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9.1 Introduction

Until now, our discussion was based solely on homogeneous semiconductors whose
properties are uniform in space. Although a few devices can be made from such
semiconductors, the majority of devices and the most important ones utilize nonho-
mogeneous semiconductor structures. Most of them involve semiconductor p-n
junctions, in which a p-type doped region and an n-type doped region are brought
into contact. Such a junction actually forms an electrical diode. This is why it is usual
to talk about a p-n junction as a diode. Another important structure involves a
semiconductor in intimate contact with a metal, leading to what is called a metal-
semiconductor junction. Under certain circumstances, this configuration can also
lead to an electrical diode.

The objective of this chapter will first be to establish an accurate model for the p-n
junction which can be at the same time mathematically described. This model will be
the ideal p-n junction diode. The basic properties of this ideal p-n junction at
equilibrium will be described in detail. The non-equilibrium properties of this p-n
junction will then be discussed by deriving the diode equation which relates the
current and voltage across the diode. Deviations from the ideal diode case will also
be described. Finally, this chapter will also discuss the properties of metal-
semiconductor junctions and compare them with those of p-n junctions.

9.2 Ideal p-n Junction at Equilibrium

9.2.1 Ideal p-n Junction

The ideal p-n junction model is also called the abrupt junction or step junction
model. This is an idealized model for which we assume that the material is uniformly

doped p-type with a total acceptor concentration N on one side of the junction (e.g.,
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Fig. 9.1 Ideal p-n junction
model, in which one side of p-type n-type
the junction is a purely p-type
semiconductor and the other a Ny Np

purely n-type semiconductor. Pps D 1

Both materials are uniformly | X
doped \ "

x < 0), and the material is uniformly doped n-type with a total donor concentration
Np on the other side (e.g., x > 0). For further simplicity, we will consider a
homojunction, i.e., both doped regions are of the same semiconductor material.
We will restrict our analysis to the one-dimensional case, as illustrated in Fig. 9.1.

In the p-type doped region far from the junction area, the equilibrium hole and
electron concentrations are denoted p, and n,, respectively. In the n-type doped
region far from the junction area, the hole and electron concentrations are denoted p,,
and n,, respectively. These carrier concentrations satisfy the mass action law in
Eq. (7.31):

Ppltp = Pplin = ”12 (9.1)

where n; is the intrinsic carrier concentration in the semiconductor material consid-
ered. We further assume that all the dopants are ionized, which leads to the following
carrier concentrations for the p- and n-type regions, respectively:

Pp = Na(10'"%cm—3) ny = Np(107cm™3)

and (9.2)

”12 4. -3
pn:N—(lo cm )

n:
=1 (10°cm™3
l’lp NA ( cm ) b

A few typical values for these concentrations are given in parenthesis. It is
important to remember that both a p-type, and an n-type, isolated semiconductors
are electrically neutral.

9.2.2 Depletion Approximation

However, when bringing a p-type semiconductor into contact with an n-type semi-
conductor, the material is not electrically neutral everywhere anymore. Indeed, on
one side of the junction area, for x < 0, there is a high concentration of holes, whereas
on the other side there is a low concentration of holes. This asymmetry in carrier
density results in the diffusion of holes across the junction as shown in Fig. 9.1. By
doing so, the holes leave behind uncompensated acceptors (x < 0) which are
negatively charged. A similar analysis can be carried out for electrons as there is
also an asymmetry in the density of electrons on either side of the p-n junction. This
leads to their diffusion and makes the material positively charged for x > 0 as the
electrons leave behind uncompensated donors, as shown in Fig. 9.2.
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Fig. 9.2 Hole and electron diffusion across a p-n junction. The holes diffuse from the left to the
right, which leads to a diffusion electrical current from the left to the right as well. By contrast, the
electrons diffuse from the right to the left, but this leads to a diffusion electrical current from the left
to the right because of the negative charge of electrons. The diffusion process leaves uncompen-
sated acceptors in the p-type region and donors in the n-type regions, i.e., a net negative charge in
the p-type region and a net positive charge in the n-type region. The presence of these charges
results in a built-in electric field

This redistribution of electrical charge does not endure indefinitely. Indeed, as
positive and negative charges appear on the x > 0 and x < 0 sides of the junction,
respectively, an electric field strength E(x), called the built-in electric field, will result
and is shown in Fig. 9.3 As discussed in Chap. 8, this electric field will generate the
drift of the positively charged holes and the negatively charged electrons. By
comparing Figs. 9.2 and 9.3, we can see that the drift of these charge carriers
counteracts the previous diffusion process. An equilibrium state is reached when
the diffusion currents JY™°" and drift currents J'" are exactly balanced for each
type of carrier, i.e., holes and electrons taken independently:

Jgiff + Jﬁrifl =0

- . (9.3)
ngft + Jgnft =0

There is a transition region around the p-n junction area with a width Wy in which
the electrical charges are present. This region is called the space charge region and is
schematically shown in Fig. 9.4a. The charge distribution within this region is
modeled as follows: we consider that there is a uniform concentration of negative
charges for —xpo < x < 0 equal to Q(x) = —gNa (Where N, is the total concentration
of acceptors in the p-type region) and a uniform concentration of positive charges for
0 < x < xp0 and equal to Q(x) = +gNp (where Np is the total concentration of donors
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Fig. 9.3 Hole and electron
drift across a p-n junction.
Under the influence of the
built-in electric field, the holes
drift from the right to the left,
which leads to a drift electrical
current from the right to the
left as well. By contrast, the
electrons drift from the left to
the right, but this leads to a
drift electrical current from the
right to the left because of the
negative charge of electrons.
The drift process
counterbalances the diffusion
of charge carriers in order to
bring the system into
equilibrium

Fig. 9.4 (a) Space charge
region in a p-n junction. Near
the junction area, the p-type
region is negatively charged
as a result of the diffusion of
charge carriers. (b) Electrical
charge density in a p-n
junction. To keep the overall
charge neutrality, the total
number of negative charges in
the p-type region is equal to
the total number of positive
charges in the n-type region.
In the depletion
approximation, the charges
are assumed uniformly
distributed in space, within the
depletion region delimited by
—Xpo and Xno
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in the n-type region). The quantities x, and x, are positive and express how much
the space charge region extends on each side of the junction, as illustrated in
Fig. 9.4b. The width of the space charge region, also called depletion width, is

then given by:
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Fig. 9.5 (a) Hole and (b) a

electron concentrations in a p-type px) 4 n-type
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Wo = xno + Xp0 (9.4)

Outside of this space charge region, we assume that the semiconductor is electri-
cally neutral without any charge depletion and that the hole and electron
concentrations are given by Eq. (9.2). These regions will be called the bulk p-type
and bulk n-type region. The carrier concentrations must therefore somehow go from
a high value on one side of the junction to a low value on the other side, and this
occurs within the space charge region, as illustrated in Fig. 9.4 In particular, we have
(Fig. 9.5):

{p<_xpo) =Dp and p(xno) =Pn (9 5)
n(—xpo) =n, and n(xy) =nn '

This model is called the depletion approximation. In this model, there are no free
holes or electrons in the space charge region: the depletion of carriers is complete.
The electric field exists only within this space charge region.

Because the entire p-n structure must globally remain electrically neutral, and
therefore the space charge region must be neutral as a whole, we must equate the
total number of negative charges on one side of the junction to the total number of
positive charges on the other side, i.e.:

gAN pxp0 = gANpxyo
where A is the cross-section area of the junction, and after simplification:

Naxpo = Npxno (9.6)



324 9 Semiconductor p-n and Metal-Semiconductor Junctions

Combining Egs. (9.4) and (9.6), we can express the quantities xpp and x,o as a
function of the depletion width Wj:

Np
T Ny +Np °
N (9.7)
Xy = —— A W
0T NA+Np °

These show that the space charge region extends more in the p-type region than in
the n-type region when Np > N and reciprocally.

Example

Q Estimate the thickness ratio of the depletion region in the p-type side (N5 = 10
'® cm™?) and the n-type side (Np = 10'7 cm ™) for an abrupt p-n junction in the
depletion approximation.

