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HETEROJUNCTIONS

dWhen the semiconductor material was homogeneous
throughout the entire structure. This type of junction is called a
homojunction.

dWhen two different semiconductor materials are used to form
a junction, the junction is called a heterojunction.

dThe energy diagram energy levels of the step heterojunction
exhibit discontinuities at the junction interface.

dIn order to have a useful heterojunction, the lattice constants
of the two materials must be well matched.

NN, Np, nP and pP heterojunctions are used in practice. Here
letters n and p denote a semiconductor with a relatively narrow
forbidden band and capital letters N and P are related to a
semiconductor with a wider forbidden band.

The heights of the potential barriers are different for electrons
and holes



dHeterojunctions with the dopant type changes at the junction are
called anisotype. We can form nP or Np junctions.
dHeterojunctions with the same dopant type on either side of the
junction are called isotype. We can form nN and pP isotype
heterojunctions.

dThe ratio of electronic and hole currents is determined by the
heights of the barriers for electrons and holes. (In a homojunction
this ratio depends on doping of n and p regions.)



Energy-Band Diagrams
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The energy-band diagrams of isolated n-type and P-type
materials, with the vacuum level used as a reference. The
difference between the two conduction band energies is denoted
by AE_ and the difference between the two valence band energies
IS denoted by AE.,.
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Band diagram n--P junction
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Example
To determine AE_, AE, and V,; for an n-Ge to P-GaAs heterojunction

using the electron affinity rule. Consider n-type Ge doped with
Ny = 10'° cm=3 and P-type GaAs doped with N, = 101 cm=3 . Let
T =300 K so that n= 2.4 x 103 cm=3 for Ge.

Solution

AE, =e(x,—x,)=¢e(4.13-4.07) =0.06eV

AE, = AE, — AE, = (1.43-0.67)-0.06 = 0.7eV

nf  (2.4x10%)?

pno = Nd 1016

:5.76><10100m_3 evbi :AEV +kT In[ an . ppoj

vP pno

(1016)(1018)
V.. =0.7+0.02591 then ~
“Vhi " In((5.76><101°)(7><1018) Vo >V



Optical Devices

Semiconductor devices can be designed to convert optical energy into
electrical energy, and to convert electrical signals into optical signals. These
devices are used in broadband communications and data transmission over
optical fibers. The general classification of these devices is called
optoelectronics.



14.1 | OPTICAL ABSORPTION

E = hv where h is Plank’s constant and v is the frequency. We can also
relate the wavelength and energy by

¢ _hc _124
A= E F km (14.1)
where E is the photon energy in eV and c is the speed of light. 5
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Figure 14.1 | Optically generated
electron—hole pair formation in a
semiconductor.



14.1.1 Photon Absorption Coefficient

The intensity of the photon flux is denoted by I(x) and is expressed in terms of energy/cm?.s. Figure 14.2
shows an incident photon intensity at a position x and the photon flux emerging at a distance x + dx. The

energy absorbed per unit time in the distance dx is given by
al,(x)dx (14.2)

where a is the absorption coefficient. The absorption coefficient is the relative num-
ber of photons absorbed per unit distance, given in units of cm™'.
From Figure 14.2, we can write

dl,(x)

o dx = —al,(x) dx (14.3)

L.(x +dx)—I.(x) =

or

dal,(x) _ ; _
A al,(x) (14.4)

If the initial condition is given as [,(0) = [, then the solution to the differential
equation, Equation (14.4), is

I(x) = Lee™ (14.5)

[.,|'x' /;5.\ ' (r:’\.f

Figure 14.2 | Optical
absorption in a differential
length.



The intensity of the photon flux decreases exponentially with distance through the
semiconductor material. The photon intensity as a function of x for two general val-
ues of absorption coefficient is shown in Figure 14.3. If the absorption coefficient is
large, the photons are absorbed over a relatively short distance.
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Figure 14.3 | Photon intensity versus
distance for two absorption coefficients.
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Objective: Calculate the thickness of a semiconductor that will absorb 90 percent of the EXAMPLE 14.1
incident photon energy.

