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and we also know that the system, after having been excited, will eventually, 
spontaneously, revert to its ground state E1 by emitting a photon of energy 
hv12. 

However, we saw in section 4.4.2 that the excited state E 2 can also be 
stimulated to decay to the state E1 by the action of another photon of 
energy hv12 . This process is called stimulated emission. Thus we now are 
considering three distinct processes: 

(a) stimulated absorption (E1 - E2 ) 

(b) spontaneaus emission ( E2 - EI) 
(c) stimulated emission (E2- EI). 

(There can be no spontaneaus 'absorption' since this would violate the law 
of conservation of energy.) 

In order to calculate the relationships between atoms and radiation in 
equilibrium (i.e., black-body radiation) Einstein used a very simple argu
ment: consider the atomstobe in equilibrium with each other and with the 
radiation in a closed system. The rate (per unit volume) at which atoms 
are raised to the upper state is proportional to the density of photons, p11 , 

at energy hv12 and to the density of atoms N1 (number per unit volume) 
in state E1, i.e., 

R12 = N1p 11 B12 (stimulated absorption) 

where B12 is a constant. 
Similarly, the rate at which atoms in state E2 are stimulated to return 

to state E1 is given by: 

R21 = N2p 11 B21 (stimulated emission) 

where N 2 is the density of atoms in state E2. Now spontaneaus emission 
from state E2 to E 1 occurs after a characteristic delay determined by the 
detailed atomic characteristics, and is governed by quantum rules. Its rate 
therefore is proportional simply to N2, the constant of proportionality, 
comprising, essentially, the reciprocal of the decay time. Thus we have 

S21 = N2A21 (spontaneous emission) 

The constants A21> B12, B21 are called the Einstein coefficients. 
Clearly, in equilibrium, we must have: 

(6.10) 

since the total upward and downward transition rates must be equal. 
Hence from (6.10): 

(A2t/B2!) 
Pv = ...,...( B_1_2....:...N_t/...,..B.:....2_1_N..:...,2)---1 
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166 Essentials of Optoelectronics 

But we know from the Boltzmann relation (4.13) that: 

and also that E2 - E1 = hv12. 
Hence, generalizing from v12 to v: 

Pv= (h) (B12/ B21) exp ...pf - 1 
(6.11) 

Now it was shown in section 6.2 that for equilibrium (black-body) radiation 
(equation 6.8): 

87rhv3 1 

Pv = -;;J exp (*) -1 

Hence it follows, by comparing this with (6.11): 

(6.12a) 

(6.12b) 

Relations (6.12) are known as the Einstein relations, and are very impor
tant determinants in the relationships between atoms and radiation. For 
example, it is clear that, under these conditions, the ratio of stimulated to 
spontaneous emission from E2 to E 1 is given by: 

and using the expression for Pv from equation (6.8): 

S= 1 

exp (:;) -1 

lf, for example, we consider the specific case of the He-Ne discharge at a 
temperature of 370 K with .A = 632.8 nm ( v = 4. 7 4 x 1014 Hz) then we find 

S ~ 2 X 10-27 

Stimulated emission is thus very unlikely for equilibrium systems. 
Another point worthy of note is that, for given values of N2 ( density of 

atoms in upper state E2) and Pv ( density of photons) the rate of stimulated 
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emission (B21 ) is proportional to 1/v3 . This follows from equation (6.12b) 
smce 

A21c3 

B21 = 87rhv3 

and A21 is an atomic constant, representing the reciprocal of the sponta
neaus decay time. 

This means that the higher the frequency the more difficult is laser ac
tion, for this depends upon stimulated emission (section 4.4.2). Ultraviolet, 
X-ray and 1-ray lasers present very special problems which, hopefully, will 
preclude the possibility of 'death-ray' weapons (X-rays and 1-rays are very 
damaging to living tissues). 

However, we do wish to use lasers at lower frequencies, visible and infra
red for example, for purposes of communication, display and measurement, 
and the equation for R 21 teils us that the way to increase the stimulated 
emission is to increase the values of N2 and Pv· 

We know that, in equilibrium, N2 < N 1 , from the form of the Boltzmann 
factor, and Pv is given by equation (6.8). Hence we shall have to disturb 
the equilibrium to achieve significant levels of stimulated emission. 

