Metal oxide semiconductor field effect transistors (MOSFETs)

A newer form of transistor which has pretty much replaced BJT
technology for all digital applications and much of analog.

Basically, an FET is a resistor whose resistance can be controlled
through a third terminal. So the transistor mechanism is much different
than that of the BJT. A BJT used both electrons and holes injected
across the junctions (hence bipolar). An FET uses either electrons or
holes (hence unipolar) flowing by drift current between two contacts
(source and drain). The amount of flow is controlled by a voltage
applied at the gate.

electron-current device: n-channel MOSFET (NMQOYS)
hole-current device: p-channel MOSFET (PMOS)

Using NMOS and PMOS together (known as CMOS) offers some
significant advantages in circuit design.
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Basic NMOS structure

(n-channel device)

Start with a p-type substrate.

Form two n-type regions
(source & drain)

Form a thin layer of silicon Put metal contacts on the
dioxide on the p-type silicon source, drain, and oxide (gate)
between source and drain for electrical connection

PMOS has n- and p-type regions reversed. (Duh!)
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Basic NMOS structure

(n-channel device)

EE 230

n-type source
PW@ & drain

o
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Critical dimensions

oxide thickness: typical 1 - 10 nm.

gate length (distance from source
to drain) — as small as 20 nm.

width: typical L to 10 L
(W/L ratio is important)
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Will current flow?

Apply a voltage between drain and source (V).

VDS
©
gate
N —He \t ;
source drain
P

If Vbs > 0, the diode at the drain end will be reverse-biased, preventing
current flow.

Reversing the polarity doesn’t help, because then the other junction
will be reverse biased.
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The MOS capacitor

The secret to MOSFET operation lies in the MOS capacitor (the central
part of the FET).

t
body 2hnt

substrate (body)

The structure is essentially a little parallel-plate capacitor formed by the
gate metal and the semiconductor with the oxide as the dielectric.

£
Coate = t Eox = 3.9¢, = 3.9(8.85x10-12 F /m)
=== -8
Db e for for = 10 nm (108 m)
capacitance . | f. Cox = 0.00345 F/m?
units: F/m? (or F/um?2) = 3.45x10-1> F / ym?
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P-type semiconductor —
the carriers are mostly

holes, but there are few
electron lurking around.

Try applying a negative voltage

between the gate and the body:

Holes are attracted to the gate
region and electrons are
pushed away from the negative
voltage.

body
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it gate

substrate (body)

Hole concentration under the gate is enhanced. So negative voltage
causes holes to “accumulate”. Probably not helpful for our NMOS.
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So try applying a positive
voltage to the gate. Now the ® ® ® © ¢ ¢ © ©
holes are pushed away and the
P Y ® @ P D @ ® P ®
electrons are attracted. ® ¢ © o e ®¢ ® <)

substrate (body)

The region under the gate becomes “depleted” of holes. So this is
probably not helpful either, but the movement of the electrons towards
the gate looks promising.
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So try increasing the gate

0000006006660
Voltage further. Holes are e © 000000000000
pushed away further and more ®

® @ ®

.and more electrons are pulled ° ® & g @
in. ® & & © PP OO

substrate (body)

At a sufficiently high voltage, enough electrons will gather together to
make the region under the gate “invert” and behave like it was n-

type!

The gate voltage required create the electron “inversion layer” is called
the threshold voltage, V_. If the voltage is increase beyond V_, even

more electrons are gathered together under the gate.
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The inversion layer Uy = Upp— Vs

How many electrons are in the
inversion layer? The definition of
the threshold voltage says that when 0000000000000
vee = V1, the electron concentration
in the inversion layer is equal to the
hole concentration in the substrate:

Th
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n(inversion) = p(substrate).

substrate (body) +

is gives just enough electrons so that the region under the gate begins
act like it is n-type. A detailed physical description is beyond our
pabilities now. (See EE 332 and beyond.) But we can get a good
proximation by using the fact that the MOS structure is basically a

pacitor. Once the gate voltage is bigger than the threshold, electrons
e up under gate just like charge on a plate of a capacitor.