A The thicknesses of the depletion region in the p-type side and the n-type side are
denoted xp and xpo, respectively. Their ratio is such that:

9.2.3 Built-In Electric Field

The built-in electric field strength can be calculated using Gauss’s law which can be
written in our one-dimensional model as:
dE(x) _ O(x)

I~ e (9.8)

where ¢ is the permittivity of the semiconductor material and Q(x) is the total charge
concentration. This relation can be rewritten for either sides of the junction:

dE N
d(x) — 1% for —xp <x <0
dg‘ Ng (9.9)
() o for0 < x < xy0
dx £

From these relations we see that the electric field strength varies linearly on either
side of the junction. By integrating Eq. (9.8) using the boundary conditions assumed
in the depletion approximation:

E(—xp()) = E(xno) =0 (910)

that the electric field strength is equal to zero at the limits of the space charge region
(x = —xpo and x = x,0), we obtain successively:



9.2 Ideal p-n Junction at Equilibrium 325

p-type E(x) n-type
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Fig. 9.6 Built-in electric field strength profile across a p-n junction. In the depletion approxima-
tion, the electric field strength is zero outside the depletion region because there is no net electrical
charge. Within the depletion region, the electric field strength varies linearly with distance

X X
N
E(x) = /dde: / —q—Adx for —xp0 <x <0
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—Xpo —Xpo

X

N
E(x) = /dde = [1byy for 0 < x < Xy
€

Xn0 Xn0
N
E(x) = —qTA(x—i—xpo) for — xp0 <x <0 ©0.11)
9.11
N,
E(x) = q—D(x — Xno) for 0 < x < xy0
E

For x = 0, we obtain two expressions for the electric field strength from the two
previous expressions for E(x):

(9.12)

And these expressions are equal, according to Eq. (9.6). Therefore, the global
electrical neutrality of the p-n structure ensures the continuity of the built-in electric
field strength. A plot of E(x) is shown in Fig. 9.6.

9.2.4 Built-In Potential

As a result of the presence of an electric field, an electrical potential V(x) also exists
and is related to the electric field strength through:

V(x)

E(x) = - (9.13)
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Fig. 9.7 Built-in p(')tenti'al p-type Vix) n-type
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The potential is constant outside the space charge region because the electric field
strength is equal to zero there. An analytical expression for the electrical potential
can be obtained by integrating Eq. (9.11):

WINES
V(x) = qTA<E + xpox) for —xp0 <x <0

(9.14)

N. 2
V(x) = _4%p <% — xn0x> for 0 < x < xy0
e

where we chose the origin of the potential at x = 0 and applied the continuity
condition of the potential at x = 0. This potential is plotted in Figs. 9.6 and 9.7.

The total potential difference across the p-n junction is called the built-in potential
and is conventionally denoted V,; or V,. It can be obtained by evaluating the
potential difference between x = —xpp and x = x0:

Vo = V(xm) — V(—xp0) (9.15)
This can be rewritten as:

Np 220 gN, 30
_ 4% X _,_q_AL (9.16)

1% nY
0T e 2 e 2

Expressing —x, and x, as a function of the depletion width given in
Eq. (9.7), we obtain:

q NaNp

Vo= 272
07 2¢ (Na + Np)

w3 (9.17)

Another independent expression of the built-in potential can be obtained by
expressing the balancing of the diffusion and drift currents. In Chap. 8 we deter-
mined analytical expressions for these currents in Egs. (8.12) and (8.38) for holes
and Egs. (8.12) and (8.36) for electrons. The total current from the motion of holes
and that from the motion of electrons are given by:
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if ri dp(x
T+ I = 4D, d( Lt qup ) E)
() (9.18)
JE 4 I = gD, T+ quen(x)E(x)

In these expressions, p(x) and n(x) represent the hole and electron concentrations
at a position x. Taking into account the condition of Eq. (9.3) stating the exact
balancing of the diffusion and drift currents for holes and electrons, we can write:

0, P p(E) -
D, P (o))

which can be rewritten using Eq. (9.19) as:

D, 1 dpx)  dV(x)

) A dx
D, 1 dn(x) dV(x)
pe n(x) dx  dx

By integrating these equations, we get successively:

Xn0 Xn0
D, 1
b [t v,
w ] P ax ax
—Xpo —Xpo
Xn0
D 1 d \%
n(x _ / dV(x) dx
dx
7X’p() —Xp0

Using Eqgs. (9.5) and (9.15), and by taking into account the Einstein relations
Dy Dy k"TT obtained from Egs. (8.44) and (8.45), we get:

-p
Hn He

kT [d

b /p /dv
ka/dn /dV

which integrates easily into:
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ie.:

kT kT

Vo =20 1 (?) SLLL (”—) (9.20)
q n q le

This can be rewritten into the form:

pp ny qVO
Fp _Tn _ 2’0 9.21
aall(=) 021

Using the expressions in Eq. (9.21), we can write the built-in potential as a
function of the doping concentrations:

vo =Rl (NAND) (9.22)

2
q n;

This potential exists at equilibrium and is a direct consequence of the junction
between dissimilarly doped materials. However, it cannot be directly measured using
a voltmeter because voltmeters measure the chemical potential difference, and the
chemical potential is the same throughout the device since it is at thermal equilib-
rium with balanced drift and diffusion currents everywhere.

9.2.5 Depletion Width

It is now possible to relate the width W, of the space charge region, as well as its
extent on either side of the p-n junction, with the built-in potential. From the
expression of the built-in potential in (Eq. 9.22), we can express the depletion

width as:
2e (Na + Np
Wo=/—|——— |V 9.23
: ¢ . ( A ) ! 9.23)
which becomes, after considering Eq. (9.22):
2ekpyT (Na + Np NaND
Wy = 1 9.24
' \/42<NAND)H<"?> 24

The extent of the depletion width into each side of the p-n junction can then be
determined by replacing W, from Eq. (9.23) into Eq. (9.7):
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2e < ND >V
X =4[] — [ ————
P g \Na(Na + Np) 0

2e ( NA )V
X0 = 4| — [ —T"——
0 g \Np(Na + Np) 0

(9.25)

These last two expressions show that the space charge region extends more into

the region of lower doping, in accordance with Subsect. 9.2.2.

Example

Q

because the intrinsic carrier concentration in GaAs at 300 K is n; = 1.79 x 10°cm 3.

Consider a GaAs abrupt p-n junction with a doping level on the p-type side
of No =2 x 10" cm ™ and a doping level on the n-type side of Np = 1 x 107
cm . Estimate the depletion region widths on the p-type side and the n-type
side at 300 K.

The depletion region widths sought are given by the following expressions:

Xp0 = QS(ND )V
0 q \NA(Na + Np) 0

where ¢ is the dielectric constant of GaAs

2¢e ( NA )V
Xo=4/—|—"——
0 g \Np(Na + Np) 0

(e = 13.1¢p) and V) is the built-in potential. The latter is calculated from:

q n;
_ (138066 x 10°) x 300 ((2 x 10'7) (1 x 10”))
1.60218 x 1071 (1.79 x 106)2
= 1.297V

kT . (NAN
Vobln< A D)

3

The widths can then be calculated as:

2e ND
X0=4/— | 5= |Vo
q \NA(Na + Np)

2 x (13.1 x 8.85418 x 10 ')
1.60218 x 10~ "
1 x 10"
. ((2 x 10'7)(2 x 107 + 1 x 10'7)) X 1297

Xp0 = 5.6 X 10~%cm

Xpo = 56 nm
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Xpo = % 7NA V
n0 — q ND(NA+ND) 0
Na

0
Np ?

2 x 10"
= ﬁ56 X 10_6
X

=11.2 x 10"%m
Xpo = 112 nm

9.2.6 Energy Band Profile and Fermi Energy

Because of the presence of a built-in potential, the allowed energy bands in the
semiconductor, e.g., the conduction and the valence bands in particular, are shifted
too. The resulting energy band profile is obtained by multiplying the potential by the
charge of an electron (—¢). This is shown in Fig. 9.10e, where it is conventional to
plot the bottom of the conduction band (Ec) and the top of the valence band (Ev)
across the p-n structure.

The reason why we must multiply by the negative charge of an electron is because
the resulting band diagram corresponds to the allowed energy states for electrons.
This is intuitively understandable because the electrons are more likely to be where
there is a higher positive electrical potential; thus the energy band for electrons will
be lower there.

We therefore see that the conduction and valence bands are “bent” from the
p-type to the n-type regions. Moreover, the amount of band bending is directly
related to the built-in potential:

Evp — EVn = Ecp — ECn = CIVo (926)

Example

Q Estimate the energy band bending from the p-type side to the n-type side in a
GaAs abrupt p-n junction with a doping level on the p-type side of Ny =2 x 10
7 ¢m ™ and a doping level on the n-type side of Np = 1 x 107 cm ™ at 300 K.

A From the previous example, we know that the built-in potential is V = 1.297
V. The band bending is therefore equal to gV, = 1.297 eV.

