6.012 - Microelectronic Devices and Circuits

Lecture 12 - Sub-threshold MOSFET Operation - Outline

e Announcement
Hour exam two: in 2 weeks, Thursday, Nov. 5, 7:30-9:30 pm

o REViEW ALSO: sign up for an iLab account!!
MOSFET model: gradual channel approximation (Example: n-MOS)
0 for (Vg — Vp)laa <0 < vpg  (cutoff)
ip = 3\ K(vgs — V1)?/2 for 0 < (vgg — V1)lo. < Vpg (saturation)

K(VGS — VT — OLVDS/Z)OLVDS fOF O < VDS < (VGS - VT)/OL (Iinear)
with K = (W/aL)ueCo,", V1 = Veg — 20,5 + [2e5i ANA(12¢,.5i — VBs)]V4/Cox”
and o = 1 + [(SSi QNA/2(|2(i)p_S|| — VBs)]l/2 /COX (frequently o~ 1)

The factor a: what it means physically

o Sub-threshold operation - qualitative explanation
Looking back at Lecture 10 (Sub-threshold electron charge)
Operating an n-channel MOSFET as a lateral npn BJT
The sub-threshold MOSFET gate-controlled lateral BJT
Why we care and need to quantify these observations

 Quantitative sub-threshold modeling

iD,sub—threshold(q)(o))1 then iD,s-t(VGS’ VDS) [With Vgs = O]

Stepping back and looking at the equations
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Final comments on o

The Gradual Channel result ignoring o and valid for Vg =0, and v =0 js:

s (Vas1VosiVes) = 9’ 5 (Ves1VpsiVes) = 0, and

5 (Vos:VpsiVes) =<

0 for  [Ves = Vi (Ves)] <O <Vps

K
2 [VGS -V; (VBS)] i for 0< [VGS -V (VBS)] <Vbs

V
K{VGS —V; (Vgg) - %} Vps for  0<vyg< [VGS - V; (VBS)]
N

with K EﬂLueC;X and C =zt

We noted last lecture that these simple expressions without o are easy to
remember, and refining them to include a involves easy to remember

substitutions:

Vps = QVpg

L=aL K=K/«

What we haven't done yet is to look at a itself, and ask what it means.

What is it physically? 1/1xp7(Vgs)
— o _ Ge
a=1+ Cl* \/ gsqNA = COX ' - \/qNA/ng [‘2¢p—8‘ _VBS] or 8ox/tox
ox 2[‘2¢p_9‘ — Vis oX £, SSSISSESi/XDT
:l+83'/XDT :1+§ti:l+C;T:C;T B ®
Clif Fonstad, 10/22/09 ox €ox Xpr Cox  Cos
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Foil 7 from Lecture 10

MOS Capacitors: the gate charge as vy is varied

Aqg; [coul/cm?]

« _ 50N,
%=

OX

€5ON,

5 = Co(Ves = Vr)
2C0X2(V -V ) qG ox\ YGB T
\/1+ v _1) + 0N Xpr
A\ A

ANApXpT |

Inversion
Layer
Charge

Depletion
—— Region
Charge

The charge expressions:

0 (Ves) = 1

Clif Fonstad, 10/22/09

r C;x (VGB - VFB )

2C (Vg = V.
\/1+ oc(Ves FB)—l] for Vo =svg =V,

£q0N ,
C*

£50N

(0),¢

L C;x(VGB _VT) + qNAXDT

» Vg [V]

Accumulation
— Layer Charge

Co o fx
tOX

for Vg =V,

for V =V

Lecture 12 - Slide 3



Foil 8 from Lecture 10

MOS Capacitors: How good is all this modeling?
How can we know?

Poisson's Equation in MOS
As we argued when starting, J, and J_ are zero in steady
state so the carrier populations are in equilibrium with
the potential barriers, ¢(x), as they are in thermal

equilibrium, and we have:
| |

Once again this means we can find ¢(x), and then n(x) and
p(x), by solving Poisson's equation:;

d2 X — X X
P00 = [ (e oo e 07) 4 N, (9 - N, ()]

This version is only valid, however, when [¢(x)| < -¢,.