Qinv — “qate (UGB o VT)

Q; where n; is the sheet concentration
ZU = Cox (vBG — V1) = qns S . .
of electrons in the inversion layer.
(electrons per unit area). e




The threshold voltage

The threshold voltage for a MOSFET
depends primarily on two things. The
doping level of the substrate and the
thickness of the insulating gate oxide
layer.

substrate (body) +

The definition of threshold is that the electron concentration under the
gate is equal to the hole concentration in the rest of the substrate. If
the hole concentration in the substrate is higher (due to higher doping)
more voltage is required to induce the higher number of electrons
needed for inversion. Increased doping means higher threshold.

The electric field in MOS capacitor in the gate that controls what is
happening in the inversion layer. Since € o vgp/t,x , making the oxide
thicker requires more voltage in order to create the same electric field.
So a thicker oxide also leads to higher a threshold voltage.

Integrated circuit fabrication engineers work very hard to control the
threshold voltages of the MOSFETs. Not easy when there are millions
e 230 (Or billions) of transistors in a chip! eamanain



Summary of MOS capacitor operation

So through the application of the gate voltage, we control carriers under
the gate.

v <0 hole accumulation
b =\ carrier depletion
Inversion —
GIEEsEElE, electron layer forms,
qns = Cox(vgs— V1)
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Now we see a mechanism by which we might get current to flow
between drain and source.

Apply a gate voltage to create an electron inversion layer. Then
electrons from the source can flow to the drain using the inversion

layer as a channel. 4@
| +

¢ T Lo i gate L

body L L

electron inversion layer
source drain

For now, we connect the source to the body (call this ground) and
apply the controlling voltage between the gate and the source. This is
OK for the time being, but we will have to revisit the issue of the body
connection later. With the drain also at ground, the inversion layer

(channel) is uniform between source and drain.
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Drain resistance

EE 230

With the inversion layer in place, we can apply a positive voltage

between the drain and source. This creates an electric field along the
channel that will push electrons from the source through the inversion

layer to the drain. The moving electrons represent a current in the

opposite direction — from drain to source.

e 0
G
—{I +)
cs> Vr gate

body n e n
electron inversion layer
SOUrce —» electrons drain
< ZD
p
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At first inspection, the current is
essentially that of a resistor —
increasing the drain voltage will
increase the current. So we
need to find the resistance
between the drain and source,

Rps.

U
®
—{I +)
>V

¢ * $ T gate

body n e n
electron inversion layer

SOUrCe ——» electrons drain

- ZD

p

The total resistance is the sum the resistances of the three regions: Rps =

Rsource + Rinversion + Rarain. Usually, the source and drain are very heavily
doped (lots of electrons) and so the resistances in those regions are very
small. Most of the resistance is associated with the inversion layer so

that RDS = Rinversion-
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Using the basic definition for a resistor:

L B L e
S ini (T) (v_v> i PR

where ni,, is the electron concentration (m=3) in the inversion layer, tix,
is the “thickness” of the inversion layer, u, is the electron mobility, g is
the charge on one electron and L and W are the gate length and width.

T EmeRlioiises (9 Minotino) W
ID = i — | \Y4, Ninvlino I UDS

The electron concentration and inversion layer thickness are difficult to
quantify because of the sheet-like nature of the inversion layer.

However, the product ni0 tine can be re-expressed more easily — it
represents the “sheet concentration” (m-2) of electrons in the inversion
layer, which we denote as ;.

We saw earlier that: gns = Cox (vgs — V1)
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Using the basic definition for a resistor:

S} L [0 pinv L 1 18 !
Rps = pinvZ = <tinv> <W> e Gk, Mino

where ni,, is the electron concentration (m=3) in the inversion layer, ti, is
the “thickness” of the inversion layer, u, is the electron mobility, g is the

charge on one electron and L and W are the gate length and width. (See
slide 4 for a reminder of the 3D geometry.) Putting the equations
together:

1 &
Rox = i) ()

uERmSN D) Inns ( g o ) V_V
tpy # R — | \YH{, Ninvliny T UDS

The electron concentration and inversion layer thickness are difficult to
quantify because of the sheet-like nature of the inversion layer.
However, the product nin tine can be re-expressed more easily — it
represents the “sheet concentration” (m-2) of electrons in the inversion

layer, which we denoted earlier as ns.
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Eanen %A%
ID = |4, " T UDS

We saw earlier that: L e V)

1
‘uncox va) (UGS 55 VT)

= Kuncoxva) (vgs — VT)} vps | Rps = (

,unCoxW/L — 0.5 mA/VZ and UGS—VT — 4 V.
1.0

P

<

g

a

~ 0.6

|

g

=04

!

