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Exercises on Ballistic MOSFET Theory

Mark Lundgrom and Changwook Jeong
Network for Computationd Nanotechnology
Discovery Park, PurdueUniversity

Objective:

Theobijective of these exercisesisto hdp you gan familiarity with thetheory of thebdlistic
MOSFET as presented in GPhyscs of Nanoscale Trandstors: Lecture 3: Theory of the Ballistic
MOSFET.O

1) Thelocation of theFermi level with respect to thebottom of the subband, 1, , isakey
parameter in thetheory.

a) Showtha for highdrain bias, !/ , isobtained from

n 0/ ,
!Flzlnlexp M 0( 1 .
* Ny & -

Clearly identify the assumptionsyou make.

b) Usingtheexpression aboveand numbers appropriate for (100)silicon, compute
(E; — &,(0)) when ny(0)=10" cm™. Youshould assume (100)silicon with asingle
(unptimed) subband occupied.

c¢) Derive an andogousexpression for low drain voltage

2) Usetheresults of question 1) to show that thedrain saturation voltagefor abdlistic
MOSFET is

( "2Ch(Ves! Vi )% +
V =k, T/g)ln* & e
DSAT ( B /q) njeXP% N, . 2 :
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3)

4)

5)

6)

7)

8)

Show tha for strongcarrier degeneracy, theinjection velodty approaches

bt
HINT: Refer to ONotes on Fermi Dirac Integrals, 2" Ed.Oby RaseongKim and Mark
Lundgrom.

Use theresults of question 3) to show that for strong carrier degeneracy,
1/2 3/2
v, ~ (Vs = V,) “andtha 1, ~ (V- V)

TheFermi velocity isgiven by v, =k, /m" . Showtha for strong carrier degeneracy,
ro o (4/34)!,

HINT: Refer to ONotes on Fermi Dirac Integrals, 2™ Ed.Oby Raseong Kim and Mark
Lundgrom.

In Lecture 3, we showed a plot of bdlistic injection velodty, 0, vs. inversion layer densty,
ng(0). Reproduce this plot and compare theinjection velodity vs. ng(0) for Si

(m’/m, = 0.19) to tha for Ino7GaosAs (m’/m, =0.037 ). Theresults should hep you
undestand why device researchers are currently exploring I11-V channd MOSFETSs.

In Lecture 3, we showed tha the saturated drain current varies with Vs according

tol, < (Vg —V; )" where! = 1inthenondegenerate caseand! = 1.5 in thedegenerate
case. Wha hgppensin thetypical case for moden trangstors? Assume Vpp = 1.0V, tox =
1.2 nm, Vy = 0.3V, and compute Ip vs. Vgsfor Vpp = 1.0V and deerminethe parameter, ! .
(Note tha to« isactudly an effective, electrical, thickness tha accounts for theinfluence of

the semicondudor capacitance and the depletion of the poly silicon gate. Usingthis
effective thicknessin the conventiond expression, C, =« &,/t,. , produces areasonable

estimate for theoxide capacitance. Assumetha ! , =4.)

In Lecture 3, we obtained an expression for the bdlistic channd condudance as

o= = P ) j[mnm)]

CH GS ok T/q) (nFl)
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whee Rcy isthechannd resistance. Compute thebdlistic channd resistance for amodean
trang stor with thefollowing parameters.

VDD =1.0V
tox = 1.2 nm
V:=0.3V

(Note tha to« isactudly an effective, electrical, thickness tha accounts for theinfluence of
the semicondudor capacitance and the depletion of the poly silicon gate. Usingthis
effective thicknessin the conventiond expression, C,, =! ", /t., » produes areasonable

ox 0

estimate for the oxide capacitance. Assumetha x, =4.)

a) Compute theresult and express your answer in theunits of Q-micrometers .

b) Compare your answer to thetypica value of the series resistance,
R = R, =100Q-micrometer .

c¢) Compae youranswer to the conventiond expression for the channd resistance of a
MOSFET,

1 w
Gy = R, = Zueﬁcm (VG - VT) '

assuming an effective mobility for electronsof p,, =200 cm’/V-s and achannd length of
50nm.

