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Abstract — One of the most widely used electronic devices,
particularly in digital integrated circuits, is the metal
insulator semiconductor (MIS) transistor. In this device
the channel current is controlled by a voltage applied at a
gate electrode that is isolated from the channel by an
insulator. The resulting device may be referred to
generically as an insulated gate field effect transistor
(IGFET).The main drives for reducing the size of the
transistors, i.e., their lengths, is increasing speed and
reducing cost. When you make circuits smaller, their
capacitance reduces, thereby increasing operating speed.
In the same token, smaller circuits allow more of them in
the same wafer, dividing the total cost of a single wafer
among more dies. However, with great reduction come
great problems, in this case in the form of unwanted side
effects, the so called short-channel effects. When the
channel of the MOSFET becomes the same order of
magnitude as the depletion layer width of source and
drain, the transistors start behaving differently, which
impacts performance, modeling and reliability.

Keywords — MOSFET, DBIL, Velocity Saturation,
Threshold voltage, surface scattering, impact ionization

I. INTRODUCTION
A conceptually similar structure was first proposed and
patented by Lilienfeld and Heil?in 1930, but was not
successfully demonstrated until 1960. The main technological
problem was the control and reduction of the surface states at
the interface between the oxide and the semiconductor.
Initially it was only possible to deplete an existing n-type
channel by applying a negative voltage to the gate. Such
devices have a conducting channel between sources and drain
even when no gate voltage is applied and are

called "depletion-mode" devices. A reduction of the surface
states enabled the fabrication of devices which do not have a
conducting channel unless a positive voltage is applied. Such
devices are referred to as “"enhancement-mode" devices. The
electrons at the oxide-semiconductor interface are
concentrated in a thin (~10 nm thick) "inversion" layer. By
now, most MOSFETS are "enhancement-mode" devices. This
device can be used as switch in many applications and offers
little parasitic effects [1]. The drift of scaling was predicted by
Moore’s law, according to which the transistor count on an
integrated circuit doubles every 18 months [3]. Alternative
gate materials with dielectric constant higher than that of SiO;
help to keep up with the trends of Moore’s law [3, 4].The
layers of these high — k materials can be grown thick to reduce

the direct tunneling current through gate. A MOSFET device
is considered to be short when the channel length is the same
order of Magnitude as the depletion-layer widths (Xap, Xgs) of
the source and drain junction. As the channel length L is
reduced to increase both the operation speed and the number
of components per chip, the so-called short-channel (Non
Ideal) effects arise.

Il. DEVICE OPERATION AND STRUCTURE

We used the simplest two dimensional three terminal
device model for n-type MOSFET as shown below in Fig. 1.
It is called an NMOS transistor because the major charge
Carriers that form current are negatively charged electrons.
The fourth terminal called body is not considered due to its

secondary function in the MOSFET operation.
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Fig.1 MOSFET Block Diagram

For the case of an enhancement mode n channel device
formed on a p type Si substrate. The n* source and drain
regions are diffused or implanted into a relatively lightly
doped p type substrate and a thin oxide layer separates the
conducting gate from the Si surface. No current flows from
drain to source without a conducting n channel between them.
This can be understood clearly by looking at the band

Diagram of the MOSFET in equilibrium along the channel[5].
The Fermi level is flat in equilibrium. The conduction band is
close to the Fermi Level in the n+ source/drain, while the
valence Band is closer to the Fermi level in the p-type
material. Hence there is a potential barrier for an electron to
go from the source to the drain, corresponding to the built in
potential of the back to back p-n junctions between the source
and drain. [5, 6] when a positive voltage is applied to the gate
relative to the substrate, positive charges are in effect
deposited on the gate metal. In response, negative charges are
induced in the underlying Si, by the formation of a depletion
region and a thin surface region containing mobile electrons.
These induced electrons from the channel of the FET, and
allow current to flow from drain to source. As fig suggests the
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effect of the gate voltage is to vary the conductance of this
induced channel for low drain to source voltage[8].

