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ECE 305 -Fall 2017
Exam 4 - Thursday, November 16, 2017

This is a closed book exam. You may use a calculator and the formula sheet at the end of
this exam. Following the ECE policy, the calculator must be a Texas Instruments TI-30X IIS
scientific calculator.

To receive full credit, you must show your work (scratch paper is attached).

The exam is designed to be taken in 60 minutes (or less). Be sure to fill in your name and
Purdue student ID at the top of the page. DO NOT open the exam until told to do so, and
stop working immediately when time is called. The last 2 pages are equation sheets, which
you may remove, if you want.

100 points possible,
[) 40 points (8 points per question)
II) 30 points
[1I) 30 points

Course policy

If I am caught cheating, [ will earn an F in the course & be reported to the Dean of Students.

[ repeat:

Signature:
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Part I: Answer the 5 multiple choice questions below by entering them on your IDP-15 Scantron.

1 (8 points). Which statement is true about the capacitance of a MOS device at high frequencies?

It is a parallel combination of Cox and Cgepi in the depletion regime only

It is a series combination of Cox and Cgepi in the accumulation regime only

It is a series combination of Cox and Cqepi in the depletion and inversion regimes
It is a parallel combination of Cox and Cgepi at in the accumulation regime only

® o olT o

It is a parallel combination of Cox and Cgepi in the inversion regime only

2 (8 points). A linear I, — V¢ relation can be observed around what combination of biases for an n-
channel MOS device?

VGS - 4‘VT, VDS = —ZVT
Ves = Vr, Vps = —2V7
Ves = 4Vr, Vps = 2Vr
Vs = Vr, Vps = 4Vr

Vs = =2Vr, Vps = —=2Vr

® o 0olTc o

3 (8 points). How does exposure to radiation affect MOS devices?

Changes the electron affinity of the oxide

Changes the bandgap of the semiconductor

Changes the doping near the oxide-semiconductor interface

. Introduces traps in the oxide and at the oxide-semiconductor interface
Changes the metal workfunction

oo T oo

4 (8 points) How does the saturated current of an ideal MOSFET device governed by the square law vary
with the gate voltage V;s?

a. (Vgs—Vp)?

b. (Vgs— VT)l'S
c. (Vgs— VT)l'O
d. (Vgs— VT)O'S
e. (Vgs—Vp)™?

5 (8 points). In which regime are excess free carriers of type opposite to those expected by the
semiconductor doping are found near the oxide-Si interface of a MOS device?

Depletion
Inversion
Flatband

Deep inversion

o o oo

Accumulation
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Part Il (Free Response, 30 points)

Consider an MOS capacitor made of crystalline silicon described by the band diagram below. Note that
unmarked values may not be to scale. Assume that £,, = 2.7 - 10° V/cm, t,, = 2.0 nm, K, = 3.9,
Ksi =11.8,and E; = 1.12 eV.
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a. What s the level of n-type doping Nj in the semiconductor?
Np=Nc*exp[(Ers-Ec)/kT]=3.23-10"° * exp(-0.05/0.029)=4.7-10*8 cm3

b. What is the electric field amplitude in the semiconductor right next to the oxide?
K, 3.9 ' '
Ks€ = KypyCox , 50 €5 = (—;") €ox = (22) - 27-10°— =89 105

2N algsl _ Ks€,€%2  11.8-8.854-10*F/cm+(8.9-10° V/cm)?
& = \/ Ks€o so |s| = 2qNs  2(1.6-10719C)-(4.7-1018 cm—3) 0.55V
c. Assume that || = 0.55 V. What is the depletion width (in the semiconductor)?

2K € 2(11.8)(8.854 - 10~14F/cm)(0.55 V
w o [MKscoldsl _ 12(11.8)( i /cm)( ! ) 123-10-5 cm
qN, (1.6 - 10-1°C) (4.7 - 108 cm~3)

d. What is the electrostatic potential voltage of the gate electrode with respect to the
semiconductor (assuming the flat band voltage Vpg = 0)?
Vol = [Veg + 5 + Aoy | = 0 + 0.55 + 0.54 = 1.09 V (negative value is OK).

e. Assume ¢ = 0.52 V. What is the minimum change in gate voltage required to drive the
MOS capacitor to the inversion regime?

by = 2¢p = 2-0.52 = 1.04 V; Thus €., = Eyxy/2h5 /P = 3.7 V/cm.

Thus, Vg = Vg + ¢ + Ay, = 0+ 1.04 + 3.7 x 0.2 = 1.78 V. Therefore,
|AV;| = 1.78 — 1.09 = 0.69 V.
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Part Ill (Free Response, 30 points)

Consider a pair of p-channel (left) and n-channel (right) crystalline silicon-based MOSFETs, characterized
in terms of drain current as a function of gate voltage and drain voltage.

Drain Current, || | [A/um]

800
700
600
500
400
300

; = z' " r
100
E_:“ ~\ |/ 0.25)

800

PMOS

Drain Current, |Id| [mA/nm]

L T T T T T T T 10.1' 0F T T T T T T T 0
20 15 10 05 00 05 10 15 20 -1.0-08 -06 -04-02 00 0.2 04 06 08 10
Gate Voltage, V, [V] ' Drain Voltage, V, [V]

Estimate the saturation threshold voltage (V s4r) for both types of logic. Justify your answer.
PMOS: V gar = —0.65V

NMOS: Vr gar = +1.1V

Estimate the drain-induced barrier lowering for both types of logic.