When |¢(X)| > -¢, we have accumulation and inversion layers,
and we assume them to be infinitely thin sheets of charge,

I.e. we model them as delta functions.
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Foil 9 from Lecture 10

Poisson's Equation calculation of gate charge
Calculation compared with depletion approximation
model for t,, =3 nm and N, = 1018 cm=3:

e i =
tOX,eff -~ 3.2 nm

CD\ We'll look in this

vicinity today.
We've ignored

/,l_ sub-threshold

oy et = 3.3 NM charge in our
MOSFET i-v
modelling thus
far.
Clif Fonstad, 10/22/09 Lecture 12 -Slide 5
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Foil 10 from Lecture 10

MOS Capacitors: Sub-threshold charge
Assessing how much we are neglecting

Sheet density of electrons below threshold in weak inversion
In the depletion approximation for the MOS we say that the
charge due to the electrons is negligible before we reach
threshold and the strong inversion layer builds up:

qN(inversion)(VGB) = _Cox (VGB _VT)
But how good an approximation is this? To see, we calculate
the electron charge below threshold (weak inversion):

0
— q¢(x)/KT
qN(sub—threchoId)(VGB) = - fnie dx
X4 (Ve )

¢(X) is a non-linear function of x, making the integral difficult,

_ gN 2
P(X) = ¢, +——2(x-Xq)
2¢€4
but if we use a linear approximation for ¢(x) near x = 0,

where the term in the integral is largest, we can get a very

good approximate analytical expression for the integral.
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Foil 11 from Lecture 10

Sub-threshold electron charge, cont.
We begin by saying

do(x)

dx

¢(X) = ¢(0)+ax where as=

_ \/ZqNA[¢<0)—¢p]

€s
With this linear approximation to ¢(x) we can do the integral

and find
E@ =_q KT €5 . @I (O/KT
q a a /20N, [¢(0) - ¢,]

To proceed it is easiest to evaluate this expression for various
values of ¢(0) below threshold (when its value is -¢,), and to
also find the corresponding value of vgg, from

Voo ~Vis = 9(0) = 8, = 250N, [4(0) - 9,

This has been done and is plotted along with the strong
Inversion layer charge above threshold on the following foil.

qN(sub—thresrmId)(VGB) ~ (
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Foil 12 from Lecture 10

Sub-threshold electron charge, cont.

Magnitude of Electron Sheet Charge Density
[Coul/em?]

Calculations for N, = 10 em™, t,, = 3 nm

1.00E-07

9.00E-08

8.00E-08

7.00E-08

6.00E-08

5.00E-08

4.00E-08

3.00E-08

2.00E-08

1.00E-08

0.00E+00 "
1.35

Total Electron Charge
—&#— Sub-Threshold Electron Charge
~=— Strong Inversion Charge F

Gate Voltage above Flat Band, Vgs-Vys [VoIts]

Neglecting this charge in the electrostatics calculation resulted in
only a 6 mV error in our estimate of the threshold voltage value.

Today we will look at its impact on the sub-threshold drain current.

Clif Fonstad, 10/22/09
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MOSFETS: Conventional strong inversion operation,
VGS > VT

VBS n High concentration of
electrons in a strong inversion
B layer drifting to the drain
because of field due to v ps.

n-type surface channel; drift flux from source to drain
In our gradual channel approximation modeling we have assume a
high conductivity n-type channel has been induced under the gate.

Clif Fonstad, 10/22/09 Lecture 12 - Slide 9



MOSFETS: Sub-threshold operation, Vs < V;

VBS
A small number of electrons - The electrons diffuse and do not
surmount the barrier and B “feel” vps until they get to the
diffuse to drain. edge of the depletion region.

No surface channel; diffusion flux from source to drain when v >0
For any vgg > Vg SOme electrons in the source can surmount the
barrier and diffuse to the drain. Though always small, this flux can
become consequential as v, approaches V.

Clif Fonstad, 10/22/09 Lecture 12 - Slide 10



MOSFETS: Sub-threshold operation, Vs < V;

What do we mean by "consequential"?
When is this current big enough to matter?
There are at least three places where it matters:

1. It can limit the gain of a MOSFET linear amplifier.
In Lecture 21 we will learn that we achieve maximum gain from
MOSFETSs operating in strong inversion when we bias as close to
threshold as possible. This current limits how close we can get.

2. It is amajor source of power dissipation and heating in

modern VLSI digital ICs.

When you have millions of MOSFETs on an IC chip, even a little bit
of current through the half that are supposed to be "off" can add up
to a lot of power dissipation. We'll see this in Lecture 16.

3. It can be used to make very low voltage, ultra-low power

Integrated circuits.
In Lecture 25 we'll talk about MIT/TI research on sub-threshold
circuits with 0.3 V supplies and using yW's of power.

