Fall 2008
EE 612: Nanoscale Transistors

HWS SOLUTION

Ballistic FETs and V¢

1) For a p-MOSFET with N, =2.7x10% cm™, a p" polysilicon gate with (Ey — Er) = 0.0, an
EOT,. of 1.Inm, and charge at the oxide-Silicon interface of Qg /q= 5x10" cm?,
compute the threshold voltage at V,; =0,-0.5,+0.5V.

Solution 1)

V, =V 2, ~ 2@ V) e o MOSFET,
COX

(1) The flatband voltage,

€550,

B =+1.06V Qe =0.0025V where C,, =
 C EOT

OX elec

Vi = _S_F — +1.058V

OX

E,/
() 2y =2~

Qs ~ Qp :+\/2q55iNA(2‘//B +Vg)
Cox  Cox Cox

)=1.0V

(iii) =0.3024(V,, =0),0.2138(V,, =0.5),0.3704(V,, = +0.5)

Therefore,
V; =-0.2444(V,, =0), —0.1588(V,; =—0.5), —0.3124(V,, =+0.5)

(It is ok that you properly consider V increase by poly depletion effect )

2)  Assume that the off-current of a MOSFET at 7 = 27°C and Vsg = 0.0 is0.1 uA/um.
Estimate the off current at 7= 100°C.

Solution 2)
In the subthreshold region,

2
W ke T ~Vr )i mkg —QVps /kg
ID ::ueffCox (Tj(m_l)( Z j eq(VGS Vr )/ mkeT (1—9 av /kT)
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Assuming that the mobility is approximately independent of temperature, the off current at

100C can be approximated as,

873 aL P
I (373K) =1 (300K)| — | e™®
8 (5736) =1, 00K 372

Temperature coefficient can be obtained from eqn 3.45.
Using m=1+3t,x/Wgm =1.15 from prob 1, dV/dT = 0.5 mV/K.
Vt (100C) =-0.210V, Vt(27C)= - 0.244V.

Therefore,

| (373K) =1.681.A/ um

If we assume that both the mobility and threshold voltage are approximately independent of
temperature, the off current can be approximated as,

Lo = lps (Ves =0,Vps :VDD) oc T 27 /meT
From the results of problem 1, V1 =0.244V, m = 1+3t,x/Wam =1.15.
Iog at 100C is,

2 7qVT(i_i)
I, (373K) =1, (300K)(373j e

il ka 373 300 2075 A/ m
300 HOTH

3) Asderived in Taur and Ning,

2
W k,T YT (4 e
= m - KTt o)

describes the I-V characteristic of a MOSFET in the subthreshold region. Explain how to
modify this expression to describe the subthreshold region of a ballistic MOSFET.

Solution 3)

ID — (;ueff kBTTj%CoxW (m _1) [kBT] eQ(VGs*VT)/kaT (1_e—qVDs/kBT)

_ Deff CoXW (m _1) [I(B_TJ eQ(VGs ~Vr )/ mkgT (1_ e’qVDS IkgT )
L q

=0, CoxW (m _]_) (kB_Tj eq(VGS ~Vr )/mkgT (1_ p~Vos /keT )
q

EE-612 Fall 2008



4)

5)

Electrons moving in the x-y plane of a MOSFET channel have a +x-directed velocity of
v, =0C0sH where mv?/2=(E—¢,), where & is the energy of the first subband (think of
this like the bottom of the conduction band).

a) Show that at a given energy, the average +x-directed velocity, <UX> =2/r.

b) Show by integrating over energy, that the overall average +x-directed velocity is

j_ue (E-Ee)/kaT 4 J‘ (BB )T g _ ZKBT — 0,
: zm

Solution 4 a)
Electrons are free to move in the x-y plane, and they enter the device with a spread of
velocities, so we need to use the average velocity in the x-direction (or average cos 0)

+7l2

jucos@de
) :_”/Z—:_U
(or) Vs pa
Solution 4 b)
J’Z ’2 E ‘91 (E-E¢)lkeT 4
_ _E-g _E -4
J‘e (E-Ex)/keT 4 keT " keT

&

o0

_[ xY2e 0 ) gy

<Ux> =£ IZ;BI 0 _ 2 /2:}; r(i) Zkr;:I:
T J.ef(xan)dX 4 4
0

Where gamma function I'(z) = J- X e ~¥dx

Assume Boltzmann statistics and compute the ballistic mobility for an L = 50nm MOSFET
with silicon channel (m* = 0.19my) vs. GaAs channel (m* =0.063m,). Compare the two
numbers and discuss the significance.

Solution 5)

Assuming Boltzmann statistics,
oL L 2k T

(2ksT/a)  (2k,T/q)

Uy = =1.19x10%(Si), 2.07 x10*(GaAS) [cm* /V -sec]
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6)

7)

It is clear the light effective mass helps boost mobility.

At T = 0K in a ballistic MOSFET, the density of inversion layer electrons with positive
velocities is given by
L_m

n=——
S 2nh?

(EF _51)7

where g, is the energy of the first subband (think of this like the bottom of the conduction

band). At 7 = OK in the ballistic MOSFET, the average velocity of the electrons with
positive velocities is

- 4 4 [2(E. -¢
UT_guF_&r ( an l)'

*

a) Use the two equations above to develop an expression for the on-current of a ballistic
MOSFET in the fully degenerate limit.

b) Assume n; =10" per cm’and m” = 0.19m, (silicon) and compare the ballistic injection
velocities under non-degenerate and fully degenerate conditions.

Solution 6 a)
The on-current of a ballistic MOSFET in the fully degenerate limit consists of I'" alone.

*

+__M (E l)zw

= = (B A= T
I (on) =Wangv* =WC,, (Ve V){ CalVs V)}
qr
Solution 6 b)
In the non-degenerate condition
O = 2KeT 1 25107cm/sec
m

In the non-degenerate condition, from results of part (a)

DT:S - C°X(VG W) _ 4/ s =2.9x10"cm/sec

3m

The transconductance of a MOSFET in the saturation region of operation is frequently used
to estimate the velocity in the channel according to

EE-612 Fall 2008



=—gm
)=

a) Show that this expression gives the velocity at the top of the barrier for a ballistic
MOSFET in the non-degenerate limit.

b) Show that under fully degenerate conditions (7' = 0K), this expression does not give the
velocity at the top of the barrier.

¢) Compare a) and b) to the result from the complete velocity saturation model.

Solution 7 a)
From current expression, intrinsic transconductance can be written as,

a1, IW) o<v>
Omi =adT=Ceff <U>+Ceﬁ (Vgs _Vt)aT

gs gs

_ 2k, T ;1-/2(77Fl)
m’ /zg(ﬂm)

And <u>

In the non-degenerate limit,

Because of <u> = ZK;T , 86<VU> =0and <l)>= In
V4

gs ox

Solution 7 b)

In the degenerate limit, using a result of 6 (b),

O i 1| 8n Ceﬁ (VG _Vt) 3
i —cp> 42| — =~<v>
C., 2| 3m ar 2

29

eff

<L >=

Solution 7 ¢)
The complete velocity saturation model is I (on) =WC_, (Vg —V,)v;,

at

3

oy,
wC

(028
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8)  Explain in words (no more than three sentences) why the subthreshold current increases
exponentially with gate voltage.

Solution 7 ¢)

The probability of thermionic emission over the barrier is exp(-Ey/kgT) and the barrier
height decreases linearly with  gate voltage. Therefore, the subthreshold current
exponentially increase with the gate voltage.
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