Since electrons are electrostatically induced in the p-type
channel region, the channel becomes less p-type and therefore
the valence band moves down, farther away from the Fermi
level. This obviously reduces the barrier for electrons between
the source, the channel and the drain. If the barrier is reduced
sufficiently by applying a gate voltage in excess of what is
known as the threshold voltage V7, there is significant current
flow from the source to the drain. For a given value of V¢
there will be some drain voltage Vp for which the current
becqmes saturated after which it remains essentially constant.
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Fig. 2 Ig v/s Vg5 characteristics of n-type MOSFET

The threshold voltage Vr is the minimum gate voltage
required to induce the channel. The most common MOS
transistor is normally off with zero gate voltage and
operates in the enhancement mode by applying gate
voltage large enough to induce a conducting channel. An
alternative view of a MOSFET is that it is a gate-controlled
resistor. if the positive gate voltage exceeds the threshold
voltage in an n-channel device. Electrons are induced in
the p-type substrate. Since this channel is connected to the
n+ source source and drain regions, the structure look
electrically like an induced n-type resistor. As the gate
voltage increases, more electron charge is induced in the
channel and therefore, the channel becomes more
conducting. The drain current initially increases linearly
with the drain bias (fig 2). As more drain current flows in
the channel, however there is more ohmic voltage drops
along the channel such that the channel potential varies
from zero near the grounded source to whatever the
applied drain potential varies from zero near the drain end
of the channel. Hence the voltage difference between the
gate and the channel reduces from Vg near the source to
(Ve-Vp) near the drain end. Once the drain bias is
increased to the point that (Ve-Vp) = Vi, threshold is
barely maintained near the drain end, and the channel is
said to be pinched off [9]. Increasing the drain bias beyond
this point Vp(sat.) causes the point at which the channel
gets pinched off to move more and more into the channel,
closer to the source end. Electrons in the channel are pulled
into the pinchoff region and travel at the saturation drift
velocity because of the very high longitudinal electric field
along the channel. Now the drain current is said to be in
the saturation region because it does not increase with
drain bias significantly. But actually there is a slight
increase of drain current with drain bias due to various

effects such as channel length modulation and drain
induced barrier lowering (DBIL).where, k is the dielectric
constant for gate oxide material, € is the permittivity of
free space, and A is the gate area. Once the applied gate
voltage is above threshold voltage, V1 channel is formed
between source and drain diffusion region. As we increase
the drain voltage, an increase in drain current is observed.

I11.NON IDEAL EFFECT

1. Threshold Voltage: The voltage required to achieve flat
band should be added to the threshold voltage equation
obtained for the ideal MOS structure.

VT :¢ms _g_&

C. C
Thus the voltage required to create strong inversion must be
large enough to first achieve the flat band condition ( @, and

Q

C—terms),then accommodate the charge in the depletion
i

region(?:—d) and finally to induce the inverted region(2¢5F

). Typically ¢ms is a negative quantity. The interface charge is
positive so the contribution of the -t

i
either substrate type. On the other hand the charge in the
depletion region is negative for ionized acceptors and is

positive for ionized donors. Also the term ¢ which is defined

as (Ei - Er) / q in the neutral substrate can be positive of
negative depending on the conductivity type of the substrate.
Considering the sign in fig.3

term is negative for

¢ms Qi &

Vi c.l ¢
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We see that all the four terms give positive contribution in the
n-channel case thus we expect positive threshold voltages for
typical n-channel device. In n-channel positive value for V1
means the applied voltage means applied voltage must be
larger than this threshold value to obtain strong inversion and
conducting n channel.

2. Tunneling Current:

An ideal gate insulator does not conduct any current, but for
real insulators there can be some leakage current which varies
with the voltage or electric field across the gate oxide. By
looking at the band diagram of the MOS system perpendicular
to the oxide silicon interface[9],we see that for electrons in the

conduction band there is a barrier, AE. (=3.1eV).Although

electrons with energy less than this barrier cannot go through
the oxide classically that quantum mechanically electrons can
tunnel through a barrier especially if the barrier thickness is
sufficiently small. As per the Fowler-Nordheim tunneling
current ley can be expressed as a function of the electric field
in the gate oxide.
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Where B is a constant depending on m, and the barrier height.
As the gate oxides are made thinner in successive generations
of MOSFETS, the tunneling barrier in the gate oxide becomes
so thin that the electrons in the conduction band of Si can
tunnel through the gate oxide and emerge in the gate without
having to go via the conduction band of the gate oxide. This is
known as direct tunneling rather than Fowler-Nordheim
tunneling. For instance Fowler-Nordheim tunneling involves a
triangular barrier while direct tunneling is through a
trapezoidal barrier.(fig.)