Consider silicon and assume that in the first case the incident wavelength isA = 1.0 um
and in the second case, the incident wavelength is A = 0.5 pm.

B Solution

From Figure 14.4, the absorption coefficient is @ = 10> cm ™' for A = 1.0 pwm. If 90 percent
of the incident flux is to be absorbed in a distance d, then the flux emerging at x = d will be
10 percent of the incident flux. We can write

I.(d)
I:»O

=0]1=e*

Solving for the distance d. we have

&I (5) = 75¢ In (10) = 0.0230 cm

In the second case, the absorption coefficient is @ = 10 cm™' for A = 0.5 pm. The distance d,
then, in which 90 percent of the incident flux is absorbed, is

=1 l = o —
d 1041.1(0.1) 2.30 X 10* cm = 2.30 um

® Comment
As the incident photon energy increases, the absorption coefficient increases rapidly, so
that the photon energy can be totally absorbed in a very narrow region at the surface of the
semiconductor.



The relation between the bandgap energies
of some of the common semiconductor
materials and the light spectrum is shown in
Figure 14.5. We may note that silicon and
gallium arsenide will absorb all of the visible
spectrum, whereas gallium phosphide, for
example, will be transparent to the red
spectrum.
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Figure 14.5 | Light spectrum versus wavelength and
energy. Figure includes relative response of the human eye.
(From Sze [18].)



14.1.2 Electron—Hole Pair Generation Rate

We have shown that photons with energy greater than E;can be absorbed in a semiconductor, thereby
creating electron—hole pairs. The intensity I(x) is in units of

energy/cm’-s and al,(x) is the rate at which energy is absorbed per unit volume. If
we assume that one absorbed photon at an energy hv creates one electron—hole pair,
then the generation rate of electron—hole pairs is

s alv(x)

(14.6)
hvy

8

which is in units of #/cm*-s. We may note that the ratio 7, (x)/hv is the photon flux. If,

on the average, one absorbed photon produces less than one electron—hole pair, then
Equation (14.6) must be multiplied by an efficiency factor.



Objective: Calculate the generation rate of electron-hole pairs given an incident intensity
of photons.

Consider gallium arsenide at 7= 300 K. Assume the photon intensity at a particular point
is I,(x) = 0.05 W/cm? at a wavelength of A = 0.75 um. This intensity is typical of sunlight,
for example.

B Solution
The absorption coefficient for gallium arsenide at this wavelength is @ = 0.9 X 10* cm~'. The
photon energy. using Equation (14.1), 1s

= =.I__‘ZA=
E=hv 075 1.65 eV

Then, from Equation (14.6) and including the conversion factor between joules and eV, we
have, for a unity efficiency factor,

. al(x) _ (09 X 100.05)
8 = "hv 116 x 10 9)1.65)

If the incident photon intensity is a steady-state intensity, then, from Chapter 6, the steady-
state excess carrier concentration is 8a = g'7. where 7 is the excess minority carrier lifetime.
If 7 = 1077 s, for example, then

on = (1.70 X 108)(10-7) = 1.70 X10"* cm~3

= 1.70 X 10¥ cm—3-5~!

B Comment

This example gives an indication of the magnitude of the electron-hole generation rate and the
magnitude of the excess carrier concentration. Obviously, as the photon intensity decreases
with distance in the semiconductor, the generation rate also decreases.

EXAMPLE 14.2



14.2 | SOLAR CELLS

A solar cell is a pn junction device with no voltage directly applied across the junction.
The solar cell converts photon power into electrical power and delivers this power to a load.

—

Y
The photocurrent I.produces a voltage drop across the [
resistive load which forward biases the pn junction | 5 i E-field
. "i
=k —I=§—1; [exp (%‘T{) = l] (14.7) / e
‘ A"
R

Figure 14.6 | A pn junction solar cell with resistive load.



