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ECE 305 - Fall 2015
Exam 4 - Monday, November 23, 2015

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
[IS scientific calculator.

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

The exam is designed to be taken in 50 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
[1T) 30 points

Course policy

If [ am caught cheating, I 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). An MOS capacitor can be modeled as follows:

Two bias-dependent capacitors in series

One constant and one bias-dependent capacitor in parallel
One constant and one bias-dependent capacitor in series
Two constant capacitors in series

® o 0 T o

One constant and two bias-dependent capacitors in parallel

2 (8 points). For a long-channel MOSFET biased above the turn-on voltage V;, how does the saturated

drain current I, scale with the gate voltage V;¢?

1/(Vgs — Vr)?
VVes — Vr
Ves — Vr

(Ves — Vr)?
(Ves = Vr)?

® o o T o

3 (8 points). What is the effect of sodium ion transport into a gate oxide on a MOS capacitor?

a. Etch the oxide away

b. Shift the threshold voltage in a time-varying fashion
c. Convert the oxide into a good conductor

d. Change the semiconductor doping from p to n-type
e. Reduce the series resistance to zero
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4 (8 points). Consider the current-voltage relationship depicted in the following diagram:

low frequency

-----------------------
.
-

0 high frequency

! !
V. V.
If Ko, = 4, and K5; = 12, and t,, = 6 nm, what is a reasonable estimate of W in the high-frequency

regime for Vg > Vr?

1nm
6 nm

54 nm

a
b
c. 18 nm
d
e. 288nm

5 (8 points). When minority carriers pile up at the oxide-Si interface of a MOS device, what is the bias

condition?
a. Inversion
b. Flatband
c. Depletion
d. Deep depletion
e. Accumulation
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Part Il (Free Response, 30 points)

Consider the transfer and output characteristics observed for an InGaAs MOSFET below. Assume the
power supply voltage Vop=1 V and Cox=200 nF/cm?. Please answer the following questions.
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a. What is the on current for this MOSFET? Explain how you find it.

lon=42 UA / um. Read from the l¢-Vq curves, lon=las when Vg=Vg=Vg4=1V.

b. What is the off current for this MOSFET? Explain how you find it.

lott = 80 NA / um. Read from the semilog I4-V; curves, lof=lds When Vg=0 V, V¢=Va4=1V

c. What is the average subthreshold swing at V4s=50 mV? Explain how you find it.

About 110 mV / dec. When lgs changes by 3 orders of magnitude, V, changes by about

_ Avg _ 330mV _
0.33V.So SS = Thoodes = adee = 110 mV/dec

d. What is the threshold voltage? Explain how you find it. Please note that the transfer
characteristics are plotted on a log scale.

The threshold voltage Vi is about 0.2V - 0.25 V.

There are two ways to find the threshold voltage without having the linear I4-V; curves:

The first way is to use the semi-log |4-V; plot. The sub-threshold current depends linearly on gate
voltage in such a semi-log plot. The gate voltage at which the plot departs from linearity is taken
as the threshold voltage. Usually, the Vi, determined using this method is somewhat lower than
that by the linear extrapolation method. Here, it around 0.2 V, as shown below:
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The second way is called a transconductance derivative, which is less commonly used. The
derivative of the transconductance with gate voltage is determined at low drain voltage and
plotted versus gate voltage. The second derivative dzld/dl{gzs will tend to infinity at Vgs=Vin,

around 0.25 V in this case, as shown in the following figure:
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e. What is the inversion layer charge density in the on state (in nC/cm?)?

|Q| = Cox (Vg-Vin) = 150 nC/cm?
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Part Ill (Free Response, 30 points)

1. Assume a p* polysilicon gate with an n-type silicon substrate, with K,=11.8 and N, = 101* /cm?.
The oxide thickness can be taken as 100 nm and dielectric constant Kox=4.

a. Whatis ¢y here?

O = —%Tln (@) = —0.239V (assuming T = 300 K).

ng

b. What is the “metal”-semiconductor workfunction difference?

1
AW = Eq + (=q)br = 0.56 eV + 0.2398 eV = 0.799 eV

c. Whatis W, when ¢pg = ¢g?

2K.e,(— 2%11.8+8.854-10"'* % 0.239
w= |Hefolrds) ——— =177 % 10"* cm
qNp 1.6-10"1 x 10

d. What is the electric field in the oxide, when ¢p5 = ¢g?

