], 
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[4-51. One interesting result is by comparing the 
CsG ( CDG) curves for both the 20 and 2 pm devices in 
Figs. 3 and 4, respectively. It is noted that in the satura- 
tion, CsG or CDG is more flat for the long-channel device. 
It is a manifestation of the less velocity saturation effect 
on long-channel device since the CsG or CDG characteristic 
is related to the channel charges, Q,. 

(2) One specific feature of the short-channel effect is 
revealed in the comparison of the CGD characteristics in 
Fig. 5 .  There is a sharp transition between saturation and 
linear regions for long-channel device at V,  = 2.2 V 
whereas it is smoothly changed for short-channel device. 
These are due to the 2-D field-induced effects. The phys- 
ical reasons are given as follows. Total charge at the gate 
is given by 

L 

Q, = wc,, S pc - vFB - v,(Y)I~Y (16) 
0 

where V,( y) is the surface potential. At a given gate volt- 
age, Vc,  the change in the gate charge, AQ,, due to AVD 
can also be calculated from 

AQG = -wGX S: A M Y )  dr. (17) 

20pm ----- 

E 1  

, , ,:;/’ 
E ’ ,  

E E 2  E 4  E 6  E 8  I 
YIL 

Fig. 8. Comparison of AVs versus y / L  for a long-channel and a short- 
channel devices. 

We see that the value of CGD or AQG is proportional to 
the integration of AV, from source to drain at two different 
VD’s. The area under the AV, curve is larger for higher 
VG and thereby giving an increase of CGD with increasing 
gate voltages. It is also noted that in the cutoff and satu- 
ration region for long-channel devices, the amount of in- 
duced charges on the gate through the oxide, and hence, 
the induced capacitance, CGD, is small compared to WLC,,, 
whereas it is much more significant for short-channel de- 
vices. However, normalized value of CGD decreases with 
decreasing channel length due to the velocity saturation 
in the linear region. Since velocity saturation near the 
drain gives rise to an increase of the channel resistance or 
smaller area under AV, curve. For example, Fig. 8 gives 
the simulated AV, versus y/L curves for two devices with 
channel length 2 pm (dashed line) and 20 pm (solid line) 
working in the linear region. It is apparent that 2-pm 
channel length device has smaller AV, value due to the 
velocity saturation effect which results in a reduced C G D  

for short-channel devices. It can also visualize from (17) 
that a short-channel with lower AV, curve has smaller 
AQG, and hence smaller, CGD.  

(3) From the family of curves for CGs (Fig. 5 )  it is seen 
that the CGs curve of the short-channel device will rise 
above the cutoff region at a lower gate voltage than in the 
long-channel device due to a lower threshold voltage of 
the short-channel device. Also, from the saturation to lin- 
ear region, CGB is nearly zero and the total gate capaci- 
tance CG = CGs + CGD + CGB. Since short-channel de- 
vice‘has smaller CGD, its CGs apparently is larger than that 
of long-channel device. 

(4) In the cutoff region, fringe fields from the source 
and drain will tend to decrease the accumulation of holes, 
thereby giving smaller CGB value for short-channel device 
as shown in Fig. 5 .  

( 5 )  One important fact in designing VLSI circuits is that 
capacitances are not scaled with reducing channel length 
as revealed from the above figures, Figs. 5-7, and thus 
need further consideration in designing VLSI circuits. 

Variations of capacitances with varying drain-source 
bias, C - VDs, for L = 2 pm is also computed as shown 
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Fig. 9. C-V,, for L = 2 pm, Vcs = 2 V, VBs = 0 V 

in Fig. 9. Note that at zero drain-source bias, normalized 
capacitances CsG and CDG are approximately equal to 0.5. 
A finite value (0.07 in the linear region) of CGD is ob- 
tained for short-channel devices which puts a limit on the 
high frequency performance for VLSI applications. 

IV. COMPARISON WITH REPORTED MODELS 
Based on the numerical results as computed above, this 

section will deal with the discussion of the validity and 
the comparison of the new model with reported analytical 
model [5] as well as experimentally measured results [7]. 
As a comparison between our new results with those of 
BSIM [ 5 ] ,  one typical result, C - VGs curve, for L = 2 
pm is shown in Fig. 10. Two basic mechanisms respon- 
sible for the discrepancies are discussed as follows. 

