Assignment 7

Problem 3

3. Inap-njunction, what causes the built-in bias V,;? Ineg. (1.18") of Melissinos,
what are precisaly k, T, q, Np, N4 and n;?

Someof these quantitiesarefundamental constants. What aretheva uesof theothersfor
atypical commercial junction? Check that they are consistent with thevalue V;,; = 0.65 eV
guoted by Melissinos.

Let usrederiveeq. (1.18”) in amanner different from Melissinos and identify the var-
ious quantities as they arise. Asdiscussed in problem 1 of assignment 5, when an n-type
material and a p-type materia are brought in contact, el ectrons diffuse from the former to
the latter. In doing so, the electrons can lower their energy and also reduce the concentra-
tion gradient. In a somewhat more sophisticated approach, we know that the differencein
“chemical potentials” iswhat drives the migration of particles. Recall that Er plays the
role of the chemical potential for these systems. The band structure before and after the
junction formation are shown bel ow.
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The two semiconductors, which were originally neutral, are now charged (at least in



the region immediately surrounding the junction): the p-type becomes negatively charged
as the electrons from the n-type come over. This charge separation costs energy, and that
is what eventually stops the current from flowing. In the more sophisticated language,
migration stops when the chemical potentia s becomes equal.

Thereis an electric potential (V};) associated with the separated charges, and it isthis
potential that compensatesfor theinitial differencein chemical potential. Soif wefind that
initial differencein chemica potential, we find Vj;.

Recall Melissinos, egs. (1.8)

n = N.exp|—(E.— Ep)/kT)
p = N,exp|—(Er — E,)/kT], D
where
— electron carrier density
— hole carrier density
— density of states in conduction band
— density of states in valence band
— lowest energy in the conduction band
— highest energy in the valence band

Shm=zz .

— the Fermi level (the chemical potential) 2

and where k is the Boltzmann constant (1.381 x 10=2% J/K) and T the temperature in
Kevin.

The formula above holds for both doped and undoped cases. N., N,, F. and E, es-
sentially do not change upon doping; n, p and Er do. Let us use the subscript » to refer to
n-type doping and p to refer to p-type doping. In the n-type materia, the electron carrier
density n,, isapproximately equal to Np, the density of ionized donors; and in the p-type
material, the hole carrier density p,, equals IV 4, the density of ionized acceptors. Then we
have

Np = N.exp|—(E.— Epn)/kT)
Na = N,exp[—(Epp — E,)/ET). (3
and it follows that
NpNa = N.Nyexp|—(E. — E,) /kT) exp[(Epn — Erp)/kT)
As shown by Melissinos on page 11, the intrinsic carrier density n; isgiven by
ni = N.N, exp|—(E. — E,)/kT)|
Hence we find

NpNa = nj exp|(Epn — Erp)/kT)
which can be rewritten as

(4)

This expression is for the initial difference in chemical potentials between the n-type and

NpN,
Eanpka1n< D2A>.
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p-type materials, which we argued above was equal to the potential caused by the charge
separation. In Melissinos formula V;,; is an dectric potential, so we must divide the po-
tential above by a charge — in this case the elementary charge (¢ in Melissinos' notation),
so that

Vo= 2 (2 ©)

The quantities above were identified along the way, but let us recap
Vii — “built — in” voltage difference

k — Boltzmann constant (8.621 x 107° eV)

T — temperature in Kelvin

q — elementary charge (1.6 x 10719 C)
Np — density of ionized donors in the n — type material
N4 — density of ionized acceptors in the p — type material

n; — the intrinsic (undoped) carrier density of both electrons and holes. (6)

Melissinos gives n; = 10'%/cm? as the intrinsic carrier density of silicon at room
temperature (where kT = eV /40). Np and N, correspond to the doping density. In
the solutions to problem 2 of assignment 5, we saw the number density of S is 5.00 x
10%2 /em3. Soif we doped at 1 part in abillion, it would correspond to a doping density
of 5.00 x 103 /em3. That would correspond to a rather light doping, so let ustake Np =
N4 = 10*%/cm3. That would give

eV /40 (10 Jem?)?\
= <(1010 /Cm3)2> ~ 0.576 V. (7)

Our estimate of the doping density wasabit low, adensity of approximately 4.4 x 10° /cm?
would give V;,; = 0.65 V.
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