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TN The Fu Foundation School of Engineering and Applied Science

ELEN E3106/4106 Lecture 23

MOSFETs Part Il
Outline
* Long vs. short channel MOSFETs
* Wrapping up basic quantitative current-voltage model
 High-k dielectrics

« MOSFETs in ICs & Secondary Effects (Tunneling, Scaling, Leakage,
DIBL

Assignments:
Homework 9 due Thursday Dec. 12t by 5pm

Extra credit opportunity during in-class review session on Thurs. Dec 5t
Final Exam Thurs. Dec. 19t 4-7pm
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Electric Field in the Pinch-Off Region NMOSE E‘KI

. The channel potential V. is always equal to V, = Vs — V; atthe -1
pradac 66€, where Qv =0 e t =
« Channel narrowing: The channel cross-sectional area is greatly ¢ c&v.ced—
in the pinch-off region!

* In the pinch-off region, most of the applied V5 drops across the very small |
depleted region near the drain, because the (&S &fanc<of this regionis  ~-——>>"~-~ T o---- ey
much higher compared to the rest of the channel

C-keed ®
« Large voltage drop over small distance = high -x€

cC)

* How do carriers travel across the pinched-off region? - OVG i I
* Due to the high E-field, e- in channel are pulled into pinch-off region *
and dragged across : Vv
nf 3 n# o
o _ Vas = (Vos = V2) -
pinch—off I — L1 : § 1 e
0 kv &
, : : L Ay ®
» They usually travel at drift saturation velocity, UsoX > E E=-
» The pinch-off region is just&gQXQ\iﬂ_\, not inverted G(W.V\"DQF J T, ’
* Recall, depletion regions lacks mobile carriers PTG
* Probability of recombination for e- in the depletion region is very S‘MO..“ n* J
since region is depleted of h+, so we can neglect canmipin odia\ UQJ“&A
Sources: C. Liu EE105 Fall 2007 Slides, Quora
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Long vs. Short Channel MOSFET
» So far, our saturation current analysis has assumed our MOSFETs are [ogga C,M(\Q‘
- But for short channel lengths, carries travel at U< over most of the channel!

» Therefore, the saturation drain current doesn’t increase quadratically (V%g —Vg; ) like in long

channels Square Law Velocity saturated
2
I psar OC(VGS_VT) Ipsar x(VGS_VT)“ *
LW‘%" L =100 Mol
R —T T 1200 " —T—=
e | 1000 ==
) / £ 800 = —
- g s00p o I
200 / ""”"ti:_'"',:f:: A

- 8702 04 06 08 1 12
VDS(V)

« Modern MOSFETs tend to be St channel (L < 35 nm). Lower resistance (R ol L ), higher(;_c_r&u:\{u?!n~

» Downside? Short channel devices can only block lower source-drain voltages

Sources: M. Lundstrom ECE 305 Slides
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Channel Length Modulation

« As we have seen, the pinch-off point moves towards the source as V, ]ﬂc:*(-ecz;c’.s

« Therefore, the length of the inversion-layer channel becomes shorter

o I; will Mslightly) with increasing V,, in saturation due to channel length modulation! Not

het £l

desired! Q cmc'd~ 0 S SVert
1 1 ( AL) - = ﬂ b
Dsat oc = 1 .
L-AL L L
AL (VDS —V pSear ) ' Ves—|
1 /4
ID,sat = Eluncox L (VGS - VTH ) I:l + /1( D sat )j|

A: channel length modulation coefficient

» The effect of channel length modulation is less for a ‘o% channel MOSFET than for a 3\\0(*‘

channel MOSFET 1
A oc I3 —> short channel MOSFET has larger 4

Sources: https://inst.eecs.berkeley.edu/~ee105/spus/ectures/iecturel /.pdt
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Drain-Induced Barrier Lowering (DIBL) E ¢

DIBL
- The concept that the drain can lower the Soust © = _7—/

barrier and reduce V; is called drain-induced basrrier (o 0

lowering or DIBL @ \nt

 Classically, V; should be independent of

» But as the drain voltage increases, the reverse bias on
the body-drain p-n junction inc(€xsssthe conduction sourcs  channel
band edge is pulled down, and the depletion region - T
wsdans

A willmcﬁlith increasing drain bias! bIBL -

« I, will '\N.('Glﬁvith increasing drain bias! Injection I Short-

- DIBL is a larger concern in<'ao€ % channel devices Barrier v/ \ . Channel

Source

« At extremely short lengths, the gate can entirely fail to
turn the device off due to DIBL

Long-
Channel

Sotvg | \orany A Drain .