Away from the space charge region, the Fermi energies in the p-type and n-type
regions are denoted Egp, and Efy, respectively, as shown in Fig. 9.8 . At equilibrium,
these quantities must be equal. Indeed, the hole density in the p-type and n-type
regions is given by Eq. (7.29) in the nondegenerate case:
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Fig. 9.8 Energy band profile p-type n-type
across a p-n junction. This Eg, s e S -
profile is obtained by
multiplying the potential in aVy
Fig. 9.6 by —q, the electrical
charge of electrons Ep, v E¢,
E Vp \ Epy,
E Vn
—Xp 0 Xno )E
Ev, Er,
pp = NveXp< Pka .
Evy — Epy (9.27)
Pn = Nyexp kb—T

Utilizing Eq. (9.25), we get:

ka Pn B exp (EV‘]‘(;TEF“>

\% Ev, — Ev, Ep, — F
exp (z_T) — exp (k_T) exp (W) (9.28)

In addition, by using Eq. (9.26) in this expression, we get:

Ep, — E
1:exp<%)

exp (q_VO) _Pr_ kT

which means that Eg, = Ery, i.€., the Fermi energies in the p-type and n-type regions
are equal, and this has already been anticipated in Fig. 9.8 . In fact, this is a general
and important property that, at thermal equilibrium, the Fermi energies of dissimilar
materials must be equal. This physically means that there must not be a net flow of
holes or electrons across the structure at equilibrium.

9.3  Non-equilibrium Properties of p-n Junctions

The most interesting and practical properties of a p-n junction are observed under
non-equilibrium conditions, such as when a voltage is applied across it and/or when
it is illuminated. Because of its nonsymmetrical nature, a p-n junction will exhibit
different properties depending on the polarity of the external voltage or bias applied.
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Fig. 9.9 Convention for the I
polarity of the external voltage ’
and current
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--------- >
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The sign convention used for the external voltage and the current in a p-n junction is
shown in Fig. 9.9: the voltage will be positive if the applied potential on the p-type
side is higher than that applied on the n-type. Note that the built-in voltage V|, has
been taken to be positive.

When an external bias is applied, the diffusion and drift currents do not balance
each other anymore. This imbalance results in a net flow of electrical current in one
or the other direction. In addition, the internal electric field and voltage across the p-n
junction, the depletion width, and the energy band profile will all be changed. In this
section, we will review how these parameters are modified.

9.3.1 Forward Bias: A Qualitative Description

When an external bias V is applied to the p-n structure depicted in Fig., there is
usually some voltage drop across both the neutral bulk p-type and the n-type regions
(i.e., outside the space charge region) due to Ohm’s law (Sect. 8.2). In other words,
the entire external bias is not applied across the transition region because part of it
would be “lost” across the neutral regions due to their electrical resistance.

However, in most semiconductor devices which use p-n junctions, the length of
these neutral regions which the electrical current would have to flow through is
small, and any voltage drop would thus be negligible compared to the voltage
change across the transition region. In our discussion, for now we will assume that
the external bias is applied directly to the limits of the space charge region.

According to the sign convention in Fig. 9.10d, the total voltage across the
transition region is now given by V,-V. There are typically two regimes which
need to be considered for the non-equilibrium conditions of a p-n junction: forward
bias and reverse bias.

In the forward bias regime, corresponding to V > 0, the total voltage or potential
barrier across the transition region is actually reduced from V,, to Vy—V, which has a
number of consequences. First, the strength of the internal electric field associated
with the lower potential barrier is reduced as well, as shown in Fig. 9.10c. This in
turn means that the width of the space charge region is reduced because fewer
electrical charges are needed to maintain this electric field, as shown in Fig. 9.10b.
In other words, W, is reduced and is now denoted W, x,o becomes x,, and x
becomes x, as illustrated in Fig. 9.10a. As the internal voltage is reduced from its
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equilibrium value by an amount equal to V, the energy band profile is changed,
and the amount of band bending is reduced by ¢V, as depicted in Fig. 9.10e.
This means that:

EVp —Ev, = ECp —Ecn = CI(VO - V) (929)

instead of Eq. (9.26). Furthermore, we can still consider that the Fermi energy levels
outside the space charge region, i.e., in the neutral bulk p-type (Eg,) and n-type (Eg,)
regions, are located at their equilibrium positions because we assumed no voltage
drop in these regions. Therefore, because the band bending has been reduced by ¢V,
according to Fig. (e), we must have:

E]:p - Epn = —qV (930)

This means that the Fermi energy is not constant throughout the p-n junction
structure, but the Fermi energy levels in the neutral p-type and the n-type regions are
separated by ¢V, where V is the applied external bias. This is a direct consequence of
a non-equilibrium condition.

Let us now qualitatively examine the effects of a forward bias on the diffusion and
drift currents across the space charge region of a p-n junction. As we saw in the
previous section, the diffusion current arises from the difference between the
densities of charge carriers on either side of the junction area. It corresponds to the
motion of electrons from the n-type region toward the p-type region, and conversely
for holes. This means that, at its origin, the diffusion current is related to the motion
of majority carriers (e.g., electrons in the n-type region). However, as soon as these
carriers reach the other side of the junction, they become minority carriers. There-
fore, the diffusion current acts as if it injects minority carriers into one side of the
junction by pulling them from the other side of the junction where they are majority
carriers.

At equilibrium, the diffusion process is stabilized when the built-in electric field
exerts a force that exactly counterbalances the diffusion of these charge carriers.
Under a forward bias, as we just saw in Fig. 9.10c, this electric field strength is
reduced. Therefore, each type of charge carriers can diffuse more easily, which means
that the diffusion currents for both types of carrier increase under a forward bias.

This can also be understood by examining the energy band profile. For example,
when the electrons in the n-type region, on the right-hand side of Fig. 9.10c where
they are more concentrated, diffuse toward the p-type region where they are less
concentrated, the allowed energy states are located at higher energies. This means
that the diffusion electrons have to cross a high-energy barrier. Under a forward bias,
this energy barrier is reduced, as shown in Fig. 9.10e, and more electrons can thus
participate in the diffusion toward the p-type region. A similar argument is valid for
holes. As a result, the diffusion currents for both types of carrier increase under a
forward bias.

By contrast, the drift current does not change with an external bias, although this
may seem contradictory with the fact that the internal electric field is weaker. This
can be understood by examining the drift current in more detail. We saw in Sect. 9.2
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that the drift current counterbalanced the diffusion of charge carriers and thus
consisted of electrons moving toward the n-type region and holes moving toward
the p-type region. This means that, at its origin, the drift current is related to the
motion of minority carriers, such as electrons in the p-type region which drift toward
the n-type region under the influence of the electric field. The drift current thus plays
the converse role of the diffusion current. The drift current acts as if it extracts
minority carriers from one side of the junction to send them to the other side of the
junction where they are majority carriers. Because the concentrations of minority
carriers are very small (see Eq. (9.2)), the drift currents are mostly limited by the
number of minority carriers available for drift (i.e., electrons on the p-type region
and holes on the n-type region) rather than by the speed at which they would drift
(i.e., the strength of the electric field). We then understand why the drift current does
not change significantly when an external bias is applied, in comparison to the
diffusion current.

9.3.2 Reverse Bias: A Qualitative Description

By contrast, in the reverse bias regime, corresponding to V < 0, the total voltage or
potential barrier across the transition region is actually increased from Vj to Vy—V,
which also has the opposite effects of a forward bias. The strength of the internal
electric field is increased, as shown in Fig. (c). This enlarges the width of the space
charge region from W, to W (with x,, becoming x,, and x,, becoming x,, as
illustrated in Fig. 9.11a) because more electrical charges are needed to maintain
this electric field, as shown in Fig. 9.11b. As the internal voltage is increased from its
equilibrium value by an amount equal to —V, the energy band profile is changed, and
the amount of band bending is increased by —¢qV, as depicted in Fig. 9.11e. The total
amount of band bending is still given by the expression in Eq. (9.29). The difference
between the Fermi energy levels outside the space charge region is also still given by
Eq. (9.30).

In addition, by contrast with the forward bias case, the diffusion currents for both
types of carrier decrease under a reverse bias. However the drift current still does
not change significantly in comparison to the diffusion current when a reverse bias is
applied, for the same reason as discussed previously.

9.3.3 A Quantitative Description

In the previous subsections, we have expressed quantitatively the amount of band
bending and the difference between the Fermi energy levels of the neutral p-type and
n-type regions as a function of the applied external bias (Eqs. (9.29) and (9.30),
respectively).

In fact, most of the relations that were derived in Sect. 9.2 for the equilibrium case
are valid when an external bias voltage V is applied, provided we make the following
transformations:
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Fig. 9.11 (a) Space charge
region width, (b) electrical
charge density, (c) electric
field strength, (d) potential
profile, and (e) energy band
profile of a p-n junction under
reverse bias (V < 0). The thick
dashed curves represent the
equilibrium case for
comparison
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W() - W

oo T (9.31)
Xn0 —  Xn .
V() — V() -V

This statement is justified by the fact that most of the expressions in Sect. 9.2 have
been obtained without invoking the equilibrium condition of Eq. (9.3) but by using
the electrical charge neutrality principle and Gauss’s law instead which are valid at
all times.

