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Chapter 2

Exercise: Minority carrier lifetimes. Calculate the minority carrier lifetime in p-type GaAs at doping
concentrations of 10" and 10" c¢m™ using a bimolecular recombination coefficient of B = 10" cm?/s.
Assume that one could fabricate GaAs without any impurities. What is the carrier lifetime in intrinsic
GaAs with an intrinsic carrier concentration of 2 x 10° cm™?

Solution: T, =10 us for Ny =10" cm™
T, = 10 ns for No=10"% cm™
T =2500s for undoped GaAs.

Discuss how the modulation speed of communication LEDs is affected by the radiative lifetime and the
doping concentration.

Solution: When the injection current of an LED is switched off instantaneously at #=0 and the
radiative lifetime is t, then light emission from the LED essentially ceases after the time ¢ = 1. Thus an
LED cannot be switched “on” or “off” faster than the time t. Assuming that both the switch-on and
switch-off time is 1, then the maximum modulation frequency is given by f= 1/(27).

We have shown that the radiative lifetime t depends strongly on the doping concentration. Thus by
highly doping the active region of a device, the radiative lifetime t is shortened and the maximum
modulation speed is increased.




Exercise: Concentration of point defects. Assume that the energy required to move a substitutional
lattice atom into an interstitial position is £, = 1.1 eV. What is the equilibrium concentration of interstitial
defects of a simple cubic lattice with lattice constant ay = 2.5 A?

Solution: The concentration of lattice atoms of a simple cubic lattice is given by N=a,° =
6.4 x 10 cm . The concentration of interstitial defects under equilibrium conditions at room temperature
is then given by

N = Nexp(—E,/kT') = 2.7 x 10% em™ .

defect
Note that the calculated concentration of defects is small when compared to the typical concentrations of

electrons and holes. If the defect discussed here forms a level in the gap, non-radiative recombination
through the defect level can occur.




Chapter 3

Exercise: Radiative efficiency. Analyze the temperature dependence of the radiative lifetime based on the
van Roosbroeck—Shockley model and the non-radiative lifetime based on the Shockley—Read model and
predict the temperature dependence of the radiative efficiency in semiconductors.

Solution: The radiative recombination rate (van Roosbroeck—Shockley rate) has a weak temperature
dependence, and it depends on temperature according to R = Bnp, where B o« T, as concluded from
Egs. (3.24) and (3.25). The concentrations n and p mostly depend on the excitation strength (injection
current) and can be assumed to be temperature independent. Thus, it is R oc Tradiaiive + 0¢ T2,

The non-radiative recombination rate (Shockley—Read) has a strong temperature dependence and it
increases very rapidly with increasing temperature. The Shockley—Read recombination rate includes the
term cosh [(ET — Er)/ (kT)]. Because cosh x =% (¢" + ¢ *) and (Et — EF;) is either < 0 or > 0 (depending on
the location of the trap with respect to the intrinsic Fermi level, Ef;), one of the exponential functions
(e" or e ™) dominates, so that an approximately exponential temperature dependence is obtained. Thus, it is
R Tnon—radialivcil oc exp [ 1 /(kT)]

The exponential dependence (Shockley—Read: R oc exp [-1/(kT)] ) is much stronger than the power-
law dependence (Shockley—Read: R oc T, so that the radiative efficiency of semiconductors strongly
decreases with increasing temperature.




Chapter 4

Exercise: Critical points of diode current—voltage characteristics. The I-V characteristics of diodes are

frequently characterized in terms of four critical points, namely forward voltage one, Vi, forward

voltage two, Vg, forward voltage three, Vi, and reverse saturation current, I, specified at the operating
current (e.g. 100 mA), a small forward current (e.g. 10 pA), a very small forward current (e.g. 1 pA), and

at negative bias (e.g. — 5 V), respectively. The critical points are shown in Fig. 4.6.

(a) Explain the relevance of the critical points.

(b) Two GalnN diodes have the following data: (1) Vg =32V, Vp =25V, Vg =23V, [,=0.8 pA;
Q) Vy =34V, Vp =20V, Vg =18V, I, = 0.8 uA. Which device has the more favorable
characteristics?

