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Current-Voltage Characteristics

2.3.1 ldeal Case-Shockley Equation
The ideal current-voltage characteristics are based on the following four assumptions:

(1) the abrupt depletion-layer approximation; that is, the built-in potential and applied
voltages are supported by a dipole layer with abrupt boundaries, and outside the
boundaries the semiconductor is assumed to be neutral;

(2) the Boltzmann approximation;

(3) the low-injection assumption; that is, the injected minerity carrier densities are small
compared with the majority-carrier densities; and

(4) no generation-recombination current exists inside the depletion layer, and the electron and
hole currents are constant throughout the depletion layer.

- We first consider the Boltzmann relation. At thermal equilibrium this relation is given by
Er- Ei)
kB 7°

p = nicxp(Eik_TEF). (46b)

n=n ,.exp( (46a)
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ldeal Case-Shockley Equation

- Obviously, at thermal equilibrium, the pn product from the above equations is equal to n?.
When voltage is applied, the minority-carrier densities on both sides of the junction are
changed, and the pn product is no longer equal to n.2. We shall now define the quasi-Fermi
levels as follows:

EFn_Ei

n= n,-exp( T ) (47a)
E,-E

p= n,cxp( ka ) : (47b)

where Er, and Eg, are the quasi-Fermi levels for electrons and holes, respectively.

- From Eqgs. 47a and 47b we obtain

Ep, =E+ len(ni) (48a)
Ep,=E;~ krln( 5) (48b)
- The pn product becomes
Ep~E
Nt Fn F
pn = nexp( 222 ). (49)
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ldeal Case-Shockley Equation

- For a forward bias, (Eg, - Egp) > 0 and pn > n;? ; on the other hand,
for a reversed bias, (Eg, - Eg,) <Oand pn<n?.

- From the current density equation, Eq. 47a, and the fact that &= I'E;/q, we obtain
WS L n
'ln . q/un(”é + —q_vn) = #r:ani+ﬂ'rkT[ﬁ(VEFll—VEI)] - #n”vE}"n ] (50)
- Similarly, we obtain,
J, = p,pVEg,. (51)

- Thus, the electron and hole current densities are proportional to the gradients of the
electron and hole quasi-Fermi levels, respectively.

- If Eg, = Ef, = constant (at thermal equilibrium), then J, = J, = 0.

- The idealized potential distributions and the carrier concentrations in a p-n junction under
forward-bias and reverse-bias conditions are shown in Fig. 8.

- The variations of E., and Er, with distance are related to the carrier concentrations as given
in Egs. 48a and 48b, and to the current as given by Eqgs. 50 and 51 .

- Inside the depletion region, E, and E, remain relatively constant.
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Fig.8 Energy-band diagram, with quasi-Fermi levels for electrons and holes, and carrier distributions

under (a) forward bias and (b) reverse bias.
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ldeal Case-Shockley Equation

Inside the depletion region, Eg, and Eg, remain relatively constant. This comes about because
the carrier concentrations are relatively much higher inside the depletion region, but since the
currents remain fairly constant, the gradients of the quasi-Fermi levels have to be small.

- In addition, the depletion width is typically much shorter than the diffusion length, so the
total drop of quasi-Fermi levels inside the depletion width is not significant.
With these arguments, it follows that within the depletion region,

gV = Ep,~Ep,. (52)

- Equations 49 and 52 can be combined to give the electron density at the boundary of the
depletion-layer region on the p-side (x = ZWp,):
n,(-Wp,) = —pexp(%w npoexp(i—T (53a)

where p, = p,, for low-level injection, and n, is the equilibrium electron density on the p-side.
Similarly,

Pu(Won) = prgexp( L (53b)

at x = Wy, for the n-type boundary. The preceding equations are the most-important boundary
conditions for the ideal current-voltage equation.
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ldeal Case-Shockley Equation

- From the continuity equations we obtain for the steady-state condition in the n-side of the

junction: dn e _ dn
It i i — =0, 54a)
U+#n% dx h /‘lnnn dI + Dn dxz (
yola s SE n e (54b)

U ® g ey T g T

- In these equations, U is the net recombination rate. Note that due to charge neutrality,
majority carriers need to adjust their concentrations such that (n, - n.,) = (P, - Pro)-

- It also follows that dn, /dx = dp,, /dx . Multiplying Eq. 54a by xp, and Eq. 54b by un, ,
and combining with the Einstein relation D = (kT/q), we obtain

n~ Fno Ry, =Py £d, n d? n
‘b p e 5
7, (n,/u,) +(p,/1,) dx dx?

where D = _ MntPn
S n,/D,+p,/D,
is the ambipolar diffusion coefficient, and P
Pn=Pno

I

T, U
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ldeal Case-Shockley Equation

- From the low-injection assumption [e.g., p,, < (n, = n,,) in the n-type semiconductor],
Eq. 55 reduces to 2 7
pn pno ?; pn +D pn

o Ln
Z, P dx P dx?

