Design cyclefor MEM S

Idea/Spec
— Process design X

L. Layout design
L. ‘Simulation |
l l—» Fabrication

l—» Testing

Fig 1-1 The typical design cycle for MEMS. The design space is wide open, everything
is available for optimization.




Design cyclefor ICs

Idea/Spec

— Process selection

|—> Layout design -
L> Simulation

L» Fabrication

l—» Testing

Fig 1-2. The design cycle for ICs. The process is chosen from a very limitted set,
the simulators are accurate, and the layout is the only design variable.
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Figure 1-2 Speed/power performance of available technologies

* NMOS

« CMOS for logic

* BICMOS for 1/0 and driver circuit

* ECL for critical high speed parts of the system
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Figure 13.21 Typical integrated circuit details. (After R. G. Hibberd.)



MQOS Transistor

A transistor isathree-contact, three-part, two-junction device that performsasa

switch or an amplifier.
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Figure 16.18 MOS transistor operation.
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Figure 14.13 Threshold voltage measurement.

MOSFET (MOSfield-effect) transistor
- NMOS (n-channel MOYS) transistor
- pMOS (p-channe MOS) transistor
- CMOS (Complementary MOS) transistor



M etal-oxide-semiconductor (M OS) Transistors

Thewhole concept of MOS transistor evolves from the use

of a voltage on the gateto induce a charge in the channel
between sour ce and drain, which may then be caused to
move from sourceto drain under the electrical field
created by voltage V ,, applied between drain and sour ce.
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(c) pMOS enhancement mode transistor

Figure 1-4 MOS transistors (V= OV. Source gate and substrate to 0V)

Figl-4 shows the device in a non-conducting
condition Vp=V =V =0

* Enhancement mode:

- A polysilicon gate is deposited on a layer
of insulation over the region between source
and drain.

- If this gate is connected to a suitable
positive voltage with respect to source, then
the electric field is established between gate
and substrate gives rise to a charge inversion
region in the substrate under the gate
insulation and a conducting channel is
formed between source and drain

* Depletion mode:

- By implanting suitable impuritiesin the
region between the source and drain, the
channel is present under the condition V ,=0.

- In this mode, source and drain are
connected by a conducting channel, but the
channel now is closed by applying a suitable
negative voltage to the gate.

In both modes, variations of the gate
voltage allow control of any current flow
between source and drain.




Enhancement modetransistor action
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Note: Vy; is the drain-to-source voltage. Substrate assumed connected to OV.

Figure 1-5 Enhancement mode transistor for particular values of Ve with (Vgs> v,

In order to establish the channel in the first place, a
minimum voltage level, called threshold voltage V,,
must be established between gate and source.

V> Vi, V= OV
The channel is established but no current flowing
between source and drain (V ,=0)

Vgs > Vt d Vds< Vgs o Vt
- WhenV -V, >V > 0, The channel is established

and a corresponding IR drop =V  between the
drain and source.

- The voltage between gate and channel varying with
distance along the channel with maximum of V  at
the source end.

- Since V<V -V, thereis till voltage available
to invert the channd at the drain end.

=> The deviceisin the non-saturated region of
operation (current |, can be still controlled by V).

Vgs > Vt ' Vds> Vgs - Vt

- WhenV >V —V,, thereisinsufficient electric
field available to giverise to an inversion layer to
create the channel. The channedl is ‘pinched off’.
Diffusion current compl etes the path from source to
drain in this case, causing the channel to exhibit a

high resistance and behavior as a constant current
source.

=> The deviceisin the saturated region of operation



Depletion mode transistor action
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* Under the condition V (=0, the channel is established because of the impuritiesimplant in
the region between the source and drain.

* In this mode, source and drain are connected by a conducting channel, but the channel now is
closed by applying a suitable negative voltage to the gate.

(a) Symbol

vpg (V)

(b) Typical structure (c) Characteristics
Figure 13.4 An n-channel depletion- mode MOSFET.



Transistor Circuit Symbols
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(a) Symbol (b) Typical structure
Figure 13.4 An n-channel depletion- or enhancement-mode MOSFET.
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Figure 13.3 A p-channel enhancement-mode MOSFET.