The following few relations will be important for future discussions. The deple-
tion width can be obtained from Eq. (9.23) by using Eq. (9.31):

2¢ (Na + Np

for V < V,,. We clearly see that the depletion width shrinks when a forward bias is
applied (V > 0), whereas it expands when a reverse bias is applied (V < 0). This
confirms the qualitative discussion of the previous subsection.

Example

Q Calculate the ratio of the depletion region width W under a forward bias of 0.3 V
to the equilibrium width W, for a GaAs abrupt p-n junction with a doping level
on the p-type side of Ny = 2 x 107 cm ™ and a doping level on the n-type side
of Np =1 x 10"7 cm™ at 300 K.

A The depletion width W under a bias V is given by the expression:

W= \/ % (M) (Vo — V), where the built-in potential is Vo = 1.297 V, as

NaNp

determined in earlier examples. The ratio sought is therefore:

W (Vo—V) _ /(2.297 — 0.3) 0877
Wo Vo 1.297

The depletion width is then:
W = 0.877W, = 0.877 (xp0 + Xno)
=0.877(56 + 112)
= 147 nm

The extent of the space charge region inside the p-type and n-type regions, as
shown in Figs. 9.9a and 9.10a, can be obtained from Eq. (9.25):
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= fq () o=

e \/% (ND(N]ZAJr ND)) Vo=V)

Similarly, the non-equilibrium hole and electron concentrations at the edges of
the space charge region, denoted p(—x,), p(x,), n(—x,), and n(x,), can be obtained by
considering Eq. (9.21):

p(=%)  n(w) exp<‘1(V0—V)> (9.34)

p(xn) B n(—xp) kT

(9.33)

In addition, following our previous discussion, we realize that the majority
carrier concentrations are little changed under a moderate forward or a reverse
bias, i.e., p(—x,) = p, and n(—x,) = n,, which after replacing in Eq. (9.34) to:

Pp :n_n):exp<q(vo—v)>

P(Xn) n (—)Cp ka

and by using Eq. (9.21) to eliminate p,, and n, from this latest equation:

pla) _n(=x) _ (ﬂ) (9.35)

D np ko T

These expressions are important as they show that, when an external bias voltage
is applied, the minority carrier concentrations at the boundary of the space charge
region, p(x,) and n(x,), are directly and simply related to the equilibrium minority
carrier concentrations p, and 7, and the applied bias voltage V. All these relations
will prove important in the derivation of the diode equation for an ideal p-n junction
which will be the topic of the next subsection.

Example

Q Calculate the minority carrier concentrations at x, and —x, for the GaAs p-n
junction described in the previous example.
A The minority carrier concentrations at x, and —x, are given by:

P(Xn) o n(—xp) _ qV . . .
= T = X7 where p, and n, are the minority carrier
concentrations in the neutral n-type side and p-type side, respectively, at

equilibrium. These are given by the action mass law:

n? (179 x 10°)

Phn =73 =

N W =3.20 x 10_Scm_3and
D X
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Fig. 9.12 Depletion layer
capacitance as a function of
bias voltage, showing the
increase in capacitance with
forward bias and the decrease
with reverse bias

Capacitance

Reverse Bias

External Bias

w2 (179 % 10°)°
Na 2x 107
In addition, the exponential is numerically equal to:

VY e ((L00218X1072)x03) : .
exp(khT) = eXp((1.38066x1023)x300 = 1.1 x 10°. Thus, we get:

— -5 5
plw) = (3.1();.513“)3(1.1 x10°) 4
n(x,) = (1.60 x 107°) (1.1 x 10°)
~ 1.76cm™3

ny =1.60 x 10 7cm ..

9.3.4 Depletion Layer Capacitance

The depletion layer is relatively devoid of mobile carriers and can therefore be
thought of as somewhat similar to the dielectric in a capacitor. Positive and negative
charges are separated by this depletion layer, and this leads to a capacitance
associated with the p-n junction. This capacitance can be thought of as like that of
a parallel plate capacitor and expressed as:

eA

Caep = W (9.36)

However rather than being constant, the capacitance of a p-n junction varies with

the reverse bias via the voltage dependence of the depletion width as shown in
Fig. 9.12.

More formally, the capacitance of the p-n junction can be derived starting from

the definition of capacitance:

Cap — ’ (9.37)

av
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where dQ is the incremental change in charge stored on either side of the junction for
an incremental increase in voltage of dV. For the abrupt junction, the charge stored
on either side of the junction can be expressed as:

Quep = GANDXn = GAN 5 X, (9.38)

where x, and x, are given by Eq. (9.33). Substituting in Eq. (9.38) for either term
gives the equation:

NaNp
o = Ay 2ge 2T (v —y
de \/q(NA+ND)( 0 )

which can then be differentiated with respect to V to yield:

q NaNp
V()— NA +ND)

Cdep (939)

which we can see reduces to Eq. (9.36) above when V = 0.

The voltage dependence of the p-n junction capacitance is used in varactor diodes
or varicaps, in tuning circuits where the diode is reverse-biased to prevent forward
conduction, and a small DC tuning voltage is applied to vary the capacitance.
Additionally, measuring the capacitance of a diode as a function of bias can be
used to extract information about the built-in voltage and the doping profile. This can
be done by plotting 1/Cqep, vs. applied voltage:

V= A2 {M}% -V, (9.40)
2(Na + Np)] C3,,

In the case of an abrupt one-sided junction (such as a p™n~ or a metal-
semiconductor Schottky diode (see Sect. 9.5)), this equation reduces further, and
the carrier concentrations can be extracted more directly:

_A2q8 1
V= Na > -V, (ND >> NA)
2 Ca 9.41
A2q€ 1 ( ° )
V= > NDC2 -V, (NA >> ND)
dep

9.3.5 Ideal p-n Junction Diode Equation

The diode equation refers to the mathematical expression which relates the total
electrical current / through an ideal p-n junction to the applied external bias voltage
V. It is also referred as the current-voltage or I-V characteristic of the diode. To
determine it, we must focus our analysis on the minority carriers, i.e., holes in the n-
type region and electrons in the p-type region.

In addition to the depletion approximation model considered so far, a few more
assumptions need to be considered:
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(i) First, we assume that there are no external sources of carrier generation.
(i) No recombination of charge carriers occurs within the space charge region.
(iii)) We assume that the applied biases are moderate enough to ensure that the
minority carriers remain much less numerous than the majority carriers in the
neutral regions.
(iv) Finally, we assume that the change in minority carrier concentrations in the
neutral regions does not result in a non-negligible electric field.

In virtue of assumptions (i) and (ii), any hole or electron that has diffused across
the space charge region must be present at its boundaries, i.e., at —x, and x;,
respectively. When a bias V is applied, the concentrations of these holes and
electrons, which are in excess of their equilibrium concentrations, are given by:

Ap, = p(xa) — pa
Any = ”(_xp) —np

This becomes after using Eq. (9.35):

Apy = pa (1)
P (9.42)
An, = np (eka - 1)

Here, and in the rest of the text, we will use the extended meaning of the term
“excess carrier.” For example, if Ap, and An,, are positive, i.e., V> 0 or forward bias,
then there are net real excesses of holes and electrons at the space charge boundaries,
and we talk about minority carrier injection. This is shown in Fig. 9.13.

But if Ap, and An,, are negative, i.e., V < 0 or reverse bias, then there are net real
deficiencies of holes and electrons, and we talk about minority carrier extraction. In
this case, the minority carriers at the boundaries of the space charge region are less
numerous than in the bulk neutral material; therefore there is a diffusion of minority
carriers from the bulk neutral region toward the edges of the space charge region.
This is illustrated in Fig. 9.14.

Returning to the forward bias case, the excess holes, present at x = x, with a
concentration Ap,, will be diffusing deeper into the neutral n-type region where their
equilibrium concentration is only p,,. As they diffuse, they will experience recombi-
nation as discussed in Chap. 8, with a characteristic diffusion length L, in the steady-
state regime. The excess hole concentration is therefore reduced as we advance
deeper in the material. This situation has already been encountered in Chap. 8 and
the analytical expression for dp,(x;), the excess hole concentration at a position xy, is
obtained for Eq. (8.55):

5pa(x1) = Apye (9.43)

where Ly, is the hole diffusion length in the n-type region. In this expression, we
chose another axis, denoted x;, oriented in the same direction as the original axis
x and with its origin at x = x,. It is important to remember that the excess
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Fig. 9.13 (a) Excess hole concentration profile in the n-type region, and (b) excess electron
concentration profile in the p-type region, under a forward bias. The excess carrier concentrations
decrease, following an exponential decay, as they go further from the edges of the depletion region

concentration of holes at x = x;, remains constant at Ap, given by Eq. (9.42) because
holes are continuously injected or extracted through the space charge region into or
from the n-type region due to the application of the external bias voltage. We can
make use of Fig. 8.7 to plot the spatial profile of the excess hole concentration in
Fig. 9.13a for the forward bias case and Fig. 9.14a for the reverse bias case.

