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3.1 Introduction

Threshold voltage is an important electrical parameter for any field effect
transistor (FET) device since it indicates the onset of a significant flow of the
drain current. When the applied gate voltage is equal to the value of threshold
voltage of the device, it results in the transition from weak to strong inversion [1-
4]. Various methods are available to determine the threshold voltage based on the
measurement of the transfer characteristics of the devices. Many of them involve
the use of strong inversion region and some employ the weak inversion region [5-
12]. In one of the methods proposed by Sasaki et al. involving the strong inversion
region, transconductance is calculated from the measured drain current and the
gate voltage for the maximum transconductance (gm) is found. Further, from the
slope and the intercept of 14/(gm)*°=(8V4)>>(Ve-Vy) plot the threshold voltage is
obtained [7]. Hardillier et al. devised a technique to calculate the threshold voltage
as the function of mobility attenuation factor, source drain series resistance and
variation of low field mobility [8]. A simpler method of measuring threshold
voltage using GMLE method (transconductance gn-linear-extrapolation method)
was put forward by Tsuno et al. [9]. Inspite being simple and effective these
methods had the disadvantage of being dependent on parasitic components for the
threshold voltage calculation and any change in these components have a
significant effect on the threshold voltage calculation. To mitigate these unwanted
effects, methods have been employed where capacitance has been considered as a
function of voltage. A technique for threshold voltage calculation using a gate to
substrate capacitance was proposed by Lau et al [13-14]. This method though
independent of drain to source resistance or mobility factor requires elaborate high
resolution equipment for measurement. In this work, a comparatively simple
theoretical method to obtain the threshold voltage based on capacitance voltage
characteristics is stated. It is to be noted that the MOS structure though it
resembles a capacitor; its capacitance is not merely a ratio of charge to voltage.
Rather the voltage is not only the function of charges stored but also depends on
the surface potential. It is infact a capacitor that consists of gate oxide as well as
depletion capacitance. Therefore for precise modeling of threshold voltage

capacitance voltage characteristics can be considered. This will help to minimize
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the error in the measuring process as an accuracy of the model depends upon the
appropriate parameters considered for threshold voltage extraction.

3.2 Theory

The threshold voltage for a semiconductor device can be defined in numerous
ways such as [15]

i) The gate voltage at which the inversion charge density is equal to zero.
i) The gate voltage at which the channel current is linearly extrapolated to
zero for the non-saturated region of MOSFET.
iii) Gate voltage at which the surface potential becomes twice the bulk Fermi
potential.

The third definition explicitly relates surface potential to the threshold voltage
[15].

The flatband voltage is the summation of work function difference between the
metal and semiconductor along with the potential due to trapped, mobile ionic and

fixed charges of the oxide layer as depicted by equation 3.1.

(Q +Qu +Qy)

V,=¢ —d.+
fb ¢m ¢S| C

3.1)

ox
Here, ¢m —¢si is the work function difference between metal and semiconductor
Qx is the fixed charge (within 3nm of Si-SiOy)

Qnm is the mobile ionic charge

Qx is the oxide trapped charge

In an ideal case, the flatband voltage is considered to be zero. Therefore from
Shockley’s model, the threshold voltage is considered to be the summation of

surface potential and voltage across the oxide layer.
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3.3 Proposed model description

In the proposed model, threshold voltage of a MOSFET based on MOS
capacitance property has been presented. The MOS capacitance variation in the
depletion region is taken as the basis for the threshold voltage modeling. A change
in the space charge width brings a change in the voltage across the depletion layer
and also the input capacitance. Dividing the whole space charge width into
smaller depleted layers, the summation of the individual voltages of each depleted
layers at the maximum width gives the threshold voltage of the MOSFET.
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Figure 3.1 The depleted regions assumed to be in a rectangular shape, with the atoms at equidistant

