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Linearly Graded Junction
- In practical devices, the doping profiles are not abrupt, especially near the metallurgical
junction where the two types meet and they compensate each other. When the depletion
widths terminate within this transition region, the doping profile can be approximated by a
linear function. Consider the thermal-equilibrium case first. The impurity distribution for a
linearly graded junction is shown in Fig. 5a. The Poisson equation for this case is

where a is the doping gradient in cm-4.
- By integrating Eq. 30 once, we obtain the field distribution shown in Fig. 5b:

with the maximum field E m at x = 0,
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Linearly Graded Junction
- Integrating Eq. 30 once again gives the potential distribution shown in Fig. 5c

from which the built-in potential can be related
to the depletion width

or

Fig.5 Linearly graded junction in thermal equilibrium.
(a) Space-charge distribution. (b) Electric-field
distribution. (c) Potential distribution.
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Linearly Graded Junction
- Since the values of the impurity concentrations at the edges of the depletion region (- WD /2
and WD /2) are the same and equal to aWD /2, the built-in potential for a linearly graded
junction can be approximated by an expression similar to Eq. 5:

Equations 35 and 36 can thus be used to solve for WD and ψbi.
- Based on an accurate numerical technique, the built-in potential can be calculated explicitly
by an expression as a gradient voltage Vg:

-The gradient voltages for Si and GaAs as a function of impurity gradient are shown in Fig. 6.
These voltages are smaller than the ψbi calculated from Eq. 36, using the depletion
approximation, by more than 100 mV. The depletion-layer width and the corresponding
capacitance for silicon using this Vg as the built-in potential are plotted in Fig. 7 as a function
of net potential (Vg – V ).
- The depletion-layer capacitance for a linearly graded junction is given by

where V is positive/negative for forward/reverse bias.
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Linearly Graded Junction
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Qualitative Description of Current Flow
From Streeetman’s “Solid State Electronic Devices”
-We assume that an applied voltage bias V appears across the transition region of the junction
rather than in the neutral n and p regions.
 Of course, there will be some voltage drop in the neutral material, if a current flows
through it. But in most p-n junction devices, the length of each region is small compared with
its area, and the doping is usually moderate to heavy; thus the resistance is small in each
neutral region, and only a small voltage drop can be maintained outside the space charge
(transition) region.
-For almost all calculations it is valid to assume that an applied voltage appears entirely across
the transition region. We shall take V to be positive when the external bias is positive on the p
side relative to the n side.
- Since an applied voltage changes the electrostatic potential barrier and thus the electric field
within the transition region, we would expect changes in the various components of current at
the junction (Fig. 5- 13).
- In addition, the separation of the energy bands is affected by the applied bias, along with
the width of the depletion region.
- Let us begin by examining qualitatively the effects of bias on the important features of the
junction.
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Qualitative Description of Current Flow
-The electrostatic potential barrier at the
junction is lowered by a forward bias Vf
from the equilibrium contact potential V0
to the smaller value V0 – Vf . This lowering
of the potential barrier occurs because a
forward bias (p positive with respect to n)
raises the electrostatic potential on the p
side relative to the n side.
- For a reverse bias (V = ‒ Vr ) the
opposite occurs; the electrostatic potential
of the p side is depressed relative to the n
side, and the potential barrier at the
junction becomes larger (V0 + Vr).

Figure 5- 13 Effects of a bias at a p-n junction;
transition region width and electric field, electrostatic potential, energy band diagram, and particle flow
and current directions within W for (a) equilibrium, (b) forward bias, and (c) reverse bias.
8

Qualitative Description of Current Flow
- The electric field within the transition region can be deduced from the potential barrier.
- We notice that the field decreases with forward bias, since the applied electric field opposes
the built-in field.
- With reverse bias the field at the junction is increased by the applied field, which is in the
same direction as the equilibrium field.

- The change in electric field at the junction calls for a change in the transition region width W,
since it is still necessary that a proper number of positive and negative charges (in the form of
uncompensated donor and acceptor ions) be exposed for a given value of the E field. Thus
we would expect the width W to decrease under forward bias (smaller E , fewer
uncompensated charges) and to increase under reverse bias.
V0 is replaced by the new
barrier height V0 – V.
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Qualitative Description of Current Flow
- The separation of the energy bands is a direct function of the electrostatic potential barrier at
the junction.
- The height of the electron energy barrier is simply the electronic charge q times the height of
the electrostatic potential barrier.
- Thus the bands are separated less [q(V0 – Vf ) ] under forward bias than at equilibrium, and
more [q(V0 + Vr)] under reverse bias.
- We assume the Fermi level deep inside each neutral region is essentially the equilibrium
value (we shall return to this assumption later);
therefore, the shifting of the energy bands under bias implies a separation of the Fermi levels
on either side of the junction.
-Under forward bias, the Fermi level on the n
side EFn is above EFp by the energy qVf ;
- For reverse bias, EFp is qVr joules higher
than EFn .
- In energy units of electron volts, the Fermi
levels in the two neutral regions are
separated by an energy (eV) numerically
equal to the applied voltage (V).
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Qualitative Description of Current Flow
- The diffusion current is composed of majority carrier electrons on the n side surmounting
the potential energy barrier to diffuse to the p side, and holes surmounting their barrier from p
to n. There is a distribution of energies for electrons in the n-side conduction band, and some
electrons in the high-energy "tail" of the distribution have enough energy to diffuse from n to
p at equilibrium in spite of the barrier.
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Qualitative Description of Current Flow
- With forward bias, however, the barrier is lowered (to V0 – Vf ), and many more electrons in
the n-side conduction band have sufficient energy to diffuse from n to p over the smaller
barrier. Therefore, the electron diffusion current can be quite large with forward bias.