Solution: (a) For devices emitting at the same peak wavelength, V' should be as low as possible, as high

values indicate a high series resistance. The forward voltage two, Vi, should be as high as possible (as

close to Vg as possible), as low values of Vp indicate excessive sub-threshold leakage. The same

argument applies to V5. The reverse saturation current should be as low as possible as high values of I

indicate excessive leakage paths (e.g. surface leakage or bulk leakage mediated by surface states, bulk

point defects and dislocations). Low values of Vy, high values of V', and Vs, and low values of I are
consistently correlated with high device reliability. (b) Device (1) has more favorable characteristics due
to lower series resistance and lower sub-threshold leakage.
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Exercise: Grading of heterostructures. Assume that the conduction band discontinuity of an
AlGaAs/GaAs heterostructure is given by AEc = 300 meV and that the structure is uniformly doped with
donors of concentration Np = 5 x 107 ¢cm . Over what distance should the interface be graded in order to
minimize the resistance occurring in abrupt heterostructures?

Solution: Calculating the depletion layer thickness from Eq. (4.22) yields Wp = 30 nm. Thus the
heterostructure should be graded over 30 nm to minimize the heterostructure resistance. The graded
region should have rwo parabolic regions as shown in Fig. 4.9 (b).
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Fig. 4.9. Band diagram of (a) an abrupt n-type—n-type heterojunction and (b) a graded
heterojunction of two semiconductors with different bandgap energy. The abrupt junction
is more resistive than the graded junction due to the electron barrier forming at the abrupt
junctions (after Schubert ef al., 1992).



Exercise: Carrier leakage over a barrier. Electrons in the active region of a GaAs structure have a
concentration of 2 x 10" cm . Calculate the current density of the carrier loss over the barrier for barrier
heights of 200 and 300 meV, assuming an electron mobility of 2000 cm®/(V's) and a minority carrier
lifetime of 5 ns. Compare the calculated leakage current to LED injection currents of 0.1-1.0 kA/cm’.

Solution: The Fermi level in GaAs with electron density of 2 x 10" cm™ is 77 meV above the
conduction band edge. Assuming that the effective density of states in the barrier is the same as in the
GaAs active region, the carrier concentrations at the edge of the barrier are 3.9 x 10"° cm for a 200 meV
barrier and 8.3 x 10" cm ™ for a 300 meV barrier. The diffusion constant, as inferred from the Einstein
relation, is D, = 51.7 cm?*/s. The diffusion length is then given by L, = (D“r“)l 2=51 um. The leakage
current is calculated using Eq. (4.27), and one obtains 63 A/cm® for the 200 meV barrier and 1.3 A/cm®
for the 300 meV barrier. Comparison with diode current densities of 0.1—1.0 kA/cm® suggests that leakage
currents can be a significant loss mechanism, particularly for small barrier heights.




Exercise: Carrier overflow in a double heterostructure. Consider electrons in a GaAs double
heterostructure with a barrier height of AE- =200 meV and an active region thickness of Wpy = 500 A.
Calculate the current level at which the electron well overflows.

Solution: Using N, = 4.4 x 10" cm ™ and B = 10"'"° cm’/s, one obtains from Eq. (4.33) a current level
of Jnax = 3990 AJom’.,




Exercise: Drive voltages of LEDs. Calculate the approximate forward diode voltage of LEDs emitting in

the blue, green, and red parts of the visible spectrum. Also calculate the forward diode voltage of LEDs
emitting at 870 nm and 1.55 pm.

Solution:  Emission color Wavelength Photon energy Drive voltage
Blue 470 nm 2.6eV 2.6V
Green 550 nm 2.2¢eV 22V
Red 650 nm 1.9 eV 1.9V
IR 870 nm 1.4 eV 1.4V
IR 1550 nm 0.8 eV 0.8V




Chapter 5

Exercise: LED efficiency. Consider an LED with a threshold voltage of Vi, = E,/e = 2.0V with a
differential resistance of Ry = 20 Q, so that the /- characteristic in the forward direction is given by
V'=Vu+ IR,. When the device is operated at 20 mA it emits a light power of 4.0 mW of energy 4 v = E,.
Determine the (a) external quantum efficiency, (b) internal quantum efficiency, and (c) power efficiency,
assuming that the light-extraction efficiency is 50%.