One way in which this can be clone is to inject radiation at frequency 
v, so that Pv is increased above its equilibrium value. Suppose that this is 
clone until the stimulated emission greatly exceeds the spontaneaus emis
sion (which does not, of course, depend upon Pv ), i.e., until: 

The condition for this, clearly, is that 

which, from (6.12), means that: 

A21 
Pv~-B 

21 

81rhv3 
Pv ~ --3-

C 

However, increasing Pv does also increase the stimulated absorption. In 
fact, equation (6.10) becomes, when Pv is large: 

But we also know from equations (6.12) that B 12 = B 21 ; hence N 1 = N2 

under these conditions. In other words, an incoming photon at frequency 
v is just as likely to cause a downward transition ( stimulated emission) 
as it is an upward one (stimulated absorption). Hence we cannot increase 
the population N2 above that of N1 simply by pumping more radiation, 
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Fig. 6.4 Energy level diagrams for laser action. 

at frequency v, into the system. Clearly, we must change tack if we are to 
enhance the stimulated emission and produce a Iaser. 

Consider a three-level rather than a two-level system (Fig. 6.4(a)) . Sup
pose that light at frequency v13 is injected into this system, so that there 
is a large amount of stimulated absorption from E 1 to E 3 . Spontaneaus 
decays will occur from E3 to E2 and then E2 --+ E1 with also E3 --+ E1; 
but if the Ievels are chosen appropriately according to the quantum rules, 
the E3 --+ E2 decay can be fast and the E2 --+ E1 relatively much slower. 
Clearly the result of this will be that atoms will accumulate in Ievel E 2 . 

Now the really important point is that, unlike the previous two-level case, 
atoms in Ievel E2 are immune from stimulated emission by photons at fre
quency v13. Hence we can now increase the numbers of atoms in Ievel E 2 , 

at the expense of those in E1, by increasing the intensity of the radiation 
at frequency v13. We can thus soon ensure that: 

and we have an 'inverted population' (i.e., more atoms in a higher energy 
state than a lower one) as a result of the 'pump' at frequency v13· This 
inverted population can now be exploited to give optical amplification at 
frequency v12· 

Let us quantify this amplification via the rate equations we have devel
oped. Suppose that photons at frequency v12 are injected into the medium 
in a certain direction. These will meet the inverted population in energy 
state E2 and will stimulate the downward transition E2 --+ E1, producing 
more photons at frequency v12 in so doing (this is, of course, the origin 
of the amplification). We assume, quite confidently, that the medium is 
being sufficiently strongly pumped for the stimulated photons to be well 
in excess of any spontaneaus emission from E2 to E1. Now suppose that, 
under these conditions, the number of photons per unit volume when the 
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170 Essentials of Optoelectronics 

such as we are considering the lower level of the amplifying transition is the 
ground state, which is initially heavily populated. It follows that more than 
half the atoms must be excited by the pump before population inversion 
can be achieved (N2 > Nt). It is quite hard work for the pump to excite 
all these atoms. Consider, however, the Jour-level system shown in Fig. 
(6.4(b )). Here the pump is at 1114 , there is a quick decay to level 3 and a 
slow one to levels 2 and 1. The decay from 2 to 1 is again fast. Clearly the 
consequence of this is that it is relatively easy to provide level 3 with an 
inverted population over level 2, since level 2 was not well populated in the 
first place (being above the ground state), and atoms do not accumulate 
there since it decays quickly to ground. Hence we can ensure, fairly easily, 
that: 

with much less pump power than for N2 > N1 in the three-level case. The 
amplification at 1132 is thus much more efficient, and the four-level system 
makes for a more efficient amplifier. 

(ii) The laser structure 

Having arranged for efficient amplification to take place in a medium it 
is a relatively straightforward matter to turn it into an oscillator, i.e., a 
laser source. To do this for any amplifier it is necessary to provide positive 
feedback, i.e., to feed some of the amplified output back into the amplifier 
in reinforcing phase. 

