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Short Channel Effect

Short channel effect (SCE) is the decrease of the MOSFET threshold voltage
as the channel length is reduced. The short channel effect is especially
pronounced when the drain bias is high.
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Fig. 5-7 Comparison of the Vg calculated using the charge sharing model, the two-
dimensional numerical simulation (using MINIMOS), and the model of ref. 22. The device
parameters are the same as those used in Fig. 5-5.22 (© 1993 1IEEE).



Short Channel Effect

When we derived the threshold voltage we have assumed that the sum of
charges on the gate electrode and in the semiconductor adds up to zero. In
other words, we have neglected any effects on threshold voltage that might
occur due to source and drain space charge regions that extend into the

channel region. These charges upend the balance of charges of an ideal MOS
capacitor.

As the channel length decreases the fraction of charge in the channel region
controlled by the gate decreases too. As the drain voltage increases, the
reverse-biased space charge region at the drain end extends further into the
channel area and the gate will control even less bulk charges.

Recall
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where the last term is the maximum depletion charge.



Short Channel Effect

We can determine the short-channel effect by considering parameters in the
figure below. The s/d junctions are characterized by junction depth r=x,,. The
simplifying mathematical assumption is that the bulk charge in the

trapezoidal region under the gate is
controlled by the gate. The potential
difference across the space charge
region is 2y at the inversion condition,
and the built-in potential barrier height

of the s/d junctions is also
: ﬂ approximately 2yg , implying that the
1 LL' three space charge widths are
A5 [— essentially equal. We can then write

X=Xg=XgT

harge sharing model Using the area of a trapezoid, the

p tal:/el;age bul_lc(l c.:harge per unit area Qg in
e trapezoid is
L+

7 ‘QB‘.L =gN ,x,;

Figure 12.15 | Charge sharing in the

short-channel threshold voltage model. where X . = W  is the maximum
(From Yau [{26].) M depletion width




Short Channel Effect
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As the channel length decreases, the threshold voltage shifts in the negative
direction so that an n-channel MOSFET shifts toward depletion mode.




Short Channel Effect
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Short Channel Effect

Area of gate charge distribution
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“Yau Model” for short-channel etfect.



Improved Short Channel Model
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Short Channel Effect Counter Measures
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Short Channel Effect

Short channel effect (SCE) is the decrease of the MOSFET threshold voltage
as the channel length is reduced. The short channel effect is especially

pronounced when the drain bias is high.
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FIGURE 3.18, Simulated constant potential contours of (a) a
long-channel and (b) a short-channel nAMOSFET. The contours ate
labeled by the band bending with respect to the neutral p-type re-
gion. The solid lines indicate the location of the source and drain
junctions (metallurgical). The drain is biased at 3.0 V. Both devices
are biased at the same gate voltage slightly below the threshold.



Short Channel Effect

The effect of short channel becomes more pronounced as L is reduced

further. As shown below, as the substrate doping increases, V; increases but
the V; shift also becomes larger. The V; shift becomes smaller as the junction
depth r; decreases, so that shallow junctions reduce the V; dependence on L.
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Short Channel Effect Due to Drain Bias

So far we have assumed that the depletion region at source and drain where
the same. If we now apply drain voltage, the space charge region at the drain
widens, which makes L’ smaller, and the amount of bulk charge controlled by
the gate decreases even further. This effect makes the V; a function of drain
voltage. So as the drain voltage increases , the threshold voltage V; of the

MOSFET decreases.

V. dependence
on Vj
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Figure 12.17 | Threshold voltage versus
channel length for two values of drain-to-
source and body-to-source voltage.,



Short Channel Effect Due to Drain Bias

The dependence of V; as a function of drain
bias (at short channel lenghts) is called
drain induced barrier lowering or DIBL.
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Figure 12.17 | Threshold voltage versus
chanpel length for two values of drain-to-
source and body-to-source voltage.



Drain-induced Barrier Lowering (DIBL)

When a high drain voltage is applied to a short-channel device, the barrier
height is lowered even more, resulting in further decrease of the threshold
voltage as shown in the figure below.

Effect of V, on V; Lowering

Large Vo = Larger S/D depletion charge at the drain side
—> Smaller depletion region charge contributed by gate
—> V; starts to decrease at larger L

Vi

L

I, -
j«— Large Vg

Depletion charge |
contributed
by gate

depletion layer L



Drain-induced Barrier Lowering (DIBL)

From the Figure below it can be observed that increased drain bias leads to a
lower threshold voltage at short channel lengths and also the subthreshold

slope increases.

Drain current (A/cm)

-0.5 0 0.5 1 1.5
Gate voltage (V)

FIGURE 3.21. Subthreshold characteristics of long- and short-
channel devices at low and high drain bias.



Drain-induced Barrier Lowering (DIBL)

The drain field reaches N
through the channel and o
reduces the barrier at the

source side of the channel.

Figure 6—44

Drain-induced barrier lowering in MOSFETs. Cross-
sections and potential distribution along the channel for
a long channel and short channel MOSFET.



Drain-induced Barrier Lowering (DIBL)

The point of maximum barrier shifts toward the source end as shown below.
This is referred to as drain-induced barrier lowering. It explains the
experimentally observed increase of subthreshold current with drain voltage

in short-channel MOSFETSs. At very short channel lengths , the subthreshold
slope starts to degrade as the

surface potential is more controlled N7 A —
by the drain than by the gate electrode. i |
1 0 L
~ Curve A:
e~ L=625um
V, =05V
ﬁ(lur ¢LB-12Spm “
Aourve C: 05\"

L=125um
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Ml \

Please note that the horizontal — =— PR T—
scale is in the units of an actual
channel length

Surface potential

FIGURE 3.20. Surface potenn'al versus lateral distance (normalized to the channel length
L) from the source to the drain for (a) a long-channel MOSFET, (b) a short-channel
MOSFET at low drain bias, and (¢) a short-channel MOSFET at high drain bias. The gate
voltage is the same for all three cases. (After Troutman, 1979.)



