Application of the Poisson’s equation to the p-n junction diode
From the book “Introductory Electromagnetics”, Zoya Popovic, Prentice Hall, 2000.
[image: image1.png]Example 7.2—Electric field in a pn diode. A pn diode, sketched in Fig. 7.6, is a funda-
mental semiconductor device and is a part of all bipolar transistors. Unlike in a metal, where
electrons are the only charge carriers, in a semiconductor diode both negative and positive free
charges are responsible for current flow when the diode is biased. The semiconductor material
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Figure 7.6 (a) Sketch of a pn diode and (b) its approximate charge density profile. (c) A diode can be
approximated by a sheet of negative surface charge and a bulk of positive volume charge. (d)
Superposition of the individual fields of the two charge distributions from (c) gives the final field
distribution in the diode.
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has a permittivity e (for silicon ¢, = 11, and for gallium arsenide ¢, = 13), and if it is pure
it behaves as a dielectric. When certain impurities called dopants are added to the material, it
becomes conductive. The p region of the diode is a doped semiconductor material that has p
positive free charge carriers per unit volume. This part is in physical contact with the 7 region,
which has 1 negative free charge carriers per unit volume.

When the two parts are put together but not biased, the negative charge carriers (elec-
trons) diffuse into the neighboring p region. Positive charge carriers (“holes” with a charge
equal to that of an electron) diffuse into the neighboring 1 region. (The diffusion process is
similar to the diffusion of two different gases through a thin membrane, except that the dif-
fused charge carriers remain in the immediate vicinity of the boundary surface.) Because the
negative charge carriers move into the region from which positive charge carriers partly left,
leaving behind negatively charged atoms, there will be a surplus of negative charge in this thin
layer of the p region. Similarly, there will be a surplus of positive charges in the adjoining thin
layer of the n region.

These two charged layers produce an electric field (as in a parallel-plate capacitor), re-
sulting in an electric force on free charge carriers that opposes the diffusion process. This elec-
tric force eventually (actually, in a very short time) stops the diffusion of free charge carriers.
Thin layers on both sides of the boundary surface are thus depleted of their own free charge
carriers. These two layers are known as the depletion region. Consequently, the depletion region
finds itself between the p and n undepleted regions, and contains two layers of equal and op-
posite charges. Let the number of positive charges per unit volume in the 7 region be N, and
the number of negative charges in the p region be N_. The volume densities of charge in the two
layers of the depletion region are p, = N.Q (in the n part), and p_ = —N_Q (in the p part),
where Q is the absolute value of the electron charge.

If the diode is not biased (its two terminals are left open), the opposite charges on the
two sides of the junction are of equal magnitude. Therefore the thicknesses of the two charged
layers, x, and x,, are connected by the relation N_x, = N, x,. Usually the diode is made so
that the 1 side of the junction has a much larger concentration of diffused negative free charge
carriers than the other, that is, N_ > N. This means that x, > x,. Such a junction is called a
one-sided step junction, and its charge concentration profile is sketched in Fig. 7.6b. This tells
us that the width of the depletion layer on the p side can be neglected to the first order, i.e., this
charged layer can be approximated by a negatively charged sheet of a surface charge density
o = N_Q/x,, Fig. 7.6c. On the 1 side, the depletion layer is effectively a uniform volume charge
density (that is, N is coordinate-independent). We already know from Example 5.3 what the
field of the negative surface-charge sheet is, and it is shown in the middle of Fig. 7.6¢.

What is the electric field of a volume charge, such as the one on the right in Fig. 7.6¢?
Outside the charged layer, it is equal to the field of a charged sheet of the same total charge:

o _ P _ N, Qx,

Eoutside = — e T 2 (7.24)

Inside the volume charge, we can apply Gauss’ law to a thin slice dx wide, as indicated
on the right in Fig. 7.6¢, which contains p dx surface charge. It is left to the reader to show
that integration of the field resulting from all the slices between 0 and x, gives the following
expression for the electric field inside the volume charge density as a function of the x coordi-

nate:
P Xn N Qxy Xn
side = — X —— | = -=. 7.
Einsid. p; (x 2) - (x 2) (7.25)
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This expression is shown graphically on the left in Fig. 7.6d. Using the principle
of superposition, we can now add the field of the negative surface charge (in the
middle of Fig. 7.6d) to the field of the positive volume charge we found (on the left
in Fig. 7.6d) to get the field profile of a pn diode, shown on the right in Fig. 7.6d. It is
left to the reader as an exercise to sketch the potential distribution inside a diode.




[image: image5.png]Example 7.3—The pn Diode Revisited. In this example, we use Poisson’s equation to
find the potential distribution in a prt diode, using the one-sided step junction approximation
from Example 7.2. Poisson’s equation for the p side of the junction can be written as
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and for the n side as
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However, in the one-sided step approximation, the width of the depletion layer on the
p side is negligible, so we only need to solve Eq. (7.38)- We first integrate once with respect to
% from 0 to x. We need one boundary condition to determine the integration constant in this
step. We know that there is no electric field outside of the depletion region, so the boundary
condition is dV/dx = 0 at x = x,. Integrating Eq. (7.38) once therefore yields

v N,

&= e (x — Xu)- (7.39)
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Because we know that E = —(dV/dx)u,, we can rearrange terms in Eq. (7.39) to obtain
the same expression for the electric field as the one shown graphically in Fig. 7.6d. To get the
potential, we integrate another time. Let us adopt as the boundary condition that the potential
is zero at x = x, (we know that we can adopt it to be zero at any point). We thus obtain

2 2
Vi) = — Nt (1 - i) . (7.40)

As this potential exists inside the diode even when its terminals are not connected to an
external voltage source, it is called the built-in potential.

When a bias is applied to a diode, it changes the width of the depletion layer. If we con-
nect the diode p region to the positive output of a voltage source and the 7 side to the negative
one, the depletion layer gets narrower, making it easier for free charges to flow through it. This
is called forward bias. If the diode terminals are connected the other way, the depletion layer
becomes thicker and current flow is disabled. This is called reverse bias. If an ac voltage is ap-
plied to the diode, in one half of the cycle the diode will conduct and in the other half there
will be no current. Therefore a diode is a rectifier.

Questions and problems: P7.16 to P7.22