As has been described in section 4.4.2 this is clone by placing parallel 
mirrors at each end of a box containing the medium, to form a Fabry-Perot 
cavity (section 2.9). (We should also remernher the 'stable' resonator con
figuration (section 2.11) which is valuable for many types of laser design.) 
The essential physics of this process is that any given photon at 1112 will 
be bounced back and forth between the mirrors, stimulating the emission 
of other such photons as it does so, whereas without the mirrors it would 
make only one such pass. 

An important condition for any system to oscillate under these circum
stances is that the gain should be in excess of the loss for each cycle of 
oscillation. The total loss for a photon executing a double passage of the 
cavity (Fig. 6.5) will depend not only on the loss per unit length in the 
medium ( due to scattering, excitations to other states, wall losses, etc.) 
but also on the losses at the mirrors, and, it must be remembered, one 
of the mirrors has to be a partial mirror in order to let some of the light 
out, otherwise we couldn't use the laser oscillator as a source! Hence the 
condition for oscillation: 

(6.14b) 
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where !1 and Ji refer to the final and initial intensities for the double 
passage of the cavity, R1 and R2 are, respectively, the reflectivities for the 
two mirrors, o: is the loss per unit length in the medium and l is the cavity 
length. (The factor 2 in the exponential refers of course to the double 
passage of the photon.) 

One further word of warning: the value of g must correspond to the 
population inversion whilst oscillation is taking place, not the value before 
the feedback is applied. Clearly the value of N2/ N1 will be very different, 
once stimulated emission starts to occur, from its value when the system 
is simply being pumped into its inverted state. This has implications for 
pumping rates and the balancing of rate equations which we shall not 
pursue: the principles, hopefully, are quite clear, however. 

The simple arrangement of a pumped medium lying between two parallel 
mirrors (one partial) will, under the correct pump conditions, therefore Iead 
to radiation ernerging with the following properties: 

(a) narrow linewidth, since only one energy of transition is involved 
in the Iaser action; and the mirrors, if wavelength selective, will block 
any spontaneaus light which is emitted in addition. 
(b) the output direction of the light will be exactly normal to the 
(accurately parallel) planes of the mirrors and thus will be highly 
collimated in one direction. 
( c) When a photon is emitted via stimulated emission by another 
photon, it is emitted with the same phase as the original photon 
(remember the driving forcejresonating system analogy), thus all the 
Iaser photans are locked in phase: we have coherent light ( within the 
limitations only of the linewidth of the transition). 
( d) The light can be very intense since all the 'light amplification by 
stimulated emission of radiation' from a long length of medium with 
small cross-sectional area can be collimated into the one direction. 

The above important features summarize the basic properties of Iaser light: 
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it is pure (in wavelength and phase), intense, well-collimated light. It is 
thus easy to control and modulate; it is a powerful tool. 

In order to enhance its usefulness as a tool there are two quite simple 
additions which can be made to the basic design: 

The Fabry-Perot cavity formed by the two parallel mirrors will possess 
defined longitudinal 'modes' as explained in section 2.9. Waves propagating 
in opposite directions within the cavity, normal to the mirrors, will interfere 
and reinforce to give rise to an allowable stable mode only when 

2L=m:X 

where L is the length of the cavity and m is an integer. 
From this we can also write 

).. _ 2L. cm 
- m' f = 2L 

At all other wavelengths there is destructive interference. Now, of course, 
the stimulated emission occurs over a small range of wavelengths. This 
range is determined by the spectral width of the downward transition. 
The width depends upon a number of factors but primarily ( unless cooled 
to very low temperatures) on the Doppler shift caused by the thermal 
motion of the molecules. Clearly, at any given time, some molecules will 
be moving towards the stimulating photon and others away, leading to a 
spread of Doppler shifts araund the centralline for the stationary molecule 
(at absolute zero of temperature!). 

lntensity 

Fabry-Perot 
modes 

' ________ _, __ 

' ' 