Drain-induced Barrier Lowering (DIBL)

a Change in Vg
® Xys, Xgp- depth of depletion regions at S, D
e X junction depth

1 x| D 5
AVTO =C—\/2ngiNA‘2z/jB xﬁ (\/l_l_ Xds _1]+(\/1+ Xip

ox

* AV, 1s proportional to (x;/L)
— For short channel lengths, AV, 1s large

— For large channel lengths, term approaches 0




Drain-induced Barrier Lowering (DIBL)

2 Drain-induced barrier lowering (DIBL)

e Drain voltage V5 causes change in threshold
voltage

e As Vs Is increased, threshold voltage decreases

2 Cause: depletion region around drain

e Depletion region depth around drain depends on
drain voltage

e As Vg Is Increased, drain depletion region gets
deeper and extends further into channel

e For very large Vpg, source and drain depletion
regions can meet — punch-through!

2 Issue: results in uncertainty in circuit design



Drain-induced Barrier Lowering (DIBL)

Short Channel Effect: Drain Induced
Barrier Lowering (DIBL)

Long Channel Short Channel
ne paly g T poly gt

4
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» Increase in V., reduces V,and increases Vi-roll-off: DIBL
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Short Channel Effect - 3D View
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Fig. 5-3 Simulated values of the surface potential @gyyf along the channel for NMOSFETSs
with different channel lengths (note channel length is normalized). Ny = 1013 em3, tox =
5004, rj = 033um, Vgs = 0V, Vpg = 2.0V, Vg = OV} (@ 1979 IEEE). (b & c) 2-D
potential variation for NMOSFETs with (b) L = 1.0 um, and (¢) L. = 0.5 um (see also Fig.
5-5). Solid line, Vpg = 0.1V and dashed line, Vpg = 5.0V.



Short Channel Effect Implications
Short Channel Effect: V; roll-off

vt

3o L variation

Leff

« 3o V, variation increases in short channel devices

The threshold voltage at short channel lengths can no
longer be controlled.



Drain-induced Barrier Lowering (DIBL)
Short Channel Effect: Drain Induced

Barrier Lowering (DIBL)

Vi roll-off (Vg .~0V)

77 ¢ DIBL+V, roll-off
(Vee=Vaal
4

Leff
Uncertainty for Circuit Design !




V. (V;s) in Short-Channel Transistor
We have dealt before (MOS

L7 pm

Capacitor Section) with substrate | Vog#l OV
bias dependence on V; in MOS o
capacitor. Ll
2e.gN .
AVT = \/ A4 (\/21/}3 +VBS B 21/}3) N L=15 um
Cox L0+ Vg2 v
In short-channel MOSFET, however, >':O‘8 i
the effect of V,_ on V; is not well 06| e
modeled by this expression. For Vps*8 v
large Vgg V; is less sensitive to Vg 041
than predicted by the above ol
equation (see Figure ) ' .—_—_w__‘___,___...——u;:%%;n
It D5
VT=VFB+2wB+y\/21/jB+I/Zas i Tt ’
-0.2 V/Vas+ear (VVH)

Fig. 5-12 Variation of Vy versus Vyg for three different channel lengths: L = 10 ym (long
channely; L = 1.5 pm (short channel); L= 0.7 um (punched through at Vgg = 0V). Ny = 108
em, tox = 1000A; rj = 1 #m.!% Reprinted with permission of Solid-State Electronics.



V.(V,,,) in Short-Channel Transistor

It can be seen that for L=1.5 um and SR
V,.=8V, V; becomes almost independent 161 YosoY
of V. for large V.. At L=0.7 pum V;

becomes independent for V,_ forall V... .14

Substrate tends to lose control over the
channel region (just as does the gate
itself) at shorter channel lengths.

12+
L=LS gm
o} Vos*2 V

The break in the slope of the L=1.5 uym

curves occurs with punch-through of the
depletion regions of the source and L=t um
drain. This is because punch-through YoeTeY
decouples the edge of the depletion
region from the gate, thereby decoupling o2} R

the channel from the substrate. Ry e S o

0 ,.:._-o-——-';— —t
This effect can be described by usinga  _;, Vasrear (VV2)
smaller body effect coefficient y.

Fig. 5-12 Variation of Vy versus Vyg for three different channel lengths: L = 10 ym (long
channel); L = 1.5 gm (short channel); L= 0.7 um (punched through at Vg = 0V). Ny = 101
em3, tox = 1000A; fj = I #m.!% Reprinted with permission of Solid-State Electronics.



Reverse Short Channel Effect
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Reverse Short Channel Effect

Reverse short channel effect depends on inhomogeneous channel doping
redistribution. The inhomogenoeus dopant redistribution is driven by point

defect injection from various sources. Point defects are the vehicles for
dopant diffusion.
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Reverse Short Channel Effect

Reverse short channel effect depends on inhomogeneous channel doping
redistribution. The inhomogeneous dopant redistribution is driven by point

defect injection from various sources. Point defects are the vehicles for
dopant diffusion.
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Reverse Short Channel Effect
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Narrow Width Effects
Narrow Width Eftfect (related to W)

A A

parasitic
charge
which has to
be created
by gate bias

. V1 1s larger than 1deal analysis.
Gate electrode



Narrow Width Effects

In the short channel effect where a depletion region already exists at each pn
junction requiring less voltage to be applied to invert channel. As
demonstrated before, this leads to a decrease in V; in short channel MOSFET.

