For 1-4 below, your explanation of why should include an appropriate mathematical
equation substantiating your answer.

1. If you want to build a diode that has an ideality factor of 1 at room temperature,
would you choose Si, Ge, or GaAs? Why?

Ge.
The forward bias current can be written as the sum of the diffusion current and the
recombination current.

J = q%.ﬁi + &i%—],zquA/kT + —qniW quA/2kT (1)
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The diffusion current is proportional to n* and the recombination current is proportional
to n;. If we want the diffusion current to dominate (since it has an ideality factor of one)
we want the material with the largest n; so that the n? term dominates. Since

n? = NN, e 5’5" wewant the material with the smallest bandgap, Ge.

2. For adiode with n=1 biased under forward bias at afixed voltage, Va > 3kT, will the
current increase or decrease as the temperature is increased? Write down an equation
that gives the dominant temperature dependence.

For n=1, the current is given by the diffusion current.
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NcNy, OT 3 but the dominant temperature dependence isin the exponential.

Jp, 0B VaAVKT Therefore, since Eg > qVa, as T increases, the current increases for
afixed Va.

3. Under low forward bias the ideality factor of aSi diode is n=2. Explain why.

Under low forward bias,the current is dominated by the recombination current, the
second term on the right of Eq. (1) above, which has an ideality factor of 2. The

exponential dependence of e?2’?T comes from the expression for Rma in the depletion
region which occurs when n=p. When n=p,

n=nel BT = glE Rk (3)
Multiplying the 2 terms on the right together and taking the square root gives

n=p= nieqvAlsz (4)
using Fn-Fp = qVa. The expression for the recombination rate



niz (quA/kT _ 1)

R= Tp(n+ nie(ET_Ei)/kT)+'[n(p+ nie(

E —Er)/KT ) ®)

becomes, assuming Er=E;, Va > 3KkT/q, and 1, = 1,
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When then approximate the recombination current as
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giving the ideality factor of 2.

4. Under very high forward bias the ideality factor of a Si diodeisalso n=2. Explain
why.

Under high level injection, one can reach a condition where

np(xp): pp(xp) 8
Then, from

np = niz gWVa/KT

np(xp): n e@Val 2KT

resulting in the ideality factor of 2.



5. For an n"-p short base diode shown at right, assume K____B_age_ ______ N
that Anp(-tp) = O (see Sec. 2.2.4 of Taur).

. p n*
(a) Derive Any(x).
Ang(x) = Ae™tn + BeX/br

An,y(-t,) =0

Any (=x;) = nm(eqvA/kBT _1) 4 % 0
sinh|(x+1,)/ L]

sinh|(~x, +t, )/L,]

(b) Assume that t,-x, << L. Derive alinear expression for Any(x).

Ang (X) =An, (=X,)

Using sinh(d) =d for d << 1,

bx+tp)
An,(X) :Anp(—xp)m
ptp

Physicaly, alinear expression like this means that there is no recombination in the p
region. It all occurs at the left edge, -t,.

(c) Define avelocity v(x) by the following expression, J,(X) = -q v(X) Anp(X). Derive an
expression for v(x).

—gp __9b
J, =ab, dXAnp(X) |—xp - - nXp Anp(_xp)
— t. —X -
V(X) - ‘]n — Dn Anp(—xp) 1 (‘P F{) - Dn

Ang (=Xp) (x+tp) - X+t,

—gAn,(x) - th =X

(d) The average timeto traverse the base is called the base transit time given by

dx
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width W since thisis an n*p junction and the depletion region lieslargely in the p region.

(e) Show that the current is given by J, = AN,/ Tg where AN is given by

AN, = [dxan,(x)
1
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(f) For Va = 0.7V, Np = 10"¥cm®, Na = 10"%cm®, t,-x,=0.1 pm, T=300K, and p, = 1500
cm?/Vs, calculate J,

p =Xel 4, = 0.026(1500) = 39(cm2 /s)
q

n
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for an n"p junction. n; = 1.45e10/cm® was used.
(9) Compare this value to the current for the above diode with tp-x, >> L, and 1, = 1ns.

Replace t,-W with L, in (e).

L, =+/D,7, =1.975x107* (cm).

So

Jy = Jy(short base) / 19.75 = 328 A/cm?.

(h) Considering the linear expression for Any(x) from part (b), derive, aswedid in class,
an expression for the ac conductance and diffusion capacitance under forward bias. What
Is the frequency dependence?

Using standard linear response approach, we let all physical quantities take the form
V(t) =V, +V,el“

J(t) = J, + J,el

An(t) = An, + Anel™

etc.

where the amplitudes Vi, J;, and An; are complex quantities. We write down the minority
carrier diffusion equation, group all of the terms proportional to d“* together and cancel
the €“* terms leaving the ac minority carrier diffusion equation for An;.

jaAn, =D, aArzll L
ox T,
0=D, 0An;  Any where T, T,

ox* T, T1+ jor,



Now, the solution for An; isthe usual expression for An with the replacement
everywhere of 7, for 7. However, in the linear approximation of (b), the L, and thus
the 7, cancelsleaving

x+t,)
An,(X) = Any(—x LAY
] T
An(=Xp) =Ny (eqv‘”’ e —1): npo(eq(\’o+vlej“‘)/ ke —1): npo(eq"O’ oT gave!™ T -1)
Under forward bias, e”’*s" >> 1, so weignore the 1 in the parenthesis. Also, since thisis

linear response, qVa/kegT << 1, so we have

jot V. :
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From this we see that
Anl = AnDC L
kgT/q

The ac current amplitude is thus

d D V.
3, =G0y — Ay (X) | = = Ay (X = Jpe
dx Pty X ksT/q

The ac admittanceis J, /V; = Jpc /(KgT /q). Thisquantity is purely redl. It isthe ac
conductance. The susceptance is zero and therefore the diffusion capacitanceis zero (at

least due to the electrons — there will be some contribution due to the holes which we are
ignoring in the fip juncition). There is no frequency dependence in this approximation.