Solution: (a) External quantum efficiency: Number of emitted photons per second is given by
40mW/20eV=40x10°CV s'/(2.0x 1.602 x 10" CV)= 1.25 x 10" s™". Number of injected
electrons per second is given by 20 mA /e =20 x 10° Cs ™'/ (1.602 x 10" C)=1.25 x 10" s™". Thus the
external quantum efficiency is 1.25 x 101 51/ 1.25 x 107 s = 10%. (b) Using Mexternal = Minternal X
Nextraction aNd using the light-extraction efficiency value of 50%, the internal quantum efficiency is 20%.
(c) The power efficiency is given by Popticat / (L V') = 4 mW / [20 mA x (2.0V + 20 mA x 20 Q)] =
4 mW /48 mW = 8.33%
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Exercise: Light escape from planar GaAs, GaN, and polymer LED structures. The refractive indices of
GaAs, GaN, and light-emitting polymers are 3.4, 2.5, and 1.5, respectively. Calculate the critical angle of
total internal reflection for GaAs, GaN, and for polymers. Also calculate the fraction of light power that
can escape from a planar GaAs and GaN semiconductor structures and a polymer LED structure.

What improvement can be attained if a planar GaAs LED is encapsulated in a transparent polymer of
refractive index 1.5, if the reflection at the polymer—air interface is neglected?

Solution:

Critical angle for total internal reflection:

GaAs ¢.=17.1° GaN ¢, =23.6° Polymer ¢.=41.8°.
Fraction of light that can escape:

GaAs 2.21% GaN 4.18% Polymer 12.7%.

Improvement of the GaAs planar LED due to polymer encapsulation: 232%.
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Exercise: LED-to-fiber coupling efficiency. Consider a GaAs LED with a point-like light-emitting
region located in close proximity to the planar GaAs LED surface. An optical fiber has an acceptance
angle of 12° in air. What fraction of the light emitted by the active region can be coupled into the fiber?
Assume a GaAs refractive index of 3.4. Neglect Fresnel reflection losses at the semiconductor—air and
air—fiber interfaces.

Solution: The acceptance angle in the semiconductor is obtained from Snell’s law and is 3.5°. Thus
0.093% of the power emitted by the active region can be coupled into the fiber.
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Chapter 6

Exercise: Temperature dependence of diode forward voltage. Experimentally determined linear
temperature coefficients (dV;/d7T) for GaAs diodes range from 1.2 to 1.4 mV/K. Calculate the linear
temperature coefficient of the forward voltage of a GaAs diode with Ny = Np =2 x 10" ¢cm™ at room
temperature. What is the decrease in forward voltage if the ambient temperature is increased from 20 to
40 °C and the internal heating in the diode can be neglected?

Solution: For GaAs with o = 5.41 x 10 eV/K and p = 204 K, one obtains at room temperature
dV:/dT=-1.09 mV/K. The decrease in diode voltage for the 20°C temperature increase is AV; =
21.9 mV.
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Exercise: Compensation of the temperature dependence of an LED with a drive circuit. Consider an
LED with a characteristic temperature 7; = 100 K, a turn-on voltage of 1.4 V at 20°C, a temperature
coefficient of the turn-on voltage of —2.1 mV/K, and a linear /-V characteristic with a differential
resistance of 5 Q for forward voltages larger than the turn-on voltage. Assume that the temperature
dependence of the emission intensity is given by I = 1I|300x €xp [— (T — 300 K)/ T} ].

Design a drive circuit consisting of a constant-voltage source and a resistor, which compensates for
the temperature dependence of the emission intensity of the LED so that the LED emission intensity is the
same at the water freezing-point temperature (0 °C) and 60°C. The LED should draw 20 mA at the
freezing-point temperature.

Solution: At 60°C, the current needs to be 36.4 mA in order to keep the emission intensity
independent of temperature. Constructing a load line that intersects the 0°C and 60°C diode -V
characteristic at 20 mA and 36.4 mA, respectively, yields the following values for the drive circuit:
Constant-voltage source with /= 1.6 V and series resistance of 2.7 Q2.
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Chapter 8

Exercise: Current crowding occurring at very high current levels in devices with current-spreading
layer. In device structures with vertical current flow (current flowing from top to bottom of chip), the
current-spreading layer ensures that the current spreads out over the entire p-n junction area. However, as
the current increases to very high levels, the current tends to crowd under the top contact. This is
illustrated in Fig. 8.7 (a) and (b). Explain the phenomenon of current crowding occurring at very high
current densities.

Solution 1: The equation for the current-spreading length has the dependence L, o J, *. Thus, as the
current density increases, L decreases, and the current “bunches” under the top contact.

Solution 2: An intuitive explanation for current crowding can be obtained from the equivalent circuit
shown in Fig. 8.7 (c). At very high current densities, the resistors that represent the p-n junction decrease
(whereas the resistors representing the current-spreading layer remain constant), thereby causing the
current to flow directly downward from the top contact.