Clif Fonstad, 10/22/09 Lecture 12 - Slide 11



Sub-threshold Operation of MOSFETs: finding i,

Begin by considering the device illustrated below:

S G D
'tox 1
O €
t, o P
x Y 0 IB L

I I >y
- Set Vgg = Vg, and vpg = Vg = 0.
- The potential profile vs. y, ¢(y) at any x between O and t_, is then:

Ves=Veg |G Vps=0

S D

d(Y)
T ¢n+

L

|

X | I > Yy
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Sub-threshold Operation of MOSFETS, cont.

- Now consider ¢(y) when vgg = Vg, Vgs = 0. and v > 0:

4 (S Vaos = Ve |G Vps >0 D oy
(())X:: On, VDS'E' \*/
p ST
-
XY Ves ™ 0B . N O% / -
5 ! Y % i

- So far this is standard MOSFET operating procedure. We could
apply a positive voltage to the gate and when it was larger than V;
we would see the normal drain current that we modeled earlier.
Rather than do this, however, consider forward biasing the
substrate-source diode junction, l.e, vgs > 0...

Clif Fonstad, 10/22/09 Lecture 12 - Slide 13



Sub-threshold Operation of MOSFETS, cont.

- Apply vgg > 0, keep the same vg > 0, and adjust vgg such that
the potential at the oxide-Si interface, ¢(0,y), equals ¢, + V.

- Now consider ¢(X,y):

Vgs S-1. #(0,y) = ¢, + Vgs
g G

Vps >0

P

I VBS>0|B
X | I

I 1 > Y

0 L

- With this biasing the structure is

D

being operated as a lateral BJT!

The drain/collector current is:

. 2

Iy,c =Wt .gn N
Ap —eff

Clif Fonstad, 10/22/09

Dl(i ( gWVes /KT _ 1)

- This is not sub-threshold operation yet.

oy §
¢n++ VD E
(3
: >
L
¢p+ Vqu 4 /E y
_______ i
g Vs !
N
_ n'(o+) o npo(eQVBS/kT_l)
| >
0 L y

Lecture 12 - Slide 14



Sub-threshold Operation of MOSFETS, cont.

- Now again make vg5 = 0, but keep the same v and v,g so that
the potential at the oxide-Si interface, ¢(0,y), is still > ¢,,.
- Now ¢(x,y) is different for 0 < x < xp,

and xp <x<t.,: ¢(O’Ay)
Vgs S-t. §(0,y) > ¢, G vo.>0 Pn+t Vs
_q)Fi n+ ]
o) T~—5—|
i 2
0 ¢(Xl'¢p E L
¢p_' ----------- _i-
Vo =0 | B
xV B? | >y ¢(y i
0 - ¢n++ VDS'E'
- Now there is lateral BJT action o /
only along the interface. "
- The drain current that flows in I
this case is the sub-threshold 0 / L >y
drain current. o, i

Clif Fonstad, 10/22/09 Lecture 12 - Slide 15
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Sub-threshold Operation of MOSFETS, cont.

- The barrier at the n*-p junction is lowered near the oxide-Si
interface for any vgg > Vg.
- The barrier is lowered by ¢(x) - ¢, for 0 <X < X,

(This is the effective vge on the lateral BJT between x and x + dx.) Plot vs y
$(0.y) : at fixed x,
Vig <Vgs < Vi Vps > 0 ’Ay i 0 < X < Xp.
¢n++ VDS;
_¢Fi n+ ]
00) ! g
0 o), L
V..=0 I B :¢(X) v b
¥ BS P s I +-
j | >y P |
0 L |
: : | Plot vs x
- The bamer Iowerlng Ves| ! at fixed y,
(effective forward bias) -0 4 O<y<L.
(1) is controlled by v, _v___JKq)(O) ___________________________
and (2) decreases =) X >y

quickly with x. VEE eff(X)

= [0()- 9] %

Cllf FonStad, 10/22/09 |njection occurs over this range. Lecture 12 - Sllde 16




Sub-threshold Operation of MOSFETS, cont.

- To calculate iy, we first find the current in each dx thick slab:

D
x e
x+tdx | | n+ * p """""""""" N n+
Xo - Ves =
Vps > 0

\ —

y o' | N
v n'(x,O) =n (eqrp(x,ves)/kT —l) ~ nieq¢(X’VGS)/kT n'(x, L) _ nieq¢(x,vGD)/kT

dip () =qD, (%0 = ML) \py gy % D, qn,g™*e)'KT (1— g o)) cix

Clif Fonstad, 10/22/09
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Sub-threshold Operation of MOSFETS, cont.