(1) In BSIM [5], field-induced mobility degradation 
and velocity saturation effects are not included in its an- 
alytical expression, therefore, capacitance values have a 
sharp transition between different operating regions. This 
is obvious from the results shown in Fig. 11 obtained by 
the method of BSIM. It shows that there is not much dif- 
ference between long- and short-channel devices due to 
the improper treatment of the velocity saturation effect. In 
other words, this is due to the exclusion of the mobility 
factor in deriving CV characteristics from I- V character- 
istics in [5], which is equivalent to use a constant mobility 
in the formulation. However, there is no such problem in 
our new numerical model since field-induced effects are 
already included in the device simulator. Moreover, from 
a recent paper by Iwai et al. [7], we learned that sharp 
transition for CGD and CGs is for the case of constant mo- 
bility, i.e., without considering vertical field-induced mo- 
bility degradation and velocity saturation effect. There- 
fore, we conclude that CGs and C,, should have a smooth 
transistion from saturation to linear region due to the ve- 
locity saturation effect. This smooth transition of capaci- 
tance values between different regions are also consistent 
with the reported measuring results as shown in [ 141 (e.g., 
Fig. 1). 

(2) In our model, charge conservation holds as it does 
for [2]-[6]. However, based on our channel charge par- 
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Fig. 10. Comparison of the new results with BSIM. L = 2 pm. 
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Fig. 1 I .  Computed results from BSIM for L = 2 pm and L = 20 pm, 
(-) C,,, (---) C,,, (---) C,,, respectively. 

titioning method, Q,/QD ratio changes with gate biases 
in the saturation region. In BSIM, the Q , / Q ,  ratio 
changes from 6/4  (a fixed value) in the saturation to 5 / 5  
in the triode region (Fig. 2 in [5]). The reason is quite 
obvious for two reasons. One is the abandonment of the 
pinning of surface potential at 2 V,  in the new model since 
the actual simulated value of surface potential is varied 
along the channel but not fixed at 2VF, particularly at the 
surface near the drain. The other one is that the velocity 
saturation effect will affect the surface potential signifi- 
cantly in short-channel devices, and hence, the CV re- 
sults. Therefore, it is concluded the Q s / Q D  ratio has its 
natural distribution (Figs. 3 and 4) rather than as that in- 
dicated in [ 5 ,  Fig. 21. 

(3) One important implication from the above compar- 
isons is that better analytical CV model can be achieved 
in the future if we can find an appropriate formulation of 
the characteristics in short-channel MOS devices. These 
characteristics include accurate formulation of the mobil- 
ity degradation which incorporates both vertical and lat- 
eral field-induced effects and an accurate expression of the 
surface potential for short-channel devices. 
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V. CONCLUSIQN 

In this paper, a new 2-D intrinsic capacitance model for 
short-channel MOSFET’s has been proposed based on a 
physically-based charge sharing scheme and a reasonable 
channel charge partitioning method using numerical sim- 
ulation. All of the intrinsic capacitances including the 
nonreciprocal components in a MOS device are computed 
and demonstrated for the first time. Short-channel effects 
on the device CVcharacteristics are investigated and com- 
pared with reported models. Comparisons with reported 
analytical models or experimental data show that the new 
model is close to experimental results particularly for 
short-channel devices. Accuracy problem in reported an- 
alytical models has been overcome since the 2-D field- 
induced effect has been included in the numerical solu- 
tion. 

Several important features of the proposed model are 
that: 1) Both charge nonconservation and channel charge 
partitioning problems are solved in the new model. 2) It 
includes the vertical field-induced mobility degradation 
and velocity saturation effects which are both crucial to 
short-channel MOS device characteristics. 3) The CV 
curves are continuous and vary smoothly throughout all 
regions of operation. It is quite important for the conver- 
gence property in circuit simulation applications. 4) The 
model can be easily applied to a real transistor with com- 
plicate device structures and process parameters such as 
MOS devices with implanted channel, however, the ana- 
lytical model is not available for implanted-channel MOS 
devices. 5 )  It bridges the gap between a device simulator 
and a circuithiming simulator. The most important use of 
the modeled results is in establishing a table look-up CV 
characteristic (such as the method in [15]) for timing or 
circuit simulator and for use in timing delay estimation of 
MOS-VLSI circuits. Moreover, the results obtained in this 
paper can be used as a guideline for showing the accurate 
description of the CV characteristics. 
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