(a) Low current (b) High current (c) Equivalent circuit

Fig. 8.7. Schematic current flow in device with current-spreading layer at (a) low and
(b) high current. Current spreading decreases at very high current densities which results
in current “bunching” under the top contact as shown in (b). (¢) Equivalent circuit.
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Chapter 10

Exercise: Lambertian reflectors in LEDs. Assume a lambertian reflector with reflectivity 1.0 that is
incorporated in a lossless GaAs LED structure with refractive index of 3.5. Assume that the outside
medium is air. Calculate the critical angle of the escape cone, the probability that a reflected light ray falls
within the escape cone and the average number of reflection events before a photon escapes from the
high-index GaAs layer.

Solution: Critical angle ©, = 16.6°; Probability of escape p = 8.2%; Average number of reflection
events before a photon escapes N=11.7.

Would a hypothetical planar reflector that reflected light coming from any incoming direction towards the
surface normal be useful? Is there a physical principle that prevents a reflector from reflecting light in
such a way?

Solution: Although such a reflector would be very useful, such a reflector would unfortunately violate
the conservation of radiance theorem (previously called the conservation of brightness theorem), which
states that it is impossible to increase the radiance of light by a passive optical system beyond a value of
L/n* where L is the radiance in vacuum and n is the refractive index of the medium in which the light
propagates.

16



13.5 Dislocations in III-V nitrides

Chapter 13

Exercise: Activation of Mg acceptors in GaN. Mg acceptors in GaN have an activation energy of
E,=200meV. (a) Calculate the fraction of acceptors that are ionized at 300 K for an acceptor
concentration of Ny, = 10" cm™ using the formula p = (g’ NMgNV)”2 exp (—E./2kT) where g is the
acceptor ground state degeneracy (g = 4) and N, is the effective density of states at the valence band edge
of GaN. (b) What would be the activation of acceptors if a hydrogen atom were bonded to each acceptor?

Solution: (a) Using the formula given above, one obtains that only about 6% of the acceptors are
ionized. (b) If acceptors are passivated, p-type conductivity cannot be established.
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Exercise: Cracking. Why does cracking occur in epitaxial layers that are under biaxial tensile strain but
not in epilayers that are under biaxial compressive strain?

Solution: Wafer bowing and ultimately cracking of an epitaxial film that is under biaxial tensile strain
releases the strain energy stored in the film. For epitaxial layers that are under compressive strain, the
strain energy can be released by wafer bowing, film buckling, and film delamination. Due to the
compressive strain, there is “no room” for fissures or cracks, so that cracks generally do not form in
compressively strained films.

The strain energy stored in a homo-epitaxial film, that is lattice mismatched to the substrate, is
proportional to the thickness of the film. As the thickness of a strained film increases, it will at some point
become energetically more favorable to reduce the strain energy by creating misfit dislocations and
cracks. Thus, at a certain thickness, the film will form misfit dislocations to release the strain energy. The
critical thickness, at which a homo-epitaxial film starts forming misfit dislocations, is given by the
Matthews—Blakeslee law (Matthews and Blakeslee, 1976). As the film thickness increases further, misfit
dislocations do not suffice to release the strain energy, so that at some point the film will start to crack.
A formula for the critical thickness at which a film under biaxial tensile strain starts to crack was given by
Hearne et al. (2000).
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Chapter 14

Exercise: Transmission through a Fabry—Perot cavity. Derive Eq. (14.1) by calculating the transmitted
wave intensity in terms of a geometric series as illustrated in Fig. 14.1 (a).

Solution: As illustrated in Fig. 14.1 (a), the amplitude of the electric field of the transmitted wave,
Er, is obtained by the following sum

Er = Eolhilh + Eghtrann 0124) + Egtytn I"]Z I’22 0144) + Egl1 b I"13 I"23 Cl6¢ + ...
= Eylity (1 + nn 20 4 I’lz 1’22 4 4 1‘13 1’23 o 4+

where ¢ and r are the electric field Fresnel transmittance and reflectance coefficients, respectively, and
¢ =2m (nd/)) 1s the phase change incurred by the wave when traveling the distance between the two

reflectors. Using the formula for the geometric series, i.e. I +x+x>+x’ + ... =1/(1 —x), we obtain
P ET B it B Hhi
E 1 = nr el20 1 — rprycos(20) — ir rysin(2¢)
Making the transition from electric-field amplitude to electric-field intensity yields
2
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r= =g 5e I 17 (05 20 + sin
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LT
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what was to be shown.
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Fig. 14.1. (a) Transmission of a light wave with electric field ampltitude % through a
Fabry—Perot resonator. (b) Schematic illustration of allowed and disallowed optical
modes in a Fabry—Perot cavity consisting of two coplanar reflectors. Optical mode
density for a resonator with (c) no mirror losses (R} = R, = 100%) and (d) mirror losses.
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Exercise: Optical mode density. Derive Eq. (14.8), i.e. optical mode density in a 1D space. Also derive
the 3D and 2D optical mode density.