=0 (58)

assumptlon
P

- In the neutral region where there is no electric field, Eq. 58 further reduces to

dzpn_pn—pno =0 (59)
dx* | Dz

- The solution of Eg. 59, with the boundary conditions of Eq. 53b and p,, (X = o) = p,, , gives

Pr)=Pro = Pao] exp(7) - 1 exp(- > ':"") (60)

where

Lwdbr. (61)
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- At X = Wp,,, the hole diffusion current is

dp
D n
P dx

J, = —¢q

WDn LP

= %[exp(% - l:].

- Similarly, we obtain the electron diffusion current in the p-side

D
e il anc_ifE = m[exp(L - l:l.
dx |-wp, L, kT.

- The minority-carrier densities and the current densities for the forward-bias and reverse-bias

conditions are shown in Fig. 9.

- It is interesting to note that the hole current is due to injection of holes from the p-side to the

(62a)

(62b)

n-side, but the magnitude is determined by the properties in the n-side only (D, L, pp,).

- The analogy holds for the electron current.

- The total current is given by the sum of Egs. 62a and 62b:

Shockley equation

J=J,+J, = Jo[exp(z—T - l].

/

Jo=

4DpPro , 4Pulpo _ 4DpN7 | qDun?

L L

P n

TN e

(63)

(64)

10
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ldeal Case-Shockley Equation
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Fig.9 . Carrier distributions and
current densities (both linear plots)
for (a) forward-biased conditions
and (b) reverse-biased conditions.
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Current Flow near the Depletion Region

purely drift current
What about the assumption of
no electric field in the neutral region?
There is an electric field
maintaining drift current!

Hole concentration decrease
by “recombination”

Electron consumed
by
“recombination”

&
\‘injection” into the p-side
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J=J,+J, = Jo[exp(i—;) — l},

(63)

- Above equation is the ‘celebrated’ Shockley equation, which is the ideal diode law. The
ideal current-voltage relation is shown in Figs. 10 (a) and (b) in the linear and semilog plots,

respectively.

- In the forward direction (positive bias on the p-side) for V > 3kT/q, the rate of current rise is

ol
JiJoh 104

o 10°F

Forward

Forward

Reverse

& | 0 3 GVKT 1 */

Reverse

(a) (b)

constant (Fig. 10b);
at 300 K for every
decade change of
current, the voltage
changes by 59.5 mV
(= 2.3kT/q). In the
reverse direction,
the current density
saturates at 2/J,,.
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ldeal Case-Shockley Equation

- The Shockley equation adequately predicts the current-voltage characteristics of germanium
p-n junctions at low current densities. For Si and GaAs p-n junctions, however, the ideal
equation can only give qualitative agreement.

- The departures from the ideal are mainly due to:

(1) the generation and recombination of carriers in the depletion layer,

(2) the high-injection condition that may occur even at relatively small forward bias,

(3) the parasitic IR drop due to series resistance,

(4) the tunneling of carriers between states in the bandgap, and

(5) the surface effects.

-In addition, under sufficiently larger field in the reverse direction, the junction will
breakdown as a result, for example, of avalanche multiplication. The junction breakdown
will be discussed in Section 2.4.

- The surface effects on p-n junctions are primarily due to ionic charges on or outside the
semiconductor surface that induce image charges in the semiconductor, and thereby cause the
formation of the so-called surface channels or surface depletion-layer regions.

- Once a channel is formed, it modifies the junction depletion region and gives rise to surface
leakage current. For Si planar p-n junctions, the surface leakage current is generally much
smaller than the generation-recombination current in the depletion region.

14
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Generation-Recombination Process

- Consider first the generation current under the reverse-bias condition.

