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ABSTRACT 

The Jain and Balk analytic model for two-dimensional effects in 

short channel MOSFETS is investigated. The effects considered are Drain 

Induced Barrier Lowering, DIBL, and the maximum electric field, Emax, 

which influences Drain Induced High Field, DIHF. A scaled short channel 

design is used as the basis for the investigation. Cases are numerically 

simulated using the MINIMOS program. DIBL and are calculated using 

the Jain and Balk model. Model values are compared to numerical 

simulation values. Results show the model consistently overestimates 

DIBL. Also, the range for which the model closely estimates Emax is 

found. Variation in with change of junction depth Xj is 

investigated. The electric field, Ex, as it varies with depth in the 

channel is investigated, and compared to the Jain and Balk approximation. 

The deviations suggest that the model must break down for short channels. 
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CHAPTER 1 

INTRODUCTION 

There has been a great deal of research into the modeling and 

fabrication of short channel MOSFETs in the last ten years. This 

interest is sparked by the possibility that integration of greater 

numbers of devices on the same chip can decrease costs and increase the 

performance of various circuits. In fact, such results are being found 

from experimental test circuits. For example, ring oscillator circuits 

fabricated with 1.3 (im and 1.05 /zm channel length MOSFETs have been shown 

to exhibit very fast switching speeds [1]. And, significant improvements 

in both power and performance for another device with a channel length 

of 0.5 /xm have been measured [2] . 

Adequate models are needed to predict the performance of short 

channel devices, and to determine the limits of miniaturization. 

Existing and well-proven models for long channel MOSFETs do not 

adequately predict short channel effects which arise in small dimension 

devices. These effects include Drain Induced Barrier Lowering effects 

(DIBL) and Drain Induced High Field effects (DIHF). 

Many of the models for short channel MOSFETs employ the Poisson 

equation [3,4,5,6]. This equation in its two dimensional form is used 

to determine electric potential and electric field in the channel. 

Unfortunately, an exact analytic solution to the Poisson equation is not 

possible for these structures. However, several numerical methods for 
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solving the two dimensional Poisson equation have been developed [7,8,9]. 

These numerical methods are good, but each simulation is correct for only 

a single, specific set of parameters. Thus, it is not easy to see how 

device behavior varies as parameters vary, without a heavy investment in 

computing and operator time. Numerical solutions are not particularly 

useful for computer-aided circuit design [3]. An approximate analytic 

solution to the two dimensional Poisson equation would be useful for 

computer-aided design. A number of widely used analytic models are based 

upon a charge-sharing scheme for calculating the threshold voltage of 

short channel MOSFETs [10,11,12,13]. Charge-sharing assumptions are 

somewhat arbitrary and this limits the accuracy of the models; for 

instance, an L"1 dependence of threshold voltage is predicted by 

Ratnakumar, et al. [13], while actual measured data show a much greater 

dependence [14]. 

Other approximate analytic solutions make different assumptions. 

El-Mansy and Boothroyd assume a constant depth for the depletion layer 

and their results are independent of junction depth of the source and 

drain junctions, Xj [4]. Some studies have shown that the maximum 

electric field is strongly affected by Xj [15,16]. Moreover, numerical 

calculations made by Troutman suggest that both W and Xj strongly 

influence DIBL [17] . The solution proposed by Jain and Balk is the first 

analytic one to take into account the variable depletion depth due to the 

influence of Xj [3]. 

As the channel length of a device gets smaller, the drain potential 

induces a high electric field (DIHF) which can strongly affect the 

behavior of the device. DIHF can cause majority-carrier generation by 
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impact ionization, which in turn can lead to significant substrate 

currents. DIHF can also cause hot-carrier injection into the gate oxide 

which can result in long-term variations in the threshold voltage [18]. 

Another set of short channel effects occurs when the space-charge 

regions due to the source and drain begin to overlap as the channel 

length shortens. DIBL results from this condition [19]. 

Analytic solutions for calculating DIBL and DIHF exist in separate 

models. See references [4,5,6] for DIHF models and references [13,21] 

for DIBL models. An analytic relationship between DIBL and DIHF is very 

useful, since DIBL and DIHF vary differently when design parameters 

(oxide thickness Xox; depletion depth W; junction depth Xj; channel length 

L; and substrate impurity concentration NA) are varied. A single 

solution for both DIHF and DIBL and how they depend upon device 

parameters is presented by Jain and Balk, which is an attractive feature 

of their analytic model [3]. 

The purpose of this work is to examine the analytic model proposed 

by Jain and Balk by the use of numerical simulation. The widely known 

MINIMOS program for numerical MOSFET simulations is used [7]. 

Chapter 2 presents the Jain and Balk model. This includes: 

1. The incorporation of a varying depletion depth into their 

model; 

2. Their unified solution for calculating both DIBL and DIHF; 

3. Their simplification of the model for the case where DIBL is 

small; and 

4. Their exact model for the case where DIBL is either small or 

large. 
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Chapter 3 discusses the establishment of a reference case. The 

choice of a scaled MOSFET design is described, and the development of the 

reference case parameters is given. A description of the numerical 

simulations of the reference cases is given. A uniformly doped channel 

MOSFET is necessary to investigate the analytic model. Consequently, a 

uniformly doped channel case equivalent to the ion implanted channel 

reference case is developed. 

Chapter 4 evaluates DIBL in the numerical simulations and compares 

it to DIBL calculated using the analytic model. DIBL in the uniformly 

doped cases is compared to DIBL in the reference case. DIBL in the 

simulations is presented in tables, and the effect of channel length on 

DIBL is illustrated. The simplified equation and the exact equation are 

compared. The relation between the DIBL estimated by the model and that 

found in the numerical simulations is evaluated. 

Chapter 5 compares the maximum value of the longitudinal electric 

field in the channel, Emax, from the numerical simulations to the Emax 

calculated using the analytic model. The E,„ax in the uniformly doped case 

is compared to the E,,,̂  in the reference case. A precise means for 

finding from the numerical simulations is described. Tables and 

plots show how the analytic model predicts Ê , relative to the numerical 

simulations. 

Chapter 6 investigates the dependence of E,,,̂  and ̂ min, the minimum 

surface potential along the channel, on the junction depth Xj. The 

numerical simulations are described. The Ê  as calculated by the 

analytic model is compared to the simulations. 
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Chapter 7 investigates the variation of the electric field 

transverse to the channel, Ex with depth. This variation is compared to 

the approximation made in the analytic model that E varies linearly with 

depth. 

Table 1-1 is an explanation of symbols used in this study and in the 

reference [3], 

Table 1-1. Notation used in this paper. 

