Basic PMOS structure

p-channel device (n- and p-type regions reversed.)

p-type source
& drain

~
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n-type substrate




Critical dimensions

oxide thickness: typical 1 - 10 nm.

gate length (distance from source
to drain) — currently
width: typical L to 10 L as small as 20 nm.

(W/L ratio is important)
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Will current flow?

Apply a voltage between drain and source (V) — there is always as

reverse-biased diode blocking current flow.

VDS
©
gate
P > 7
source drain
n

To make current flow, we need to create a hole inversion layer.
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The PMOS capacitor

Same as the NMOS capacitor, but with n-type substrate.

body gate &
contact /
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substrate (body)

In the substrate, there are lots of electrons (majority carriers), and
relatively few holes (minority carriers).
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EE 230

Apply a positive voltage
to the gate — electron
accumulation.

Apply a (smallish)
negative voltage to the
gate. Electrons are pushed
away and a few holes are
attracted — carrier
depletion.
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Applying increasing negative voltages to the gate causes more and more
holes to pile up in a sheet underneath the oxide. At some particular
voltage, the hole concentration in the sheet will be just as big as the
electron concentration in the rest of the substrate. This is hole inversion

and the voltage needed to create the inversion layer is the threshold
voltage for the PMOS.

For PMQOS, the threshold voltage is negative.

Making vgp even more negative simply increases the hole concentration

in the sheet.
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Summary of PMOS capacitor operation

EE 230

Through the application of the gate voltage, we can control what is

happening with carriers under the gate.

iR 0 electron accumulation
V.o =0 carrier depletion
Inversion —
o = VT hole sheet forms.
(Note: Vr Is negative.)
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Creating a hole inversion layer connects the source to the drain. The

PMOS is “on”.
—1 +)
i T | ESEE = ot i
body L " ol inversion layer P
source drain

For now, we connect the source to the body 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 current

With the hole inversion layer formed (vgs < V1), current can flow by
applying a negative voltage at the drain. This creates an electric field that
will push holes from the source, through the inversion layer channel, and
on into the drain. The moving holes represent a drain current flowing
from source to drain. (Opposite the current for an NMOS!)

U= 0
()
0—< S }
EEBEEE R
i T s gate
bOdy p """"'.""'. -------- p
hole inversion layer
source i drain
—— holes
> 1
n D
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body
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If vps is kept small, the current flow is
“ohmic” — like a resistor. Rps depends on
the how much gate voltage is applied
(determining the hole concentration in
the inversion layer) and the physical
dimensions of the PMOS.

—19D8
Rps

i (mA)

(V)

-0.1 0

PMOS - 10



©

C : vDS<0
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hole inversion layer
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—  » holes
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But as vps becomes more negative, the
hole concentration at the drain is reduced
— the channel is no longer uniform and it

is becoming more resistive. The i-v curve
becomes non-linear, becoming parabolic.

i (mA)

iD =K [2 (ZJGS = VT) OpS — UIZDS]

1 W
" — Cox_
emsgiiy
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At sufficiently negative values for vDS,
the channel becomes “pinched down” to
its minimum possible value. Then the
current saturates. The pinch-down occurs

when vps < vgs — Vr. Then the current in
saturation is given by:

i (mA)

iD K [UGS o VT]Z
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Summary of PMOS equations

Vs Vo ip=20 off
e | ohmic or
Ups > Vgs — VT + e e e
e <V : '
GS T ip = K[vcs— V12 saturation

UDps < UGs — VT

K= ilucoxf | v _=-2V
VT<O -5V =—4V

i (mA)

Note the equations are identical
to the NMOS equations. For a

-10 |

: -
PMOS, vgs and vps are both Y
negative and the current flows RS U EUE FUUVE DUUTE DUV DR PO PO
: 8 7 -6 -5 -4 -3 2 -1 0
from source to drain. o V)
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The PMOS substrate (body)

In applying the drain voltage to make the drain current flow, why did we
use a negative value for vps? It would seem that a positive vps would be

.¢T

body | P i p
hole inversion layer
SOLIEIE ¥ drain

—» holes

UGS<VTT TvDS<O

> 1
1 D

The reason becomes clear when we consider the p-n junction formed by
the drain and the substrate.

If the substrate is at ground potential and we apply a positive voltage to
the drain, the p-n junction there would be forward-biased — probably
with a very large voltage — and huge currents would flow from the drain
into the substrate. The junction would likely be burned out.