However, at the ends of the channel perpendicular to the current flow, i.e. in
the width dimension, no pn junction exists (along the width dimension).
Hence, a gate bias that repels majority carriers must not only deplete carriers
in the channel in the vertical direction, but also in the lateral direction beyond
the thin gate oxide. Because the lateral depletion region width in this region
extends beyond the gate, an effective bulk charge width larger than the actual
width is apparently present.

If the width W is small, these side regions represent a large percentage of the
depleted volume. Hence, larger V  must be applied to invert the channel than
if these edge regions/did not have to be depleted. This leads to an increase in
V.

Figure 12.18 | Cross sectior of an
n-channel MOSFET showing the depletion
region along the width of the device.




Narrow Width Effects

Figure to the right shows cross section
along the channel width of a MOSFET
biased at inversion. The current is
perpendicular to the channel width. We
note that there is an additional space
charge region at each end of the channel
width. This additional charge is
controlled by the gate voltage but was
not included in the derivation of the ideal
MOS capacitor. The expression for V;
has to be therefore modified to include
this additional charge.

For the gate-controlled bulk charge we Deplotion region
can write:

Fig. 5-13 Eifect of fringing ficld on spreading the depletion region sideways. (a) In
— + A MOSFET with field oxide grown and then etched to expose the active region. (b) In MOSFET
B B (0] B having a semirecessed LOCOS ficld oxide. From Y.P Tsividis, Operation and Modeling of the

MOS Transistor, McGraw-Hill, New York, 1987, p. 192. Reprinted with permission.



0,=0, +A0, Narrow Width Effects

Where Qg is the total bulk charge, Qg, is the ideal bulk charge, and AQg is the
additional bulk charge at the ends of the channel width. For a uniformly
doped p-type substrate at the inversion onset we have

‘QBO =gN L~ Xy W
AQy =gN (L~ X, (& X4r)

where we have replaced W by Ex ;. Here § is a dimensionless fitting parameter
that accounts for the lateral space charge width. Note that the lateral charge
width may not be the same as the vertical width x .

We may write now

O = ‘QBO‘ T ‘AQBO‘ =N Lx W +gN Lx;p (& X,7)

S x
—gN Lx, -W(l + WdT )



Narrow Width Effects

The effect of the end space charge regions becomes significant as the width
decreases and the distance Ex,; becomes a significant fraction of the width W.
The change of V; due to the additional space charge is

0.75
070 AV = gN X (& X,
0.65 T — C 1%
—3 0.60 0X
by
2 055 )
3 N, =171 % 10%cm™
= 050 —
3 —
= 0.43 N, = 1.55 X 10 cm™?
0.40 Ny = 125 X 104 em™ The V; shift due to narrow width is in
035 L - positive direction: as W becomes
smaller, the V; becomes larger.
0‘3‘0 1 ok | 14 1 1 I | L -
2 4 6 8 10 12 14 16 18 20
Width W (sum) Combination of the short L and
Figure 12,19 | Threshold voltage versus narrow W requires 3D analysis
channel width (solid curves, theoretical; (simulation).

poiats, experimental).



Narrow Width

Effects in terms
of dimensionless

variable x /W

&

AVy (mV} ~—
n
]

100

V. ,(marrow channel) =71, + AV,

1
AV =C_\/2‘]‘957NA|2¢F‘ * 5;;T

o

e & is empirical parameter: depends on shape of the fringe depletion

region §X
dT

e Change in V., proportional to
/4



Narrow Width and Short Channel Effects

Juxtaposed
Vi
k Narrow Width Effect
"W
Vi

Short or
ﬁ Narrow Channel Effect




Narrow Width and Short Channel Effects Juxtaposed
Small Geometry Effects Summary

Actual gate
control charge

N

Ideal
gate control
charge

1 Less charges in the length dimension
d More charges in the width direction



Inverse Narrow Width Effect

Because this particular type of width effect decreases the V-, the effect is
called inverse (not reverse as in the case of the channel effect) narrow-width
effect. It occurs for transistors with trench isolation (or with fully recessed
LOCOS isolation structures). Note that the width effect described before does
not occur in trench isolation structures, since there is no semiconductor
region beyond the edges of the gate in the width dimension, there is no
region that is subject to depletion.

When the gate is biased, the field lines from the overlapping region are
focused on the edge of the channel. Hence, at the edges of the channel, an
inversion layer is formed at lower voltages than at the center. As a result, less
bias overall must be applied to the gate to invert the channel across its full
width. Gate

SiO2
LOCOS
Trench

Comparison LOCOS and TRENCH isolation.



Inverse Narrow Width Effect

From another perspective, a corner parasitic MOSFET in parallel with the
main device is being established. The parasitic device turns on at voltages
lower that the main device, resulting in a “hump” in the drain current versus
gate voltage curves.

Thus, the parasitic device increases the subthreshold leakage current of the
active device.

2. The trench isolation spacing.
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Hot Carrier Effects

As feature size decreases, at constant voltage bias electric field in channel region
increases which leads to gain high kinetic energy by holes & electron (hot carriers) .

High kinetic energy enables injection into the gate oxide and formation of interface
states , which in turns causes degradation of circuit performance.

Hot carriers are also the origin of substrate and gate currents.