Ax - Vj-̂ c 

A2 - v2-t0 

eg - dielectric constant of Si 

eox - dielectric constant of Si02 

E - electric field 

Ex - transverse electric field 

Ey - longitudinal electric field 

E,,,̂  - maximum electric field, near the drain 

L - channel length 

Leff - effective channel length (L minus the lateral 

diffusion) 

Na - acceptor concentration in the bulk 

Ns - surface concentration in the source and drain 

Vx - potential at the source junction » VBi 

V2 - VB1+V2 

v2 - applied reverse bias at the drain junction (equal to 
VD> 

VBi - built-in potential of the source and drain to substrate 
junctions 

VG - applied voltage at the gate 
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Table 1—1. Continued 

VT - threshold voltage 

W — depletion layer thickness 

W0 - value of W for a long channel device, far away from the 
source or drain 

Xj - junction depth 

X03t - gate oxide thickness 

<t>s - surface potential 

<f>0 - value of <f>s for a long channel device 

ymin ~ position of the minimum surface potential 
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CHAPTER 2 

THE JAIN AND BALK ANALYTIC MODEL 
FOR DIBL AND DIHF 

The analytic model proposed by Jain and Balk uses the El-Mansy-Ko 

model as a starting point. Figure 2-1 illustrates the region of 

analyticity for the Poisson solution (the area ABDC) under consideration 

by Jain and Balk, and El-Mansy-Ko. 

gate electrode 

Figure 2 1. Cross—section of modeled transistor. 
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The Model with Varying Depletion Depth 

The first change which Jain and Balk make to the El-Mansy-Ko model 

is to include a varying depletion depth W. Their W(y) is approximated 

as: 

W(y) - W0 [ 1+Bexp (-y/yD) ] (2-1) 

where B - (t/Xj-W0)/W0 (2-2) 

for rj equal to a value between 0.8 and 1.2. This changes the El-Mansy-

Ko differential equation: 

â s/ay2 - (̂ 0)/F2(y) (2-3) 

where F2(y) - y02[ 1+Bexp(-y/y0) ]. (2-4) 

Jain and Balk note that y0 for Equation (2-4) is obtained from the 

Equation: 

yQ2 " esXo*WoAox (2-5) 

by replacing W0 with W(y) as given by Equation (2-1). Also, Emax as it 

varies with Xj is given as: 

Emax " "(V'z-̂ /yj (2-6) 

where yj is the value calculated for ye when W0 is replaced by Xj. 

The Unified Solution for the Calculation 
of Surface Potential as Applicable 

to both DIBL and D1HF Effects 

Jain and Balk develop the case for calculating surface potential for 

a device with a short or long channel bounded by the source and the drain 

junctions. (This is distance EB in Figure 2-1.) They assume a constant 

W0 when solving the differential Equation (2-7): 

d24>,/dyz - (*8-*0)/y02. (2-7) 
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Assuming linear variation of the electric field with depth, the following 

closed-form solution for the surface potential is found by Jain and Balk: 

(̂ s-̂ o)sinh(L/y0) - A:sinh[(L-y)/y0]+A2sinh[y/y0] (2-8) 

where Ax - Vi~4>0 (2-9a) 

and A2 - V' z-4>0. (2-9b) 

A general solution for Equation (2-8) for a short channel MOSFET, 

cannot be derived when U is a function of y [as given by Equation (2-1)]. 

This is because Equation (2-3) is not linear. Jain and Balk suggest the 

effect of a variable W can be taken into account by replacing y0 in 

Equation (2-8) with F(y) as given in Equation (2-4). The result is 

Equation (2-10): 

- AlSinh[(L-y)/F(L-y)]/sinh[L/F(L)] (2-10a) 

+A2S inh[y/F(y)]/s inh[L/F(L) ] 

where F2(y) - y02[l+Bexp(-y/y0) ]. (2-10b) 

Further, they assert that if the condition: 

exp(L/y0) » A2/Ai (2-11) 

is valid, is: 

JW - A2/F(0). (2-12) 

The combination of Equations (2-10) and (2-12) can be used to calculate 

DIBL as well as DIHF effects. These equations form a unified model and 

provide information not given by other analytic models. 

Simplified Solution for DIBL and DIHF for Small DIBL 

Jain and Balk derive a simplification for the case where DIBL is 

small. The Taylor series describing the sinh-function in Equation (2-8) 

converges rapidly when DIBL is small, and leads to the approximation: 

~ A1exp(-y/y0)+A2exp[-(L-y)/y0]. (2-13) 
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The minimum value for <j>s~4>0 is found by setting the derivative of 

(2-13) equal to zero. The value at which the derivative is equal to zero 

yields ynin. The value of <f>a-<t>0 at y-ymin is DIBL [17]. Their equations 

for ymin and DIBL [for cases meeting the condition (2-11)] are: 

2ymin ~ L-y0ln(Az/A1) (2-14) 

DIBL = 4>min-<f>0 - 2A1exp(-yinin/y0). (2-15) 

The following relations yield Ê x and show the relation between Emax 

and DIBL: 

W - -A2/y0; ( 2 -16) 

(DIBL)2 - 4A1A2exp(-LEmax/A2). (2-17) 

DIBL is sensitive to Etnax, and is independent of channel length, L as 

seen in Equation (2-16). Equations (2-14) and (2-15) will be referred 

to as the simplified DIBL equations. 

Exact Solution for DIBL and DIHF 

Jain and Balk consider the general case for calculating DIBL. They 

use the same derivation as when DIBL is small, but do not include the 

simplifying modification. The minimum of (4>s-<j>0) is calculated from 

Equation (2-8). Equating the derivative of Equation (2-8) to zero, they 

obtain the equation for ymin: 

A1cosh(L-ymin/y0) - A2cosh(yrain/y0). (2-18) 

The value of ymin can be calculated by iteration and inserted into 

Equation (2-8) or (2-10a) to find DIBL. Equation (2-18) will be referred 

to as the exact DIBL equation. 
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CHAPTER 3 

ESTABLISHMENT OF A REFERENCE CASE 

The parameters for a proven short channel MOSFET design are used as 

a basis for the reference design. This insures an effective and 

realistic comparison of the analytic model to the MINIMOS simulations. 

Baccarani, Wordeman, and Dennard [22] develop a generalized scaling 

theory and apply it to the development of a 0.25 /im channel length MOSFET 

design. Their theory allows for independent scaling of the physical 

dimensions and applied voltages, such that the configurations of the 

electric field patterns remain unchanged. It leads to the conclusion 

that the limits of miniaturization are not yet reached at the 0.25 fim 

channel length. 

Baccarani, et al. utilize a variable transformation to establish 

their scaling theory. The Poisson Equation (3-1) is the starting point. 

Use of a Scaled MOSFET Design 

dz<t>/8xz+d2<l>/dy2+a2<f>/8zz q (p-n+ND-NA)/es (3-1) 

By invoking the following transformations 

— 4>/K 

(x', y', z') - (x, y, z)/A 

(n', p', ND' , Na' ) - (n, p, ND, NA)/c2/> 

the Equation (3-1) becomes: 

(3-2c) 

(3-2b) 

(3-2a) 

92 W )/[3(Ax' )2]+d2(K<y )/[3(Ay' )2]+32(/ĉ ' )/[3(Az' )z] 

- [~Q/«S] (P'-N' +ND' -NA' ) [K/X2] 
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which is simplified to: 

3 V /fix' 2+d2<f>' /dy' z+d2<t>' /dz'2 (3-3) 

- -q(p'-n'+ND'-NA')/es 

Equations (3-3) and (3-1) differ only by the scale factors. If 

boundary conditions such as source, gate, and drain voltage are 

proportionally reduced by k, the shape of the electric field pattern is 

preserved. However, the intensity of the field is scaled by \/k and thus 

increases if A > «. As long as the field pattern in a scaled device is 

maintained, DIBL will remain essentially unchanged despite the increased 

strength of the electric field [22]. Table 3-1 summarizes the scaling 

factors for scaled designs. 

Table 3-1. Generalized Scaling Factors for Design Parameters (77°K to 
300°K Design) [22]. 

Parameter Notation Scaling Factor 

Linear Dimensions Xox, W, L, Xj 1/A 

Potentials VD, Vs, VG 1/K 

Impurity Concentrations NA, Ns X2/k 

Electric Field E X/k 

A number of input parameters were scaled for the MINIMOS numerical 

simulations. These include: 

Dose impurity concentration impressed over the channel during ion 
implantation 

L channel length 

Na acceptor concentration in the bulk 

Ns surface impurity concentration in the source and drain 

Rp the depletion depth for an ion implantation 
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VD drain potential 

W depletion depth 

Xj junction depth 

Xox gate oxide thickness 

(The Appendix contains a sample input deck for the MINIMOS program and 

a summary of MINIMOS input parameters.) 