The PMOS substrate rule: The substrate (body) should be connected to
the highest voltage in the circuit — usually the positive power supply.
Then the source and drain must both be at the same or lower voltages,
= o350 and it will be impossible to forward-bias the diodes. e



PMOS example

Vo te

Since a PMOS is essentially an NMOS with

negative voltages and current that flows in the iDT R 1kO

opposite direction, it might seem reasonable that :

PMOS circuits would look like NMQOS circuits, +

put with negative source voltages. VGOTl Vs

n the PMOS circuit at right, calculate ip and vps. TV e

In the circuit, Vgs = —4 V, which is more negative

than the threshold voltage, so the PMOS must be Veem ey
K,=0.5 mA/V?2

on. Guess saturation:

o
ip=K, (ves=Vz,) =(05mA/V?)[4V-1V]’ =45mA

vps = Vpp + ipRp  (Be careful with signs!! Use KVL correctly.)

=—-10V + (45mA) (1kQ) =-55V

Vps is more negative than Vgs — Vr (= =3 V), so saturation is confirmed.

EE 230 PMOS - 15



PMOS example gLl

Essentially the same circuit but with a different

D
From the previous examples, we can be certain L
that the PMOS is on. Guess saturation again, and  , \ Voo
we get the same value for the current. ! \G, ";} 5
GS

2
iD — Kp (VGS = VTp)

, Vip=-1V
= (0.5mA/V?) [4V-1V]" =45mA K, =0.5 mA/V2
Vps = Vpp+ipRp =—10V + (4.5mA) (10kQ) =35V

Oh no! The drain-to-source voltage is not more negative than Vgs — V7,
so it can’t be in saturation. In fact, 35V is not even possible given the
power supplies. The PMOS must be operating in ohmic.
: Vps = Vpp + IpR
Vps — Vbp

Ip =
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Equating the resistor current to the drain current:

Rp

VDs

DD
= Kp [2 <VGS & VTp) VDS TR VgS:I Blerk'

Plug into your calculator and solve. Or do it the old-fashioned way —

start by re-arranging:

2o+ |2 (VGS s VTp> L

Plug in values:

1

K,Rp

1

:
i bb =0
KRy,

VDS

—10V

vgs+{2[—4v—(—1\/)] —

(0.5mA/V?2

vEod (—6.2V) vadt 2 VI=0

) (10kQ) }VDS_ (0.5mA/V2) (10kQ) :

Solve to get vps =-0.341 V or vps =-5.86 V. The larger value is not
consistent with the PMOS being in ohmic. So with vps=-0.341V, the

drain current is:

vps — Vb

I =

EE 230 RD

—0.341V - (—-10V)
= 0.97 mA
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PMOS example o

However, we rarely use PMOS transistors with % e
negative supplies as was done in the previous two 2 i
examples. Typically PMOSs and NMOSs are used VGO_”: +DS
together, sharing the power supplies. To a PMOS +6 V

with positive power supplies, we “flip it over” and iDl R, 1kQ
use it “upside down” as shown the circuit at right.

x

Note the location of the gate, drain, and source Vil iy
and the corresponding voltages. Also the current K,=0.5 mA/V?
flows “down”.

Vps = IpRp — Vpp
Guess saturation.

2
ip =K, <VGS + VTp) = (0.5 mA/Vz) [4V —1 V]2 =4.5mA

vps = (4.5mA) (1kQ) — (10V) = —= 5.5V — Saturation confirmed.
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PMOS example V. 410V

With NMOS transistor, we saw that if the gate is tied Veag
to the drain (or more generally, whenever the gate +_| l: ‘71)5
voltage and the drain voltage are the same), the -
NMOS must be operating in saturation. The same is Tt
true for PMOSs. In the circuit at right, vps = vgs, iDl e
and so vps < vps — Vr, will always be true for V, < 0. v
With the PMQOS in saturation:

2 2 Vip=—1V

ip =K, <VGS = VTp> = K, (VDS = VTp) K, =0.5 mA/V2

and,

Vps = ipRp — Vpp
Insert the second into the first:
in=K, (iDRD e VTp)2
Expand:
in=K, [igRg ~2(Vop + Vg, ) (inRo) + (Vo + VTP>2]
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Re-arrange:

2 <VDD + VTp) 1 | | Viop + VTp—

Plug in values:

. 2|10V + (-1V)] 1 ,
lp — A s (T
1 (0.5mA/V2) (1kQ)

10V+(-1V)]*
1 kQ B

i2 —(20mA) i, + 81 mA% =0

Solve to give: ip = 5.64 mA or ip = 14.36 mA. The larger voltage is too
big — in that case vps = +4.36, which is not compatible for a PMOS.
So the drain current is ip = 5.64 mA and the corresponding drain-to-
source voltage is vps =—-4.36 V. All is good.
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