P

= /

<CIEE 8 1)

<

0.0 . . . .
0.0 0.1 0.2 0.3 0.4 0.5

drain voltage — vps (V)
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But the most important observation is that the channel resistance
depends on the gate voltage! As the gate voltage is increased (which
increases the electron sheet concentration in inversion layer), the
channel resistance decreases. This a variable resistor. (But not anything

like a potentiometer.)
MnCoxW/L — 0.5 mA/VZ and VT — 1 V

1.0
vGs=5V
For vgs < V7, there is = 08 /
no inversion layer: “i ves— 4V
Rps = wand ip=0 -TQ%
(blue curve). -
:;::) vgs=3V
FOI‘ 0GS 2 VT, the 8 0.4
resistance decreases £
o Yo
(slope increases) as e ves =2V
UGs Increases. |
o | UGs < V1
0.0 0.1 0.2 0.3 0.4 0.5

drain voltage — vps (V)
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Drain resistance

However, the picture gets more complicated as vps increases.
v

gate T

G

Og (:O)

—0 <

v

n < > n

source @ — UDS + drain

The electron sheet concentration depends on the local voltage of the
semiconductor underneath the gate. In the MOS capacitor, the voltage
of the semiconductor was the same everywhere, so the electron
concentration was uniform. In the case of the MOSFET, the local voltage
under the gate can vary from one end to the other. At the source end, the
channel voltage is O, (because we have tied the source to ground). At

the drain end, the channel voltage is vp, because we have applied a
voltage there in order to make current flow. In between, the channel

voltage ranges between 0 and vp.
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The electron sheet concentration is determined by the difference
between the gate voltage and the local channel voltage. At the source

end, gns = Cox(vgs — V7). At the drain end, gns = Cox(vep — V7).

Since vep = vgs — Ups, then gns = Cox(vss — vps — V1) at the drain end.
Increasing vps decreases vgp and so decreases the electron

concentration at the drain end, increasing the incremental resistance at
the drain end.

The result of all this is that the inversion layer (channel) resistance is
actually non-linear — the resistance changes as the drain voltage changes.
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Vas>Vr
(0] VDS >0
+ + I
— Vas Vab
— gate —
000000 0 (
n n
SOLIeS electron concentration decreases drain
at drain end

The non-uniform electron concentration along the channel implies that
the channel resistance is not uniform — it is greater at the drain end,
where there are fewer electrons.

So, the drain voltage increases, the channel resistance increases. The
effect is that the I-V curve bends over.
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So a more correct analysis of the current flow shows that the ip-vps
relationship is not linear, but parabolic. (See EE 332.)

: 1 %%
i (EMHCOXI) 2 (vgs — V1) vps — vpg]

Exercise: Show that this reduces to the linear equation for small values of

0UDS.
UnCoxW/L = 0.5 mA/V2and vgs—Vr1 =4 V.

/

_—
/
.| /

0.0

drain current — ips (mA)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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This mode of operation is known as "linear" or "ohmic". (Some old
codgers also call is "triode" — but don't use that.)

, 1 3%
I — <§‘unCoxf> 2 (vgs — V) vps — 01235]

Notation: To save on ink and time, define the constant in front as:

1 %A%
K Cox_
prutey

The units of this “MOS current parameter” are A/ V2. Or more
typically mA / V2. (Check it.)

Note: This use of K is not standard. Different textbooks will handle the
current parameter differently.
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current saturation

EE 230

Now take the final step: If
vps 1S increased sufficiently,
we reach a point where vgp

< V1. The electron
concentration should
disappear at the drain end!

n

source

Vae >V
GS~ VT
o] Vps >0
o
+ +
Vas Vep< V7t
gate —
000000 000Ny
n
drain
electron layer is "pinched down"

The usual terminology is to say that the channel is “pinched off” at the
drain end, but this is slightly misleading. If the channel were truly

pinched off, then the electron concentration would go to zero there

and the current would necessarily have to go to zero, also.