Development of the 0.50 um Channel Length Parameters 

The 0.25 /im design parameters of reference [22] are scaled values 

from an existing 1.0 /im effective channel length Leff design. Leff is the 

distance between the two metallurgical junctions of source and drain. 

The oxide thickness required by the 0.25 /im design is a mere 5.0 nm, 

while the smallest thickness allowed by the MINIMOS program is 10.0 nm. 

This limitation is overcome by using the scaling theory to obtain 

parameters for a 0.50 /im design. The 0.50 /tm design has an oxide 

thickness large enough to be simulated by MINIMOS. 

The scaling factor A is found by comparing the desired 0.50 /im 

channel length to the 1.25 /im channel length design of reference [22]. 

This comparison yields a A of 2.5; a scaled parameter of Xox equal to 

10.0 nm; and an Xj equal to 0.14 /im. 

The scaling paper [22] uses VT equal to 250 mV for the 0.25 /im 

channel length using 75° C as the highest operating temperature. Taking 

into consideration circuit requirements, they set the supply voltage 

VDD equal to 4VT - 1 V. The k of [22] is 2.5. The 0.50 /im channel length 

of this study is two-thirds the difference between the 1.00 /im channel 

length and the 0.25 /im channel length in reference [22]. Noting that 
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both voltage and length scale linearly, K for the 0.50 /tm design is two-

thirds of k in reference [22], leading to a k of 1.67 for this study. 

Therefore, the scaled parameter VT is equal to 360 mV, VDD becomes 

approximately 1.50 V, and ND is equal to 1.12 x 1016/cm3. To find Ns the 

100fi/[] approximate sheet resistance cited in reference [22] is used to 

calculate an approximate average conductivity. With this value, a set 

of Irvin's curves is used to find an approximate value for Ns [23]. The 

curves yield a range for Ns of (1 x 1019cm"3) to (1 x 1020cm"3), so 

Ns - (6.0 x 1019cm"3) is used. 

The parameters for the ion implantation are chosen so that 

VT - 360 mV is achieved. A dose of 1.25 x 1012/cmZ is required. The 

implant energy is 20 keV. 

Finally, flatband voltage is calculated. The flatband voltage is 

given as 

VFB ~ -WXsi+̂ Eg+̂ Ai] (3-5) 

where <t>A1, the aluminum workfunction is 4.10 eV; xSi (the electron 

affinity of Silicon) is 1.16 eV, and (the bulk potential of the 

substrate as read from the MINIMOS simulation) is -0.55 eV [27]. This 

results in a VFB of -0.90 V. The MINIMOS simulation shows a region in 

the midsection of the channel where does not vary with depth. This 

validates the -0.90 V value. 

The scaling theory used for this paper was also used by Wordeman, 

Schweighart, et al. as the basis for their design of a number of NM0S 

devices, circuits, and a dynamic memory. The scaled parameters derived 

for the 0.50 /um channel length compare to their scaled parameters as 

shown in Table 3-2. 
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Table 3-2. Comparison of scaled parameters in this study with those in 
the paper by Wordeman, et al. [2]. 

Parameter This Study Wordeman. et al. 
Xox 10.0 run 10.0 nm 
VT 0.36 V 0.25 V - 0.38 V 
VDD 1.44 V 1.00 V - 2.00 V 

This comparison supports the validity of the chosen reference case, since 

Wordeman, et al. fabricated satisfactorily working devices and circuits 

using their scaled parameters. 

Numerical Simulations of the Reference Case 
Using the MINIMOS Computer Program 

A gate voltage of 0 V is chosen for the reference case. This shows 

the effect on surface potential of variations in drain voltage, without 

influence from a gate voltage. At the 0.50 ̂ m channel length, no DIBL 

results as the drain voltage is varied from 0.40 V to 2.00 V. 

In order to explore the onset of DIBL, simulations for channel 

lengths of 0.30 /*m and 0.15 /*m were run. All other parameters are 

unchanged. (VG was kept at 0 V.) The results are shown in the plots of 

surface potential versus channel coordinate in Figures 3-1, 3-2, and 3-3. 

The 0.30 fim and especially the 0.15 /im channel lengths are significantly 

shorter than the 0.50 /im optimum design. Drain voltages between 0.40 V 

and 2.00 V are used for the simulations. 
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Figure 3-1 shows there is no DIBL occurring in the reference case. 

A minimum potential of 150 mV is reached in every case over a length of 

more than 0.30 /im. The absence of DIBL at this short channel length — 

0.50 /im — attests to the success of the scaling theories. Even at a VD 

of 2.00 V, equal to 1.33 times the operating voltage of the circuits, no 

DIBL is induced. 

As shown in Figure 3—2, the small amount of DIBL present in the 

0.25 /im channel length simulations is not discernible. For the 0.15 fim 

case shown in Figure 3-3, DIBL becomes substantial, ranging from 62 mV 

to 148 mV. DIBL is apparent in Figure (3-3) at X equal to 0.20 /im. See 

Table 3-3 for DIBL in the reference cases. 

Table 3-3. DIBL in reference cases for varying Le££. 

VD,V 

DIBL, mV 

VD,V Le£f — 0.50/jm Le£f - 0.30/im Le££ - 0.15/jm 

0.40 V 0.00 8.00 62.00 

0.80 V 0.00 13.00 92.00 

1.20 V 0.00 12.00 112.00 

1.50 V 0.00 14.00 122.00 

2.00 V 0.00 24.00 148.00 

NOTE: VG, gate potential, is 0 V for all cases. 
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Modeling a Uniformly Doped Channel 
to Replace an Ion Implanted Channel 

To calculate DIBL and using the analytic model, depletion depth 

W must be known. To find W, NA must be known. However, the NA used in 

the ion implanted reference case varies from the surface as a near-

Gaussian distribution. Figure 3-4 illustrates a typical impurity 

distribution for an ion implanted channel, as it varies from the surface 

to the bulk. 

. BORON IN SILICON 

30keV 

• MEASURED 
-— 4-MOMENT 

GAUSSIAN 

0.2 0.4 0.6 08 1.0 12 
DEPTH (/xm) 

Figure 3-4. Typical impurity distribution for an ion-implanted channel 
after [24] 
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Another set of numerical simulations was run, using no channel 

implant, but rather an increased substrate doping level. This design 

yields a simulated transistor, where in some region in the channel, NA 

does not vary from the surface to the bulk. This occurs in the 

midsection. The metallurgical junction begins to affect the NA as the 

drain or source is approached in the channel. When this occurs, NA is no 

longer a constant value from the surface to the bulk. 

In order to obtain the doping level of the substrate, the ion 

implanted reference cases were approximated by the method described in 

reference [26], With this method, the vertical doping profile of the 

implanted region beneath the gate is approximated as a step function of 

constant concentration Nai as shown in Figure 3-5. The Nai value used 

(0.90 x 1017) is that for which the uniformly doped case yields the same 

Vj as the ion implanted reference case. The parameters Xox, L, NB, Ns, 

VFB, and Xj are not changed. 
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Figure 3—5. Approximation of the vertical doping profile by a 
step function [25]. 
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A graphical method was used to determine VT for the reference cases 

and the uniformly doped cases. The method involved: 

1. Simulating a MOSFET at a low VD (VD - 0.05 V) for several 

values of VG (e.g. VG - 0.30, 0.50, 0.70, etc.); 

2. Obtaining the drain current ID from the simulation at each 

vG; 

3. Plotting ID versus VG; 

4. Drawing a straight line through the data points in the region 

where ID increases linearly with VG; and 

5. Extending the line until it crosses the abscissa. The value 

of VG where the curve crosses the axis is equal to VT. 