?+Vs

What does “Hot” mean? S S +Vos
electron energy: i Si0, O, T
E=26 meV for T=300K ¢

»
H

Avalanche

—— —. —

E=1 eV for T=1.2 104 K

Forward @
injecuon
Depletion-layer edge
All these effects are called Hot Carrier Effects. Substrate ®
current

L ‘ Substrate



Hot Carrier Effects driven by high Electric Fields

Channel length ymax (Vds

«wor | dependence
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Fig. 9-2 €y within an NMOSFET as a function of channel length for two devices with
channel lenglhs of 1.0 um and 0.5 um, and the same value of tox = 20 nm.!4¢
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Fig. 9-3 €y within an NMOSFET as a function of channel length and gate oxide thickness
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Empirical formulae for the width of the electrical field peak at the drain

[

[ =

= O.22°t$;3rj”2 for t_=15nm

r, is the s/d junction depth

1.7-107% - 1/3L1/5 for t _<15nm and L <0.5um



Different type of Hot carrier Injection

Drain Avalanche Hot carrier (DAHC) Injection

Channel Hot Electron (CHE) Injection

Substrate Hot Electron (SHE) Injection

Secondary generated hot electron (SGHE) | o=
injection

|

-

OXIDE

Ve

SILICON




Substrate Hot Electron (SHE) Injection

« Qccurs when the substrate
back bias is very positive or
very negative

{'i' Gate k'."'\,‘ Vs >0V
« Carriers of one type in the —+ t -
substrate are driven by the _Souch ~ \_Drain |
substrate field toward the Si- | |
SiO, interface. |
 Gain high kinetic energy from l Vg

and are injected to SiO,.



Channel Hot Electron (CHE) Injection

* When both V; =V, higher
than source voltage, Va v Vo «
some electrons are driven ’
towards gate oxide




Drain Avalanche Hot carrier (DAHC)
Injection
* When V>V, the

acceleration of channel
carrier causes Impact VG o Vo s

L - \ | Va<Vp
lonization (avalanche). ) ‘ /[Gate s\
.
- )
| Sourcg]‘cu_ . s l\ Drain
e The generated electron — - ‘
holes pair gain energy to | Iag l
break the barrier in Si-SiO, L

interface



Charge Generation inside SiO,

* Negative charge generation

* |nterface state (unsatisfied dangling bonds
of Si) Q, or D, generation

* Positive charge generation



Hot Carriers

In saturation regime electrons cross

a very high lateral field region near

the drain. They acquire high kinetic

energy that they can cause impact

\ ionization. Impact ionization leads to
a high substrate current.

ya e

Channel

X

|
|
|
|
|
I
I
|
I
I

Source Drain

Figure 7.34: Lateral electric ficld, €, at the surface of a MOSFET
in saturation.[29]

n L X N 010'0 .
Highly energetic carriers create also - Zorward +

permanent damage at the Si-SiO, pB’md

interface and in the SiO,. This T
damage alters the I-V characteristics l’G =

of the MOSFET (degradation, L& N
reliability issue. YA —
Some of the hot carriers may reach Di RN &
the gate and constitute gate current. ' fé"" Photon T &

Fig. 12.8 Effect of hot electrons near the drain of MOSFETs.



the Hot Carriers

e A S |
e Electric field in the dielectric near the drain
- i | region determines the location of electron and
— hole injection into the oxide and into the gate.

WA
Dy \ Hot : 5
_ I Electron €)-€3-6)

Photon

Fig. 12.8 Effect of hot electrons near the drain of MOSFE

Reversal of polarity of the
vertical electric gate

field : Pt T' J(

Electrons are attracted by
positive field oxioe | () l

Hole are attracted by
negative field

g-SILICON

Y Electric field for a MOSFET in saturation

This determines the Figure 6.8 Two-dimensional electne field distnbution near the drain of an 2MOS.
location of electron and Vi« 8V, V, =7V, Vz= 25V, Ly =13 pumand, = 400 A (Ref. 26,

hole injection LA LN



Hot Electrons and Substrate Current

Impact
Ve ionization
| Vas>> Visar
L T |
n' source Electron n drain

- current

p-type
substrate




f Hot Carriers and Substrate Current

Biased

seo e o . VD
-I:: Iomz
orward ioton
sub

0.8 |

Fig. 12.8 Effect of hot electrons near the drain of MOSFETs. -~ 0 6
The substrate current at a given drain % ol

bias, let say V=7V, increases first with 3 -
the gate bias, because the current 2
density increases. Note that the ~ 04 -

transistor operates in saturation regime
and there is a high lateral field peak

close to the drain where the impact 02
ionization (II) is taking place. As the
gate bias increases beyond the peak 3
value the lateral electric field at the
drain begins to decrease and 00

consequently the impact ionization
decreases as well.

For high impact ionization we need
both a lot of carriers and a high
electric field.

Substrate current dependence on drain and gate bias. Observe that the maximum
of the substrate current takes place at about V =~V /3-V /2.



Hot Carrier Effects

Hot carrier effects (including substrate current) are getting worse with scaling
MOSFET to smaller dimensions because of increased local electric fields at the
same voltages.

1000 —

— VD=5.°V

SUBSTRATE CURRENT (A}

1 ' | SO UTR UIY S Y WU NN T |
0 0.4 08 1.2 16 20 2.40

Letf (um)

Fig. 9-4 The maximum substrate current due to impact ionization produced at 2 drain
voltage of 5V vs. Logf for MOSFETS with tox = 250A.



Hot Carriers and Substrate Current

Substrate current dependence on
channel length: L=2.97 um vs L=0.95 um

leum

A (’.9]5 2 nm
s 1 Q0/0.95 pm
v 100/ 2.7 um Hol-glectron effects in an n-channel MOSFET
IE-5 SOURCE GATE DRAIN
I+

I€-8

IE-7

s i w———

FORWARD

INJECTION ~———
IE-8
- UBSTRATE
'E 9 URRENT
L. P-SUBSTRATE
€10
E-1) }
Fi 6.6 Schematic of hot-clectron effects in an z-channel MOSFET.
lE A 2 1 1 [l 1 gure ematic of ho
0 1 2



Hot Carriers and Substrate Current and its
Implications

Implications of excessive substrate
current:

i~ L, =152 nm
100/0.95 wm
e 100/ 2.7 urm

1) I,,, causes voltage drop in the resistive substrate
on the order of 0.6V and forward biases the

IE-5

)

Vs
-6 =

€7 v substrate-source junction. Electrons will then be
i injected from the source to the substrate. These
E-3 L 2.5v electrons travel to drain and undergo impact

1E-10 ionization. A positive feedback loop is being

11 o established. It can lead to so called snapback
e E— breakdown.