Conversely, the excess electrons present at x = —x;, with a concentration An,, will
diffuse deeper into the neutral p-type region, with a diffusion length L,,. This leads to
the spatial profile onp(x,) shown in Fig. 9.13b for the forward bias case and
Fig. 9.14b for the reverse bias case, and it is analytically given by:

ony(xy) = An efz_ﬁ 9.44
P p

where L, is the electron diffusion length in the p-type region. It is important to note
that, here, we chose the sign convention for the axis x, in the opposite direction of the
original axis x because the electrons diffuse in this opposite direction.

There are essentially two methods to compute the diode equation. The first one
consists of analyzing the diffusion currents in the p-n junction. From our discussion
in Subsect. 9.3.1, we understand that, when an external bias is applied, the drift
currents across the space charge region do not vary, whereas the diffusion currents
change. The sum of the increments in the hole and the electron diffusion currents
across the space charge region is thus a direct measure of the net electrical current
through the p-n junction since no net current is originally present at equilibrium,
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Fig. 9.14 (a) “Excess” hole concentration profile in the n-type region, and (b) “excess” electron
concentration profile in the p-type region, under a reverse bias. These carrier concentrations change
following an exponential dependence as they go further away from the edges of depletion region

because we have assumed there are no external sources of carrier generation and
because the total electrical current is constant throughout a two-terminal device, such
as the p-n junction earlier shown in Fig. 9.8.

The incremental diffusion currents are the diffusion currents which result from
the excess carriers in the material. The diffusion current densities for electrons and
holes can be obtained from Egs. (8.36) and (8.38) and are given by:

I (x) = —q0, X2
(9.45)
Jdlff(xz) _ and(é’Z(xz))
2

Using the expressions of the excess carrier concentrations in Egs. (9.43) and
(9.44), we get:

. D n
JiT() = +g28p,e
p

. D _
JU (xy) = —qL—nAnPe L,
n

(9.46)

s


https://doi.org/10.1007/978-3-319-75708-7_8
https://doi.org/10.1007/978-3-319-75708-7_8

344 9 Semiconductor p-n and Metal-Semiconductor Junctions

In order to obtain the total current through the p-n junction, we must evaluate the
diffusion current densities for holes and electrons at the limits of the space charge
region at x = x, and x = —x,, respectively, or equivalently at x; = x, = 0:

D
I (0) = +q7"Ap,
Ly (9.47)
diff Dn
JIM(0) = —g—An,

Example

Q Estimate the ratio of the diffusion current densities of holes and electrons for the
GaAs p-n junction described in the previous example.

JT(0)| Dy Ly Ap,

JSE(0)| D, L, Any’

Ap, and An,, are the excess minority carrier concentrations at the limits of the

where

A The ratio of the diffusion currents is given by:

qV
depletion region. These quantities are given by: Ap, = p, (ekb_T — 1) and

2
Ap, _Pn_ I/ND = % In addition,
N

T2
np Ry " /NA D
the diffusion lengths can be expressed as a function of the minority carrier
lifetime on the n-type and the p-type sides. These lead to the ratio:

Jﬂiff(O)‘ Dy \/Dyty Na

. ——. Assuming that the minority carrier lifetimes are
JET©0)|  Dn /Dy, N £ Y

’/ ——. The ratio of

the diffusion coefficients can be calculated using the majorlty carrier mobilities

Jdiff 0 N
giff( )‘ = [t and
T (0) He Np

v . ..
An, = n, (ekb’ — 1). Their ratio is then:

]dlff

the same for holes and electrons, we get:

]dlff

through the Einstein relations and we obtain:

JET©) /400 2 x 10"
JETO)] V85001 x 10"
~0.43

In all these expressions of current densities, it is important to remember that the
sign convention for the current density Jﬂiff (1) is the same as the axis x, whereas for
J ‘enff (x7) it is opposite that of axis x. The total current density is the sum of the hole
and electron diffusion currents, with however a sign difference:

Jio = I3 (0) = J(0) (9.48)

The minus sign for Jgiff(O) accounts for the sign convention chosen for axis x;.
Inserting Eq. (9.47) into this relation, we get:
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D D
Jiotal = Q(iApn + L_nAnp> (949)

and using Eq. (9.42), we finally obtain:

D D, v
Jto[a.l = 6]<—an +-n > (eka - 1) (950)
L, L, "

The total current is given by the total current density multiplied by the area of the
p-n junction. If we assume a uniform area A, we get:

D, D, a
Itolal = A-Itolal - qA —Pn + —p (ekhl — 1) (951)
L, "L,

By introducing a new term I, this can be rewritten as:

Tow = Io <ek1—VT - 1) 9.52)
with:
D, D
Iy = qA( p, +— 9.53
o= aa(Tomy 4 ) (9.59

Equations (9.52) and (9.53) represent the diode equation for an ideal p-n junction.
This function is plotted in Fig. 9.15.

We see that under a forward bias, the current increases exponentially as a function
of applied voltage. By contrast, under reverse bias, the current rapidly tends toward
—Iy. The value of the current I, is therefore called the reverse saturation current. The
physical meaning of this current can be understood as follows. When a strong
reverse bias is applied (V < 0), the density of minority carriers at the boundary of
the space charge region quickly falls to zero according to Eq. (9.35). This means that,
inside the depletion region, there is no diffusion of carriers, but only drift currents are

Fig. 9.15 Current-voltage I
characteristic for an ideal p-n

junction diode. The

dependence of the current on

the voltage follows an

exponential expression. The

current is zero when the

voltage is zero, without

external excitation
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present. Outside the depletion region however, the only charge motion is the
diffusion of minority carriers from the neutral regions toward the depletion region,
as illustrated by the block arrows in Fig. 9.14. We can therefore say that the
saturation current in Eq. (9.53) corresponds to the total drift, across the space charge
region, of minority carriers which have been extracted or able to reach the limits of
the space charge region through diffusion from the neutral regions.

The p-n junction diode acts like a one-way device: when it is forward-biased,
current can flow from the p-type to the n-type region without much resistance,
whereas when it is reverse-biased, a very large resistance prevents the current from
flowing in the opposite direction from the n-type to the p-type region.

The second method which can be used to determine the diode equation consists of
calculating the total charge accumulated on each side of the junction area. This
second method is called the charge control approximation. Let Q,, be the steady-state
excess positive charge in the n-type region which is given by integrating Eq. (9.43):

0, = qA/épn(xl)dxl = qAApn/ efz_édxl
0 0

ie.
0, = qAL,Ap, (9.54)

where A is the area of the p-n junction. This excess charge is illustrated in Fig. 9.16a,
in the forward bias case. The hole diffusion current must then be able to maintain this
excess positive charge, even though the holes are recombining. As the average
lifetime of holes in the n-type region is the recombination lifetime 7, defined in
Subsect. 8.5.3, the hole diffusion current must be able to supply Q,, positive charges

during a time equal to z,. This current must therefore be I, = =2
P

Similarly, the excess negative charge in the p-type region is given by:

O, = gAL,An, (9.55)
and is shown in Fig. 9.16b. The electron diffusion current into the p-type region is
—I, = —%. In this last expression, we made use of the same sign convention as for
axis x,. The total current is therefore given by:

L L
Lol = Ip + 1, = QA—p Apn + qA—nAI’lp
Tp Tn

or:

L L,
Lol = qA (—pApn + —Anp> (956)
Tp Tn
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Fig. 9.16 (a) Excess positive charge in the n-type region and (b) excess negative charge in the p-
type region, under a forward bias. The total excess charges are calculated by integrating the excess
carrier concentrations over the volume of the regions outside the depletion region

Using the definition of the diffusion lengths given in Egs. (8.53) and (8.56), and
using Eq. (9.42), we can transform this last expression into:

D D W
Liotat = AJtotal = A (ipn + L—:l’lp> (eka — l)

and thus get the diode equation obtained in Eq. (9.51).

9.3.6 Minority and Majority Carrier Currents in Neutral Regions

In the previous discussion, we saw that the total electrical current through a p-n
junction device was determined by the diffusion currents across the space charge
region which result in minority carriers being injected into or extracted from the
neutral regions under the influence of an applied external bias.