Figures 3—6 and 3-7 illustrate this method. 
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CHAPTER 4 

COMPARISON OF DIBL IN THE NUMERICAL SIMULATIONS 
TO DIBL CALCULATED USING THE ANALYTIC MODEL 

As described in Chapter 3, uniformly doped channel simulations were 

used to examine how well the analytic model predicts DIBL. 

Overview of Cases Simulated 

A review of the ion implanted reference cases shows there is a large 

jump in DIBL when Lef£ is shortened from 0.30 pm to 0.15 /xm. Thus, it is 

important to know more about the size of DIBL for simulations with 

channel lengths between 0.15 /xm and 0.30 //m. Simulations of the 0.50 /im 

channel length cases are necessary to assure that no DIBL appears after 

removing the ion implantation and substituting a uniformly doped channel. 

The following cases were simulated: 

1. Leff equal to 0.15 /im, 0.20 /im, 0.25 /im, 0.30 /im, and 0.50 /im; 

2. VD varying from 0.40 V to 2.00 V for each Leff; and 

3. VG held constant at 0 V for all simulations. 

A Comparison of the Uniformly Doped Channel Cases 
to the Reference Cases 

The VT of the uniformly doped case was set equal to the VT of the 

reference case. Although the VT's are equal for both cases, the minimum 

electric potential 4>min along the channel surface is not. The ̂ min for the 

uniformly doped case is .140 V; the for the ion implanted reference 

case is .150 V. This inequality is due to the effect of the ion 

implantation. A shallow Boron implantation into a p-channel device has 
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a peak concentration just below the Silicon surface. This allows the 

negatively charged Boron acceptors to lessen the effect of the negative 

depletion charge, which serves to raise the $min somewhat. 

The range of DIBL at the various channel lengths is similar for the 

uniformly doped cases and the reference cases. When channel length is 

0.50 fim, DIBL for both the reference cases and the uniformly doped cases 

is zero. This shows the success of the optimum design using scaling 

theory. 

DIBL for the reference cases ranges from 8 mV at VD equal to 0.40 V, 

to 24 mV at VD equal to 2.00 V when Leff is decreased to 0.30 /im; DIBL for 

the uniformly doped cases ranges from 14 mV to 25 mV at those voltages. 

When Leff is decreased to 0.15 /im, DIBL increases substantially, but DIBL 

ranges for the reference cases and the uniformly doped cases remain 

similar. The reference cases range from 62 mV to 148 mV while the 

uniformly doped cases range from 85 mV to 145 mV. 

The similarity in the amount of DIBL induced at three different 

channel lengths confirms that the uniformly doped cases are valid 

approximations of the ion implanted reference cases. 

DIBL as found from the MINIMOS Numerical Simulations 

Table 4-1 sununarizes DIBL values found from the MINIMOS numerical 

simulations. 
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Table 4-1. DIBL values from MINIMOS simulations for Leff - 0.15 pm, 0.20 
pm, 0.25 pm, 0.30 /im, and 0.50 pm, with uniformly doped 
channel. 

DIBL, mV 

Leff - Leff - Leff - Leff - Leff -
VD,V 0.50pm 0.30pm 0.25pm 0.20pm 0.15pm 

0.40 0.00 14.00 28.00 63.00 85.00 

0.80 0.00 20.00 34.00 74.00 99.00 

1.20 0.00 19.00 39.00 81.00 114.00 

1.50 0.00 24.00 44.00 88.00 145.00 

2.00 0.00 25.00 57.00 96.00 145.00 

The effect of channel length on DIBL is illustrated in Figure 4-1. 

The occurrence of DIBL starts at an Leff of 0.30 pm and then 

increases rapidly as Leff decreases further. A decrease of only 0.05 pm 

in channel length nearly doubles DIBL. With another 0.05 pm decrease, 

DIBL nearly doubles again. When channel length is decreased by 0.05 /im 

once more, DIBL no longer doubles, but increases by about 1.33 times the 

previous value. The slower increase in DIBL results from the gradual 

disappearance of the potential barrier in the channel. When this occurs 

the current is determined by the space charge region [3]. Thus, there 

is a limit to the size of DIBL. It appears this limit is reached at 

Leff - 0.15 pm because there is no increase in DIBL when VD is increased 

from 1.50 V to 2.00 V. 
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Usinp the Jain and Balk Model to Calculate DIBL 

Calculating DIBL Using 
Equations (2-14) and (2-15) 

Equations (2-14) and (2-15) are simplifications of Jain and Balk's 

Equation (2-10a). They are suggested for use when DIBL is small. 

Equation (2-11) is given as the criterion which, when met, suggests that 

DIBL will be small enough to use the simplified equations. Since it is 

instructive to know how well or how poorly the simplified equations 

predict DIBL at all channel lengths, DIBL was calculated using the 

simplified equations without regard to Equation (2-11). 

Several parameters were calculated for input into the simplified 

equations. Included were the bulk voltage <f>B, built-in voltage VBi, and 

depletion depth W„. The equation for <f>B is: 

lis I " [kT/q]ln[NA/ni] (4-1) 

where kT/q - 0.0259 V for Silicon at room temperature, NA is the acceptor 

concentration in the channel, and nA is the intrinsic carrier 

concentration, (approximately 1.48 x 1010 ions/cm3 for Silicon). The 

built-in voltage, VBi, may be calculated using: 

VBi ~ [kT/q]ln[NAND/ni2], (4-2) 

where kT/q, NA and nA are all as previously described and ND is the donor 

concentration in the source and drain. The equation for calculating WD 

is: 

W0 - [2|̂ B|2eSie0/(qNA)]* (4-3) 

where eSi is the relative dielectric constant for Silicon and is equal to 

11.8, and e0 is the permittivity of free space and is equal to 

8.85 x 10"u F/cm. The variables y0, Ax and A2 are then calculated using 
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the equations given in Chapter 2. Having found values for these 

variables, ymiI) is calculated using (2—14) and DIBL is found using (2-15). 

Calculating DIBL Using 
Equations (2-18) and (2-10a) 

Equations (2-18) and (2-8) are the exact equations Jain and Balk 

use for calculating DIBL. Equation (2-10a) is the same as (2-8) except 

Equation (2-10a) takes into account the effect of a variable W. Equation 

(2-10a) is used instead of (2-8), since the use of a variable W is one 

of the main innovations for the Jain and Balk model. 