2) The holes created in impact ionization travel back

to the source and may undergo secondary impact
ionization.

3) Latchup in CMOS circuits



Physics of the substrate current

[Slxl X ]
b ‘ ymax = (Vds dssat)/l
[, «<ex T ex d
C N A )T A
[=0.22-1r)"
oD,
elsub = Clld eXp - /'LEZ
e’ ymax

O 22 t1/3 1/2(1) B
o Ui o, expl - —
e (Vds dsat ) (Vds dsat )

®, is the threshold energy for impact ionization, A, is the electron free mean
path; so A E,, ., is the amount of energy gained by an electron before
collision, and exp(- ®; / A, E, ., ) is the probability that an electron will cause
impact ionization.

I . =ClI,exp| -

A Eymax the kinetic energy of an electron, can be translated into electron

temperature T.. (Similarity to Arrhenius law)



z‘if

1

I,=

(Vs — Viasar )L expf —

Hot Carriers and Substrate Current

Substrate current and device lifetime

Slightly modified equation

Bi]c

)

RO Y, WL= 10000 40, T=25C, VE= 0V

|
Vis — Visat /

1B |us)

L
0.0
Wax En%= 1079

.
--" »
- e
J L
- L |
"
" L S
..
‘.. -
4 L
- =
y -,
; -
- .".
y
y
-
l -.-III-.-
o L

108 212

ViEW -
330
330
430

<=

Rra En%= 1383

inllsue/lp)

1077

1073

10
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1077

T T T T T |
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W= 100um
- —
V
Lium o
- 0.95 .
1.48
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Universal nature of the curve
gor all L and Vg



Degradation

Injection of electrons and holes into the oxide.

Needed electron energy ~ 4eV:

GATE SPACER

Electron has to overcome Si-SiO, barrier
3.2eV

GATE OXIDE TRAPPING DRAIN
INVERSION LAV LY ";J’ECM”
1y i N
/’—\ a - .
— S ég9@\ N Has to break Si-H bond ~ 0.3 eV

@ "\ BENERATION <
[ \\ N\\_t-w

b T
(a) | \\\ RERLETIGE AEGioN ' Has to overcome repelling electric field
T 0.3-0.5¢eV
CAVE
3' Situation for holes is more complicated:
si*
'
Satv| ORAIN Holes are not provided by the current but
® - are generated during impact ionization;
= ,1\_'1 thus when created they are “cold”.
/ \ However, they accelerate in the local
/ ‘\ lateral field and acquire energy AND the
ovee |0 m vertical electric field is attractive for hole
8 bt Y 07/ L injection.

es T i . Hole has to overcome Si-SiO, barrier of
Figure 6.8 Two-dimensional electne field distribution near the drain of an aMOS.

V,=8V,V, =7V, Vy= =25V, Ly = 13 pmand 1, = 400 A (Ref. 26,
© 1984 IEEE). 49V



Degradation (Exercise for ZrO,)

Injection of electrons and holes into the oxide.

GATE

P!

e

|

31eV

l

OXiDE

/-”'—V

SILICON

49¢V

7

Needed electron energy ~ 4eV

Electron has to overcome Si-SiO, barrier
3.2eV

Has to break Si-H bond ~ 0.3 eV

Has to overcome repelling electric field
0.3-0.5eV

Situation for holes is more complicated:

Holes are not provided by the current but
are generated during impact ionization;
thus: when created they are cold.
However, they accelerate in the local
lateral field and the vertical electric field
are attractive for hole injection.

Hole has to overcome Si-SiO, barrier of
4.9V



Manifestation of Degradation

Characterization of degradation of a MOSFET transistor.

30 30
— Bolore Before
—— After - After
Stressing " Stressing
20 20
< -
H =% 5
10 10 b
3 —_~
i o —— ’:/
- A 1 2 e———
o .
0 Souree and drain svaped 6

V() VelV)

Figure 6,10 Degradation characteristics after stressing: (i) source/drain reversed
during post-stress measurement: (b) source/drain unchanged during - “sestress
measurement (Ref. 29, © 1984 |EEE).
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device lifetime
determination:

1) Monitor Id or Idsat as a function
of stress time

2) Find expected time for a given
change in current Al/l

3) Determine a good indicator for
stress (here l_,,)

4) Plot the life time as a function of
the stress indicator (here I_,)

5) Your customer expects a product
life time of 10 years

6) From your curves you can
determine what is the average
stress that the devices can
tolerate without suffering a a
specified degradation (here of

All1=20%)

lm T T T T L e R ALY |

Lifetime |

A, Dsat/ 1, Dsat (%)

10 T a1 sl s vaaaal A1 151
102 10° - 10 10°
Stress Time (s) ¢

Bias at maximum substrate current

106 y '
____________ 10 Years ..
~ 104
)
£
&
:1. 102
20% AIDsaf/IDsal
Degradation
0 1 L 1 sl LU B 1
050 100 1000

Lo/ W (pA/pm)



Lifetime (h)

1B L)

10°

[
<
N

b
o
>

10°

10

20% AIDsar/IDsal
Degradation

lllll
100

L. /W (uA/um)

]b = ‘—.L(Vvd, — Visat Ua expf -

B:']r

|
Va‘: — Vd:ar /

1000

Substrate current and device lifetime

Hot carrier lifetime t :

([Sub /[d)_m
]d

T=K
Or alternatively

r=K'(I ,/1)™"

sub

Where m is approximately m=3
And K or K’ are empirical constants.