from each other in the same plane and also in the adjacent plane

In this model as illustrated in figure 3.1, the depletion layer of the device,
where the charges present are considered to be prorated into equidistant
crystallographic planes. These planes are assumed to have the same atomic planar
density and also the atoms present in each plane are considered to be equidistant.
Therefore, the maximum depletion width in the direction of depth is the
summation of each equal depth planes, i.e. if the maximum depth is Wy, then W=
di+dy+ds.... +d, . Here d;=d,=ds..=d,, where n being the total number of layers.
The number of layers varies with the concentration of the dopants and it is the

ratio of the maximum depletion depth to the depth of a single layer.
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It is elaborated further by presenting an analytical model with a doping

concentration of 10™ atoms/cm®.

Boron is assumed to be diffused into the semiconductor at a temperature of
1000°C for an hour. The diffusion length obtained is 1.687x10"'m governed by the

formula2</DT . Here D is the diffusion coefficient of Boron and T is the time of
diffusion.

The diffusion length is taken as the height of the rectangular planes (h). For the
mathematical formulation length (L) and width (W) is considered as 500nm and
1um respectively. Atoms present in this volume (LxWxh) are 848.5x107

number/volume. The distance between atoms in the first plane i.e. d; is given by

d =3 /(LLXh)s =4.6415x10"m
848.5x10

The maximum depletion width (W,) of the depletion region is given by the

formula [4]

(3.2)

Here thermal voltage kT/q is 0.026V (300K), intrinsic carrier concentration of
silicon n; = 1.5x10™%/cm?, permittivity of silicon &5 = 11.68¢0, Wy, is calculated as
6.8942x10° m. Since the diffusion length is smaller than the maximum depletion
(which is not possible) hence a factor (h) is introduced which is the ratio of
diffusion length to the maximum depletion width. For the concentration of 103
atoms/cm®, h is found to be 0.0244. This factor is to be multiplied with the bulk
voltage (factor h is to be considered till the concentration is 10™® atoms/cm?®.

Beyond that, h becomes greater than unity and the factor is not considered).
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The number of dopants along the Length is denoted by N and is given by
L
N =—+1 (3.3)
dl
Width is denoted by Ny and is given by

v <
dl

+1 (3.4)

Therefore, charge per sheet, denoted by Qs, and is expressed as

Qsh = qNLNW (3.5)
Charge per unit area is denoted by Qp which is given by

Qsh

@ = (LxW)

(3.6)

Total number of depleted layers in the depletion region, assuming the planes to be

rectangular in nature is

d, (3.7)

Therefore, for the dopant concentration of 10** atoms/cm®, N.= 1.077 and Ny=
2.15447. Qq, and Qp are found to be 3.7133x10™°C and 7.4266x107 C /m’

respectively. Using these values the n is found to be 14.8.

The capacitance of each layer has been calculated. The equation 3.8 illustrates the

capacitance for the first layer d;

1
CO)= ™ d] (3.8)
B
gox gsi
V@)= CQ(bl) (3.9)
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Similarly, for d,the capacitance can be expressed as

1
C(2)= 3.10
(2) {XOX . dz} (3.10)
gox 8si gsi
As, d;=d; equation (3.10) becomes —
1
C(2)= ™ ] (3.11)
{‘”‘+2x1}
gox gsi
Q
V(2)=—>— 12
(2) ) (3.12)

The value of Qy, changes with the increase in distance

Together, for n number of layers, capacitance will be given by

1
C =
(n) {XOX . } (3.13)
—% pnx-—1
gox 8si
AS d1:d2=....= dhn
_ 9
V(n)= cm (3.14)

Therefore, the threshold voltage of the proposed model can be expressed as the

summation of voltages across the n number of d; layers.