Basic MOS Circuits
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Figure 2-1 nMOS transistor structure

Thewhole concept of MOStransistor evolves
from the use of a voltage on the gateto induce
a chargein the channel between source and
drain, which may then be caused to move
from sourceto drain under the electrical field
created by voltage V 4, applied between drain
and sour ce.

Charge induced in channel (Q, )
Electron transit time (1)

P

First, transit time:

_ Length of channel (L)
Tsd = Velocity (v)
but velocity
v=pE,
where
M = electron or hole mobility (surface)
E,, = electric field (drain to source)
Now
V
so that
— quJ
VETL
Thus
I2
K amA

Typical values of p at room temperature are:

M, = 650 cm?/V sec (surface)
M, = 240 cm?%V sec (surface)

(2.1

(2.2)



Thenon-saturated region

Gatel ' charge/unit area = E g, £,

Source

Q.= EgemseOWL

atatad
.....
.....
OO0

E, = average electric field gate to channel
€, =relative permittivity of insulation between gate and channel
£, = permittivity of free space
(Note: 5= 8.85 x 1071¥Fcm~1; ¢, = 4.0 for silicon dioxide)

ins

Figure 2-1 nMOS transistor structure
Now

Vds
- (-
Assume that the device is not saturated E, = 5
(Vd3< Vgs_vt) then the .average VOItage where D = oxide thickness.
value on the substrate isV /2.

Thus
: W[’ainsao Vds
Effective gate voltage: Q. = “5—((‘@, -W-= ) (2.3)
Now, combining equations (2.2) and (2.3) in equation (2.1), we have
= _ €nsEolt W Vis
V_g Vgs V{ \ I, =-1_sDL”T((ng_Vt)— é’ )Vds

V,is the thresholcbimvoltage



or

14 7%
I,=K T((Vgs -V =% ] (2.4)
in the non-saturated or resistive region where V, <V, -V, and
_ EinsEolt
K=~"p

The factor W/L is, of course, contributed by the geometry and it is common
practice to write

%%
P=K—+
so that
V2
Ids =B (Vgs - Vt)Vds _—i{— (2.4a)

which is an alternative form of equation 2.4.
Noting that gate/channel capacitance

C, = M (parallel plate)
we also have
C.n
=8
K=wr
so that
C.u Vv,
L=~ ((Vgs V)V —%) (2.45)

which is a further alternative form of equation 2.4.
Sometimes it is convenient to use gate capacitance per unit area C, (which
is often denoted C,, ) rather than C, in this and other expressions. Noting that

C,=Co WL

we may also write

|4 V2
Ly =Co“f((‘§s—"x)"¢s— 0] ) (2.4c)



Saturation begins when V, =V,  —V, since at this point the IR drop in the channel
equals the effective gate to channel voltage at the drain and we may assume that
the current remains fairly constant as V,_ increases further. Thus

Vo, - V,)?
I =K%(”—2')- @.5)

or, we may write

I = g(vﬂ -V,)? (2.5a)
or

Iy = %(Vgs -V (2.5b)
We may also write

w 2
Lyg = Coltp (Ves = Vi) (2.5¢)

The expressions derived for I, hold for both enhancement and depletion mode
devices, but it should be noted that the threshold voltage for the nMOS depletion
mode device (denoted as V,;) is negative.

he saturated region
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Figure 2-2 MOS transistor characteristics



Gate Switching Speed

An indication of frequency response may be obtained from the parameter w,
where

1
(O 1) = %(Vgs - Vt )(= T ) (28)

This shows that switching speed depends on gate voltage above threshold and on
carrier mobility and inversely as the square of channel length.

Charge induced in channel (Q_ )

Tgs =—1Isa = Electron transit time (T) @.1
. Minimum line width
Micron A
8 First, transit time:
_ Length of channel (L)
Tsd = Velocity (v)
4
but velocity
v =nFE,
2 f— HE 46
where
U = electron or hole mobility (surface)
] E, = electric field (drain to source)
Now
V,
Eds — _—ds
05 [~ L
so that
\ 2
L1111 1 1 v="tle
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Figure 1-3 Approximate minimum line width of commercial products versus T, =__u1“/ 2.2)
ds
year

Typical values of p at room temperature are:

K, = 650 cm?/V sec (surface)
n, = 240 cm?/V sec (surface)
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