-c/21 

Fig. 6.6 Laser-cavity spectrum. 
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The output spectrum of the laser light thus is the result of combining 
these two features, as shown in Fig. 6.6. Herewe can see the Fabry-Perot 
mode structure enveloped by the natural linewidth of the transition. In 
order to fix ideas somewhat, let us insert some real numbers into this. 
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of sidebands at frequencies mcj2L, which corresponds to the frequencies 
of the other modes. The result of this is that all the modes are 'pulled' 
mutually into phase by the driving forces at the other frequencies, and 
complete phase locking occurs. The inserted modulator thus has the effect 
of producing, from the laser output, a pulse stream with pulse repetition 
rate 2Ljc. For example, with the He-Ne laser quoted in the preceding 
section, the repetition rate is 300 MHz, and each pulse has a width 

5 
1 

09 "' 0.67 ns (Fig. 6.8) 
1. X 1 

The laser is now said tobe 'mode-locked' and the pulse stream is a set 
of 'mode-locked pulses'. Sometimes when a laser is being pumped quite 
hard and the output levels are high, the laserwill 'self-mode lock'. This is 
due to the fact that the medium has been driven into the non-linear regime 
(see Chapter 9) and the modes generate their own harmonics as a result 
of the induced optical non-linearities. Clearly, this will depend upon the 
medium as well as the driving level, since it will depend on which particular 
non-linear threshold is exceeded by the pumping action. 

(iv) Q-switching 

The 'Q' or 'quality factor' of an oscillator refers to its purity, or 'sharp
ness of resonance'. The lower the loss in an oscillator the narrower is its 
resonance peak and the Ionger it will oscillate on its own after a single 
driving impulse. The equivalent quantity in a Fabry-Perot cavity (an op
tical oscillator) is the 'finesse' (see section 2.9) and the two quantities are 
directly related. From these ideas we can readily understand that if the 
loss in a resonator is varied then so is its 'Q'. 

Suppose we have a lasermedium sitting in its usual Fabry-Perot cavity 
but with a high loss; this means that a large fraction of the light power 
oscillating between the mirrors is lost per pass: we might, for example, 
have one of the mirrors with very low reflectivity. 

Now the oscillator can only oscillate if the gain which the light receives 
per double pass between the mirrors exceeds the loss perdouble pass (sec
tion 6.4(ii)), and weshall suppose that the loss is very high, so that as we 
pump more and more molecules of the medium up into the excited state 
of the inverted population, the loss still exceeds the gain for as hard as 
our pump source can work. The result is that the inversion of the popu
lation becomes very large indeed, for there are very few photans to cause 
stimulated emission down to the lower state - they are all being lost by 
other means (e.g., a poor mirrar at one end). Having achieved this very 
highly inverted population suppose that the loss is now suddenly reduced 
by means of an intercavity switch ('Q' switch) by, for example, speedily 
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rotating to a high-reflectivity mirror (Fig. 6.9). The result is that there is 
suddenly an enormous number of photons to depopulate the inverted pop
ulation, which then rapidly de-excites to emit all its accumulated energy 
in one giant Iaser pulse - the Q-switched pulse. In this way is obtained 
the means by which very large energy, very high intensity pulses can be 
obtained, albeit relatively infrequently ("' 25 pps). 

Three further points should be noted concerning Q-switching: 
(a) At the end of the pulse the lasing action ceases completely, since 
the large number of photons suddenly available completely depopu
lates the upper Iaser state. 
(b )The switching to the low loss condition must take place in a time 
which is small compared with the stimulated depopulation time of 
the upper state, so as to allow the pulse to build up very quickly. 
( c )The pumping rate must be large compared with the spontaneous 
decay rate of the upper state so as to allow a large population inver
sion to occur. 

Q-switching can produce pulses with several millijoules of energy with only 
a few nanoseconds duration. Thus, peak powers of several megawatts can 
result. Such powers take most media into their non-linear regimes (many 
will be evaporated!), so Q-switching is very useful for studying the non
linear optical effects which will be considered in Chapter 9. 

Both mode-locking and Q-switching require intracavity modulation de
vices. These can take a variety of forms, and in Chapter 7 we shall be 
considering these. 