Sources: M. Lundstrom ECE 305 Slides, https://inst.eecs.berkeley.edu/~ee105/sp08/lectures/lecture17.pdf
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Metric: DIBL

« Units: mV/V
. : o ) AV
We take the horizontal shift in the sub-threshold DIBL = GS (mV/V)
characteristics on the log(ly) — Vs transfer curve (in AV
- . . mMc'-\ Ds
milivolts) and divide by the change in %"
log 1))
» Make sure to select a region of the plot where the L Yo "
current is exponential with gate voltage (linear on the Vig=1.2V
log plot) where the low V;, and high V,;, characteristics ?gfs : :M-”E—-IZ)S= 0.1V

are parallel 5E-7

 What's the DIBL of this MOSFET? \ 1)
OTOL= BVog = 0370V = D 2oy £
Pgs  1R-0N = WYV TR — b s

= | W\ 0.2 04 06 08 1.0 12

Sources: M. Lundstrom ECE 305 Slides, https://inst.eecs.berkeley.edu/~ee105/sp08/lectures/lecture17.pdf
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Short Channel: Velocity Saturation

* In state-of-the-art MOSFETSs, the channel is very short (<100 nm)
» The lateral electric field across the entire channel is veryht' gV\ such that carriers reach saturation

velocity, _“Uank
« Ex. Modern devices L = 35nm,soatV,;s=1V,E ~ 3 x SOS \ [em 7 Eut—‘r (&A

» Recall: The E-field value at which the carriers reach vg,; is called Ectt"r

e 8x10° cm/s for electrons in Si
! \I vsat = . .
o Yo 1OV s viem 6x10° cm/s for holes in Si
: L 20nm :
A Rt ’ NMOS: 1, ~250 cm?/V-s = E,,, ~30,000 V/cm
é 107] PMOS: 1, ~80 cm*/V-s = E__ ~80,000 V/cm
£ V=0, For L =0.1 yum
o
0 iy Vy s =0.3V for NMOS
% | , V,..=0.8V for PMOS
104 105 ’

electric field V/icm --->

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits, M. Lundstrom ECE 305 Slides
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Short Channel: Current in the Saturation Region (High V)

» The impact of saturation velocity leads to the velocity-saturated drain current
equation for short channel devices in saturation mode

* Recall that I, = WQ;,,,v

o If Vs, 7 E..:L, the carrier velocity saturates and hence the drain current fully
saturates; %

=WC, v, (Ves— Vi) =WCorvsatVasar

- So, for short channel devices, I, ;. OCV%S-VQ; rather thanC\lgs"V;_—:ﬁ& in long
channel devices

» Also note I, .4, is not directly dependent on |_ , but is dependent on |/ !

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits, M. Lundstrom ECE 305 Slides
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Current-Voltage Model Across the Full Range

 Putting together our piecewise approximation of the current, we now have a model
for the |-V in a short channel MOSFET

%4
A Iy = Iuncox (VGS -V )VDS

/ D/W Q( )< ( DS)>
I, //

R 1 _— < . — VDS

// / Lo =WC, 0., (Vos = Vy) Vs 2Ve: Q,(Vis)==C,.(Vis=V;)  Vos SVsur: <v(VDs)>— b
/
// v = Dl Vos<Vr: ©, ( )= Vis > Visar : <U(VDS)>=vsat
DSAT ‘LL
> Vs

VDSAT

w 2
* Note: for long channel MOSFETSs, Ipsar =57 L HeCocVos =Vr)

* You may notice we will not get a smooth curve with this model. Typically, we
empirically adjust the fit from high to low V. with an extra parameter 3

Sources: M. Lundstrom ECE 305 Slides
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Tp—b

Subthreshold Current — “Off”’ is not totally “Off” W‘ 2 - Ne_f k@
« W ne”
« What about cut-off mode ( 0 E¢ state)? | e

* ~
» So far, we have assumed I; = 0 in the cut-off region (15 < Vi:. ). This is incorrect! hWr27e

* Below threshold, the inversion electron concentration ( (\5 ) is small but nonetheless can allow a small
L ug Ge\$io flow between the source and the drain

As Vs is reduced below V;, the potential barrier from the source into the channel is inece qSed

Therefore, I; becomes limited by carrierd}@u%&’d{hrough the channel, rather than drift

The subthreshold current decreases exponentially with linearly decreasing V,s/m

W ? ) ]
]D = Il'[eff'Cox z (m T 1) (k_Tj eq(VG_VT e (1 - e_qVDS /I\T)

Where mis Qn E(\’\'Qgef

The subthreshold current is the main contributor to the current in the off-state, I,s/!