PMOS: DIBL = 50 mV/(1-0.05 V)=53 mV/V

NMOS: DIBL ~ 200 mV/(1-0.05 V)=211 mV/V

How can the asymmetry in the output characteristics for comparable V; — V; values be explained?
N-type channels in crystalline silicon have higher mobility. The channel lengths also might differ.

If the mobility ,, = 1400 cm?/V - s, and oxide capacitance C,, = 86 nF/cm?, estimate the NMOS
channel length from the data given.

Since I, = %unCox(VG — Vr)?, we can rearrange to write:

L = £nCox (Vg — V)2, If we use the data for V; — Vi = 1V, we obtain:
2Ip /W

_ (1400 cm?/V's)(86 nF/cm?)

- 2:(750 mA/mm)

Given part d, what is the inversion layer charge density (in nC/cm?) in the NMOS semiconductor, if

Ve —Vp=07V?

L

(1V)? = 80 nm.

|Q| = Cox (Vg — V7) = 60 nC/cm?. A negative value is acceptable here.
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ECE 305 Exam 4 Formula Sheet (Fall 2017)

You may remove these pages from the exam packet, and take them with you.

Physical Constants

Silicon parameters (T = 300 K)

h/2m = h = 1.055 x 1073* Js

N; = 3.23 x 101% cm 3

my = 9.109 x 10~31 kg

N, = 1.83 x 10'° cm 3

ky = 1.38 x 10" J/K

n; = 1.1 x 10 cm™3

g =1.602x 10~ C K. = 11.8
€0 = 8.854 x 10712 F/m E,=112eV; y=4.03eV
(mp)3/2\[2(E-E¢)

Miller Indices: (hkl) {hkl} [hkI] <hkI> Density of states g-(F) =

m2h3

1

Fermi function f(E) = T Intrinsic carrier concentration n; = /N N, e~ Fs/2kT

3/2

« 1y 3/2 .
T . . 1 (2mukT 1 (2mpkT
Equilibrium carrier densities: N, = Z( ngz ) Ny = Z( n'ZZ )

ng = NCe(EF_EC)/kT — nie(EF_Ei)/kT Do = NVe(EV—EF)/kT — nie(Ei_EF)/kT

Space charge neutrality: p —n + Nj —N; =0 Law of Mass Action: nyp, = n?

n= Nce(FN—Ec)/kT p = NVG(EV—FP)/kT np = nl-ze(FN‘FP)/kT

Non-equilibrium carriers:

Conductivity/resistivity: ¢ = 0,, + 0, = q(nun + p,up) =1/p

e piec s . d d k
Drift-diffusion current equations: J,, = nqu, &, + qD, Z=n n 2 L
dx dx Un q
_ _ap. o Dp _ kT
Jo = PatpEx — qDp —— = Plip W
. . . on In
Carrier conservation equations: Py +V- (?) + G, — R,
% _ _y. (f_v) _
Pl \Y p +G, — R,
Poisson’s equation: V-(e€) =p
SRH carrier recombination: R =An/t, or R =Ap/t,
A . . . . dAn 9%An  An
Minority carrier diffusion equation: ke D, o + G, Lpn =+/Dnty
. . . k de
PN homojunction electrostatics: Vyi = Ky (NDIZVA) gy 1G9}
ng dx Kseo
W= \/ZKsEoVbi (NA+ND) x, = ( Na )W x, = ( Np )W £(0) = |22V ( NaNp )
q Ny4Np Na+Np Ng+Np Ksep \Ng+Np
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PN diode current: An(0) = —(quA/"T 1) Ap(0) = 2L (quA/kT 1)
Na

_ qVa/kT _ _ _(Pnni | Dpni Dy n? | Dpn?
Jp = Jo (e 1) Jo=q (Ln vat 1w (long) ], =q TR (short)
Non-ideal diodes: [ = I,(eVa~IRI/KT _ 1) Jgen = —q;W
Photovoltaics: Voo = nle (]SC) Jev = Jo(e?Va/kT — 1) —J,.

Ip+i,

. . _ KsepA qKs€oN 4 _
Small signal model: G, = “T/q C;(Vg) = \/m =A /—vai Cp = Gytypy
aN4

MS diode properties: qV,; = |y — Dl Opp =y +E; — Py Gy =Dy —x
* - * 4tgm* k3 A
Jp = Jo(e®4a/¥T — 1) Jo = AT?e %8/ Ar=—5—F= 120—0 —yre

2K € ,2 N Y
MOS capacitors: W = Zs€oPs cm € = 2qNads V.
qN4 K€, cm

C
Qp = _qNAW(¢s) = T 2qKs€,Nys Cﬁ

Ve = Vip + s + Abox = Vip + s — Q"’C(f)
Cox = Ko€o /%, Vig = Pms/q — Qr/Cox
C = Con/ 1 +72722 Vi = —QsQ2¢r)/Cox + 20 Qn=—Cox(Ve
MOSFETSs: Ip = —WQ,(y = 0){v,(y = 0))
Ip = %ﬂncox(VGS — Vr)Vps Ip = WCoxVsat(Vgs — Vr)

w
T.uncox[(VGS —Vr)Vps = Vis/2], 0 < Vpg < Vs —

Square Law (for Vg = Vp): Ip =1 X
Z.uncox(VGS —Vr)?, Vbs = Vs

ECE 305 Exam 4 — Prof. Peter Bermel

= Vr)

Vr