- Similarly, more holes can diffuse from p to n under forward bias because of the lowered
barrier.

-For reverse bias the barrier becomes so large (V0 + Vr) that virtually no electrons in the nside conduction band or holes in the p-side valence band have enough energy to surmount it.
Therefore, the diffusion current is usually negligible for reverse bias.
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Qualitative Description of Current Flow
- The drift current is relatively insensitive to the height of the potential barrier.
- This sounds strange at first, since we normally think in terms of material with ample carriers,
and therefore we expect drift current to be simply proportional to the applied field.
- The reason for this apparent anomaly is the fact that the drift current is limited not by how
fast carriers are swept down the barrier, but rather how often.
- For example, minority carrier electrons on the p side which wander into the transition region
will be swept down the barrier by the E field, giving rise to the electron component of drift
current.
- However, this current is small not because of the size of the barrier, but because there are
very few minority electrons in the p side to participate.
- Every electron on the p side which diffuses to the transition region will be swept down the
potential energy hill, whether the hill is large or small.
- The electron drift current does not depend on how fast an individual electron is swept from p
to n, but rather on how many electrons are swept down the barrier per second.
- Similar comments apply regarding the drift of minority holes from the n side to the p side
of the junction.
- To a good approximation, therefore, the electron and hole drift currents at the junction are
independent of the applied voltage.
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Qualitative Description of Current Flow
- The supply of minority carriers on each side of the junction required to participate in the drift
component of current is generated by thermal excitation of electron-hole pairs.
- For example, an EHP created near the junction on the p side provides a minority electron in
the p material.
- If the EHP is generated within a diffusion length Ln of the transition region, this electron
can diffuse to the junction and be swept down the barrier to the n side. The resulting current
due to drift of generated carriers across the junction is commonly called the generation
current since its magnitude depends entirely on the rate of generation of EHPs.
- As we shall discuss later, this generation current can be increased greatly by optical
excitation of EHPs near the junction (the p-n junction photodiode).

- The total current crossing the junction is composed of the sum of the diffusion and drift
components.
- As Fig. 5-13 indicates, the electron and hole diffusion currents are both directed from p to n
(although the particle flow directions are opposite to each other), and the drift currents are
from n to p.
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Qualitative Description of Current Flow
- The net current crossing the junction is zero at equilibrium, since the drift and diffusion
components cancel for each type of carrier (the equilibrium electron and hole components
need not be equal, as in Fig. 5-13, as long as the net hole current and the net electron current
are each zero).
- Under reverse bias, both diffusion components are negligible because of the large barrier at
the junction, and the only current is the relatively small (and essentially voltage independent)
generation current from n to p. This generation current is shown in Fig. 5-14, in a sketch of a
typical I - V plot for a p-n junction. In this figure the
positive direction for the current I is taken from p to n,
and the applied voltage V is positive when the positive
battery terminal is connected to p and the negative
terminal to n.
- The only current flowing in this p-n junction
diode for negative V is the small current I(gen.) due to
carriers generated in the transition region or minority
carriers which diffuse to the junction and are collected.
- The current at V = 0 (equilibrium) is zero since the
generation and diffusion currents cancel:
Figure 5-14
I-V characteristic of a p-n junction
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Qualitative Description of Current Flow
- An applied forward bias V = Vf increases the probability that a carrier can diffuse across the
junction, by the factor exp (qVf /kT) . Thus the diffusion current under forward bias is given
by its equilibrium value multiplied by exp (qVf /kT) ;

- Similarly, for reverse bias the diffusion current is the equilibrium value reduced by the same
factor, with V = -Vr . Since the equilibrium diffusion current is equal in magnitude to ∣ I(gen.) ∣,
the diffusion current with applied bias is simply ∣ I(gen.) ∣ exp(qVf /kT).
- The total current I is then the diffusion current minus the absolute value of the generation
current, which we will now refer to as I0:
- In Eq. (5-25) the applied voltage V can be positive or negative, V = Vf or V = ‒ Vr .
- When V is positive and greater than a few kT/q (kT/q = 0.0259 V at room temperature), the
exponential term is much greater than unity. The current thus increases exponentially with
forward bias.
- When V is negative (reverse bias), the exponential term approaches zero and the current is
‒ I0, which is in the n to p (negative) direction. This negative generation current is also called
the reverse saturation current. The striking feature of Fig. 5-14 is the nonlinearity of the I- V
characteristic. Current flows relatively freely in the forward direction of the diode, but almost
no current flows in the reverse direction.
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