Having taken a good Iook at the physics of photons, and, in particular, 
Iaser action, attention now will be turned to the other half of optoelectron
ics, to electrons. Just as our primary concern with photons is with the way 
they interact with matter, so it is with electrons. An understanding of the 
behaviour of electrons in solid materials is crucial to our subject. 

6.3 ELECTRONS IN SOLIDS 

In order to understand the mechanisms involved in the operation of impor
tant solid state devices such as semi-conductor Iasers, light-emitting diodes, 
various types of photodetectors, light modulators, etc., it is necessary to 
Iook into some of the rather special features of the behaviour of electrons 
in solid materials, and this is the subject of the present section. 

A solid is a state of matter where the constituent atoms or molecules are 
held in a rigid structure as a result ofthe fact that the inter-molecular forces 
are large compared with the forces ofthermal motion of the molecules. This 
can only be true if the molecules are close together, for the molecules are 
electronically neutral overall, and forces can only exist between them if 
there is significant overlap among the wavefunctions of the outer electrons. 
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Optical sources, modulators 

and detectors 

7.1 INTRODUCTION 

Chapter 6 has provided the background necessary to understand a variety 
of optoelectronic devices, the most important of these being optical sources, 
modulators and detectors. The source provides the light in the appropriate 
form, the modulator controls it or impresses information upon it, and the 
detector receives the light signal and allows that information to be extracted 
in the form of an electronic signal. 

Most optoelectronic devices nowadays are of the solid state variety, for 
solid devices can be compact, robust, reliable and readily manufacturable 
( and, therefore, cheap!). However, there are still some important gas lasers, 
and we must not ignore these. 

In this chapter optical sources, modulators and detectors will be dealt 
with in turn. The emphasis will be on practical aspects of the devices, so 
that the way in which the basic principles are put into practice will begin 
to become clear. Weshall begin with optical sources. 

7.2 OPTICAL SOURCES 

The requirements demanded of optical sources by optoelectronic re
searchers, designers and users are many and varied. The source may be 
required to be broadband or narrowband; tunable or fixed in frequency; co
herent, partially coherent or incoherent; polarized or unpolarized; continu
ous wave (CW) or pulsed; divergent or collimated. It is hardly surprising 
that as no single type of source can provide all of these features, a range of 
sources has been developed for optoelectronic use. One way of providing 
a quite versatile source is to use a broadband black body, or 'grey' body, 
source and then to use a variety of external components and devices to ma
nipulate the light in order to provide what is needed. For example,. filters 
can select a limited wavelength range, and these can be made tunable if 
necessary via frequency-selective components, such as prisms, diffraction 
gratings or Fabry-Perot interferometers. The polarization can be selected 
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with the aid of polarizing prisms and retardation plates, the collimation 
controlled with lenses, and pulses provided by fast electro-optic switches. 

There are two objections to this approach. Firstly, each one of the 
selective operations is lossy and significantly reduces the available power; 
secondly, the source system becomes complex, cumbersome, difficult to 
align and stabilize, heavy, bulky and expensive. 

The efforts, therefore, have been in the direction of developing sources 
which are both compact and intense but which also have inherent, desirable 
characteristics, sometimes controllable sometimes not necessarily so, for 
particular applications. We have already learned that laser sources have 
many of the required characteristics, as natural features. Hence our study 
of optical sources should, naturally, begin with lasers. 

7.2.1 Lasersources 

(i) Introduction 

Basic laser design was introduced in Chapter 4 but it is necessary to 
expand somewhat on what was considered there. 

Earlier (equation (6.14)) we derived the expression for the gain which 
was obtained for unit length in a medium pumped to a state of inverted 
population as: 

hv 
g = -B12(N2- N1) 

c 

This medium can be used as an optical amplifier, since light entering the 
medium at the frequency corresponding to the inverted transition will cause 
stimulated emission at the same frequency, and thus will emerge from the 
medium with increased power. By providing feedback, the amplifier may be 
made to oscillate and become a laser. All of these ideas were considered in 
some detail in Chapter 4. In particular, in section 4.4.2, the basic features 
of He-Ne laser design were considered. This was a three-level system, and it 
was pointed out that, although the principles of laser action are relatively 
straightforward, the transition pathways for any particular laser are often 
complex. Weshall now try to cement these ideas by looking at some aspects 
of practical design for specific lasers. 