The equations were found to hold
irrespective of the drain bias



Gate Current

P! } o * X
/ 316V n n
/""— Ec l source drain
' ’ y
/————Ev
Si0p
Ue
49¢V
GATE OXIDE SILICON Ue
Uy -
- Redirecting
i\ /collision

/ .

Barriers for electron and hole injection.

drain
Channel hot electrons (CHE) are
generally considered to be important,
and channel hot hole injection is
generally ignored.

Hot electron injection-into the
gate
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Hot Electrons and Gate Current
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Fig. 7-8 (a) Cross section of MOS transistor operating in saturation. (b) The oxide and chan-
nel fields in the y-direction of the channel when the MOSFET is in saturation (i.e., Vgg<Vpg,
here Vgg = 6V and Vpg = 8V). {c) Cross section of a MOS transistor operating in linear regime.
(d) The oxide and channel fields in the y-direction of the channel when the MOSFET is in the
linear regime (i.e., Vgs>Vps, here Vgs = 15 V and Vpg = 8V).119 (© IEEE 1991).

Gate current due to channel hot electrons versus gate voltage, with Vpg

Initially, gate current increases with V, due to increase in number of carriers.
It peaks at about V=V ; beyond this point V >V the MOSFET is in linear

region of operation and the electric field is rapidly reduced and few energetic
electrons are produced.



Gate current /4 (Afjum)
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Fig. 7-8 (a) Cross section of MOS transistor operating in saturation. (b) The oxide and chan-
nel fields in the y-direction of the channel when the MOSFET is in saturation (i.e., Vgg<Vpg,
here Vg = 6V and Vpg = 8V). (c) Cross section of a MOS transistor operating in linear regime.
(d) The oxide and channel fields in the y-direction of the channel when the MOSFET is in the
linear regime (i.e., Vgs>Vps, here Vgs = 15 V and Vpg = 8V).119 (© IEEE 1991).



Modeling of the Gate Current

ot m—
1 gate o« [ d //\
// \\
¢b ®b // \\
[, . xexp|- =exXp| ——= oo , / \
sate AE kT / '
¢~ ymax € oxioe | (%) A/ % “lc(:lb
/1 ' 7 1/’ III o ‘l\ H— s
I =C,(V,V)I P, | oo | onn
gate= 2( g’ d) deXp _A.E Y ’
e ymax Figure 6.8 Two-dimensional electne field distnibution near the drain of an AaMOS.
V,=8V,V, =TV, Vy= -25V, Ly =13pmandi, = 400 A (Ref. 26,
© 1984 IEEE).

®, is the threshold energy Si-SiO, barrier, A, is the electron free mean path; so
Ae Eymax is the amount of energy gained by an electron before collision, and

exp(- @, / A E, .« ) is the probability that an electron will overcome the Si/SiO2
barrier.

For V,<V,, C, decreases rapidly because the corresponding E, acts as a
retarding field to prevent injected electrons from reaching the gate. For V>V,
C,= 0.002



Hot Carriers and Gate Current

10?7 |-

A

1070 L

10" b

CURRENT ——=

107" -

107" =

107" L
0 2 4 6 38

GATE VOLTAGE —»

Only small fraction of the injected electrons
reach gate. Especially at low gate bias, most
injected electrons do not reach gate.

On the other hand, most hot holes, although
at a much lower level, reach gate electrode
when injecting into the oxide due to the
attracting electric field in the oxide E_, for
V<V,

The injection efficiency for holes is lower
than that of electrons because of the higher
barrier (4.9 eV versus 3.1 eV for electrons).

The electron gate current is used
for programming in non-volatile
memory devices (floating gate
devices).

Figure 6.9 Calculated 1otal emitted electron and hole current, 7, and /,, as @
function of gate voltage. ;. is the electron gate current, and 7; , 1s the hole gate

current, V, = 8V, Vy = =25V, W = 100 um, L,y =
A (Rel, 26, © 1984 1EEE).

1.8 pm and r,, = 420



Negative Charge Generation in PMOSFET

Hot electron trapping results negative charge buildup in the
oxide near the drain of a PMOSFET.

Source
Orain Source B

(o)

Forming an extension of the p+ drain region; resulting in
channel length shortening



P-MOSFET Degradation

& A0 — —
g %0 [] ALin.Gy (%) 0,4um PMOS
S AOF A 8SatGy (%) Aging Vi =-5V
< O Al,cg(% to, = 110m
Channel length Degradation
Transconductance
Degradation

Threshold Shift degradation -‘;-:2
0 1 10 100 1000 10000
Aging Time {min)
. Fig.2 Hot carrier degradation of a 0.4um PMOS,
Both |V| and L. decrease with the aging time.
Saturation and linear G, increase with time.

Shortening of L g



N-MOS Degradation

o — "_'__O'_—
051 m» 0.4um NMOS o
é ' Ag'm VDD=5V O

- * Trapped electrons

ﬁ'.f in the oxides result
g in the increase of
j VT & I'ef'f
< | ) * ...Opposite to
5 in, ' PMOS
Q.Mw

o
—

10 100 1000 10000
Aging Time (min)
Fig.1 Hot carrier degradation of a 0.4um NMOS.
Both V, and L increase with the aging time.
Saturation and linear G, decrease with time.



Suppression of Hot Carrier Effect

(Device structure aspect )

e Reduction of Hot-Carrier Generation
** Reduce the high drain field

** Separate main current path away from maximum
field .

* Reduction of Hot-Carrier Injection

** Push impact ionization region deep into silicon.
** Position the injection point outside the gate



Suppression of Hot Carrier Effect

Separate main current path away from maximum field!