- Then we add up all the contributions to get iy:

0

I = %De fqnieq¢(X’VGS)/deX (1_ e—quS/kT)

- This is what we called qyyp-thresholay IN L€CtUre 9 and today on Foil 7.
Substituting the expression we found for this (see Foil 7), we have:

X4

| b (sub-threshold) = W D |4 al s n g#(Oves VKT (1— g Wos/ kT)
L q ZqNA[¢(01VGs) - ¢p]

- Using the Einstein relation and replacing n, with N,ed%T we obtain:

. _ W : (kT)2 1 2QegN, eq{¢(o,ves)—[—¢p]} iy (1_ e—quS/kT)
q 2C:)X [¢(O'VGS) — ¢p]

ID(sub—th) Tue oxX
- To finish (we are almost done) we need to replace ¢(0,vgg) with vgg
since we want the drain current's dependence on the terminal voltage.

Clif Fonstad, 10/22/09 Lecture 12 - Slide 18



Sub-threshold Operation of MOSFETS, cont.

- The relationship relating ¢(0,vgg) and v is:

2[00 - ¢, ]

- From this we can relate a change in v g to a change in ¢(0), which
Is what we really need. To first order the two are linearly related:

VGS ~ YFB

av 1 260N, |
AV = ={1+-—— L A@(0) = NAG(0
V d¢(0) ¢( ) | ZCOX\/[¢(O)—¢p] ¢( ) ¢( )

=N
- In the current equation we have the quantity {¢(0,vgs) - [-d,]}. -9, IS
simply ¢(0,V;), the potential at x = 0 when the gate voltage is V;, so

{#(0Vge) =[5} ={#(Oves) - #(OV7)} ={Ves -V} /n

- Using this and the definition for n, we arrive at:

. W * kT VAo — n —
|5 (s thresnoid) = —— Mo C., ( ) (n 1) { es-Vr}/ kT(l_e qus/kT)}

L q

Clif Fonstad, 10/22/09 Lecture 12 - Slide 19




Sub-threshold Operation of MOSFETS, cont.

- To fully complete our modeling, we must add two more points:
1. The dependences on vgg and vpg:

Vgs: The threshold voltage depends on vgs. ¢(0,V;) does also,
l.e. ¢(0,V;) = - ¢,-vs, @and so do the junction barriers. Taking
this all into account we find that the only change we need to
make is to acknowledge that n and V; both depend on vgq.

Vps: The drain to source voltage introduced a factor (1 - e-avoskT) = 1.
This is discussed in the handout posted on Stellar.

The complete expression for iy is:

2
. wW . (KT eV (Vas b/ )
ID,s—t(VGS1VDS’VBs) =~ T,Ue COX (F) [n(vBS) —1] eq{ Vr (Ves)}/nkT (1_ e qVDS/kT)

2. The factor n:
The value of n depends on ¢(0,vs). Notice, however, that the sub-

threshold current is largest as ¢(0,vss) approaches -¢,-vgg, S0 it
makes sense to evaluate it there and take that as its value for all

V.
1 250N, 14 1 £50N

2C:;x [¢(O) - ¢p] ) Cox 2[_2¢p ~ Ves

Clif Fonstad, 10/22/09 _ o _ Lecture 12 - Slide 20
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Sub-threshold Operation of MOSFETS, cont.

- Comparing current levels above and below threshold:

The ranges of the two models do not overlap, but is it still
interesting to compare the largest possible value of the sub-
threshold drain current model (v4g - V; = 0 V),* with the strong
inversion model at v -V =0.06 V, 0.1V, and 0.2 V:

, 2
| b (sub-threshold) ~ E (n _1) eq{ Ves—Vr}/nKT Vgs =0
K g
(0.025)> 0.25 1 = 1.56 x 104 V2

invers 1 2
D(stronginversion) _ (VGS _ VT)

P~

K 201
(0.06)? = 1.5 x 103 V2
0.4 (0.1)2 = 4x103V2
(0.2)2 = 1.6 x 102 V2

We see that the current in strong inversion drift current quickly
becomes much larger, although only grows quadratically.