Fowler-Nardhelm tunneling

'/
v

Insulator Semiconductor

Metal

Such tunneling currents are becoming a major problem in
modern devices because the useful features of high input
impedance for MOS device degraded. It is necessary to
increase the gate capacitance in successive generations of
MOSFET in order to increase the drain current

We can achieve higher C; by by using insulators with a
dielectric constant higher than SiO; instead of reducing the
gate oxide thickness d, as can be seen from eq. 4

Where ¢&; is permittivity of the insulator and C, is the

insulator capacitance per unit area. The charge QS will be

negative for the n channel giving a positive Vi.

The advantage of not reducing d too much is that it keeps the
tunneling barrier wide and the gate oxide field low, thereby
keeping the gate tunneling barrier wide and the gate oxide
field low, thereby keeping the gate tunneling leakage current
low. Such high dielectric constant insulators such as hafnium
dioxide, HfO, are also known as high K gate dielectrics
because k is also sometimes used as symbol for dielectric
constant.

3. Velocity Saturation ( Mobility Effect )

In short channel devices the analysis has to be somewhat
modified. As mentioned in the previous section the effective
channel mobility decreases with increasing transverse electric
field perpendicular to the gate oxide. Due to high electric field

in the pinch off region under short channel the carrier velocity
saturates. For short channel lengths the carriers travel at the
saturation velocity over most of the channel. In that case the
drain current is given by the width times the channel charge
per unit area times the saturation velocity:

Ip(sat) = ZC, (Vg ~V; )V, +--+-+-++(5)

As a result the saturation drain current does not increase
quadratically with (Vs-V1) as due to short channel. Drain
current does not increase quadratically with (Ve-Vr) as we
studies earlier but rather shows linear dependence (equal
spacing of curve).

4. Drain-Induced Barrier Lowering and Punchthrough

If small channel length MOSFET are not scaled properly and
the source/drain junctions are too deep or the channel doping
is too low there can be unintended electrostatic interactions
between the source and the drain know as Drain Induced
Barrier Lowering (DBIL).In this as the drain bias is increased
the conduction band edge in the drain is pulled down and the
drain channel depletion width expands.

Xip = (2% j(VDS +9; +Vss) """"" (6)

where Vsg and Vpg are source-to-body and drain-to-body
voltages. When the depletion regions surrounding the drain
extends to the source, so that the two depletion layer merge
(i.e., when xgs + Xdp = L), punchthrough occurs. Punchthrough
can be minimized with thinner oxides, larger substrate doping,
shallower junctions, and obviously with longer channels. The
current flow in the channel depends on creating and sustaining
an inversion layer on the surface. If the gate'bias voltage is not
sufficient to invert the surface (Vos<Vro), the carriers
(electrons) in the channel face a potential barrier that blocks
the flow. Increasing the gate voltage reduces this potential
barrier and, eventually, allows the flow of carriers under the
influence of the channel electric field. In small-geometry
MOSFETSs, the potential barrier is controlled by both the gate-
to-source voltage Vs and the drain-to-source voltage Vps. If
the drain voltage is increased, the potential barrier in the
channel decreases, leading to drain-induced barrier lowering
(DIBL). The reduction of the potential barrier eventually
allows electron flow between the source and the drain, even if
the gate-to-source voltage is lower than the threshold voltage.
The channel current that flows under this conditions
(Ves<Vro) is called the sub-threshold current.

A variety of dielectric materials has been developed for
gate oxide. Here, we have considered only Two popular

materials, which are listed in Table 1.

TABLE 1
DIFFERENT OXIDE MATERIALS WITH THEIR
DIELECTRIC CONSTANT

Sr. Dielectric constant

(k)

Material Crystal Structures

No.
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2 HfO, 25 onoclinic tetragona

cubic

5. Mobility Effect:

The mobility of carriers in the channel of a MOSFET is
lower than in bulk semiconductors because there are
additional scattering mechanisms. Since carrier in the channel
is very close to the semiconductor-oxide interface, they are
scattered by surface roughness and by columbic interaction
with fixed charges in the gate oxide. When the carriers travel
in the inversion layer from source to drain, they encounter
microscopic roughness on an atomistic scale at the oxide-
silicon interface and undergo scattering because any deviation
from a perfectly periodic crystal potential results in scattering.
This mobility degradation increase with the gate bias because
higher gate bias draws the carriers closer to the oxide silicon
interface, where they are more influenced by the interfacial
roughness.