Solution: To derive the 3D optical mode density, we consider a cubic volume with length L, and
volume V = L*, as shown in Fig. 14.4. The possible k vectors of an optical wave inside the volume are
given by

ko= X2 2% - Ey form=1,2,3 ...
Ao 2L L
where m is the mode index and A, is the wavelength of the fundamental optical mode. Note that the
modes are equidistant in k space. Thus the “volume element” of one mode in & space is given by

dk, dk, dk, = (n/L)’.

Furthermore, the spherical volume in k-space defined by the wave vector k is given by V = (4/3) nk’.
Since k is restricted to positive values, the volume is reduced to only the positive quadrant and we use
only one eighth of the space, i.e.

Thus the number of modes is obtained by dividing the volume in k space used by one optical mode
through the volume element in k space, i.e.

1 4 3
~ Tk

N, = 33 3x2—l%k3V
(m/L) 3 n

where the factor of 2 (“x 2”) is due to the two possible polarizations of the optical mode. Using the free-

space dispersion relationship k= o (e pn)"* = 21v 7 /c, one obtains

N, - L (2nvn]3 .
3 sz C
Thus the density of optical modes per unit volume per unit frequency is given by
p(v) = idNV - vt 3D optical mode density
vV odv oS

For two degrees of freedom (2D case), we derive the 2D optical mode density as follows: The area in
k space of one optical mode is given by

dk, dk, = (n/L)*.

The area in k-space defined by the wave vector k is given by (1/4) nk*. Thus

2 —\2 —\2
1 (2
Ny = WA o L2 and N, :( ’W”] A:27‘c(vnj A

(n/L)? 27 2n\ ¢ c

where the area 4 = L. We thus obtain the density of optical modes per unit area per unit frequency
)

p(v) = Lavy 4mv E 2D optical mode density
________________ Ady e

For one degree of freedom (1D case), we derive the /D optical mode density as follows: The length in
k space of one optical mode is given by

dk, = mn/L.
The length in k-space defined by the wave vector £ is given by (}2) k. Thus
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We thus obtain the density of optical modes per unit length per unit frequency

p(v) = — L = 1D optical mode density

(b) Fundamental optical mode

(a)

T Fig. 14.4. (a) Volume element

L /\< Ao =2L used to derive the optical
mode density. (b) Fundamen-

“ i L— L —»‘ tal optical mode.
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Chapter 16

Exercise: Photometric units. A 60 W incandescent light bulb has a luminous flux of 1000 Im. Assume
that light is emitted isotropically from the bulb.
(a) What is the luminous efficiency (i.e. the number of lumens emitted per watt of electrical input power)
of the light bulb?
(b) What number of standardized candles emit the same luminous intensity?
(¢) What is the illuminance, Ejuy, in units of lux, on a desk located 1.5 m below the bulb?
(d) Is the illuminance level obtained under (c) sufficiently high for reading?
(e) What is the luminous intensity, /., in units of candela, of the light bulb?
(f) Derive the relationship between the illuminance at a distance » from the light bulb, measured in /ux,
and the luminous intensity, measured in candela.
(g) Derive the relationship between the illuminance at a distance » from the light bulb, measured in /ux,
and the luminous flux, measured in lumen.
(h) The definition of the cd involves the optical power of (1/683) W. What, do you suppose, is the origin
of this particular power level?
Solution: (a) 16.7 Im/W. (b) 80 candles. (c) Enm=2354 Im/m” = 35.4 lux. (d) Yes.
(€) 79.6 Im/sr = 79.6 cd. () Eum 7> = Lum. () Erum 411" = Q.
(h) Originally, the unit of luminous intensity had been defined as the intensity emitted by a
real candle. Subsequently the unit was defined as the intensity of a light source with specified
wavelength and optical power. When the power of that light source is (1/683) W, it has the
same intensity as the candle. Thus this particular power level has a historical origin and
results from the effort to maintain continuity.
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Exercise: Luminous efficacy of radiation and luminous efficiency of LEDs. Consider a red and an
amber LED emitting at 625 and 590 nm, respectively. For simplicity, assume that the emission spectra are
monochromatic (AA — 0). What is the luminous efficacy of radiation of the two light sources? Calculate
the luminous efficiency of the LEDs, assuming that the red and amber LEDs have an external quantum
efficiency of 50%. Assume that the LED voltage is given by V=E,/e=hv/e.