Equation (2-18) is repeated here for convenience: 

A1cosh(L-ymin/y0) - A2cosh(yinin/y0) . (2-18) 

The value for ymln is found from this relationship. Unfortunately, 

Equation (2-18) cannot be solved explicitly for yrain. Therefore, an 

iterative routine written for the programmable HP41CX hand-held 

calculator was used. The differences between the ymin values using 

Equation (2-14) and those using (2-18) were small. There was no 

difference for the 0.50 /̂ m channel length cases. The 0.50 ftm case is 

also the case where there is no DIBL. When DIBL is small, the exact ymin 

value is identical to the simplified ŷ  value. The ymin values 

calculated with these two equations are compared in Table 4-2. The 

0.50 nm values are omitted, as there is no difference in the ymin at that 

channel length. 
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Table 4-2. Values for ymin as calculated with Equation (2-14) compared 
to ymin as calculated with Equation (2-18). 

ymin> position of minimum surface potential, f im 

Equation Lef£ ~ 0.15/xm 

VD - vD - vD - vD - vD -
0.40 V 0.80 V 1.20 V 1.50 V 2.00 V 

(2-14) 0.0401 0.0248 0.0149 0.0092 0.0017 

(2-18) 0.0326 0.0010 0.0* 0.0* 0.0* 

Leff ~ 0.20/im 

vD - VD - vD - vD - VD -
0.40 V 0.80 V 1.20 V 1.50 V 2.00 V 

(2-14) 0.0651 0.0498 0.0399 0.0342 0.0267 

(2-18) 0.0622 0.0445 0.0319 0.0240 0.0125 

Leff " 0.25/im 

vD - VD - vD - vD - vD -
0.40 V 0.80 V 1.20 V 1.50 V 2.00 V 

(2-14) 0.0900 0.0748 0.0649 0.0592 0.0517 

(2-18) 0.0890 0.0727 0.0618 0.0554 0.0466 

Leff ~ 0.30/tm 

vD - vD - vD - vD - vD -
0.40 V 0.80 V 1.20 V 1.50 V 2.00 V 

(2-14) 0.1151 0.0998 0.0899 0.0842 0.0767 

(2-18) 0.1146 0.0990 0.0887 0.0827 0.0747 

•Negative value for yrain; ymin - 0.0 was used. See discussion following. 

One of the limits of the model was reached when ymin was calculated 

using the exact equation for the 0.15 pm cases. Because ymln represents 

the position of the minimum surface potential along the channel, a 

negative value for ymin has no physical meaning. The model breaks down 
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at this point, since ŷ  still exists in the simulations. The model is 

not capable of calculating DIBL for drain voltages 1.2 V or greater for 

channel lengths of 0.15 ̂ m or less. This is a physical limitation of the 

model, but is not a mathematical discontinuity. This limit of the 

analytic model is a tolerable one, since the 0.15 /xm Leff is far beyond 

the 0.50 fjtm device design. 

In Section 3 of their paper, Jain and Balk discuss the parameter B, 

stating: "B « 1 for most cases of practical interest." The cases in 

this study use a B of 0.5498. While this value is less than 1, it is not 

significantly less than 1 (particularly when compared to the B equal to 

0.07 mentioned when the curves in Figure 3 of reference [3] are 

discussed). In Section 6 of their paper, the parameters are given for 

one of MINIMOS simulations and lead to a B of 1.33: 

1. NA - 1 x 1017/cm3 and Xj - 0.20 /m as given in reference [ 3 ]; 

2. |̂ B| - 0.4073 V [found using Equation (4-1)]; 

3. W0 - 0.1031 /zm [found using Equation (4-3)]; so 

4. B - (»jXj - W0)/W0 - 1.33. 

In the paper no reason for the requirement B « 1 is given. Larger B 

values do not prevent calculations of parameters depending on B. 

Tables and Figures 
Showing DIBL 

Tables 4-3 through 4-7 summarize DIBL as predicted by the simplified 

equations, the exact equations, and as found from the numerical 

simulations. Following the Tables are Figures 4-2 through 4-6. The 

Figures display DIBL versus drain voltage. 



Table 4-3. DIBL, mV, as found for Lef£ - 0.50 pm. 

MINIMOS Exact DIBL Simplified 
VD,V Simulations Equations DIBL Equations 

0.40 0.00 7.80 7.90 

0.80 0.00 10.10 10.30 

1.20  0 .00  12 .00  12 .20  

1.50 0.00 13.20 13.50 

2.00 0.00 15.00 15.40 

Table 4-4. DIBL, mV, as found for Leff - 0.30 f im. 

MINIMOS Exact DIBL Simplified 
VD,V Simulations Equations DIBL Equations 

0.40 14.00 42.60 45.10 

0.80 20.00 55.20 58.80 

1.20 19.00 65.10 70.00 

1.50 24.00 71.50 77.20 

2.00 25.00 80.80 88.10 

Table 4-5. DIBL, mV, as found for Leff - 0.25 f im. 

MINIMOS Exact DIBL Simplified 
VD,V Simulations Equations DIBL Equations 

0.40 28.00 64.60 69.70 

0.80 34.00 83.00 91.00 

1.20 39.00 97.10 108.20 

1.50 44.00 105.80 119.50 

2.00 57.00 118.10 136.20 



46 

Table 4-6. DIBL, mV, as found for Leff - 0.20 nm. 

MINIMOS Exact DIBL Simplified 
VD,V Simulations Equations DIBL Equations 

0.40 63.00 96.50 107.90 

0.80 74.00 121.20 140.80 

1.20 81.00 138.20 167.40 

1.50 88.00 147.70 184.90 

2.00 96.00 159.30 210.80 

Table 4-7. DIBL, mV, as found for Leff - 0.15 pm. 

MINIMOS Exact DIBL Simplified 
VD,V Simulations Equations DIBL Equations 

0.40 85.00 137.60 166.90 

0.80 99.00 161.80 217.90 

1.20 114.00 168.00 259.00 

1.50 145.00 168.00* 286.00 

2.00 145.00 168.00* 326.00 

*ymin negatively valued; ymin - 0 used. 

Commentary on 
DIBL Predictions 

Overall, DIBL values predicted by the simplified equations and the 

exact equations show that the exact equations are consistently closer 

to the simulations. At the longer channel lengths (0.50 pim and 0.30 ftm) , 

the difference between the exact equation DIBL and the simplified 

equation DIBL is small. This verifies Jain and Balk's assertion that the 

simplified model is a good approximation of the exact model for small 

values of DIBL. The DIBL values derived from the exact equations will 

be the values considered henceforth. 
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Consider DIBL as it varies with changes in Leff. At the optimum Leff 

(0.50 fim), the simulated DIBL is zero. As Le£f is decreased to 0.30 jum, 

the simulated DIBL ranges from 14 mV to 25 mV. The analytic model 

predicts DIBL at 0.50 /jm Leff to be in the range of 7.8 mV to 15.0 mV, 

thus starting at a level almost equal to the amount present in the 

simulations for an Laff of 0.30 pm. The analytic model continues to 

predict larger DIBL than the simulations for the rest of the Leffs 

considered. At an Leff of 0.30 fim, DIBL predicted by the analytic model 

is an average of 3.1 times that in the simulations. The analytic model 

predicts larger DIBL than the simulations by an average of 2.3 times at 

an Leff of 0.25 /im, 1.6 times at an Leff of 0.20 fim, and 1.5 times at an 

Leff of 0.15 f im. 

To determine the effect of overestimating DIBL, it is instructive to 

determine how DIBL affects VT. A method similar to that described in 

Chapter 3 is employed for finding Vx. The difference in the method used 

for this case is that (ID)% versus VG is plotted, rather than ID versus 

VG, because the drain voltages are higher. When VD is equal to 1.2 V or 

VD is equal to 0.8 V, the MOSFET is in saturation, and the saturation 

current equation applies. When VD is equal to 1.2 V, the VT decreases 

from 0.32 V for an Lef£ of 0.50 ftm, to 0.20 V for an Leff of 0.20 fim, and 

to 0.14 V for an L#ff of 0.15 ftm. This represents a drop in VT of between 

1.5 mV and 1.6 mV for each 1.0 mV of DIBL in the simulations. The drop 

in VT is equal to 1.5 mV for each 1.0 mV of DIBL in the simulations at 

channel lengths of 0.15 ftm or 0.20 fim, when VD is equal to 0.8 V. 

Clearly, VT is very sensitive to DIBL. An error in determining DIBL 

would be magnified if used to subsequently calculate the change in VT. 
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The analytic model consistently overestimates DIBL, but the amount by 

which DIBL is overestimated decreases as Leff decreases. 