IV. SIMULATION RESULT

1. Short channel effect with reducing the length of
channel and increase the drain to source voltage with

parameters such as oxide thickness and channel
doping

bUUU

4000 4~

FET Mohility {cm®2/(V.s))

2000 +

o os 1
Charge Density {(carriers/nm)

3. The performance short-channel devices is also
affected by velocity saturation, which reduces the
Transconductance in the saturation mode. At low ey,
the electron drifts velocity vde in the channel
varies linearly with the electric field intensity.
However, as ey increases above 104 V/cm, the drift
velocity tends to increase more slowly, and
approaches a saturation value of vde(sat)=107 cm/s
around ey =105 V/cm at 300 K.

1800
different value of gate. As we decrease the channel
. . Triode Mod — urate Mode
length(short channel) we see that drain characteristics 1600, L Saturate Mod
of MOSFET have non-zero slope, instead of ideal [
zero slope as shown in fiqure2. This non ideal effect TA0Y [’ e
occurs due to channel length modulation. " I P
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P _—
. - [ ' = 0.6
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o 800 —g = 0.2V
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0
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il 4. Note that the drain current is limited by velocity
200 saturation instead of pinch off. This occurs in short
channel devices when the dimensions are scaled
0% o2 oa o0& 0B 3 T2 14 without lowering the bias voltages. Simulation result
Vs (V)

s

2. It is very interesting to note that if we plot the
effective carrier mobility in the MOSFET as a
function of the charge density in the middle of the
inversion layer we get what is known as a universal
mobility degradation curve for any MOSFET which
is independent of the technology or device structural

shows the effect of channel length on saturation
point. as we increase the channel length saturation
point goes also increasing.
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5. In the weak inversion regime there is a potential
barrier between the source and the channel region.
The height of this barrier is a result of the balance
between drift and diffusion current between these
two regions. If a high drain voltage is applied, the
barrier height can decrease, leading to an increased
drain current. Thus the drain current is controlled not
only by the gate voltage, but also by the drain
voltage. For device modeling purposes this parasitic
effect can be accounted for by a threshold voltage
reduction depending on the drain voltage.

Assume gate bias in all these simulations is 1.2 V and
the applied drain bias varies between 0.4 Vto 3 V.

The intercept of this line on the V¢ axis is the linear region
threshold voltage,Vr(lin.), and the slope gives us the linear
value of K, of the n-channel MOSFET. But in actual we see
that, while the characteristics are approximately linear at low
gate bias, at high gate biases the drain current increases sub-
linearly.

1200
s
P ¢
g 1000
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- Deviation from linearity
due to field-dependent
600 Slope gives mobility and source-
KN (Lin.) \_ drain series resistance.
400
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7. Now next one shows the effect of gate oxide
thickness(d) on MOSFET working. We take three
different value of thickness with constant gate
voltage. Result will shows as we increase the gate
oxide thickness current along the drain will reduces.

Now Plot shows reduction in Threshold Voltage for bU
gpfc(fairtem drain bias conditions to illustrate the DIBL For Gate Dielectric Thickness (d)
2500 ! e
.~ d=10nm
Drain Induced Barrinr e i
2000 Lowering effect 2 40 -1 /
£
* Threshold Voltage Reduce as z
we Increase the Draln Voltage E
(vd) due to DIBL effect. 5 p
1500 2 /
E ® y
<§' O 204 S/
~ 1000
/ ) d =30nm
/ P d =50nm
500 0 : : : : :
] 2 4
Drain Yoltage (V)
5 8. The choice of gate dielectric material plays a key role
1.4 in channel inversion. the use of high k materials like
hafnium/hafnium silicates results into more drain
6. The transfer characteristics plot the output drain (s:zt: srg[rl]i)n g;?gri?]tr o s];%rl dsa\%?ta%)gdeN?\:\f kphes S’ﬁ\é{:ﬁz
current as a function of the input gate bias,for fixed . .
drain bias. Clearly in the Iir?earg region,Ip vs V sh(_)ws anaIYSIS qf MOSFET wgrkmg among the four
should be & straiaht line from eatation b G oxide material SiO2,Al,03,HfSiO4,HfO,, the last one
_ g d produces the maximum current for same gate
| = u,2C, V.~V WV 1V 2 ®) voltage. Large saturation current with high k material
T L ¢ T/ oD is due to high permittivity, &, offered by the material
like HfO2HfSiOa.
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V. CONCLUSION
The designing of Integrated circuits in the past is simplified
also due to over-designing. But as technology moves deeper
into UDSM this is not a reliable approach. Too much
performance is sacrificed or the area cost of over-designing
leads to decreased contents. However, pushing the edge of the
envelope may lead to under-design. Chips that have been
under-designed often fail on the test bench or later in the field.
Therefore, situations of over-design and under-design must
both be identified when evaluating the integrity of a power
distribution system. In the end, the design tradeoffs that satisfy
all the necessary constraints are too complex to handle without
tools that provide visibility into specific problems and their
location on a chip. Designers are often required to tape out a
design, and are left hoping that nothing will go wrong when

the chip comes back from the fabrication.