Assume next that the LED spectra are thermally broadened and have a gaussian lineshape with a
linewidth of 1.8 k7. Again calculate the luminous efficacy of radiation and luminous efficiency of the two
light sources. How accurate are the results obtained with the approximation of monochromaticity?

Solution: The LED emitting at 625 nm has a luminous efficacy of radiation of 219.2 Im/W.

The LED emitting at 590 nm has a luminous efficacy of radiation of 517.0 Im/W.
The LED emitting at 625 nm has a power efficiency of 50% and a luminous efficiency of 109.6 Im/W.
The LED emitting at 590 nm has a power efficiency of 50% and a luminous efficiency of 258.5 Im/W.
We use a gaussian lineshape with a full-width at half-maximum (FWHM) of 1.8 A7 = 1.8 x 25 meV =
45 meV. The FWHM and standard deviation of a gaussian function, o, are related by: FWHM =
2(21n2)"* 6 =2.355 6. Thus the gaussian function’s standard deviation is 6 = 19.11 meV or 6.02 nm (for
the 625 nm LED) and 5.37 nm (for the 590 nm LED). A numerical calculation reveals the following:
625 nm LED: Luminous efficacy of radiation = 221.4 Im/W Luminous efficiency = 110.7 Im/W
590 nm LED: Luminous efficacy of radiation = 515.7 Im/W Luminous efficiency = 257.8 Im/W
Comparison of the results obtained with the approximation of monochromaticity with the results obtained
by the accurate numerical calculation reveals a difference of only a few percent.
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Chapter 19

Exercise: Color rendering. The color of a physical object, as seen by a human being, is not just a

function of the object but also a function of the light source illuminating the object! In fact, the color of

an object can depend very strongly on the light source illuminating the object. Some light sources do

render the natural colors of an object (true color rendering) while some light sources do not (false color

rendering).

(a) What is the color of a yellow banana when illuminated with a red LED?

(b) What is the color of a green banana when illuminated with a yellow LED?

(c) Could it be advantageous for a grocer to illuminate meat with red LEDs, bananas with yellow LEDs,
and oranges with orange LEDs?

(d) Is it possible for two physical objects of different colors to appear to have the same color under
certain illumination conditions?

(e) Why are low-pressure Na vapor lights used despite their low color-rendering index?

(f) What would be the advantage and disadvantage of using green LEDs for illumination?

Solution:
(a) Red. (b) Yellow. (c) Yes — but his truthfulness in displaying fruit could be questioned. (d) Yes.
(e) Because of their high luminous efficiency (and thus low electricity consumption). (f) High
luminous efficacy would be an advantage but low color-rendering properties would be a
disadvantage.
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Chapter 22

Exercise: Modal dispersion in waveguides. Calculate the time delay between the slowest and the fastest
modes, and the maximum possible bit rate for a 1 km long multimode fiber waveguide with core
refractive index 7 | = 1.45 and cladding refractive index n , = 1.4.

Solution: Using Snell’s law (Eq.22.2), one obtains 6.~ 15°. The time delay calculated from
Eq. (22.3) for a 1 km long fiber amounts to At = 170 ns. The minimum time required to transmit one bit
of information is given by At. This yields an approximate maximum bit rate of
fmax = 1/170 ns = 5.8 Mbit/s. The calculation shows that modal dispersion can be a significant limitation in
optical communication. Graded-index multimode fibers or single-mode fibers are therefore required for
high-speed communication systems.
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Exercise: Material dispersion in waveguides. Derive Eqgs. (22.6) and (22.7). Why does material
dispersion have a much smaller significance for semiconductor lasers than for LEDs?
Solution:

Derivation of Eq. (22.6): The group refractive index is defined as

_ c dk d on
ngr — _— — C— — —_—
Vor do do ¢
In this equation we have used
ko= 2 gk = a2 - g2 - 5O
A 0 clv c
Performing the derivative yields
_ n o dn _ dn
gy = C|l—+ ——| = n+o — .
c ¢ do do
Using o = 2ntv = 21 ¢/ Ao, and using d (1/A) = —Ao” d)o, one obtains
_ c dn _ dn
lgy = 7 +2Tc—71 = n - >
0o 2ncd 7 dig
0

what was to be shown.