\% kv
|€(s)| = —=27—
m cm
€ox| = Ks €(s)| = 8.26 - 103 v —826kV
onI—KoxI s)| = 8. o 8:26—

e. What is the potential drop across the oxide?

kv
AV = t,, * €,, = 100 nm * <—8.26a> = —0.0826V
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ECE 305 Exam 4 Formula Sheet (Fall 2015)

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

Physical Constants Silicon parameters (T = 300 K)
h/2mr = h = 1.055 x 1073*J-s N, =3.23x 10 cm™3
my = 9.109 x 10731 kg Ny, = 1.83 x 101° cm™3
kp =1.38x 10723 ]/K n; = 1.1 x10° cm™3
qg=1602x10"C K, =11.8
€o = 8.854 x 10712 F/m E; =112eV; y=4.03eV
*\3/2 —
Miller Indices: (hkl) {hki} [hKI] <hkl> Density of states g (E) = "2 —L2E-F0
Fermi function f(E) = m Intrinsic carrier concentration n; = \/N.N, e Fa/2kT
I . o1 (2mpkT)3/? 1 f2mykr\3/2
Equilibrium carrier densities: N = Z(W) Ny = Z( —2 )
ny = Nce(EF—EC)/kT — nie(EF—Ei)/kT Do = Nve(EV_EF)/kT = nie(EF_Ei)/kT
Space charge neutrality: p —n+ Nj — N; =0 Law of Mass Action: nyp, = n?

Non-equilibrium carriers: n = NoePNE/KT 1y = N, e Bv=FPI/KT  ppy = 2 (FN=FP)/KT

Conductivity/resistivity: o = 0,, + 0, = q(nu, + ppp) = 1/p

e Ef . d d K
Drift-diffusion current equations: |, = nqu,&, + qD, == niy, n Do M
dx dx Un q
_ dp _ dFp Dp kT
Jo =Pqip€x — qDp -~ = Plip — - W q
. . . a
Carrier conservation equations: 6—7; =+V- (%") + G, — R,
o _ _y. (f_p) _
Pl \Y . +G, — R,
Poisson’s equation: V-(e€)=p
SRH carrier recombination: R =AM/t, or R =Ap/t,
L . . . . dAn 0%An  An
Minority carrier diffusion equation: vl D, PR + G, Lpyn =+ Dnty
PN homojunction electrostatics: Vyi = ' in (%) £ _
q n; dx Ks€o

2K.€oVpi (Na+N N N 2qVyi { NgN
W= SObL(I:ND) xnz(N A )W xpz( D )W g(o)z qbl.( AD)
q ANp A*TNp Na+Np Ksep \Npg+Np
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PN diode current: An(0) = - (quA/kT 1) Ap(O)— (quA/kT 1)
Ng

Jo =Jo(ea/ = 1) J,=q (223 + 220 long)  J, = q(R2aE+ 2ER) (short

Ly Ny Wy Ny Wn Np
Non-ideal diodes: I = [,(ed(Va~IR)/KT _ 1) Jgen = —qZ"T"OW
Photovoltaics: Voo = nTlen (]]STC) Jov = Jo(e®Va/kT —1) — ]
. . Ip+I, _ KSEOA _ qKseoNA _
Small signal model: G, = . C;(Vp) = \/m 2, Cp = GyTypy
qN4
MS diOde properties: qui = ICDM _(D_gl CDBP :X-I_EG _(DM (DBN = (DM - X
— qVa/kT _ p*p2,—-®g/kT o _ Amqm'kg A
Jp =Jo(e®4/KT — 1) Jo=AT"e™™" A =5 mom
2K, 2qN \Y
MOS capacitors: W= [scobs E = ’q_,wﬁs —
qNa Kse, cm
C
Qp = _qNAW(d)s) = T 2qKs€,Nys m
Qs(obs)
Ve = Vig + s + Aoy = Vpp + s — SC .
ox
Cox = Ko€0/%, Vig = ®ms/q — Qr/Cox
KoW (s
€= Co/ |1 +72022 Vr=—Qs(265)/Cox + 205 Qn=—Cox(Vg — V1)
MOSFETSs: Ip = =WQn(y = 0){vy(y = 0))
w
Ip = TﬂnCox(Vas — Vr)Vps Ip = WCoxVsqt Vs — Vr)

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

Square Law (for Voo = Vr): Ip =4 ,
Z.uncox(VGS — V)%, Vps 2 Vs = Vr
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