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits, M. Lundstrom ECE 305 Slides
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TRNSCec

Metric: Subthreshold slope O v encigene]

* If we plot the semi-log of Ig — Vs, we should geta _ 107} of current | .
linear behavior in the subthreshold regime (cut- £ ig e 1*°E
off) B 1074 |- Eﬁ'opeﬁfs {05 B

* The inverse slope of this line is known as I e
subthreshold slope or swing, Sor SS 0% e o2 ot o o0& 1o 1:

« Typical value: 70 -100 mV. We want it as Qrag\} Ve IV]
as possible. Why? e

* A change in the input V¢ of 70 mV will change the il pr ——
output I4 by an exchel oftmagnitede (Cactoc oEt0Y 1 /

» Clearly, the smaller the value of S, the better the " /
transistor is as a switch (voltage-controlled \g8 ,1’/;

C U @ )! Ty sty

» Key point: A small value o\f,S means a small Z Ve
change in the input bias os can modulate the -1 .
outpl?t current :DS;O considerably S = ( ddlogy 1 )J = k—Tln(IO)(1+&)

dVss q Cor
Columbia ELEN3106/4106 Fall 2024 g Prof. Savannah Eisner Lecture 23 11


http://dx.doi.org/10.1007/s00502-017-0534-y

Metric: Off-Current and Static Power
Dissipation P

static — Vddloff

* lysristhe I; measured at IV, = 0and Vys = Vg4, the

sugple- witage N

. . ® Active Power Densit
* Itis important to keep I, very small in order to __AE+02 .} s d
minimize the static power that a circuit consumes when € 1E+01 ..‘ -
it is in the standby mode é 1E+00 %:'
* 1E-01 * o
* In modern MOSFETs, I,¢¢~I,,/1000 g
1E-02 ._._._.7
o ~
* Let'ssay I,¢r is a modest 100 nA per transistor Q. .ozl Passive Power Density !.. -
: - - .‘
« A cell-phone chip containing one hundred million 1E-04 e @
transistors would consume _\ O /A even in standby! 1E'Og o o ‘ 1
* The battery would be drained in minutes without Gate Length (um)
receiving or transmitting any calls
» See previous slide for determining off-current from Ex: see IBM journal of Research & Dev.
transfer curve! http://www.research.ibm.com/journal/rd/504/tocpdf.html

Sources: E. Pop ECE 340 Slides, M. Lundstrom ECE 305 Slides
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http://www.research.ibm.com/journal/rd/504/tocpdf.html

Inverter Speed and the Importance of I,

* In a CMOS inverter chain, the propagation delay is the average of the delays of
) @“5\14@\‘ " (rising V1 pulls down the output, V2) and * ﬂgm—down” (falling V2 pulls
up the output V3)

'II—H—

T,
I

&
.\Q\ \‘ Q‘\

[\ —
Ion=Idsat|

: CVdd( ] ) ﬂ ET [
42 / 4 1 onN 1 onP oe,;'\\k“ a a L‘
) ®

maximum |Vgs| A
Vaa

 Clearly, in order to maximize circuit speed (the delay may

be interpreted as RC), we need to maximize I,,,! (b)

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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Threshold Voltage Design Trade-Offs
* Low VI; is desirable for Ngb on-state current, F‘Lo\/\ ;

IdSClt 0.6 (VDD - Vt)n fOl' 1 < 77 < 2

« But high V, is needed for low off-state current, Z"e£6- ! This is not desirable because a
large V; (reduced I,,, = 1,;5,;) degrades the circuit speed

-V, cannot be

reduced aggressively.
IOFF,Iow VIH

0 VGS

Sources: White EECS42 Week 9a slides
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Gate Tunneling Leakage

* An alternative way to reduce I, (instead of

altering \liz ) is to reduce the subthreshold

swing

« We can do this by increasing C,, i.e., using a

ey oxide

» But, when we make the SiO, too thin, carriers
can tunnel through, causing gate leakage

current!

» Oxide breakdown is another limiting factor: thin
oxide -> chctz.)e - -> material breakdown

Lze\d

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits,

Energy band diagram in
inversion showing electron
tunneling path through the gate
oxide

L o
>

A
O)

/

(a)
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Cox= € o _ Lo
High-K Dielectric OR= Teoa™ = Gl

nm \ nm
* Hence, engineers have developed high — k dielectrics to replace \
o “‘o
SiO; (note k = €reiative) We wong~ '\‘Q MaXEME2E COX ‘\'0 ku..er S
* Ex:HfOy, ZrO,, Al,O4 | o wee 10% \H“W\O-l"i‘ EOT = thign- k<k o )
high—k

