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Fundamentals of Nanotransistors
Unit 2 Homework SOLUTIONS
Mark Lundstrom
Purdue University
November 10, 2015

This problem concerns an MOS capacitor that consists of a metal electrode, a 2 nm
thick silicon dioxide layer with & =3.9, and a silicon substrate (k, =11.8) that

begins at x =0. The electric field in the semiconductor is shown below. Assume that
there is no charge at the oxide-Si interface, and no charge in the oxide.

E . ;
E(0)=E,=121x10" Viem

rd

T
x=397x10"cm x

Answer the following questions.

1a) What is the surface potential, ) ;7 (Assume that the potential is zero deep in the
semiconductor.

Solution:

y,= %Z'SW =05 (1217 10°)" (397 10°°) =0.24

Y, =+024V

The sign is positive, because the electric field > 0, so the potential at the surface must
be greater than the potential in the bulk.

1b) What is the doping density in the semiconductor?

Solution:
Use the Poisson equation in the depletion approximation:
aE _ r __ 4N,

de kg ke
a¢ _0-&, _ &
dx /4

I
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Unit 2 HW Solutions (continued)

Putting the above two equations together, we find
k.e

N, =RE,
q
. s an-14
N, = 1%'8 8.854 1,0 1217 10°=1.99" 10V
(1.6 10'19)(3.97 10'6)

N,=199" 10" cm?

1c) What s the electric field in the oxide?

Solution:

The D-field is continuous because there is no charge at the oxide-Si interface. So:
11.8

koxeofax = kSeOZ-S Z_'nx - S Z_'S - EZ-S 3 035

OX

£ =303 121" 10°=367" 10°

£ _=3.67"10°Vicm

1d) What is the voltage drop across the oxide?

Solution:
The electric field in the oxide is constant because there is no charge in the oxide, so:

DV =Z t

ox ox

DV, =(3.67x10°) x2x10"7 =0.073

DV =0.073V

le) Whatis the electrostatic potential in the metal gate?
Solution:

Add the volt drop across the semiconductor and the volt drop across the oxide:

v =DV _+y =0073+024=031V

metal

=031V

metal
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Unit 2 HW Solutions (continued)

2) The energy band diagram for an MOS capacitor is sketched below. Assume T = 300K
and an oxide thickness of t. = 1.1 nm, and an intrinsic carrier concentration of

n=1 10" cm-3. Answer the following questions using the depletion approximation as

needed. (Note that £, = E at the oxide-silicon interface.)

E
/ EC
T x~———E
0.51eV
./ W EF
/ E,

v
=

|
x=0 W

2a) What is the surface potential?

Solution:
V :y(x:O)-y(x—)oo):O.E)lV

2b) Sketch the electrostatic potential vs. position inside the semiconductor. Label the
surface potential on your sketch.

Solution:

v (x) /
N

W(x=0)—y(x—>)=y,=051eV

i
X = 0 W

Y (x— o)

v
-
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Unit 2 HW Solutions (continued)
2c) Sketch the electric field vs. position inside the oxide and semiconductor.

Solution:

™

E(x)

v

o
=

_I.-- *
Note: We assume that there is no charge in the oxide and no charge at the
oxide-Si interface.

2d) Do equilibrium conditions apply inside the semiconductor? Explain

Solution:

YES. The Fermi level is constant, but even if the Fermi level in the metal does
not align with the Fermi level in the semiconductor (as is the case when a
gate voltage is applied) the oxide insures that no current flows, so the metal
and semiconductor are two separate systems in equilibrium with possibly
different Fermi levels. (Note: We assume that light is not shining on the
semiconductor.)

2e) Sketch the hole concentration vs. position inside the semiconductor.

Solution:

P (x — oo) — p o\EE T

log,, p(x)
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Unit 2 HW Solutions (continued)
2f) What is the hole concentration in the bulk?

Solution:

p(x N oo) — nie(E,.- Ep)/ksT =10 60.51/0.026 =33x10% cm3

p(x—w)=N,=33x10" cm?

2g) What is the hole concentration at the surface?

Solution:
p(x = 0) = nie(Ef'EF)/kBT =10"" =17 10°
p(x=0)=10"cm*

2h) What is the gate voltage?

Solution:

The Fermi level in the metal aligns with the Fermi level in the semiconductor,
so the gate voltage must be zero. (Note: The fact that there is a volt drop
across the oxide and the semiconductor with V¢ = 0 indicates that there is a
workfunction difference between the metal and the semiconductor.)

2i) What is the voltage drop across the oxide?

Solution:
The electric field at the surface of the semiconductor is given by:

2qN y
gsz\j kes
S0

We find the electric field in the oxide from:

kK E =kF,

ox ox

SO

z :ﬁ 2gN )y
” kox kSeO
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Unit 2 HW Solutions (continued)

The volt drop across the oxide is:

k. [2qN
oV, =t £ =1 -5 [“2Fs
ox ox ox Oxk kSeO

ox

Alternatively we can write this as

DV, =

t
OoX
K&
where

qukSe()NAyS =

0,(vs)

)

C

ox

0, (ys)is the depletion charge in C/cm? in the semiconductor and

C _is the oxide capacitance in F/cm?

Putting in numbers:

_k e 39 8854 10

o ¢ 1.1° 10”7

ox

=3.1" 10° F/cm?

We found the doping density in 2f) and the surface potential in 2a), so

0,=-\2¢k,eN y =-2" 16" 10" 11.8" 8.854" 10" 33" 10°" 051

Q,=-75 107 C/cm?

ox

DV =024V

0,(v;) 75x107
DV =- - _
C_ 31x10

=0.24

Question: If the substrate were n-type, as in the figure below, could you repeat this

problem?