(ii) The argon laser: a four-level system 

The first system for consideration is a four-level system. Remernher that 
the advantage of this is that the lower level of the laser transition is not 
the ground state, hence the level is relatively sparsely populated, inversion 
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of the population is therefore easier for the pump to achieve, and the Iaser 
can thus be more efficient. 

The energy Ievel diagram is shown in Fig. 7.1. Argon is an inert gas but 
can be ionized by passing a large current ("' 50 A) through it (by striking 
a gas discharge). In its ionized state the atom is then excited up to the 
4p Ievels by successive electron collisions, and these levels become inverted 
with respect to the 4s state, which is sparsely populated, being above the 
Ar+ ground state, which is itself above the neutral Ar ground state. Thus 
efficient lasing occurs between 4p and 4s, most strongly at 514.5 nm (green) 
and 488nm (blue) wavelengths. The design ofthe laser is shown in Fig. 7.2. 
Two main features should be noted: first, since the large discharge current 
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generates a lot of heat, this must be dissipated with the aid of metal-disc 
heat exchangers and water cooling; secondly, in order to reduce ionic de
excitation via wall collisions ( rather than the required laser transitions) the 
tube is enclosed within a solenoid, which provides a longitudinal magnetic 
field whose action is to force the ions away from the walls. 

Finally, a prism is usually provided inside the cavity, to select the re
quired wavelength. 

Argon-ion lasers can provide several watts of CW power and can also 
be both mode-locked and Q-switched, conditions which were discussed in 
Chapter 6. Mode-locking provides microsecond pulses at several kilowatts 
of peak power, whilst Q-switching provides megawatts of peakpower (for 
this particular laser). 

Each type of laser presents its own design problems as a result of its own 
special set of energy-loss pathways. 

The argon laser is a valuable high-power source of CW light in the middle 
of the visible spectrum. 

(iii) The dye laser 

So far we have given examples only of gas lasers, but there are very 
important lasers which use the liquid and solid phases. Looking first at 
the liquid phase we shall consider the dye laser. The advantage of liquid 
and solid lasers over gas lasers is the greater density of the medium, which 
means more photons per unit volume. The disadvantage is that the more 
dense media are less homogeneous, so that the laser output is less pure 
and, especially, of greater linewidth. 

However, liquids are more homogeneaus than solids ( under normal cir
cumstances), so they provide a convenient compromise from some points 
of view. 

One very important type of liquid laser is the dye laser, and it is im
portant because its output is wavelength tunable over quite a large range 
(rv lOOnm). 

Dyes are complex organic molecules within which the atoms can quite 
easily vibrate and rotate. As a result, the main molecular quantum states 
are split into a large number of associated rotational and vibrational sub
states whose energy degeneracy is removed, when the dye is dissolved in a 
liquid, by the electric fields of the solvent molecules. The result is a virtual 
continuum of states around the main quantum levels (Fig. 7.3). If now 
the solution is irradiated with light, absorption takes place over a broad 
band, as does fl.uorescence, down to the large number of lower levels. It is 
thus quite easy to arrange for efficient laser action between, for example, 
the many states around S1 down to the upper states of So (Fig. 7.3), the 
latter of which will be sparsely populated compared with the lower states 
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such as a prism or a diffraction grating, is required within the cavity, and 
is varied as required. Different dyes have different tuning ranges and, by 
varying the dyes, a very large tuning range can be achieved (see Fig. 7.4). 

The disadvantage of this type of system is that it requires a continuous 
flow of messy, corrosive and, sometimes, carcinogenic liquid in the Iabara
tory (or wherever). Liquids are easily contaminated, so there is the problern 
of purification as weil. However, if the large tuning range is needed in the 
application, all the effort is worthwhile. 

(iv) The Nd-YAG laser: a solid state system 

There are many types of Iaser which use solid media. We shall give one 
example now and another when we have, very shortly, become familiar with 
some more of the relevant solid state physics. 

The present example is the neodymiumjyttriumjaluminium garnet, or 
Nd-YAG, Iaser. 