For the sake of clarity, let us consider the example of a forward-biased p-n
junction, as the one shown in Fig. 9.13. We saw that the excess minority carriers
diffuse into the neutral regions following an exponential decay given in Eqgs. (9.43)
and (9.44). This leads to diffusion currents which also follow an exponential decay,
as obtained in Eq. (9.46). However, we know that the total electrical current
throughout a two-terminal device is constant. Therefore, the decrease in diffusion
current, for example, that of holes in the right-hand side of the figure, as we move
away from the space charge region has to be compensated by another current. This is
achieved through the drift of majority carriers, for example, electrons in the neutral
n-type region. Indeed, through their diffusion and recombination, the minority
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Fig. 9.17 Diffusion current of minority carriers and drift current of majority carriers in the (a) n-
type region and (b) p-type region, under a forward bias. As the minority carriers diffuse further
away from the edges of the depletion region, they recombine with majority carriers. The diffusion
current of minority carriers is therefore reduced. But, this process also results in the flow of majority
carriers in the opposite direction, which compensates the decrease in diffusion current with a drift
current in the same proportion

carriers “consume” majority carriers (e.g., electrons). There thus must be a flow of
majority carriers (e.g., electrons) in the opposite direction to resupply those lost in
the recombination process. This flow of majority carriers generates a drift current.

Therefore, in the neutral regions, there are two components which make up the
total electrical current: the diffusion current of minority carriers and the drift current
of majority carriers. These are shown in Fig. 9.17 . This means, in particular, that
there must be an electric field present in the neutral regions; otherwise there would
not be any drift current. This apparently contradicts our assumption at the beginning
of Subsect. 9.3.1 that there was no potential drop within the neutral regions. In fact,
the potential drop is very small in comparison with any applied external bias voltage
and therefore can be neglected in our model.

An analytical expression for the drift current can be easily determined, on each
side of the p-n junction. Indeed, the total hole and electron current densities must be
constant at the values given by the diode equation in Eq. (9.47). As we know the
expression for the diffusion current densities J{ (x;) and J3 (x,) from Eq. (9.46),
the drift current densities will be the difference:

Jgriﬂ ( X ) — Jgiff (O) _ J(eliff ( x2)

. . . (9.57)
Jgrlfl(xl) — ngff(o) _ Jﬁlff(xl)

Recalling Egs. (9.46) and (9.49), we get successively:
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A D D x
JE(x)) = —g—An, + g—Anye Ln
h ( ) Ln P Ln p
. D D, — u
JE(x0) = qoApy — g7 Apye B
Ly Ly

n

drift Dy -3
JM () = qL—Anp e Ln—1
(9.58)
. D _n
T (n) = g7 "Ap, (1 e LP>
Ly
It is important to remember that the sign convention chosen for Jﬂﬁﬁ(xz) is
opposite that of axis x.

9.4 Deviations from the Ideal p-n Diode Case

Before deriving the ideal diode equation in the previous section, it was necessary to
make several assumptions. In reality, these assumptions are not necessarily valid,
and the ideal diode equation gives only qualitative agreement with actual
measurements of the /-V characteristics of real p-n junction diodes. This deviation
from the ideal case is mainly due to (a) generation of carriers in the depletion region,
(b) surface leakage effects at the periphery of a real junction, (c) recombination of
carriers in the depletion region, (d) the high-injection condition (when the injection
of minority carriers exceeds the doping density), and finally (e) all the applied bias
not being dropped across the depletion region due to series resistance effects. The
above deviations are illustrated in the figure below. The special case of reverse
breakdown will be discussed in Subsect. 9.4.3 (Fig. 9.18).

9.4.1 Reverse Bias Deviations from the Ideal Case

Part of the deviation of the leakage current from the ideal reverse saturation current
arises from the thermal generation of electron-hole pairs within the space charge
region. The built-in electric field separates these carriers and they drift toward the
neutral regions of the diode. This drift results in an excess current that is in addition
to the diffusion of minority carriers, discussed in the ideal case. Section 8.6
introduced the concept of thermal generation of carriers, and along with it a thermal
generation rate per unit volume G(T), expressed in cm™>-s~'. Since the volume of
the depletion region is equal to WA, assuming no recombination occurs, the current
due to generation in the depletion region can be expressed as:


https://doi.org/10.1007/978-3-319-75708-7_8
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Fig.9.18 The current-voltage characteristic for a real Si p-n junction diode (solid) does not exactly
match the behavior of a Si junction diode predicted by the ideal diode model (dotted), both shown
above in semilog scale. A real Si diode shows the following deviations from the ideal (diffusion
limited) case: reverse leakage current due to thermal generation and surface leakage effects,
recombination in the depletion region, high-injection deviation, and series resistance effects

Ieen = qWAG,(T) (9.59)

Under reverse bias the current can then be expressed as the sum of the diffusion
and generation components:

Ly = gA (&pn + &np> + gWAG(T). (9.60)
L™ "L,

Since the depletion layer width (W) depends upon the applied bias, the reverse
current of the diode now shows a bias dependence: as the reverse bias is increased,
the depletion width widens, and hence this increases the generation current leading
to a corresponding increase in the reverse leakage current as a function of applied
bias. In addition to excess carriers arising from thermal generation, it is possible for
external photoexcitation to create carriers in the depletion region — this is the case of
a photodiode.

This leakage current is further compounded by the surface leakage. Surface
leakage effects are due to the finite extent of the p-n junction area and the
characteristics of the junctions that occur at the periphery of the diode. This is due
primarily to ionic charges on or outside the semiconductor that induce corresponding
image charges within the semiconductor. These charges create their own surface
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depletion region that acts as a parallel conduction channel that bypasses the p-n
junction and allows current to flow along the surface of the diode. Typically this
leakage current increases with reverse bias.

9.4.2 Forward Bias Deviations from the Ideal Case

Under forward bias recombination dominates over the generation processes. In order
to supply the carriers lost to recombination, the net external current flowing
through the diode is increased. This current is called the recombination current
(Iec)- The recombination rate is at its maximum near the center of the depletion
region, where nearly equal number of electrons and holes are available to contribute
to recombination. Assuming a linear variation of the potential across the depletion
region, the potential at the center can be taken as Y-V, In this case the carrier

concentration at the center of the depletion region depends upon exp(— qg/,gib}v))

rather than exp (%) The rate at which electrons and holes are recombining is

then proportional to exp (%) By introducing a material constant (/ro) dependent

upon the minority carrier recombination lifetimes in the respective halves of the
depletion layer, and the overall depletion layer width, it becomes possible to arrive at
an expression for the recombination current (/R):

Vv
Ix ~ Iroexp (%) (9.61)

Combining this new equation for the recombination current together with the
existing minority carrier diffusion current yields a new expression for the total
current though the diode:

qvV qV
I1=1 -— I — .62
0€XP (ka> + Irpexp (Zka) (9.62)

In working with real diodes, this equation is generally represented in an empirical
form by introducing a new factor n called the ideality factor:

I =~ Iyexp <ﬂ> (9.63)

nka
In this combined equation, the ideality factor n tends toward 2 when recombina-
tion current dominates and tends toward 1 when diffusion current dominates and
varies from 1 to 2 when both currents are comparable. In the case of silicon diodes
operating at room temperature, both processes can be seen to operate as the current
injection is increased from low to moderate levels.

Under higher levels of current injection (under forward bias), the diode enters the
high-injection regime where the injected minority carrier density becomes
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Fig. 9.19 Current-voltage I
characteristic for an ideal p-n
junction diode showing a
reverse breakdown. When the
voltage across the p-n junction
is equal to the reverse
breakdown voltage, the
current increases dramatically.
If it is not limited, this current
can damage the diode through / =1
heating _;\

comparable or greater than the majority carrier density. In this case the current

becomes proportional to exp (%), as is shown in Fig. 9.19.

Under higher reverse bias, the contact potentials and the potential drop across the
bulk regions of the semiconductor cease to be negligible, and the series resistance of
the p-n diode no longer dominates. At this point the exponential increase in current
begins to subside in favor of a more linear increase, limited by the series resistance of
the diode. The empirical diode equation introduced above can be modified to take
this behavior into account, by introducing a term (Rs) for the series resistance. Thus
the equation becomes:

(9.64)

V — IR
1 = Ipexp <—q( kT S))

9.4.3 Reverse Breakdown

In the ideal p-n junction diode model, we saw that the current through a p-n junction
diode was limited by the saturation current —/, when a reverse bias was applied.
Even in the non-ideal case the reverse current was seen to increase slowly. In reality,
this model holds only up to a certain value of reverse bias —V,,, called the
breakdown voltage. At that point, the current suddenly increases dramatically as
shown in Fig. 9.19 . This phenomenon is called reverse breakdown. The peak value
for the internal electric field strength (i.e., at x = 0) corresponding to this applied
reverse bias is called the critical electric field.

This situation is not necessarily a damaging one for the p-n junction and is
reversible, as long as the current can be limited to prevent too much power from
being dissipated inside the device. Otherwise, parts of the device can be physically
destroyed (e.g., melted).