AN GATE N

preen e Gu—e em—— c— — T — — — — —

— N- LDD (RETROGRADE)
(PHOS, 6x10'%cm™2, 165keV)

HOT CARRIER @
GENERATION REGIONS

HIGHEST ELECTRON =~
CURRENT DENSITY N

(b)

Debate whether |, is a good indicator for degradation for different technologies.



Hot Carrier Reduction Technique

Gate Oxide thickness reduction (reduction of E )
Lightly Doped MOSFET structure

Double Diffused MOSFET structure

Deuterium Post —Metal Annealing



Gate Oxide thickness reduction
(reduction of lateral field and shift of the
injection point)

* As the oxide thickness is
reduced , the point of _ \____
peak of electron Tox=10.7nm
injection moves further
into the drain region,
the damage region over VAN
the channel is reduced

Tox=7.2 nm




High Electrical Peaks and LDD Drain

— Section A~A Section B-B
2 18}
16 F
p P
15 L H | I 1 1 i ] 15 | i L 1 1 I 5 i i | 1
01 62 03 04 05 06 07 08 09 0.1 02 03 04 05 06 07 08 09
Distance (um) Distance (um)
(@) (b}

Figure 12.27 | (a) The lightly doped drain (LDD)} structure. (b) Conventional structure.



High Electrical Peaks and LDD Drain

SIDEWALL
SPACER

GATE

‘.—Lq—.—' GATE OXIDE
7

e

The price for LDD is a shorter
channel length at the same gate
length and increased possibility of
punchthrough condition.

LDD Conventional
\ A\
Gate |

L I 1 |

06 0.7 08

B3 LS B G

-
[ SN A DU B R N |

0102030405060708
Position along surface (um)

x component of E (10% V/em)

Figure 12.28 | Magnitude of the electric
field at the Si~-SiO, interface as a
function of distance; Vps = 10V,

Vgg —— ZV, Vc_g — V;('.



High Electrical Peaks and LDD Drain

Modeling E, ., in LDD MOSFETs

1. Simple model for estimating E, ., in LDD MOSFETs

Eymax (L D D)= (VDS'VDSsat)/(O '22tox1/3rj1/3+ Ln-)

SIDEWALL Tradeoff: With LDD we incurr a larger
. parasitic source/drain resistances which

Z 77 .
%\K decrease the drain current.
GATE
V/
Lz

‘._LQ_J GATE OXIDE Rn- = Ln_/(Zq MnNDrj)

o0, SELRE
/ // %o SXXAXAL
- 305 ORERAUR
n 030 05998300
&5 0SS
/ KRS 2585
A 00900
X 0. 0.0.0.0
S esedeteted
0% oS00 000
3 0,9.9.9.9.0,9.9.9.9,9.
L n—_‘l

Z: device width
w,: electron mobility in the n- region




High Electrical Peaks and LDD Drain

SIDEWALL Pros:

SPACER

7 7 S LDD 2 E,.x | = Hot-carrier|
GATE %\ -2 g, | =2 hot-carrier reliability 1
Y2220 /

‘-——Lq—,-—‘ GATE OXIDE

SRBB% oot
// LKL oSesel
= KRS 300008
n 3000e%, o,
& 5
L5
AL 5058
KRR XX
NIHEEEKS SRLKK

L n‘—_‘l

* R,. causes a 10~20% loss in both |, and
g, compared to non-LDD devices.

« The drain R, and source R, _act to
decrease | in the linear region, while the

source R, _acts to decrease Iy
Cons:

«LDD > |, |  doping concentration of the n-region 1, L

 Length scaling more difficult length | 2> R, |

L _: neither too long, nor too short
 doping concentration of the n- region :
trade-off between performance and hot-
carrier degradation



Double diffused MOSFET structure to
mitigate hot carrier effects

Deeper n- phosphorous profile
than N* As profile.

The path of maximum current
away from the position of the
maximum field to reduce the
impact ionization

The disadvantage of double-
diffused S/D regions over LDD
regions is that one incurres a
deeper junction depth running
counter to scaling efforts
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High electrical [ e | lefdepe

!Lffff‘rll{ 3/ T
peaks and LDD Gt =Q T )

Drain; i
secondary lateral fIHZTT)

°® 41 ) { ! i
field peaks Na i
——==— Energy bend at ' 7771
the surface %0 L 777
Origin of the LDD field peak: xg Wihoulgatefield 1A -
L—sy |
. - . . . 1 |
Lateral variation of the vertical electric field Lo
(gate oxide field) creates lateral field peak. emax 1 A~ Eprain
COny ™,
sihy il
L1
2oin
e e
M.Orlowski et al, “Model for the Electric Fields in LDD MOSFET’ s - — =\
Part |: Field Peaks on the Source Side”, IEEE TRANS.EL.. DEV. vol. 36(2) p.375,1989 —
1 1l __L_:‘
M.Orlowski et al, “Model for the Electric Fields in LDD MOSFET’ s - e ——

Part Il: Field Peaks on the Drain Side”, IEEE TRANS.EL.. DEV. Vol. 36(2) p.382,1989



High Electrical Peaks and LDD Drain;
secondary electric field peaks

o LDD field peak g

LDD field peak 3 3’ pes "3
&

>3 : .:!

L E ' ff,.

i e

LDD: 6.5 MV/ecm Conv.: 5.6 MV/cm LDD: 12 MV/em Conv.: 5.7 MV/em
=>The avalanche in the deep off-regime is driven by the LDD field peak !!!

