NAME: FULL SOLUTION PUID:

ECE 305 -Fall 2017
Exam 2 - Thursday, October 5, 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 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 page is an equation sheet, which
you may remove, if you want.

100 points possible,
[) 40 points (8 points per question)
II) 30 points
[11) 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). The diagram to the left is drawn to scale. What is true about the

Fe the two E field profiles (solid and dashed)?
A The built-in potential Vy, is negative for one of these.
B Voltage is applied to transition from one to the other.
- C. They are from identical pn junctions, reversed along the x-axis.
\ D More negative charges exist in the depletion region than positive charges
*\\ o ’ and vice versa for the separate profiles.
Y E.  None of the above.

2 (8 points). What assumption(s) are made to derive the minority carrier diffusion equation (MCDE)
given in the Formula Sheet?

A. Flat conduction and valence bands
B. Steady-state conditions

C. Low carrier injection

D. AandB

E. AandC

3 (8 points). What is the correct ordering of processes before doping in silicon?

Apply resist, expose, etch, develop, remove resist
Expose, apply resist, develop, etch, remove resist

Apply resist, expose, develop, etch, remove resist

A
B
C. Apply resist, expose, develop, remove resist, etch
D
E. Apply oxide, expose, develop, remove resist, etch

4 (8 points). What does the diagram below (E-field vs position x) represent?

€ Sheet charge embedded in a uniformly doped semiconductor

Trapped charges at the interface of a pn junction

E-field from voltage applied across pn junction

E-field from voltage applied across uniformly-doped semiconductor
Linear variation of dopant concentration across pn junction

m o O[w @

5 (8 points). What assumption(s) are made in the equation pertaining to pn junctions: Npx,=NaXp?

A. All mobile charge carriers recombine in the depletion region

B. All acceptors and donors are fully ionized

C. The p and n-type materials are the same, forming a homojunction
D. AandB

E. A,BandC
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Part Il (Free Response, 30 points)

Assume that an n-type region of spatially uniform crystalline silicon with p,, = 500 cm?/V - s and
lifetime 7,, = 10 us is uniformly illuminated by a photon flux G, = 10'° /em®s, which starts at t = 0
and is then switched off at t = 50 ps.

a. Write down the minority carrier diffusion equations that describes its behavior fromt = 0 to
t = 100 ps. You may write different equations for different time segments.

JdAp Ap
—=——+4+G, 0<t<50us
Jt Tp
dA A
aor_ t =>50us
at Ty

Holes are our minority carriers. We can drop the diffusion term (with its two spatial derivatives)
here, because of spatial uniformity. Because of the time-dependent behavior of the generation and
recombination, we must keep all the other terms.

b. Sketch the time-dependent behavior of the excess minority carrier concentration fromt = 0 to
t = 100 ps. Be sure to label both the x and y axes, and include at least 3 distinct numerical
values on each axis (with justification).

Boundary condition: Ap(t = 0) = 0, since illumination starts at t = 0;
t

General solution: Ap = G, ), + Be
0=G|, T, + B implies B=—G, T,
t
Ap =G, 1, — G Tpe P 0 <t<50us

t
Boundary condition: Ap(t = 50us) =~ G, T, ; General solution: Ap = Be ™

_50us 50us
G, T, = Be '™ impliesB=G,t,e ™

50us t _t—=50us

Ap=G,tpe ™ e P =G e TP t > 50us

Thus the sketch should resemble:
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del p/fem3

let014 T

Be+013 [

6e+013

4e+013 -

del p per cm-3

2e+013 |/

microsecond

c. Sketch the excess minority carrier concentration vs position at t = 100 pus if all conditions are
same as the previous case, but the sample is infinitely long and the surface at x = 0 has a
fixed excess minority carrier concentration Ap(x = 0) = 10° /cm?3.

Infinitely far away from surface there is no spatial dependence of Ap, so itis same as IL. B, i.e.

_(100-50)us

Ap(x=%, t=100 ps)= G|, T,€ p =0
Ap(x=0)=101° /cm?

At t=100 us Ap has achieved steady state, so we can remove the partial differentiation with time.
We can also remove generation, since

1e+015 , : . . . . there is no illumination.