DIBL is a function of the value of ymin, which is a strong function of 

y„. The variable y0 is affected primarily by W„. Jain and Balk account 

for a variation in W0 in their exact equation and, as was shown in the 

tables, this improves the DIBL predictions. It may be possible to 

improve the analytic model by fine tuning the method for calculating W0 

in the equations. 
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CHAPTER 5 

COMPARISON OF THE Ê  IN THE NUMERICAL SIMULATIONS 
TO THE Ê  CALCULATED USING THE ANALYTIC MODEL 

Comparing the Emnit of the Reference Cases to the 
EITiriir of the Uniformly Doped Cases 

A comparison of Ê  in the uniformly doped channel and the reference 

cases indicates that E,,̂  is slightly less with the use of a uniformly 

doped channel than with an ion implanted channel. Table 5-1 shows Emax 

for both sets of cases. 

Table 5-1. E„.v as found in MINIMOS numerical simulations, with either 
a uniformly doped channel or an ion implanted channel. 

EMAX. xl°5 v/cm 
EMAX. xl°5 v/cm Uniformly 

Leff, A*m VD, V Reference Cases Doped Cases 

0.40 0.982 0.953 

0.80 1.470 1.420 

0.50 fim 1.20 1.950 1.830 

1.50 2.260 2.140 

2.00 2.800 2.650 

0.40 0.979 0.940 

0.80 1.470 1.410 

0.30 /im 1.20 1.930 1.820 

1.50 2.550 2.150 

2.00 2.810 2.640 



55 

Table 5-1. Continued 

Leff » A*ni vD, V 
Emax, xio5 v/cm 
Reference Cases 

Emax. xl°5 v/cm 
Uniformly 
Doped Cases 

0.40 0.976 0.885 

0.80 1.430 1.330 

0.15 /im 1.20 1.920 1.770 

1.50 2.270 1.930 

2.00 2.790 2.620 

Jain and Balk state that "DIHF is determined mainly by the junction 

depth and not by W0" [3]. This statement is supported by the fact that 

is not greatly changed when the ion implanted channel is changed to 

a uniformly doped channel. It is evident that E,„ax is relatively 

insensitive to changes in channel length. E,,,̂  is sensitive to increases 

in drain voltage. 

Determining the Precise Ê .̂ Values 

The MINIMOS program gives Ex at discrete distances along the channel. 

It would be possible for Ex to peak at a point between the discrete 

values given, since the rate of change of Ex can be large at points in 

the channel. As this occurs, near Ê , inaccuracies in the value of Ê  

are introduced. This is overcome by choosing the five potential values 

closest to the locations of E,,,̂  and fitting a fourth order polynomial 

through these points. The polynomial equation is then formally 

differentiated twice to determine the location of Etoax. Finally, Ê  is 

found from the derivative of the potential function. The curve fitting 

program chosen employs a least mean squared error minimization algorithm, 



56 

matrix methods, and an iteration technique. This minimizes the error 

between the computed fit and the original data. As expected, the fit was 

perfect within the four-digit accuracy of the given data points. The 

precise values are only slightly greater than the values in the 

simulation. These Ê .., values are documented in Table 5-2. 

Table 5-2. Comparison of the precisely calculated values for Emax to the 
from the MINIMOS simulations. 

f • <
 

EJHUJ calculated 
from simulation 
(xlO5 V/cm) 

E„,ax calculated 
from polynomial 
(xlO5 V/cm) 

0.40 0.94 0.95 

0.80 1.39 1.42 

0.50 1.20 1.83 1.83 

1.50 2.14 2.14 

2.00 2.65 2.65 

0.40 0.93 0.94 

0.80 1.39 1.41 

0.30 1.20 1.82 1.82 

1.50 2.14 2.15 

2.00 2.64 2.64 

0.40 0.93 0.94 

0.80 1.39 1.40 

0.25 1.20 1.81 1.83 

1.50 2.14 2.16 

2.00 2.64 2.69 
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Table 5-2. Continued 

Leff i  v D ,  V 

E .̂̂  calculated 
from simulation 
(xlO5 V/cm) 

E .̂y calculated 
from polynomial 
(xlO5 V/cm) 

0 .40  0 .93  0 .94  

0 .80  1 .38  1 .46  

0 .20  1 .20  1 .81  1 .82  

1 .50  2 .14  2 .21  

2 . 00  2 .65  2 .66  

0 .40  0 .92  0 .92  

0 .80  1 .38  1 .40  

0 .15  1 .20  1 .81  1 .82  

1 .50  2 .1 3  2 .16  

2 . 00  2 .62  2 .62  

Using the Jain and Balk Model to Calculate Ê . 

The exact equation for calculating is Equation (2-12). The value 

for the denominator, F(0), is calculated using Equation (2-10b). The 

simplified Equation (2-16) is used for calculating Ê  when DIBL is 

small. Both of these equations are independent of channel length, a 

characteristic which is verified by the simulations. 

Em.̂  for an Leff of 0.30 fim was arbitrarily chosen for comparison to 

the predicted by the equations, because there was so little 

difference in the from the simulations at the different channel 

lengths. Table 5-3 summarizes the Em.v values. 
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Table 5-3. Comparison of predicted by the analytic model to Emax from 
the polynomial fit to the numerical simulations. 

Etnax> XlO5 V/cm 

VD, v 
MINIM0S 
Simulation 

Exact 
Equation 

Simplified 
Equation 

0.40 0.94 0.80 0.99 

0.80 1.41 1.36 1.69 

1.20 1.82 1.92 2.39 

1.50 2.15 2.34 2.91 

2.00 2.64 3.04 3.78 

The analytic model predicts Ê ,„ quite closely to the from the 

simulation. At the highest drain voltage, it is not as close to the 

simulations as at the lower drain voltages. At VD equal to 0.8 V, the 

model differs from the simulations by only 3.5%. The model and 

simulations differ most at VD equal to 2.0 V — 15.1%. The difference, 

at a VD of 1.5 V — the typical drain voltage used for this MOSFET design 

— is 8.8%. Figure 5-1 illustrates how varies with drain voltage. 

Looking at the plot of versus VD, one can see that the exact 

equation gives a better approximation of the simulations at all but the 

lowest drain voltage. This is due to the difference in the denominators 

of the two equations. The denominator of the simplified equation is yD, 

which is determined by W0. The denominator does not vary. The 

simplified equation varies as the numerator, A2, varies. As A2 increases 

linearly with increase in VD, the also increases linearly, at a rate 

greater than that of the simulations. 
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The exact equation has as its denominator F(0). In choosing F(0), 

Jain and Balk considered the source term to be negligible near the drain. 

The equation for finding F(0) provides better results than the simplified 

equation as it is more exact. This equation also varies linearly with 

A2, as F(0) does not vary. 

The variables yQ and F(0) are primarily responsible for how well the 

model matches the simulation. Changes in how they are calculated may 

improve the model. 
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CHAPTER 6 

DEPENDENCE OF E^ AND 4>ain ON JUNCTION DEPTH Xj 

In the previous chapter, drain voltage and channel length were varied 

to determine how those parameters affect DIBL and E,,,̂ . This chapter 

varies junction depth Xj to determine how Xj affects ̂ min and Ê . The 

analytic model predictions for Emax, when Xj is varied, are compared to 

the simulations. 

Numerical Simulations with Varying Xj and Vr Values 

VD was set equal to four different values for the MINIMOS numerical 

simulations under consideration in this chapter: 0.40 V, 0.80 V, 1.20 V 

and 1.50 V. Recalling that VT is equal to 0.36 V and VDD is equal to 

1.50 V for the reference case, the 0.40 V to 1.50 V range used is the 

approximate operating range. The junction depth Xj was varied from 

0.14 /*m to 0.40 fim. The channel length was set to 0.50 pm — the 

reference case value. 