Derivation of Eq. (22.7): 1t is vy = ¢/ 11 o Forming the derivative with respect to A yields dvy,/dA =
c(d/d\) Ty = c(-1/7 &) (A7 g/ dL). Thus Avg = ¢ (~1/ 7 ) (d77 &/ dA) AL. Taking the absolute
value of both sides of the equation yields the equation that was to be shown.

Why is material dispersion much less relevant for lasers than for LEDs? According to Eq. (22.8),
material dispersion is proportional to the spectral linewidth of the source, AAy. Because lasers
(longitudinal multi-mode as well as single-mode lasers) have a much narrower linewidth than LEDs,
material dispersion is generally much less relevant for laser-based communication systems than it is for
LED-based communication systems.
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Exercise: Comparison of material and modal dispersion. Consider a 62.5 um core diameter multimode
step-index fiber of 3 km length with a core index of 7, = 1.45 and a cladding index of 7, = 1.4. Assume
that the fiber inputs come from either an LED or a laser emitting at 850 nm. Assume that the LED and the
laser have a linewidth of 50 and 5 nm, respectively. Calculate the modal and the material dispersion for
each case and explain the result.

Solution: Modal dispersion: The calculation of the modal dispersion depends only on the fiber and is
independent of the source. Using Snell’s law, one obtains 6.~ 15°. The time delay due to modal
dispersion calculated from Eq. (22.3) for a 3 km long optical fiber amounts t0 ATmogal gispersion = 310 ns.
Material dispersion: Figure 22.5 shows that at 850 nm, the material dispersion in silica iS ATmaterial dispersion /
(Ahg L) = — 65 ps/(nm km). For a 3 km long optical fiber that is fed by a source with a 50 nm line width
(LED) and 5 nm line width (laser), the dispersion amounts to 9.75 ns and 0.975 ns, respectively. This
exercise shows that modal dispersion typically dominates over material dispersion when multimode fibers

are used.
1.49 T
I
\ Silica (Si0,)
—{120
2 148 \ z
&N E
E n E
.8 group a
% 1.47 </ / = 40
G I =TT ~
N ~__ oo &1B%
,,,,,,,,,,,,,,,,,,:’#—:I,,,,,,,,,,,,, ,,,,,,,, o <
| 1.46 _\ - -7 [
< \ n /.’ g
b Pad 7
5 S~ P 140 B
= \ L %
2 145 ST~ N
= . 7 ‘\ —_—
Q —— s
Lg ///\5\ \\\ — — 80 §
&) ,/ ) \ <
,/ Material dispersion ~— >
U
1.44 / -120
/I i
0.5 1.0 1.5 2.0

Wavelength A (um)

Fig. 22.5. Refractive index, group index, and material dispersion of a silica fibers for an
optical signal spectral width AL, in vacuum. The material dispersion of regular silica fibers
is zero at A = 1.3 pm.
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Exercise: Coupling efficiency of a fiber butt-coupled to an LED. Consider an LED with a point-like
emission region that emits an optical power of 1| mW into the hemisphere. For simplicity, assume that the
intensity emitted by the LED is independent of the emission angle. What is the maximum acceptance
angle of a single-mode fiber with N4 = 0.1 and multimode fiber with N4 = 0.25? What is the power that
can be coupled into the two fibers?

Solution: The maximum acceptance angles of the single-mode and multimode fibers in air are
0. =5.7° and 14.5°, respectively. The solid angle defined by an acceptance angle 6., is given by
Q=0.031 and 0.20 for the single-mode and multimode fiber, respectively. Since the entire hemisphere
has a solid angle of 2w, the power coupled into the single-mode and multimode fibers is given by
0.0049 mW and 0.032 mW, respectively.
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Exercise: Coupling efficiency of a fiber coupled to an LED with a lens. Consider an LED circular
emission region with diameter 20 um coupled to a silica multimode fiber with N4 = 0.2 and a core
diameter of 62.5 um. The LED emits a power of | mW into the hemisphere lying above the planar LED
surface. For simplicity, assume that the LED emission intensity is independent of the emission angle.
What is the maximum power that can be coupled into the multimode fiber?