02%Ap
0=D, ™
x

Ap .
- General solution:
n

i
Be+014 ||
e 1 x

Ap:Ae_Lp +Bel»

Ee+014 | |

Applying the boundary conditions:

detorar 1 B=0, as otherwise Ap will
exponentially blow up at x== instead
2e+014 | 1 of equating to 0.
\ 0
0 . - ' ' Ap(x=0)=Ae ™ or A=1015

X

Therefore: Ap=1015e_5.
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Part Ill (Free Response, 30 points)

The electric field versus position for a crystalline silicon (K = 11.68) pn homojunction at room
temperature (T = 300 K) is given by the following graph (may not be precisely to scale):

$+E(x)

€(0)

v

For this problem, assume that the junction is abrupt at x = 0 with a flat doping profile on each side (p-
doped on the left, and n-doped on the right), £(0) = —10 kV/cm, n-type depletion length x,, = 620
nm, and the p-type depletion length x,, =100 nm.

a. What is the built-in voltage V},; obtained using depletion approximation?

1 kv
V= ~E(O)W = 05 - (—10—) (720 nm) = 0.36 V
2 cm

Continued on next page....
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Part Il (Continued)

b. What is the value of N, in the p-type region, and Nj, in the n-type region, if the depletion
approximation is used?

de
From the formula sheet, we can apply — = L
dx Ks€o
., d€ _ —gN —-gqN £(0)|K. .
On the left-hand side, 2= = ~2¥4 <5 £(0) = —L4%2 o, N, = [EOIKs€o _ ¢ 5. 1015 ¢m3,
dx Ks€o Ks€o qxy
. ., dg N €(0)|K _
On the right-hand side, — = =2 so N, = [E@IKs€o _ 4 4. 1015 cm~3.
dx Kseo qXn
Alternate solution (not recommended):
kT, (NpN _ _
Vyi = 71n< fl/‘), so NpN, = 1020¢036/:025¢m=6 = 1.8 102 cm™®
i

Naxp = Npx, > Ny/Np = x,/x, = 6.2 > 6.2Nj = 1.8+ 10%°

Np =54-10?cm™3; N, =3.3-103 cm™3

c. Using the depletion approximation, calculate the np product just outside the right side of the
junction (at x = x;7). How would this value change if you applied a forward bias of 0.28 V?
From the formula sheet, we can apply np = nl-ze(F"_Fl’)/kT.

In equilibrium, no quasi-Fermi level splitting, so F, = F, = Ep. Thus, np = niz =102 cm™°.

0.28
With forward bias of 0.28 V, F, — F, = qV,; = 0.28 eV. Thus, np = n?eGozs9) = 51024 cm™6.
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ECE 305 Exam 2 Formula Sheet (Fall 2017)

You may remove this page from the exam packet, and take it with you.

Physical Constants Silicon parameters (T = 300 K)
h =1.055 X 1073*]'s N; =3.23x 10 cm™3
my = 9.109 x 10731 kg N, = 1.83 x 10'° cm™3
kg =k =138x10"2]/K n;=1.1x10°%cm™3
qg=1602x10"°C K, =11.8
€0 = 8.854 x 10712 F/m
*\3/2 —
Miller Indices: (hkl) {hki} [hkI] <hkl> Density of states g (E) = " {2E=F0
Fermi function f(E) = W Intrinsic carrier concentration n; = /N N, e~£o/2KT
A . o1 f2mpkT\3/? 1 2mpkT\3/?
Equilibrium carrier densities: N, = Z(n_hz) Ny = Z( —7 )
(EF—Ec) (EF—E{) (Ey-EF) (Ei~EF)
n =NCe kT =n;e kT p=NVe kT =n;e kT
Space charge neutrality: p —n + Nj —N; =0 Law of Mass Action: nyp, = n?

Non-equilibrium carriers:  n = NoePN"EJ/KT = N, e Ev=FP)/KT  ppy = n2e(En—Fp)/KT

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

Drift-diffusion current equations: J,, = nqu,&, + qD, an Ny, i Dn - M
dx dx Un
_ dp _ de Dp _ kT
Jo =PatpEx — qDyp —— = plip — - P
Carrier conservation equations: Z—’Z =+V- (%”) + G, — Ry
o _ _y. (f_p) _
Pl \Y . +G, — R,
Poisson’s equation: V-(e€) =p
SRH carrier recombination: R =An/t, or R =Ap/t,
- . . . . dAn 9%2An  An
Minority carrier diffusion equation: ke D, o + G, Lpn =+/Dnty
PN homojunction electrostatics: Vy; = Zln (NDIZVA) g _ o)
q ng dx Kseo

2KseoVpi (Na+N N N 2qVpi { NgN
W = sobz(A D) xn:( A )W xp:( D )W 8(0): le( AD)
q NaNp Na+Np Na+Np Ksep \Npgp+Np
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