* This is pushing the model, particularly with regard to the
Clif Fonstad, 10/22/09  diffusion current model, beyond it's range of strict validity, Lecture 12 - Slide 21
and is probably somewhat of an over-estimate.



Sub-threshold Operation of MOSFETS, cont.
- Plotting our models for the earlier device: N, =10 cm-3,t , =3 nm:




Sub-threshold Operation of MOSFETS, cont.
- Zooming into a lower current scale: N, =10 cm-3,t

' "OX

=3 nm:



Sub-threshold Operation of MOSFETS, cont.
- Repeating the plot with alog current scale: N, =108 cm-3,t

L 0) 4

Slope = 60 x n mV/decade*

Clif Fonstad, 10/22/09
*n =1.25 here so 75 mV/decade

=3 nm:



Sub-threshold Output Characteristic

- We plot a family of iy vs v curves with (vgg - V5) as the family
variable, after first defining the sub-threshold diode saturation

2
PR .
Current1 S,s-t IS,S_'[ E%ue Cox (g) [n_l] — KOVtZ[n_l]
: b Note: Vtsg, KOE%IJ‘; C.,
2 100056, g
10 15, 4+ (Vgs-V) = -0.06xn Volts
1021, - (Vgs-V1) = -0.12xn Volts
V~-V;) =-0.18xn Volts
10-3 IS,s-t ( GS T) X
V-~<-V-) = -0.24xn Volts
104 Is,s-t ( GS T)

I I I I I » Vps

Vgs =0

b st (Vs Vbs) = IS’S_teCl{VGS—VT}/nkT (1_ e—quS/kT)

Note: The device we modeled had n = 1.25, so it
Clif Fonstad, 10/22/09 follows a "75 mV rule" [i.e. 60 x n = 75]. Lecture 12 - Slide 25




Sub-threshold Output Characteristic, cont.

- To compare this with something we've already seen, consider the
BJT and plot a family of i vs v curves with vy as the family

variable _
2 100 ¢

Vo = 0.66 Volts
10711 ol s + SIS

Vo = 0.60 Volts
10*10 ol - =5

Vo = 0.54 Volts
10*9 apleg —

Vge = 0.48 Volts
10%8 ol

: : i i : » Ve
iC (VBE ’VCE) ~ O | ESeCIVBE/kT (1_ e—quE /kT)

- The two biggest differences are (1) the magnitudes of the I¢'s,
and (2) the factor of "n" in the MOSFET case. The totality of v
reduces the barrier, whereas only a fraction 1/n of vg does.

- A third difference is that a BJT has a base current.*
Clif Fonstad, 10/22/09 Lecture 12 - Slide 26
* This is the price paid for havingn =1in aBJT.



Large Signal Model for MOSFET Operating Sub-threshold

- The large signal model for a MOSFET operating in the weak
inversion or sub-threshold region looks the same model as that
for a device operating in strong inversion (Vs > V) EXCEPT
there is a different equation relating iy to vgg, Vs, and vgg:

We will limit our model to Vgg = Vi, Vpg > 3KT /g and Vgg =0.

Doi iD
Io(Ves, Vbs)
G O:> Q
iG (: O)
iG,S—t(VGS’VDS’VBS) =0 S,Bo
iD,s—t (V681VDS’O) = IS,s—t (1_ )\’VDS) eq{ VGS_VTO}/nkT (1_ e_QVDS/kT)

Clif Fonstad, 10/22/09 Lecture 12 - Slide 27



6.012 - Microelectronic Devices and Circuits

Lecture 12 - Sub-threshold MOSFET Operation - Summary

Sub-threshold operation - qualitative explanation
Look back at Lecture 10 (Sub-threshold electron charge)

BJT action in depletion/weak inversion layer along oxide
the interface

MOSFET gate-controlled lateral BJT

Important in/for
1. power dissipation in normally-off logic gates
2. limiting the gain of strong inversion linear amplifiers
3. realizing ultra-low power, very low voltage electronics

Quantitative sub-threshold modeling
This gives us a precise description of the voltage dependence
It also gives us the information on I5,, and n we need for
device design

. B y i
ID,S—t (VGS’VDS’VBS) ~ IS,S_teq{VGS VT(VBS)}/n T (1_ e qVDs/kT)

with:

2
. 1 N
oot =41, ), (E) [n-1 and n~{t+ - | SO L =4
L q Cox || 2[-2¢, - Ves
Clif Fonstad, 10/22/09 Lecture 12 - Slide 28
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