There are two major mechanisms for the reverse breakdown: avalanche break-
down which occurs at higher reverse biases as a result of impact ionization and Zener
breakdown which occurs at lower reverse biases as a result of tunneling across the
junction.
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9.4.4 Avalanche Breakdown

As a stronger reverse bias is applied, the electric field strength across the space
charge region increases. The charge carrier particles, holes, and electrons which drift
across the depletion region can therefore achieve higher velocities.

When the reverse bias is strong enough, typically higher than 6E,/q and can even
go up to 1000 V, the electric field strength can become so large that a hole or an
electron can gain sufficient kinetic energy to impact on a semiconductor lattice atom
and ionize it, or even break a chemical bond. This phenomenon is called impact
ionization. It may seem conceptually difficult to envision a hole impacting on the
crystal lattice, but this can be better understood when we realize that when a hole
moves in one direction, it in fact corresponds to the motion of an electron in the
opposite direction with the same velocity. An accelerated particle must typically
acquire energy at least equal to the bandgap energy E, in order to break a chemical
bond, because this corresponds to the energy required to excite an electron from the
valence band to the conduction band. Therefore, for wider bandgap semiconductors,
higher electric field strength is necessary to ensure impact ionization.

As aresult of impact ionization, an electron-hole pair (EHP) is created within the
space charge region in addition to the impacting particle. The electron and the hole
from the pair will then be spatially separated by the electric field present at that
location: the electron drifting toward the n-type side and the hole toward the p-type
side, as illustrated in Fig. 9.20.

The electrons and holes thus generated can themselves be further accelerated by
the electric field. If they reach a sufficient high kinetic energy within the space
charge region, they can in turn contribute to create additional EHPs through ionizing
collisions. This results in a cascade or avalanche effect. One initial charge carrier
thus has the potential to create many additional carriers, and a dramatic increase in
current is achieved as the one shown in Fig. 9.19.

It is possible to characterize the avalanche breakdown quantitatively by
introducing a multiplication factor M such that the reverse current near breakdown
is given by MI, where I is the saturation current. This factor actually means that an
incident electron results in a total of M electron-hole pairs. This factor is empirically
given by:

M=—1 (9.65)

- n
- (%)
where V; is the reverse bias, V), is the breakdown voltage, and 7 is an exponent in the
range 3~6. From this expression, we clearly see that the reverse current, MI,
increases sharply when V; nears V,,; as depicted in Fig. 9.19.

The avalanche process is more likely to occur when a wide enough space charge
region can be sustained to ensure sufficient acceleration. This can be more easily
achieved by using lightly doped p-n junctions because, if heavily doped junctions are
used, another phenomenon can more easily occur: the tunneling of charge carriers
from one side of the junction to the other.
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Fig. 9.20 Impact ionization
process: under strong reverse
bias, electrons and holes are
injected into the depletion
region; when they gain
enough kinetic energy, they
impact on the semiconductor
lattice to create electron-hole
pairs. These newly created
carriers can then lead to the
same impact ionization
process if they can gain
enough kinetic energy within
the space charge region

Example

Semiconductor p-n and Metal-Semiconductor Junctions

o— p-type

Q A voltage-stabilizing diode takes advantage of the steep slope in the breakdown
regime to clamp the voltage. For such a kind of diode with V,,, = —14 V,
estimate how many times the current will increase when the reverse bias goes
from —13.990 to —13.995 V. Assume n = 6.

A The multiplication factor if given by: M = —1—. For the two reverse biases
()

1

Ve

Vor

mentioned, we get the ratio of the multiplication factor:

V n
M, 1—(v—£)

E: | (L>n
Vor

G Uk
6
i é - (131,395

The current will thus increase by a factor 2 when the voltage is reduced by

0.005 V.
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9.4.5 Zener Breakdown

Under a more moderate reverse bias, typically less than 6E,/q, the top of the valence
band in the p-type side Ev,, is already higher than the bottom of the conduction band
in the n-type side Ey.. This situation is illustrated in Fig. 9.21. This means that the
electrons at the top of the valence band in the p-type side have the same or higher
energy than the empty states available at the bottom of the conduction band in the n-
type side.

This staggering of the energy bands also results in a reduced spatial separation
between the conduction and valence bands, as shown by d in Fig. 9.21 .Moreover, in
heavily doped p-n junctions, the space charge region is already narrow (with a width
W) and does not expand much under a moderate reverse bias.

The staggered alignment of the energy bands and their spatial proximity favor the
tunneling of electrons from the valence band in the p-type side into the conduction
band in the n-type side, as shown in Fig. 9.21. This leads to a negative current. This
process is called the Zener effect. As there are many electrons in the valence band
and many empty available states in the conduction band, the tunneling current can be
substantial.

The Zener tunneling probability 77 is strongly field dependent on the applied bias
V and the bandgap E,. It can be written as:

4/ 2m*
Ty = exp{ 3qVi Egﬂ} (9.66)

Fig. 9.21 Zener breakdown E(‘
mechanism involving P
electrons tunneling from the

valence band of the p-type

side to the conduction band of E
the n-type side FD oooeeeeereeresnnes Tunne[ing

Ey,

O— p-type n-type o

A
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9.5 Metal-Semiconductor Junctions

As we have already mentioned in Subsect. 9.2.6 and illustrated in the case of a p-n
junction, two dissimilar materials in contact with each other and under thermal
equilibrium must have the same value of Fermi energy.

When a metal is brought into contact with a semiconductor, a certain amount of
band bending occurs to compensate the difference between the Fermi energies of the
metal and that of the semiconductor. In fact, this difference in Fermi energy means
that electrons in one material have a higher energy than in the other. These will
therefore tend to flow from the former to the later material. There is thus a transfer of
electrons across the metal-semiconductor junction in a similar way as the charge
transfer in the case of a p-n junction. Such a junction is also often called a metallurgic
junction or a metal contact because metals are commonly used in semiconductor
industry to connect or “contact” a semiconductor material to an external electrical
circuit.

The charge transfer can be readily achieved because, as we saw in Fig. 5.11 in
Subsect. 5.2.7, the Fermi energy in a metal lies within an energy band, which makes
it easy for electrons to be emitted from or received by a metal. This charge
redistribution gives rise to a local built-in electric field which counterbalances this
redistribution. When sufficiently large electric field strength is established around the
metallurgic junction, the redistribution stops.

Since the overall charge neutrality must be maintained, the excess electrical
charges inside the semiconductor and that inside the metal must be of an equal
amount but with opposite signs. However, because a metal has a much higher charge
density than a semiconductor, the width over which these excess charges spread
inside the metal is negligibly thin in comparison to the width inside the semiconduc-
tor. This is somewhat similar to the case of a p-n junction with one side heavily
doped. As a result, the built-in electric field and the band bending are primarily
present inside the semiconductor as well. The following section aims at giving a
quantitative description of the physical properties of a metal-semiconductor
junction.

9.5.1 Formalism

The physical parameters which need to be considered in this description are depicted
in Fig. 9.22. For the metal, these include its Fermi energy Eg, and work function
@,, > 0. As we saw when discussing the photoelectric effect in Chap. 4, the work
function of a metal is the energy required to extract one electron from the metal
surface and pull it into the vacuum. In a more quantitative manner, the work function
is the energy difference between the Fermi energy and the vacuum level as shown in
Fig. 9.22. For the semiconductor, the parameters of interest also include its Fermi
energy Er, its work function @, > 0, and also its electron affinity y > 0. The latter is
the energy required to extract one electron from the conduction band of the semi-
conductor into the vacuum and is given by the energy difference between the bottom
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Fig. 9.22 Fermi energies, Vacuum

work functions in a metal and Joye] T R————sssnges
a semiconductor, when @, X
considered isolated from each '

other. The vacuum level is the )

same for both materials, but
the Fermi energies are
generally different

Metal Semiconductor

of the conduction band and the vacuum level. A few values of electron affinity for
elements in the periodic table are given in Fig. A.12 in Appendix A.3.

The amount of band bending and the direction of electron transfer depend on the
difference between the work functions of the metal and the semiconductor. When
these materials are isolated, their vacuum levels are the same, as illustrated in
Fig. 9.22. But, when these materials come into contact, the Fermi energy must be
equal on both sides of the junction. The vacuum level is at an energy ®,, above the
top of the metal Fermi energy, while it is @, above the semiconductor Fermi energy.
This means that the energy bands in the semiconductor must shift upward by an
amount equal to ®,,—®, in order to align the Fermi energy on both sides of the
junction.

On the one hand, if @,, > @, the energy bands of the semiconductor actually shift
downward with respect to those of the metal, and electrons are transferred from the
semiconductor into the metal, as shown in Fig. 9.23. The signs of the charge carriers
which appear on either side of the junction and the direction of the built-in electric
field, also shown in Fig. 9.23, are determined from the analysis conducted for a p-n
junction. On the other hand, if ®,, < @, the energy bands in the semiconductor shift
upward with respect to those of the metal, and the electrons are transferred from the
metal into the semiconductor.