d) Ingenera, we can defing G, = M 2¢°/h. For T =0K, M isan integer nunmber of
conduding channds, but more generally, we can use this expression to estimate the
effective numbe of channds. Use your answer for part a) to determinehow many
channds are conduding foraW=1 um wide MOSFET and for aminimumwidth
MOSFET with W= 100nm

e) Asdiscussed in Lesson 2, we can define a (odlistic mobilityOas

1, = "L ﬂjﬁl& ('I Fl)f%
° (ZkBT/q)((xﬁJ(! Fl) ) ’

which isthe highest value of mobility tha onecould deduce fromthelinear region of
thel-V characteristic. Assume L =50nmand compute the bdlistic mobility for this

MOSFET and compare it to therea mohility of u, = 200cm?/V-s.
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9) Begin with thegenera current expression,

" 21_F1/2 (#F2)/F1/2 (#Fl)'
T%1+FO(#F2)/FO(#F1) (

ID :Wcox (VGS I VT)

and show that thebdlistic channd condudanceis

S

10) IntheT =0limit, weexpect G, = M 2g°/h. Itishard to take this limit from our fina
expression for thechannd condudance,

1 $ " 9%F, ()
- 7w Vo # T mo\r)
Gey R ( C, ( GS VT)(szT/Q))T F, (! Fl) 7‘

Itiseasier toevaluae | *(! ) and 1" (n,,) inthe T = OK limit and then deduce the

bdlistic condudance fromthos expressions Use either approach and show tha
G, =M2q* [h for T =0K.

11) Theon-current of amoden MOSFET isabout1.0 mA/mm. Inlesson 2, we deived an
expression for theon-current of abdlistic MOSFET as

1, >WC, (V,, =V, )b,.

Compute the bdlistic on-current for amodern transistor with thefollowing parameters.

VDD =1.0V
tox = 1.2 nm
V:=0.3V

(Note tha to« isactudly an effective, electrical, thickness tha accounts for theinfluence of
the semicondudor capacitance and the depletion of the poly silicon gate. Usingthis
effective thicknessin the conventiond expression, C, =« &,/t,. , produes areasonable

estimate for theoxide capecitance. Assumetha !, =4.)

What fraction of thebdlistic limit does the actud device ddiver?
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12)

In Lecture 3, we derived an expression for thedrain saturation voltage,

Y $2C,, (Vi #V,) -

Vosar ! (kT /)" 12 :(kBT/‘I)In;_exp% qN,, #1? |

Compute Vpsar VS. Vgs DVr for atrangstor with the following parameters.

VDD =1.0V
tox = 1.2 nm
V:=0.3V

(Note tha to« isactudly an effective, electrical, thickness tha accounts for theinfluence of
the semicondudor capacitance and the depletion of the poly silicon gate. Usingthis

"

effective thicknessin the conventiond expression, C,, =! ", /t., » produes areasonable
estimate for the oxide capacitance. Assumetha x,, =4.)

If we canignore the-1in theexpression for Vpsar, then

2ksT /q)C.,,
DSAT — M(VGS - VT) = ﬁ(VGS - VT) :
gN,,
Compute" for thistrandgstor and plot the approximate expression on the same graph as the
correct expression. Notethat Vpsar for abdlistic MOSFET isthelongchannd Vpsar,
=(V,, —V, ) multiplied by a parameter that isless than one

VDSAT

13) Thel-V chaacteristic of abdlistic MOSFET is given by:

1-#,, (Th:z)/ﬁ/z (Tlm)
IDS :VVCox VGS _VT LbT
( ) |: 1+ﬁ)(an)/ﬁ)(nF1)

ZkBT 7:1/2 (nFl) 0 7:1/2 (nm)

am Fo(ne) 7 Fo(me)

b, =

S g7 (") + Pl o)

Cox (VGS ! Vr) =q

Nea = Mg — qVDS/kBT

Using these equaions write a Matlab script to compute Ip vs. Vpsfor Ves =04, 0.5, 0.6,
0.7,0.8,0.9,and 1.0V. Assume atrandstor described by:
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VDD =1.0V
tox = 1.2 nm
Vr=0.3V

(Note tha to« isactudly an effective, electrical, thickness tha accounts for theinfluence of
the semicondudor capacitance and the depletion of the poly silicon gate. Usingthis
effective thickness in the conventiond expression, C, = k&, /t,, » produces areasonéeble

estimate for theoxide capacitance. Assumetha x, =4 .)
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