Vth(proposed) = Zlv (I) (3.15)

The threshold voltage obtained from the proposed model can be compared with

the standard equations of Shockley’s model which is [1, 4]
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Qseptet
Vinsandargy = Vo + 21 &5 |+% (3.16)

(024

Here,

N
¢, =V In [—al (3.17)

r"i
Qdepletion = *\¢ ngi Na2¢f (318)
&
C:ox = X_OX (3.19)

0X

Where ¢ is the Fermi level potential, Qqepietion IS the bulk charges present, Cox is
the oxide gate capacitance per unit area. The flatband voltage is considered to be

ideally zero.

The threshold voltage derived from the proposed model is compared with that of
the Shockley’s model using the standard equations (3.15, 3.16, 3.17, 3.18) [1, 4].

3.4 Current voltage characteristics

The equation of the drain current in the non-saturated or linear region for a
MOSFET is given by [4]

w V2
Iy = 4, xC,, XTX|:(VGS —Vin Vos _%S:| (3.20)
And for saturated region is given by [4]
W
la = % Cou x5 % (Vos —Vy)? (3.21)
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3.5 Model extended to ISFET device

The MOS structure has a metal region present above the gate oxide. This
metal layer can be removed and replaced by a reference electrode and an
electrolyte solution. Such a structure is called an insulator semiconductor structure
(EIS) and is analogous to the MOS structure of MOSFET [2]. The threshold
voltage of this EIS structure of ISFET device is given as [2]

Q epletion f - ¢
Vth(ISFET) - (Emf +ﬁj)_(¢eo _Zsol)_¢si +‘de—l+2‘¢f ‘+ (Q +Q +Q )
(3.22)
Q; +Q.+Q,)
Vfb - (Eref +¢%J)_(¢eo _Zsol)_¢si + : C )
(3.23)

Where
Eref is the reference electrode potential relative to vacuum

¢y is the liquid-junction potential difference between the reference solution and
the electrolyte

deo 1S the potential drop in the electrolyte at the insulator-electrolyte interface
xsol 1S the surface dipole potential of the solution
¢si is the work function of silicon in volts.

In the expression of threshold voltage for MOSFET as expressed in equation 3.16,
the flatband term (V) also comprise of the work function difference between the
metal and the semiconductor (The trapped charges, interface charges and the fixed
immobile charges are neglected in further equations). Therefore substituting
equation (3.16) in equation (3.22), the threshold voltage of ISFET can be written

as-

Vinasrery = Vinmosrer) + Evet T + Yot = Peo — P (3.24)
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The proposed MOSFET model can be extended to ISFET as stated in equation

Vth(ISFET— proposed ) :Vth(MOSFET—proposed) + Eref + g%j + Xsol — ¢eo - ¢m (3.25)

Here ¢n, is the work function of the metal relative to vacuum in volts.
3.6 Results and Discussion

The model proposed for MOSFET has been simulated using MATLAB
and it has been compared with the existing Shockley model. Simulations have
been carried out for different dopant concentrations ranging from 10*3to 10°%cm?,
Mirabella et al. in their work have reported high doping concentration of boron in
the range of 10°/cm® [16]. Hence, simulations of the model have been carried out
upto maximum possible concentration of boron doping in silicon. The threshold

voltage obtained using both the model is tabulated in the table 3.1.

Table 3.1. Table for comparison of the threshold voltage of MOSET calculated by the proposed
model and the standard formulae

Concent dy(m) Wi (M) n Qu(Cm?) Vin Qcepletion ot Vin (V)

-ration (number Proposed © V) Standard

Na(cm™®) of layers) model(V) formulae
10" 4.64%x107 6.89x10° 14.8 7.42x107 0.349 1.03x10° 0.18 0.343
10" 2.15x107 2.51x10° 116 5.99x10° 0.531 3.79x10° 0.24 0.478
10" 1x107 8.89x107 8.89 2.11x10° 0.663 1.28x10* 0.30 0.656
10" 4.64x10° 3.07x107 6.6 7.74x10° 0.985 5.19x10" 0.36 0.975
10" 2.15x10° 1.05x107 4.88 3.60x10™ 1.83 1.37x107 0.41 1.776
10" 1x10° 3.55x10° 3.55 1.64x107 4.24 6.4x107 0.47 418
10" 4.64%x10° 1.19x10° 25 7.53x107 12.18 1.48x107 0.53 11.96
10% 2.15x10° 3.97x10° 1.8 0.34x107! 37.62 6.89x107 0.59 37.58