The big advantage, as has been stated, of a solid state Iaser is that the 
large density of atoms means that large outputs per unit volume can be 
achieved. The Iaser medium is in the form of a Nd-YAG rod. Nd isarare 
earth element. The important characteristic of the rare earth elements 
is that their atoms all have the same outer electronic structure. As the 
atomic number increases, moving up the rare earth series, electrons are 
added to inner, rather than outer, Ievels. The result is that all the rare 
earths have very similar chemical properties. From our present point of 
view, however, the most important thing is that transition between Ievels 
can occur deep in the atom, and thus these transitions are shielded, by the 
outer electrons, from the atom's environment. Hence, the Nd3+ ion can 
sit in a YAG lattice (substituting for the yttrium atoms to the extent of 
"' 1.5%) and the transitions to be used for lasing action will be scarcely 
broadened at all by the fierce fields of the solid lattice structure. 

The Ievels used are shown in Fig. 7.5. The system again is a four-level 
one and thus is quite efficient. The Ievels above 4F3; 2 all, conveniently, 
decay to 4F3; 2 , so this Ievel can be readily populated (Ievel 2) by a broad
spectrum pump source, which is usually a krypton or xenon flashtube. 
This is positioned axially, parallel with the Nd-YAG rod, as shown in Fig. 
7.6. The Iaser transition is from 4F3/2 (Ievel 2) to 4111; 2 (Ievel 1) which, 
being above the ground state (level 0), is very sparsely populated. (It is 
interesting to note that F ---+ I transitions are normally highly forbidden, 
but the action of the YAG lattice field is to increase their probability in 
this case). The 1 ---+ 0 transition (4In;2 ---+ 4lg;2) is allowed and is thus 
very rapid, as required for efficient population inversion (section 6.2.4). 
Since the depopulation of the inverted-population state is very rapid (a 
consequence of the dense material) and, provided that a suitably large 
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'-+- ----' 411512 tansitions 

Fig. 7.5 Simplified energy-level diagram for the Nd-Yag Iaser. 

Flashtube 

(a) Close coupling of rod 
and flash tube 

(b) Rod and tube along focal 
lines of an elliptical cavity 

Fig. 7.6 Flash-tube pumping geometries for a Nd-Yag Iaser rod. 

amount of pump power is provided, the output can be up to a kilowatt of 
CW power at 1064 nm (4F3/2 ---t 4Iu;2)· The Nd-YAG rod becomes very 
hot while generating all this power, and must be cooled either with water 
(for the higher output powers) or with air. 

This laser can also readily be Q-switched (section 6.2.4(iv)), in which 
state it can provide pulses with energies of several millijoules in a time 
"' lOns, implying peakpulse powers "'megawatts. The Nd-YAG laser is 
thus a convenient source of high-energy pulses in the near infrared. The 
pulses are relatively short and thus the peak power of the pulses is very 
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high. We shall see later that this is the prescription for ready entry into the 
non-linear optical regime where, for example, harmonics ofthe fundamental 
optical frequency can be conveniently generated. The Nd-YAG laser also 
can be used for manufacturing processes such as laser cutting, welding and 
laser forming of metals. 

( v) Other types of Jaser 

There are many other types of laser: for example, the C02 laser which 
provides large amounts of power in the infrared; the excimer ( excited 
dimer) laser which provides large amounts of power in the ultraviolet; the 
Er-doped fibre laser which provides a very convenient, lower-power source 
for optical-fibre communications (see Chapter 10); the Ti-sapphire laser 
which can provide very short, intense pulses oflight ("' lOOps), etc. Each 
has its own special advantages and disadvantages. Hence each has its own 
application area. 

We have neither the time nor the space to deal with the full range of 
lasers which are currently in use. However, there is one more which is of 
paramount importance to our subject: the semiconductor laser. This will 
be dealt with very soon now (section 7.2.2), just after dealing with its close 
companion the light-emitting diode (LED). 