Tables 6-1, 6-2, 6-3 and 6-4 report the results of the numerical 

simulations. Figure 6-1 shows how Emax varies with X3 in the MINIMOS 

simulations. Figure 6-2 shows how <j>min varies with Xj in the MINIMOS 

simulations. 
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Table 6-1. and <j>min from the MINIMOS numerical simulations for 
VD - 0.40 V. 

Xj, /im Emax x /cm <f>min, V 

0.140 0.920 0.140 

0.200 0.730 0.144 

0.300 0.580 0.201 

0.400 0.370 0.437 

Table 6-2. and m̂in from the MINIMOS numerical simulations for 
VD - 0.80 V. 

Xj, Atm Emax x 105/cm <f>ain, V 

0.140 1.400 0.140 

0.200 1.070 0.145 

0.300 0.830 0.211 

0.400 0.600 0.450 

Table 6-3. and m̂in from the MINIMOS numerical simulations for 
VD - 1.20 V. 

Xj, fim E».ax x 105/cm *min> V 

0.140 1.820 0.140 

0.200 1.380 0.146 

0.300 1.060 0.211 

0.400 0.820 0.458 
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Table 6-4. and m̂in from the MINIMOS numerical simulations for 
VD - 1.50 V. 

Xj( fim x 105/cm m̂in, V 

0.140 2.160 0.140 

0.200 1.610 0.147 

0.300 1.230 0.223 

0.400 0.960 0.464 

In Figure 6-1 decreases significantly with an increase in Xj. 

However, as E,,,̂  decreases, the <f>mln (and hence D1BL) increases. The use 

of a deeper Xj would ease DIHF effects, but only at the expense of more 

DIBL. If the VT lowering which results from increased DIBL was 

anticipated and compensated for with an ion implantation, the use of a 

deep Xj might still be a viable alternative for easing DIHF effects. 
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Comparing the MINIMOS Simulations 
to the Jain and Balk Model 

Equation (2-6) is used to calculate for varying junction depths. 

The other analytic model equations for calculating Eraax do not have 

variables in them which depend on Xj. Equation (2-6) is given in Section 

3 of reference [3], which deals with the effects of variable W and Xj. 

Table 6-5 lists the Emax found from Equation (2-6) and compares it to the 

Emax from the simulations. 

Table 6-5. A comparison of Ê ajc values from the MINIMOS simulation to Emax 
values predicted by the analytic model [Equation (2-6)]. 

Xj, /im VD-0.40 VD=0.80 VD-1.20 VD=1.50 

MINIMOS 0.14 0.92 1.40 1.82 2.16 
Eq. (2-6) 0.14 0.87 1.49 2.10 3.33 

MINIMOS 0.20 0.73 1.07 1.38 1.61 
Eq. (2-6) 0.20 0.73 1.24 1.76 2.79 

MINIMOS 0.30 0.58 0.83 1.06 1.23 
Eq. (2-6) 0.30 0.60 1.02 1.44 2.27 

MINIMOS 0.40 0.37 0.60 0.82 0.96 
Eq. (2-6) 0.40 0.52 0.88 1.24 1.97 

As Table 6-5 shows, the analytic model gives a good prediction of Emax 

for Xj equal to 0.30 /im or less and for VD equal to 0.8 V or less. As VD 

and Xj increase, the prediction overestimates Ê  by an increasing 

amount. Equation (2-6) is useful for predicting Ê .,. for junction depths 

fairly close to 0.14 ftm and for VD equal to 0.8 V or less. (Xj equal to 

0.14 nm is the value for the optimum scaled design.) For greater VD 

values — up to the 1.5 V operating drain voltage — the model 

overestimates the simulated Em.v. at various junction depths by 50% to 
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100%. A better means of estimating the yi parameter in Equation (2-6) 

should improve the model's predictions. 



68 

CHAPTER 7 

HOW THE ELECTRIC FIELD VARIES WITH DEPTH 

An approximation made by Jain and Balk in the development of their 

model is that Ex varies linearly with depth into the channel. For this 

study, several plots of Ex versus depth into the channel were made, using 

transverse field data from the MINIMOS simulations. These plots are 

shown in Figures 7-1 through 7-6, and were made for three channel lengths 

(0.50 ixm, 0.30 fim and 0.15 /xm). Two drain voltages, 0.40 V and 1.20 V, 

were plotted for each channel length. The distance y is the distance (in 

fjim) from the source junction at which the values of the Ex field (as they 

varied with depth into the channel) were obtained. Similarly, the 

distance L-y is the distance from the drain junction. Six curves were 

made for each plot, with curves being plotted at discrete positions along 

the entire length of the channel. 

The curves showing the shape of Ex at discrete points along the 

channel remain similar as Leff is decreased from 0.50 /j,m to 0.15 pm. As 

the VD is increased from 0.40 V to 1.20 V, the shapes of the curves 

remain similar, but the minimum to maximum range of Ex changes. 
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The Jain and Balk model assumes a linear decrease of the electric 

field component Ex with depth. The simulations show such a decrease near 

the center of the channel. Closer to the junctions the transverse 

electric field component deviates more and more from the linear decrease, 

as shown in Figure 7-1 through 7-6. The characteristic of the deviation 

is different for source and drain. These deviations are a likely cause 

of the inaccuracies in the Jain and Balk model. The explanation for the 

shape of the curves is that there are two contributions to the electric 

field; one due to the applied gate potential, ar:d another due to the 

built-in potential of the pn junction. The gate potential produces an 

Ex component which varies linearly with depth. The pn junction potential 

produces an electric field component which adds to the Ex component from 

the gate potential. As a consequence, from a certain depth on, the total 

Ex is larger for curves nearer the source or drain than it is in the 

curves at the center of the channel, and Ex falls to zero at greater 

depths. In the regions close to the surface and to the junctions (near 

points E and B in Figure 2-1) Ex decreases progressively due to a charge-

sharing effect. In this depleted region, electric field lines emanating 

from both the junction and from the gate terminate on charges in the 

p-doped channel. However, the tail of the impurity profile of the 

junction causes a reduced space charge in these regions, i.e., fewer 

electric field lines can terminate there. In addition, the lateral field 

component, Ey, is larger close to the junction and leaves fewer charges 

for terminating transverse field lines. The decrease in Ex is greater 

near the drain since the applied drain bias increases the component Ey 

even more near the drain junction. 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

This study yields insights into DIBL and DIHF short channel effects 

for a variety of simulated MOSFETs. The accuracy of the Jain and Balk 

analytic model for determining these short channel effects is 

investigated. The MINIMOS two-dimensional numerical simulation program 

was used for the simulations. 

Scaling theory was utilized to design a 0.50 fim MOSFET. Numerical 

simulations show no DIBL or excessive Ex over the entire operating range 

of the scaled design. This validates the use of this scaling theory to 

establish a reference case for a MOSFET with no short channel effects. 

Subsequently, Le£f was decreased in order to induce DIBL in the reference 

design. 

A uniformly doped channel MOSFET is required to investigate the Jain 

and Balk model. A uniformly doped channel equivalent to the ion 

implanted channel reference case was developed using a step function 

approximation. Equivalent threshold voltages were achieved for the ion 

implanted reference design and the uniformly doped equivalent. Numerical 

simulations established that the uniformly doped cases displayed DIBL and 

Em.̂  values equivalent to the ion implanted reference cases, over the 

entire range of effective channel lengths and drain voltages simulated. 
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Jain and Balk's simplified equations and exact equations for 

calculating DIBL were described. A limit to the analytic model is 

reached using the model's equations to calculate DIBL. The ymin becomes 

negative when Leff is equal to 0.15 /im and VD is equal to 1.5 V or 

greater. A negative ymin has no physical meaning, and so short channel 

effects beyond that point can no longer be calculated using the analytic 

model. The ymin still exists in the simulations at this point. 