The detailed comparison of the threshold voltage calculated by the
proposed model and the standard formulae (Shockley’s model) for MOSFET is
illustrated in figure 3.2. The dopant concentration is made to vary from the range
of 10*® to 10°%cm® and the corresponding threshold voltage is plotted against the
respective dopant concentration. It is observed that the proposed model is in
agreement with existing standard formulae. Minimum, maximum and the average
error percentage between the threshold voltage calculated by proposed and

existing model is 0.09%, 9.83% and 2.52% respectively.
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Further, in the succeeding plot as depicted in figure 3.3, the comparison
has been presented for the output characteristics of the MOSFET. The dopant
concentration considered is 10*3/cm® and the drain characteristics are plotted for
the models with the gate voltages 2.5V, 2.7V and 3V. The plot exhibits that the
current voltage characteristics obtained using the proposed model and that of
standard formulae are in reasonable agreement with each other. From the output
characteristics of the proposed model and existing model it was observed that
error percentage:- when Vgs= 2.5V; the minimum error is 0%, maximum error is
0.66% and average error is 0.41%, when Vgs= 2.7V; minimum error is 0%,
maximum error is 0.93%, average error is 0.40% and when Vgs=3V; minimum

error is 0%, maximum error is 0.83% and average error is 0.49%.

Further, the model has been extended for ISFET with Ag/AgCl as the
reference electrode. Here, the variation of the threshold voltage for an ISFET
device (considering the MOSFET models for the dopant concentration of 10%% cm’
%) is plotted as depicted in figure 3.4. Minimum, maximum and average error
percentage between the threshold voltages of the ISFETs (existing and proposed
model) is found to be 0.70%, 1.29% and 0.93% respectively.

In figure 3.5, the Ip versus Vps (output characteristics) for the ISFET
device using both the MOSFET model is illustrated. Error percentage:- for pH 4,
minimum error is 0.51%, maximum is 1.0% and average is 0.715%; for pH 7,
minimum error is 0.54%, maximum error is 1.07% and average is 0.755%; for pH

10, minimum error is 0.58%, maximum error is 1.14% and average error is 0.86%.
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Figure 3.2. The plot showing the comparison of threshold voltage of MOSFET calculated using the
proposed model and that of standard formulae for the dopant concentration that varies from 10" to

10%%cm?®

x 10
1.4 T T T T T T
y
12+ E
?_,_.-G——0‘——0——4——0——0——4——&——0——-&——6——0
1r / E
P I T T T T TN TITIRT RETIET SRTTIT TTTIT TTTTYT e
08k ,’ +  proposed (Vgs 2.5V) J
- o & proposed (Vs 2.7V)
: 06+ I w  proposed (Vg 3.0V) i
[ ! 4
A existing (Vgs 2.5V)
04}¢ ——— existing (Vgs 2.7V) -
——— existing (Vgs 3.0V)
0.2 8
1 1 1 1 | 1
0 2 4 6 8 10 12 14

Vs (V)

Figure 3.3. Comparison of the current voltage characteristics of the proposed model and that of
existing model (standard formulae) for dopant concentration of 10"*/cm? at different gate to source

voltage
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Figure 3.4. Variation of threshold voltage of ISFET device with pH values of electrolyte

considering the threshold voltage of MOSFET for dopant concentration of 10*%/cm?®
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Figure 3.5. The current voltage characteristics of the ISFET device considering both the MOSFET

models (proposed and existing) for three pH values of 4, 7 and 10.
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