‘There are two limiting cases of interest. I'he short-circuit condition occurs when
R = 0 so that V = 0. The current in this case is referred to as the short-circuit cur-
rent, or

I=L. =1 (14.8)

The second limiting case is the open-circuit condition and occurs when R — <. The
net current is zero and the voltage produced is the open-circuit voltage. The photo-
current is just balanced by the forward-biased junction current, so we have

I=0=1I;— Is[exp = I] (14.9)
We can find the open circuit voltage V.. as
%=um“+}) (14.10)
s

A plot of the diode current 7 as a function of the diode voltage V from Equa-
tion (14.7) is shown in Figure 14.7. We may note the short-circuit current and open-
circuit voltage points on the figure.

0 V..
V _» o

Figure 14.7 | I-V characteristics of a
pn junction solar cell.



Objective: Calculate the open-circuit voltage of a silicon pn junction solar cell.
Consider a silicon pn junction at 7 = 300 K with the following parameters:

N, =5 10%cm™? N,=10%cm3
D, =25 cm¥s D, = 10 cm?/s
To=35X107"s 0= 10775

Let the photocurrent density be J; = I,/A = 15 mA/cm?®.

H Solution

We have that
_Is _(eDmn | eDpw\ _ 5[ D, D,
’S“‘A"(_L.—*—L, )“”"(‘"‘L.Na LN,

We may calculate

L.=\/Dirm = V(255 X 10-7) = 354 pm

and

Ly = \/Dyro = \/(10)(10°7) = 10.0 um
Then
Js = (1.6 X 107)(1.5 X 10')?

(354 X 10745 X 10%) ~ (10 X 107%)(10')

=36 X 10" Alem®
Then from Equation (14.10), we can find

= I_L)= ( Ji) = A5X 1073 ) _
Vo V,ln(l-f-ls Vin(1+ 7] = (00259 In(1 + 2210 ) = 0514 v

m Comment

We may determine the built-in potential barrier of this junction to be V,; = 0.8556 V. Taking
the ratio of the open-circuit voltage to the built-in potential barrier, we find that V.../ Vs = 0.60.
The open-circuit voltage will always be less than the built-in potential barrier.

EXAMPLE 14.3



14.2.2 Conversion Efficiency and Solar Concentration

The conversion efficiency of a solar cell is defined as the ratio of output electrical
power to incident optical power. For the maximum power output, we can write

n="5" X 100% = ‘=
The maximum possible current and the maximum possible voltage in the solar cell
are I, and V. respectively. The ratio 1,,V,,/1..V,, is called the fill factor and is a mea-
sure of the realizable power from a solar cell. Typically, the fill factor is between 0.7

and 0.8.

X 100% (14.14)
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Figure 14.8 | Maximum power rectangle
of the solar cell -V characteristics.



The conventional pn junction solar cell has a single semiconductor bandgap
energy. When the cell is exposed to the solar spectrum, a photon with energy less
than E, will have no effect on the electrical output power of the solar cell. A photon
with energy greater than E, will contribute to the solar cell output power, but the
fraction of photon energy that is greater than E, will eventually only be dissipated
as heat. Figure 14.9 shows the solar spectral irradiance (power per unit area per unit
wavelength) where air mass zero represents the solar spectrum outside the earth’s
atmosphere and air mass one is the solar spectrum at the earth’s surface at noon.
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Figure 14.9 | Solar spectral irradiance.
(From Sze [18].)



14.2.4 The Heterojunction Solar Cell

Iwo semiconductors with difterent bandgap energies. A typical pN heterojunction
energy-band diagram in thermal equilibrium is shown in Figure 14.12. Assume that
photons are incident on the wide-bandgap material. Photons with energy less than
E.y will pass through the wide-bandgap material, which acts as an optical window,
and photons with energies greater than E,, will be absorbed in the narrow bandgap

I‘—x.v—“

Figure 14.12 1 The energy-band diagram of a pN
heterojunction in thermal equilibrium.