E.’- M

.I 0
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Unit 2 HW Solutions (continued)

3) Consider an MOS capacitor with a gate oxide 1.2 nm thick. The Si substrate doping is
N, = 10" cm3. The gate voltage is selected so that the sheet density of electrons in the

inversion layer is n, = 10" cm2. Assume room temperature and that

|Qn‘ = gqng » \/szeOkBT n?[/N, e C/cm2 Answer the following questions.

3a) What s the surface potential? Compare it with 2 .

Solution:
|Q,| =qng > ZeSkBTl’liz/NA etV s12ksT
%0 gn
ys = In
q L\/ZkSeOkBTnf /N, J

Putting in numbers: |y =111V

Now compare this to 2y :

(10"
2y . =2x0.0261n =0.958
yF X klolOJ

V,-2y,=111- 096=0.15

-2y, =58(k,T/q)

The actual surface potential under strong inversion is about 6 ksT/q bigger than 2y .

3b) How much does the surface potential need to increase to double the inversion layer

density?
Solution:
(
From: y = 2k;T InL s J with n, =2 10*, we find
g \J2kyek,Tn/N,
Vs=114s0
Dy =0.03V
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Unit 2 HW Solutions (continued)

4)

3c) How much does the gate voltage need to increase to double the inversion layer
density?

Solution:
DV, =Dy +DV,

ox

OV, == o

ox

c =%=% _5g3" 10

ox
ox

13
Dy, ~- Xz 10 g6y
T C, T 2.88x10

ox

DV, =Dy, +DV,_ =0.03+0.56 =0.59 V

DV, =059

3d) Explain in words why it is difficult to increase the surface potential for an MOS
capacitor above threshold.

Solution:

It takes only a small amount of additional band bending in the semiconductor to
double the inversion layer charge because the inversion layer charge increases
exponentially with surface potential.

The increased inversion layer charge leads to a large increase in the electric field in
the oxide, which increases the volt drop in the oxide and as a result, the gate voltage.

So above threshold, it take a large increase in the gate voltage to increase the surface
potential a little bit because most of the increase in gate voltage is lost in the volt drop

across the oxide.

Gate workfunctions must be chosen to produce the desired threshold voltage. If there
is a difference between the metal gate and the semiconductor, then the flatband
voltage is not zero. Consider the “mid-gap” workfunction shown below and assume

that the semiconductor is silicon at room temperature with N, =3.23" 10" cm® and

N, =1.83" 10° cm®.
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Unit 2 HW Solutions (continued)

4a) Ifthe semiconductor is n-type with N = 10" cm-3, then what is the flatband
voltage? Explain the sign of the flatband voltage.

Solution:
(E,- E.)=-009ev
F,=cy+(E.- E,)=4.05+0.09=4.14

v, =(F, - F,)/a=(461- 414)=047

= 4047V

FB

Explanation: The Fermi level of the metal (before coming into contact with the
oxide and semiconductor) is below that of the n-type semiconductor, so when
brought together, a negative built-in voltage (with respect to the semiconductor)
must develop on the metal gate to align the Fermi levels. To undo this negative built-
in potential, a positive flatband voltage must develop.

4b) If the semiconductor is p-type with N = 10" cm'3, then what is the flatband
voltage? Explain the sign of the flatband voltage.

(E,- E,)=-0.076eVv
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Unit 2 HW Solutions (continued)

Fy=cy+E,- (E,- E,)=4.05+112- 0.076 =5.09
Vi =(F,, - F)/a=(461- 5.09)=-0.48

Fi

V., =-048V

Explanation: The Fermi level of the metal (before coming into contact with the
oxide and semiconductor) is above that of the p-type semiconductor, so when
brought together, a positive built-in voltage (with respect to the semiconductor)
must develop on the metal gate to align the Fermi levels. To undo this positive built-
in potential, a negative flatband voltage must develop. Note that even though the
Fermi level of the isolated metal was exactly in the middle of the gap, the flatband
voltages for the two cases are not exactly equal in magnitude because the conduction
and valence band effective densities of states are a little different.

5) Assume an MOS capacitor on a p-type Si substrate with the following parameters:

N, =27 10" cm for the bulk doping  Oxide thickness: t =11lnm k =39
0, =0 (no charge at the oxide-Si interface) T=300K V. =1V

Also assume that the structure is ideal with no metal-semiconductor workfunction
difference. When working MOS problems, it is easiest to assume a surface potential,
and then calculate the gate voltage that produced it, but in practice, we only have
access to the gate terminal. In this problem, you are given the gate voltage and will be
asked to find the surface potential. You may assume the depletion approximation, but
you must check to be sure that it is valid.

Find the surface potential, y ..

Solution:
0 29k .e N
Ve =Vig 7Y s+ DV =V 4y - %zVFB-‘-yS-F%VyS

We are assuming here that all of the charge in the semiconductor is depletion charge
- no inversion charge. This assumption will be checked later. We are told that there
is no metal-semiconductor workfunction difference and no charge at the oxide-Si
interface, so Vg = 0. We find:

\2gk e N
Ve =V s +bJy g b:—qc” 4 =0.303

ox

Y+ by /ys - V. =0 is a quadratic equation for Jy s
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Unit 2 HW Solutions (continued)

- bx\b*+4V, L . .
,/ V= > (take positive sign. Since there is a positive gate voltage, we
should get a positive surface potential.)

Putting in numbers, we find:
v, =074V

Is this greater than 2y ?

kT (N _ (2.7x10%) _
f; IanJ =0.026 x InLTJ =0.505

Y=
2y =101V

Our use of the depletion approximation for O, (y S) in the first equation is justified,

and
v, =074V
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