9.5.2 Schottky and Ohmic Contacts

The electrical properties of a metal-semiconductor junction depend on whether a
depletion region is created as a result of the charge redistribution. This phenomenon
in turn depends on the difference in work function ®,,-®,, and on the type of the
semiconductor (n-type or p-type).

Indeed, we know that when ®,, > @, electrons are extracted from the semicon-
ductor into the metal.

If the semiconductor is n-type, then this process depletes the semiconductor of its
electrons or majority charge carriers. A depletion region thus appears near the
junction, and we obtain a diode-like behavior similar to a p-n junction when an
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external bias is applied. This is shown in Fig. 9.24a. This situation is often called a
rectifying contact or Schottky contact.

However, if the semiconductor is p-type, the electrons which are extracted from
the semiconductor are taken from the p-type dopants which then become ionized.
This process thus creates more holes or majority charge carriers. In this case, there is
no depletion region, but rather majority carriers are accumulated near the junction
area, and we do not observe a diode-like behavior. Majority carriers are free to flow
in either direction under the influence of an external bias. This is shown in Fig. 9.25a.
This situation is often called an ohmic contact and the current-voltage characteristics
are linear.

If we now consider ®,, < ®,, electrons are extracted from the metal into the
semiconductor. The previous analysis needs to be reversed. In other words, for an n-
type semiconductor, the junction will be an ohmic contact, while for a p-type
semiconductor, the junction will be a Schottky contact.

These four configurations are shown in Figs. 9.23 and 9.24 and summarized in
Table 9.1.

In the case of a Schottky contact, the existence of the depletion region means that
there is a potential barrier across the junction which can be shifted by an amount
equal to -gV when an external voltage V is applied between the metal and the
semiconductor. This in turn influences the current flow in a similar way as for a
p-n junction. This is shown in Fig. 9.26 for the case of an n-type semiconductor. It is
however important to understand that majority carriers are responsible for the current
transport in a metal-semiconductor junction, whereas in a p-n junction, it is due to
the minority carriers.

The sign convention for a metal-semiconductor junction is the same as for a p-n
junction by considering the type of the semiconductor. Although the current
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n-type p-type
Metal Semiconductor Metal Semiconductor

Schottky contacts

1

Fig. 9.24 These two of the four possible metal-semiconductor junction configurations lead to a
Schottky contact: (a) ®,, > @, and n-type, (b) ®,, < @, and p-type. A Schottky contact is obtained in
each case because the majority carriers in the semiconductor experience a potential barrier which
prevents their free movement across the metal-semiconductor junction, and therefore as shown at
the bottom of the figure, the I-V characteristic shows rectifying behavior

transport mechanism in a Schottky contact is somewhat different from that in a p-n
junction, the current-voltage relation for an ideal Schottky contact has a similar
expression as for an ideal p-n junction:

I=1I (ew - 1) (9.67)

where I, is the reverse saturation current and is exponentially proportional to the
difference between the metal work function ®,, and the semiconductor electron
affinity y:

_(@m—x)
Iy :ABeT2e< ol ) (9.68)
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Fig. 9.25 These two of the four possible metal-semiconductor junction configurations lead to an
ohmic contact: (a) @,, > & and p-type, (b) ®,, < ®, and n-type. Unlike the configurations shown in
Fig. 9.24, the energy band profiles here are such that the majority carriers in the semiconductor can
move across the metal-semiconductor junction without experiencing a potential barrier, and there-
fore as shown at the bottom of the figure, the I-V characteristic shows ohmic behavior

Table 9.1 Four possible

. Semiconductor Junction
Fnetal‘—semlconduct(.)r D, > D n-type Schottky
junction configurations and
the resulting contact types ~ Pm <Py p-type Schottky

D, > D, p-type Ohmic
D, < n-type Ohmic

B. is the effective Richardson constant, and for most metal-semiconductor
Schottky junctions, it varies from 10 to 100 K2 cm 2. The quantity (®,,—y) is
often denoted q®p, where @y is called the Schottky potential barrier height. For a
real Schottky contact, one needs to take into account thermionic emission (Appendix
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Fig. 9.26 Band alignment in a Schottky metal-(n-type) semiconductor contact under (a) forward
bias where the potential barrier is reduced, and under (b) reverse bias where the potential barrier is
increased, thus reducing the tunneling of carriers

A.9), as well as impurity and interface states. In this case, the current-voltage relation
is given by:

I=1I (e# - 1) (9.69)
where n is the ideality factor as mentioned before and is typically between 1 and 2.
9.6 Summary

In this chapter, we have presented a complete mathematical model for an ideal
p-n junction, based on an abrupt homojunction model and the depletion approxima-
tion. We introduced the concepts of a space charge region, built-in electric field,
built-potential, and depletion width at equilibrium. We have discussed the balance of
electrical charges, as well as that of the diffusion and drift currents within the space
charge region.

The non-equilibrium properties of p-n junctions have also been discussed. The
forward bias and reverse bias conditions were examined. We emphasized the
importance of minority carrier injection and extraction. We derived the diode
equation and understood the nature of the currents outside the space charge region.
We have discussed the avalanche and Zener breakdown mechanisms as deviations
from the ideal p-n junction diode behavior under strong reverse bias conditions.

Finally, we presented the electrical properties of metal-semiconductor junctions
and introduced the concepts of Schottky and ohmic contacts.

Problems

1. A p-n junction diode has a concentration of Ny = 10'” acceptor atoms per cm®
on the p-type side and a concentration of N, donor atoms per cm® on the n-type
side. Determine the built-in potential V;, at room temperature for a germanium
diode for values of Np ranging from 10" to 10'® cm ™. Also determine the peak
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10.

1.

12.

13.

. Consider a Si p-n step junction with Ny = 10

9 Semiconductor p-n and Metal-Semiconductor Junctions

value of the electric field strength for this same range, and plot both of these
values as a function of Np on a semilog scale.

. Consider a GaAs step junction with No = 10"” cm ™ and Np = 5 x 10" cm ™.

Calculate the Fermi energy in the p-type and n-type regions at 300 K. Draw the
energy band diagram for this junction. Determine the built-in potential from the
diagram and from Eq. (9.22). Compare the results.

. Consider an asymmetric p*-n junction, which has a heavily doped p-type side

relative to the n-type side, i.e., No> > Np. Determine a simplified expression for
the width of the space charge region given in Eq. (9.23).

. Calculate the depletion width for a Si p-n junction that has been doped with 10'®

acceptor atoms per cm® on the p-type side and 10'® donor atoms per cm’ on the
n-type side. Compare this depletion width to the width of the depletion region on
the n-side (from Eq. (9.33)). What percentage of the width lies within the n-type
semiconductor. T = 300 K.

. Assilicon p-n diode with N5 = 10'® cm ™ has a built-in voltage of 0.814 eV and

capacitance of 10~® F-cm ™2 at an applied voltage of 0.5 V. Determine the donor
density. A = 1 cm?.

. Plot the diode equation for an ideal Si p-n junction diode with an area

50 pm?, an acceptor concentration N = 10'® cm™, a donor concentration
Np = 10'® cm ™3, recombination lifetimes equal to 7, = 7, = 1 ps, and diffusion
coefficients equal to D, = 35 cm*s ™' and D, = 12.5 cm?:s .

f cm > and Np = 10'6 cm_3, with
recombination lifetimes 7, = 0.1 ps and 7, = 0.01 ps and carrier mobilities
pn = 450 cm?/Vs and p. = 800 cm?/Vs at 300 K.

. Determine the total reverse saturation current density, the reverse saturation

current density due to holes and that due to electrons.

. Assume a forward bias equal to V(/2 is applied, where V,, the built-in potential,

is equal to 0.7546 V. Calculate the injected minority carrier currents at the edges
of the space charge region.
Assume a reverse bias equal to -Vy/2 is applied. Calculate the minority carrier
currents at the edges of the space charge region.
A Si p-n junction is doped with an acceptor concentration N = 5 x 10'® cm ™
and a donor concentration Np = 5 x 10 cm >, The critical electric field
strength for breakdown is equal to 10° V-cm™'. Determine the breakdown
voltage and the corresponding depletion width. Do the same for a donor
concentration Np = 5 x 10" em™>.
Consider an ideal metal-semiconductor junction between p-type silicon
and polycrystalline aluminum. The Si is doped with Ny = 5 x 10" cm™>.
The metal work function is 4.28 eV and the Si electron affinity is

4.01 eV. Draw the equilibrium band diagram and determine the barrier
height ¢p.
Consider the same silicon-aluminum metal-semiconductor junction. The cross-
sectional area of the junction is 10 pm?. Assume that B, is 30 AK % cm ™ ?
and the ideality factor n is 1. Calculate the reverse saturation current and plot
the I-V curve as a function of applied bias.
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