M.Orlowski et al, “Model for the Electric Fields in LDD MOSFET’ s -
Part |: Field Peaks on the Source Side”, IEEE TRANS.EL.. DEV. vol. 36(2) p.375 and p. 382,1989



Deuterium Post —Metal Annealing
Replace Si-H by Si-D bond

Evolution of V,;, as function of stress time

* Low temperature post i E—y— e
metalization anneals in il <P
12| =
. Tl ves = 2V ©
hydrogen ambient are e o
critical in reducing Si1-S10, T K e 2 0
. o \
interface trap . 0 7 Defned ° A
1.0} O of
S o .
& o O
e Under Hot Carrier stress , 09 L 4
bond to deuterium (*H or D) i ° g
are more difficult to break o iF
than bonds to protons °-7$‘ agard”
0.6 | | i
100 101 102 102 104

Time (Minutes)



Series Resistance in MOSFETs

Problems 1in Shallow Junction

\| Rcon % Rmm

—ku@\-ﬂ/vw—

RSK—\/\/\/\—

 Many components of the transistor resistance
d Lot of effort spent to optimize each component



Accumulation/Spreading Resistance

Ny

CONTACT P4t i kA o8-
WD LAt s 3o nd Jent et it 50 GATE

\METALLURGICAL
, JUNCTION

The spreading of | ||
current lines causes " }
additional voltage drop

(b)

Fig. 1. Schematic diagrams for (a) current flow pattern in the source/drain
region and (b) the associated resistance componcents



Impact of Parasitic Resistance
on MOSFET IV Characteristics

source gatc drain I
o T iR O] i TR E, A R‘4 A ‘I—D— A ﬂRsﬂ
Ve DS

V _____—_,...——""/
Voltage drop acro8s the s/d regions

reduces the voltage across the channel

' s
backside/well V DS = V DS — ZIDR:

Thus the effective drain voltage is not Ip = ZerC' ox (
The applied voltage Vg but V's. N

Resulting in: ¢

Z ! ' oxRs
= ( /L)'ueﬂc = (V Gs—Vr )Vos where: Ok = 2‘14&17C i
1+oa(Ves—Vr) | L

Ves =V V' us
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MOSFET Parasitic Capacitances

rann

By

Co Source T ;;1::!2
Capacitances are important for ; ,
the switching speed of a :;:::”
MOSFET.
vias /
Every time V5 or p are ILD 0 2 contacts

changed MOSFET.
capacitances have to be
charged or discharged.
Capacitances are not
instantaneously charged and
discharged; there will be always
some time delay.

This should be minimized.




MOSFET Parasitic Capacitances: affect
switching speed differently in different regimes

b Off Linear Saturation
C .
4 (subthreshold) | (triode)
[N -J-
Ca
l 2 -
l T C COV —Cox + Cov —Cox + Cov
Gate l Substrate gs 2 3
1
l Ca Cyy Cov ~ Cox + Cox Cov
T g 2
| C 0 0
C 0X
s Source T C gb
C sh Cj Cj Cj
C db c’.i CJ' Cj
Eox
where: C oy ——— ZLOV overlap (Miller) capacitance

MOS Capacitor: t ox

- Inversion layer is electrically isolated from the outside world

- Inversion charge comes from R~G of minority carriers ? Eox

- i fre )

Cepacitance depends on frequency R 2 COX _-— ZLcﬂ gate capacitance

MOSFET: what about the fox

- Inversion layer (channel) is electrically connected to source/drain | MOS capacitor

- Source is an ample supply of electrons at any practical frequency | C-V frequeney

- Charge fluctuates on either side of gate oxide (like parallel-plate) | dependence? S‘A j ) . . X

- MOSFET gate capacitance is &4/, at any practical frequency C = — PN junction capacitance

w



Scaling - Most Simple Model: Constant Field Scaling

QRIGINAL QDEVICE SCalED DEVICE
VOLTAGE.Y - # WIRING E = VpplL
| Via
GATE L Ton/a= after scaling becomes
¥ ,t ¥ ¥ | -f::*‘.m T # g
[!. Lsgn&) N kon”hm J ,] ‘% —
Nl N / —|Lra £ = (Vppla)/(L/ow)
L N
L DOPING a-N
— A ...where a>1

p SURSTRATE, DOPING Ny

Fig. 1. Principles of constiunt-electric-ticld scaling for MOS tran-
sistors and integrated <ircuits,

Table 1 Generalized Scalimg Relationships

Physical Parameiers Conslanl-Eleclric
Field Scaling Fuclor

Lincar Dimensions 1o

Electric Field Inrensity |

Veltage (Potential) iy

Impurity {oncenteation 0




Quantum Corrections to MOS Capacitor
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FIGURE 4.18. Classical and quantum-mechanical electron density
versus depth for a {100} silicon inversion layer, The dashed cuzrve

shows the electron density distribution for the lowest subband, (

Stern, 1974.)

After

o ; T ;
<100>Si 150K
08 N,=15x10%em™ |
Q‘J q= 10" e
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/ \
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/ N Total
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0 1 [ — —
0 2 4 6 7
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Important for the description of the surface
scattering events in the channel
(impact on mobility)



Quantum Corrections to MOS Capacitor

Electron distribution

of the ground state
20 - / Eb(g=4)
E;(g=2) Conduction-
[ band edge
Egf8=21~\ e e Fermi level
0 T T i —»X
- 40 30 120
9 Distance from surface (A)
@ , Quantum mechanics
s 20 enters the MOSFET
o .
=
2 physics
73]
“40F «— Bottom of the well

FIGURE 4.15. An example of quantum-mechanically calculated
band bending and energy levels of inversion-layer electrons near
the surface of an MOS device. The ground state is about 40 meV
above the bottom of the conduction band at the surface. The dashed
line indicates the Fermi level for 10* electronsfcm? in the inversion
layer. (After Stern and Howard, 1967.)