COJLQ(“%V funek g dsie 0 4o thtn |
These high-k dialectics have larger relative permittivity, meaning they d.le\ccwu:%_ T "\‘6

can be made than SiO, to produce a given C e— waf\
'\@z \eY-X¢ 20P | - De, Mg vr\hed
c» . 106 llllllllllllllllllllllllllll
E(HfOZ ) = 24‘, ~6X |al’gel’ than E(SlOZ )':: 3 .q _\\ \ . Du'ect tunn lmg model

4 Inversion bias
A 6 nm thick HfO, film is equivalent to 1 nm thick SiO, in the sense - Vgl =1.0V
. 102 | \
that both films produce the same C,, ort , ‘ﬁ?\f ms \\ Exp;OData

We say that this HfO, film has an-g%;&m\g@vr.EOT of 1 nm

- Hf02

The HfO, film presents a much thicker (albeit lower) tunneling barrier

y Gate current density (A/cm?)
[y
<
[=]

-4 | \m \ _
to the carriers = A
_ _ 0tk .. e =
The consequence is that the leakage current through HfO, is several [ TR ITS 50 0
orders of magnitude smaller than that through SiO,! Equivalent oxide thickness (nm)

Disadvantages? MQW‘Q'C(C_“’\L(‘W\"J s ATt Y -Qs( \(uqh,-h (®)

Sources: C. Hu Modern Semiconductor Devices focr'm CIFCL%\ (?Q&EM& M Q‘ \v/\s and g \ QQBW
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Effective Mobility in the Channel (Vi + Vi + 0.2)6Tone (MVicm)

00 02 04 06 08 10 12 14 16 18 20

 What is the true mobility in our MOSFET channel? -
500 _— .
. . age 18
+ Can we look it up i the bulk silicon charts? N} ! B s
O . 450 0 6x10%
W 1 I — Model
[ N\ 400 +—
We ace \boking- ok $he comi Surkace's
» Scattering mechanisms affect the mobility in the channel i -
. . T a0l Jx Vo % il
(which is very close to the u((\'e&ac«ebetween two B [ omiRoaV Y dea O
i - R ) el
dissimilar materials!) L e gmyiad
2 - — Model .
» Charged impurity (Coulomb) scattering 3 200_ @ )
« Lattice vibration (‘*\DNW\ ) scattering i o
« Surface roughness scattering! 100__ ]
\‘0’\@ 50 O —
c I ST PRICRY [RBORTT! PECREhe| FEy WAi FERER St RIS | | | | lq

e ‘\Q‘\ ; ! C . 00 02 04 06 08 1.0 1.21 1.4I 1.6] 1.8[ 2.0
* Instead, e- and h+ surface mobilities are determined by G (Vg 1.5V, = 025)/6T oy, (MV/cm)

Vys: Ve, and t,(equivalent) F

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits, E. Pop ECE 340 Slides
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MOSFET Speed (Switching)

+ Cutoff frequency £ moexc is frequency where MOSFET S = S :f-lif%(VGS —V,) o iz
no longer amplifies input (gate) signal — 2”Co;< 2zl L
» Obtained by considering high-freq. small-signal model 7100 o Si MOSFETs o
with output shorted, then finding freq. where L;?”t/iinl =1 f ® Enhancement mode InSh 8@@%9
= Depletion mode InSh S
No amgh &Rcaat 2w,
A 3 |L qoss doags™
« Something we already knew qualitatively = higher 2 Cgt% dox
MOSFET operating frequency achieved by decreasing Slt- . ;
awcreasmg w\bYoc\\{-B/' Mepp 2 Py
« Smaller = faster for devices (though parasitics play a big ot . 0 100 000 10000
role in realistic circuits) SECTeS ces laance Gate Length, Lg [nm]

(NTCT FeSSTawce

Sources: E. Pop ECE 340 Slides
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b §

Quantum Tunneling T
« The limit to barrier control in short channel qQ @ 0 \—'F__ﬂk
devices (small gate length) is quantum = . ”"4’
£ # 0.
tunneling 5 02 g o2
'.;7: 0 E 0
£-02 4) £ 02 3)
 Recall: for &LE(\ potential barriers, there’s 4 0 20 300 40 4 0 20 30 40
o . Slah_l’() siti _ slab Position
some probability carriers can penetrate the - (Le=10 nm& - ._h J
barrier even though they don’t have enough i .
Rxnetic efmi%fo e 9o : i
C
o\‘@( &Sf\e_ Qc 6(— 2 -02 2) } 02 1)
_0'41 10 20 30 40 50 _041 10 20 30 40 50 60

« Sound familiar? We discussed that a major Slab Position ’ Slab Position
hurdle to continued gate length scaling is
that we are now entering the quantum
(tunneling) regime in our first lecture!

from M. Luisier, ETH Zurich / Purdue

Sources: M. Lundstrom ECE 305 Slides
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