VI. REFERENCES

[1] M. Gutowski, J. E. Jaffe, C.-L. Liu, M. Stoker, R. I.
Hegde, R. S. Rai, et al., "Thermodynamic stability of
high-k dielectric metal oxides ZrO, and HfO; in contact

with Si and SiO»," Applied Physics Letters, vol. 80, pp.
1897-1899, 2002.

International Technology Roadmap for Semiconductors,
2001. International SEMATECH, Austin, TX. [Online].
Available: http://public.itrs.net/

[3] Xing Zhou, Khee Yong Lim - “A general approach to
compact threshold Voltage formulation based on 2-D

deep BATICAIS UGS ABILEYPEEBRIPAIRrrelation.

[4] Kai Chen and Chenming Hu - “Performance and Vdd

cmaealing in deep submicrometer CMOS”

[5] Lim, Zhou, Zu, Ho, Loiko, Lau, Tse, Choo -
“A predictive semi-analytical threshold voltage model for
Rrsuarfsy dee MBHErdon MOSFET's” o
. M. Rabey, A. Chandrakasan, and B. Nikolic, “Digital
Integrated Circuits,” 2" Edition, Pearson Publication,

2005.

[7] Weste, N., and Harris, D., Principles of CMOS VLSI
Design.Pearson Education, 4" Edition, Boston, MS, 2011.

[8[ R. Jacob Baker, “CMOS Circuit Design, layout and
simulation,” IEEE,Press, pp. 613, 636, 2005.

[9] F.adamu-Lema, G. Roy, A. R. Brown, A. Asenov, and S.

Roy, “Intrinsic Parameter Fluctuations in Conventional

2]

volt
[6]

MOSFET’s at the Scaling Limit: AStatistical Study”,
Abstracts to IWCE10, pp.44-45, 2004

[10] W. Tsai, L.-A Ragnarsson, L. Pantisano, P. J. Chen, B.

Onsia, T. Schram, E. Cartier, A. Kerber, E. Young, M.

Caymax, S. De Gendt, and M. Heyns, “Performance

comparison of sub 1 nm sputtered TiN/HfO2nMOS and

PMOSFETs,” IEDM Technical Digest, pp. 311-314,

2004.

B. Suresh, V. Visvanathan, R. S. Krishnan and H. S.

Jamadagni, Proceeding of IEEE VLSI Design (Kolkata,

2005), p. 768.

[12]H. Im, M. Song, T. Hiramoto and T. Sakurai, Proceeding
of International Symposium on Low Power Electronics
and Design (CA, 2002), p. 13.

[13] Xing Zhou, Khee Yong Lim - “A general approach to
compact threshold Voltageformulation based on 2-D
numerical simulation and experimental correlation
fordeep.submicron ULSI technology development”

[14] Kai Chen and Chenming Hu - “Performance and Vdd
scaling in deep submicrometerCMOS”

[15] Haldun H. — “Digital microelectronics”§ Resve Saleh,
Michael Benoit and Pete McCrorie - “Power distribution
planning”

[16] Sani R. Nassif — “Design for Variability in DSM
Technologies”

[17] Sung-Mo, Yusuf — “CMOS digital integrated circuits”

[18]Lim, Zhou, Zu, Ho, Loiko, Lau, Tse, Choo - “A
predictive semi-analytical threshold voltage model for
deep-submicron MOSFET’s”

[19] Weste, Eshraghian — “Principles of CMOS VLSI Design”

[20] J.-H. Hong, T.-H. Moon and J.-M. Myoung,
"Microstructure and characteristics of the HfO, dielectric
layers grown by metalorganic molecular beam epitaxy,"
Microelectronic engineering, vol. 75, pp. 263-268, 2004.

[21] Pierret, Robert F. Semiconductor Device Fundamentals.

N.p.: Pearson College Div, 1996: 572-618.
[16] 2-618.

[11]

[JCRT1705218

International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org

1540


http://www.ijcrt.org/