- Because of the reduction in carrier concentration under reverse bias (pn <« n;?), the dominant
generation processes, as discussed in Section 1.5.4, are those of emission. The rate of
generation of electron-hole pairs can be obtained from Eq. 92 of Chapter 1 with the

condition p < n;and n < n;:

O:n 0, U,,,N t
n;

n;
{o,,exp[(E, - E)/kT] + o,exp[(E,~E)AT][ '~ 7, (66)

where z, is the generation lifetime and is defined as the reciprocal of the expression in

brackets. The current due to generation in the depletion region is thus given by
W

P nw
Jgezf qlUldx = g|U W n 22D
0

(67)
g

where Wy, is the depletion-layer width. If the generation lifetime is a slowly varying function
of temperature, the generation current will then have the same temperature dependence as n; .
At a given temperature, J,, is proportional to the depletion-layer width, which in turn is
dependent on the applied reverse bias. It is thus expected that

Joe o (v +¥)"* for abrupt junctions, and

Jee < (W + 1) for linearly graded junctions.
15



A
e LIl
S Gwangju Institute of Science and Technology

Generation-Recombination Process

- The total reverse current (for p,, > ny, and |V | > 3kT/q) can be approximated by the sum of
the diffusion component in the neutral region and the generation current in the depletion

region: y
D n: gnW
Jp = q [B2— + 2, 70
R q TFND 5 { )

- For semiconductors with large values of n; (such as
Ge), the diffusion component will dominate at room
temperature and the reverse current will follow the
Shockley equation; but if n; is small (such as for Si),
the generation current may dominate.

- A typical result for Si is shown in Fig. 11, curve (e).

- At sufficiently high temperatures, however the
diffusion current will dominate.

Fig. 11 Current-voltage characteristics of a practical Si
diode. (a) Generation-recombination current region.
(b) Diffusion-current region. (c) High-injection region.
(d) Series-resistance effect. (e) Reverse leakage current
due to generation-recombination and surface effects.
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Junction Breakdown

- When a sufficiently high field is applied to a p-n junction, the junction breaks down and
conducts a very large current. Breakdown occurs only in the reverse-bias regime because
high voltage can be applied resulting in high field.

- There are basically three breakdown mechanisms:
(1) thermal instability,

(2) tunneling, and

(3) avalanche multiplication.

- We consider the first two mechanisms briefly, and discuss avalanche multiplication in more
detail.

2.4.1 Thermal Instability

- Breakdown due to thermal instability is responsible for the maximum dielectric strength in
most insulators at room temperature, and is also a major effect in semiconductors with
relatively small bandgaps (e.g., Ge). Because of the heat dissipation caused by the reverse
current at high reverse voltage, the junction temperature increases. This temperature increase,
In turn, increases the reverse current in comparison with its value at lower voltages. This
positive feedback is responsible for breakdown.

18
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Junction Breakdown

2.4.2 Tunneling

- We next consider the tunneling effect when the junction is under a large reverse bias.
- It is well known that carriers can tunnel through a potential barrier if this barrier is
sufficiently thin, induced by a large field as shown in Fig. 15a. In this particular case, the

(a)

barrier has a triangular shape with the maximum height given

Since the field is not constant, & is some average field inside
the junction.

- When the field approaches 10° VV/cm in Si, significant current
begins to flow by means of this band-to-band tunneling process.

Fig.15 Energy band diagrams showing breakdown mechanisms of
(a) tunneling and

19
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Junction Breakdown

aT?
Eg = EE|I=GK T+
- To obtain such a high field, the junction must have relatively high impurity concentrations on
both the p- and n-side.

- The mechanism of breakdown for p-n junctions with breakdown voltages less than about
4E /q is due to the tunneling effect.

- For junctions with breakdown voltages in excess of 6E/q, the mechanism is caused by
avalanche multiplication.

- At voltages between 4 and 6 E/q, the breakdown is due to a mixture of both avalanche and
tunneling.

-Since the energy bandgaps E in Si and GaAs decrease with increasing temperature, the
breakdown voltage in these semiconductors due to the tunneling effect has a negative
temperature coefficient; that is, the breakdown voltage decreases with increasing temperature.
This is because a given breakdown current J; can be reached at smaller reverse voltages (or
fields) at higher temperatures (Eg. 92).

- This temperature effect is generally used to distinguish the tunneling mechanism from the
avalanche mechanism, which has a positive temperature coefficient; that is, the breakdown

voltage increases with increasing temperature.
20