The ymin value for the simplified equation becomes equal to the ymin 

value for the exact equation when DIBL is approximately 14 mV or less. 

This confirms that the simplified equation yields results similar to the 

exact equation at small DIBL levels, as was suggested by Jain and Balk. 

Jain and Balk suggest that B should be much less than 1 for "most 

cases of practical interest." The B variable for all cases considered 

in this paper equaled 0.5498, which is not much less than 1. A B-value 

was calculated using parameters from a test case described in their 

paper, and equaled 1.30. In their paper, Jain and Balk give no reason 

for the requirement B « 1. Larger B values do not prevent calculation 

of parameters depending on B. 

The numerical simulations show that DIBL begins fairly slowly. It 

does not become appreciable until Leff is decreased to almost one-half of 

the optimum value obtained from a scaled design. Thereafter, DIBL 

increases rapidly, doubling with each Le££ decrease of 0.05 /im. The upper 

limit for DIBL in the numerical simulations was 145 mV. This limit was 

reached for an Leff of 0.15 fim and VD equal to 1.5 V or greater. 
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DIBL calculated using the exact equation was closer to the numerical 

simulations than DIBL calculated using the simplified equation. This 

study shows the analytic model consistently overestimates the simulated 

DIBL. The overestimation ranges from 1.5 to 3.0 times greater than the 

simulated DIBL. This study also shows that a 1 mV increase in DIBL 

decreases VT by about 1.5 mV. Any error in an estimate is magnified when 

it is used to predict a change in VT. The amount by which the analytic 

model overestimates DIBL in the simulations decreases as Lef£ approaches 

0.15 fim. An improved method for calculating W0 should improve the 

analytic model estimates for DIBL. 

Differentiation of a polynomial describing Ex at the surface yields 

precise values for Ê . The polynomial is found using a curve fitting 

routine. The fit was perfect within the four-digit accuracy of the given 

data points. Ê ,ax increases linearly with VD. The exact equation from 

the analytic model gave results closer to the simulation than the 

simplified equation. A better estimate for yQ should improve the model's 

estimates for E,,,̂ . 

The change in and Emax with Xj was also investigated. Numerical 

simulation shows that and, consequently DIHF, decrease as Xj becomes 

greater. Unfortunately, ̂ min, and consequently DIBL, increase with an 

increase in Xj. An increase in ̂ mln could be compensated for by ion 

implantation and so a deeper Xj might still be used to decrease E,,,̂ , as 

long as it remains compatible with the chosen range of the threshold 

voltage. The analytic model for calculating Ê  as Xj varies gives a 

good approximation to the simulations for Xj equal to 0.20 /im or less and 

VD equal to 0.80 V or less. The analytic model begins to substantially 
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overestimate when VD becomes greater than 0.80 V and Xi becomes 

greater than 0.20 fim. The overestimation ranges from 50% to 100%. An 

improved method for determining yj should improve the model's estimates. 

The variation of Ex with depth at different points along the channel 

was investigated. Plots of Ex versus depth were made at discrete points 

along the channel. The motivation for the plots was to see how realistic 

El-Mansy-Ko's and Jain and Balk's approximation is (that Ex varies 

linearly with depth). The plots reveal that in the midsection of the 

channel Ex varies linearly. However, as one moves toward either of the 

metallurgical junctions, a linear variation no longer occurs. This 

non-linearity may be one reason for the inaccuracy of the model's 

estimates. 
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APPENDIX 

Typical MINIMOS Input Deck for MOSFET with Ion Implanted Channel 
[ 2 8 ] .  

L=. 50; IMPLANT; MOD= 2-D 
DEVICE CH«N T0X»1. OE-6 L=0. 7302E-4 W=3. 45E-4 
BIAS US«=0. 0 UB=0. 0 UG«0. 0 UD=0. 40 
PROFILE NB«1. 12E16 NS«6E1? TEMP=1000 TIME=500 
IMPLANT ELEM-B DOSE=l. 25E12 AKEV-20 TEMP-800 TTME-60 
OPTTON M0D=2 UFB»-0.90 
OUTPUT DC=Y P9I-Y ELAT-Y ETRAN=Y 
+HIN=Y MAJ»Y COY 
END BIN-YES 

DEVICE Ident: 

CH - N 
TOX - 1.0E-6 
L - 0.7302E-4 
W - 3.45E-4 

n-channel device 
oxide thickness in cm 
channel length in cm 
channel width in cm 

BIAS Ident: 

US - 0.0 
UB - 0.0 
UG - 0.0 
UD - 0.40 

PROFILE Ident: 

NB - 1.12E16 
NS - 6E19 

TEMP - 1000 

TIME - 500 

applied source voltage in volts 
applied bulk voltage in volts 
applied gate voltage in volts 
applied drain voltage in volts 

bulk doping in cm"3 

surface concentration for source/drain 
predeposition in cm"3 

source/drain profile diffusion temperature 
in degrees Centigrade 
source/drain profile diffusion time in 
seconds 
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IMPLANT Ident: 

ELEM - B 
DOSE - 1.25E12 
AKEV - 20 
TEMP - 800 

TIME - 60 

OPTION Ident: 

MOD - 2 

UFB - -0.90 

OUTPUT Ident: 

DC - Y 
PSI - Y 
ELAT -Y 
ETRAN - Y 

MIN - Y 

MAJ - Y 

CC - Y 

channel implantation element is Boron 
channel implantation dose in cm"2 

channel implantation energy in keV 
channel implantation anneal temperature in 
degrees Centigrade 
channel implantation anneal in seconds 

specifies that both Poisson's equation and 
the minority-carrier continuity equation 
are solved in two dimensions 
flatband voltage in volts 

doping profile is printed 
electric potential is printed 
lateral electric field component is printed 
transverse electric field component is 
printed 
default specification indicating minority 
quantities are considered 
default specification indicating majority 
quantities are considered 
specifies the printing of the carrier 
concentrations 

END Ident: 

BIN - YES specifies the simulation results are to be 
saved on an external file 
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. Typical MINIMOS Input Deck for MOSFET with a Uniformly Doped Channel 
[ 2 8 ] .  

DEVICE CH=N TOX»l. OE-6 L=0. 7302E-4 W=3. 45E-4 
BIAS US=0. 0 UB=0. 0 UG=0. 20 UEM-O. 60 
STEP DG=. 2 NG=5. 0 
PROFILE NB=0. 90E17 NS=6El? TEMP*1000 TIME=600 
OPTION M0D=2 UFB=-0. 90 ORIDFREEZE=YES 
OUTPUT DC«Y PSr»Y ELAT=Y ETRAN=Y 
+MIN=Y MAJ«Y CC=Y 
END BINsYES 

A. DEVICE Ident: 

B. BIAS Ident: 

C. STEP Ident: 

DG - 0.2 
NG - 5.0 

D. PROFILE Ident: 

E. OPTION Ident: 

GRIDFREEZE - YES 

F. OUTPUT Ident: 

G. END Ident: 

same as for Part I-A 

same as for Part I-B 

incremental gate voltage in volts 
number of gate voltage steps to be 
performed 

same as for Part I-C 

same as for Part I-E, except: 

an option only when STEP Ident is present. 
This specifies no grid modifications occur 
between voltage steps. 

same as for Part I-F 

same as for Part I-G 
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