Instead, it might be better to say that the channel is “pinched down”.

The electron concentration goes to some minimum value, but never

really shuts off. In effect, the flowing current works to hold the

channel open, even though the drain voltage seems high enough to

truly pinch off the channel.

MOSFETs — 25



The mathematical analysis of what happens in a FET at pinch-off is a
fairly complicated problem in electromagnetics — definitely beyond
our current capabilities. (Again, see EE 332.)

However, the end result on the device behavior is easy to grasp — the

current saturates at the pinch down value. For higher values of vps, the
current stays constant at a constant value.

The condition for the NMOS going reaching the “pinch-down”
condition is vgp < V7. This can be re-expressed in terms of vps and vgs.

Ups = Ugs — VT

To determine the saturation current, we can insert the pinch-down

condition given above into the ip-vps equation from the ohmic region
of operation. Then the saturated current is

1 W

iD (sat) — (iyncoxf> [UGS a VT]z =K [ZJGS Faf VT]Z

(Work out these details for yourself.)
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NMOS ip-vps curves

1.3

1.0 _—

| .

0.5

Fix vgs and vary vps.
Plot the drain current.

drain current — ips (mA)

0.3

0.0 ; : ' ) ' ; :
0.0 0.5 1.0 1'5 2.0 25 3.0 38 4.0
drain voltage — vps (V)

For small vps (vps < vgs - V1), the NMOS will be in the ohmic region.

At higher vps (vps > vgs - V), the channel pinches down and the
current saturates.

If vgs < V7, there is no inversion layer and the NMOS is off (ip = 0).
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NMOS ip-vps curves

A set of characteristic curves for an NMOS with V=1V and

1w A\ /(10 A
Ki = 51,Con 7 = 5 (0.05m—> ( ”m) = 0.25—
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g2 30
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c
g 2.0
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c 1.0
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o

ves =2V
0.0 2.0 4.0 6.0 8.0 10.0

drain voltage — vps (V)
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Another useful plot is ip vs. vgs, with vps fixed. If vps is kept large so
that the NMOS does not go into the ohmic region, the curve is
essentially a plot of the saturation equation.

< 15 — — — y — -
= £ | | | / NMOS in
E N ~ saturation
"o :,-\ 5 s

I L |

05 ...................... .................... ....................... ....................... .................... i
'NMOS off &

0 wwwwwww IJJll:JJll:JJll:JJllJ
0 1 2 3 4 5 6

In a slight modification, we can plot ip!2= K2(vcs - V7). From this
graph, we can immediately pick out the two important NMOS
parameters: Vr and K.
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Summary of NMOS equations

1 W
VT, K —_ Eyncoxf
vas < VT off ip=20
Vst = VT on vps < vcs— Vr  ohmic or linear

: 1 W
Ip = <§‘Uncoxf> [2 (UGS o VT) DS+ U%)S]

Ups > vcs— Vr o saturation
: 5
Ip = K [UGS - VT]
ic = 0! (at least at DC)

The equations are exact (within the limits of the simplest MOSFET
model). The quadratic dependence of current on voltage means that
the circuit analysis will be non-linear and we will have frequent need
for the quadratic equation.
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The NMOS substrate (body)

In applying the drain voltage to make the drain current flow, is it necessary to use
positive value for vps? It would seem that vps < 0 might be OK. However, it's not.

Ucs > Vr Ups
L T T gate T
n 1 aass 1 n
COUrCe * electron inversion layer * drain
p-type body

To see why, consider the p-n junctions formed by the drain and source with the
substrate.

If the substrate is at ground potential and we apply a negative voltage to the drain,

the p-n junction there would be forward-biased — probably with a very large voltage
possibly without a limiting resistor — and a huge forward-bias diode current would
flow from the substrate into the drain. The junction would likely be burned out.

The NMOS substrate rule: The NMOS substrate (body) should be connected to the
lowest voltage in the circuit — usually the ground. (Although it could be a negative
power supply.) Then the source and drain will both always be at the same or higher

voltages, and it will be impossible to forward-bias the diodes.
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