Solution: Improved coupling can be obtained by imaging the LED emission region on to the core of
the optical fiber. For maximum coupled power, a convex lens with magnification M = 62.5 um /20 pm =
3.125 can be used. Using the lens, the acceptance angle of the fiber is increased from 0,; = 11.5° to O gp =
35.9°. The solid angle defined by the LED acceptance angle 0;gp is given by Q = 1.19. Since the LED
emits 1 mW into the entire hemisphere (with solid angle Q = 2x), the power coupled into the fiber is
given by 0.189 mW.
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Chapter 24

Exercise: Derivation of equations. Derive Egs. (24.3), (24.4), (24.5) and (24.8).
Solution:

Derivation of Eq. (24.3): Consider an exponential decay with time constant T, i.e. exp (— #/t). Assume
that the time at which the amplitude has decreased to 90% and 10% of its maximum value are ty(, and
t10v, respectively. Accordingly

e 190% /T _ 909, and e 0% /T = 109% .
Then

t t
20% _ 0% — _1n0.1+1n0.9 = In9 or f90% — to% = TIn9
T T

what was to be shown. An analogous consideration applies to the rise time.
Derivation of Eq. (24.4): The voltage transfer function of an RC voltage-divider circuit is given by

.-l
H((D) _ Vout _ ! (le) _ 1 _ 1
Vi IR + I(ioC) 1+ ioRC 1+ iot

where T = RC; this is what was to be shown.
Derivation of Eq. (24.5): Using | H (0348) " = |(1 +iwt) ' |*= %, and
2
y 4[> A I

A+1iB ‘A+iB\2 4% + B? 1+ 0’1’

[H@|[" =

we obtain g =71 ' = (RO) or frs=(2m r)’l, what is what was to be shown.
Derivation of Eq. (24.8): Using | H (03a8) |* = | (1 + i w345 7) ' | = %, and
A A

- ) |
A+iB | \/A2+BZ \/szTz

[H()|* =

we obtain
1

R
2 WH*‘”%dB 12

Solving for m;gp yields msqp = 32 /1 or Jf3aB = 312 (2mtt), what is what was to be shown.
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Exercise: Rise and fall time and 3 dB frequency. Consider an LED with a rise time of 1.75 ns. Assume
that the fall time of the LED is identical to the rise time. What is the 3 dB frequency of the device? Give
the physical reasons as to why Eq. (24.8) gives only an approximate value of the 3 dB frequency.

Solution: A 3 dB frequency of 343 MHz is expected on the basis of Eq. (24.8). In practice the 3 dB
frequency can be lower or higher than the calculated value since the rise and fall are frequently not
exponential. As a practical rule, the numerical factor 1.2 in the numerator of Eq. (24.8) can vary between
1.0 and 1.5.
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Exercise: Calculation of carrier sweep-out time. Calculate the carrier sweep-out time for typical values
of the electric field in the p-n junction depletion region, typical carrier velocity, and an active region
thickness of 0.1-1 um.

Solution: The carrier sweep-out time can be very short. For typical diode parameters, the carrier
sweep-out time is about 1-100 ps, i.e. much shorter than the spontaneous recombination time. As an
example, let us assume that a carrier drifts with the drift-saturation velocity, which is about 107 cm/s,
across a reverse-biased active region. The time needed to drift across a 1.0 um thick active region is given
by 1.0 um / 10" cm/s = 10 ps.
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Exercise: Photometric units. A 60 W incandescent light bulb has a luminous flux of 1000 Im. Assume
that light is emitted isotropically from the bulb.
(a) What is the luminous efficiency (i.e. the number of lumens emitted per watt of electrical input power)
of the light bulb?
(b) What number of standardized candles emit the same luminous intensity?
(¢) What is the illuminance, Ey, in units of lux, on a desk located 1.5 m below the bulb?
(d) Is the illuminance level obtained under (c) sufficiently high for reading?
(e) What is the luminous intensity, /., in units of candela, of the light bulb?
(f) Derive the relationship between the illuminance at a distance » from the light bulb, measured in /ux,
and the luminous intensity, measured in candela.
(g) Derive the relationship between the illuminance at a distance » from the light bulb, measured in /ux,
and the luminous flux, measured in lumen.
(h) The definition of the cd involves the optical power of (1/683) W. What, do you suppose, is the origin
of this particular power level?
Solution: (a) 16.7 Im/W. (b) 80 candles. (c) Enm=2354 Im/m?* = 35.4 lux. (d) Yes.
(€) 79.6 Im/sr = 79.6 cd. () Eum 7> = Lum. () Erum 411" = Q.
(h) Originally, the unit of luminous intensity had been defined as the intensity emitted by a
real candle. Subsequently the unit was defined as the intensity of a light source with specified
wavelength and optical power. When the power of that light source is (1/683) W, it has the
same intensity as the candle. Thus this particular power level has a historical origin and
results from the effort to maintain continuity.

33




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