7.2.2 Semiconductor sources 

In section 6.5.4 we considered p-type and n-type extrinsic semiconduc
tors. These concepts are needed now in order to understand the operation 
of semiconductor lasers (SLs) and light emitting diodes (LEDs). As might 
be expected, these two devices are closely related. We shall establish the 
most important ideas by dealing first with the LED. Before dealing with 
either of them, however, it is first necessary to understand what is meant 
by a p - n junction. 

(i) The p- n junction 

Let us take a piece of p-type and a piece of n-type semiconductor in 
the same intrinsic material. In other words, one piece of, say, silicon has 
been doped with trivalent atoms (e.g., boron or gallium) and the other 
with pentavalent atoms (e.g., phosphorus or arsenic). Suppose now that 
flat faces of these two pieces of semiconductor are placed in close contact, 
to form what is called a 'p- n junction'. Of course we remernher that the 
Fermi levels for the two types of material will be different, since in the p
type material it willlie about halfway between the top of the valence band 
and the acceptor level and, in the n-type semiconductor about halfway 
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The neodymium ions only stay a long time in the level 4F3/2. The lifetime of this level is around 230 μs while 
it is less than a nanosecond in the other levels. Thus, the ions accumulate in this level and can fall from it by 
intense stimulated emission. 
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sources suitable for given applications. li-VI and I-VII compounds also are 
important in this context and have their own special advantages, but there 
is not time, unfortunately, to deal with these ( although, again, they were 
touched on in section 6.3.5). 

What kind of performance can we expect from a typical GaAs LED? 
The device can be very compact, with an emitting area of diameter only 
"' 0.25 mm. The LED can be driven with a forward-bias voltage "' 2 V 
and will take "' 50 mA. Such a device will emit "' 0.1 m W of optical power 
fairly uniformly over a solid angle of 271'. Thus it is not very efficient: it 
converts, on the above numbers, 0.1 W electrical to 0.1 mW optical power, 
a conversion efficiency of 0.1 %. Larger LEDs do, of course, exist. The 
example given represents only what is very easily achievable, and readily 
obtainable commercially. 

(iii) The semiconductor laser diode (SLD) 

The basic principles on which the semiconductor laser diode is based are 
very similar to those just discussed for the LED. Forward-carrier injection 
is again used. However, there are also important differences. 

When a p- n junction is created from the two types of extrinsic semicon
ductor material, the initial condition, with one Fermi level (n-type) lying 
above the other (p-type), corresponds quite closely to the inverted popula
tion which we know is required for optical amplification and, with suitable 
feedback, lasing action. Obviously, this state is a non-equilibrium one and 
does not last long (perhaps a few nanoseconds) but we have also learned 
that it is possible to maintain one Fermi level above the other by applying 
a forward-bias voltage across the junction. In this case we are, effectively, 
'pumping' with the external source of current to maintain an inverted pop
ulation, of the n-states of the conduction band over the p-states in the 
valence band, in the volume of material around the junction. The electron 
energy transitions from the conduction and to the valence band either can 
occur spontaneously, in which case we have an LED, or can be stimulated 
to emit by incoming photons of the same frequency Eg/h in which case we 
have a semiconductor optical amplifier. Applying positive feedback to this 
latter arrangement can be expected, under the correct circumstances, to 
produce a semiconductor laser. What are these correct circumstances? 

First, it will be necessary to produce a large population inversion in 
order to provide a high gain (equation 6.14), since the losses in a solid 
material are expected to be quite high, owing to scattering by the dense 
medium, and other factors. In order to achieve this we should ensure 
that the dopant levels are high, so that there are large concentrations of 
electrons and holes in the depletion region. In fact, for SLD devices, dopant 
Ievels (e.g., excesses of Ga or As atoms above 'stoichiometric' values) up 
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(a) Energy Ievel diagram for an unbiased 'degenerate' 
p-n junction 
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(b) Forward-biased degenerate p-n junction leading to stimulated emission 
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(c) Excess of forward bias, leading to lossy 'spill over' 

Fig. 7.8 The degenerate p - n junction. 

to ....- 0.01% (equivalent to ....- 1024 atorns m-3 ) are used to give rise to 
what are known as 'degenerate' semiconductor donor and acceptor Ievels. 
So great, in fact, are the donor and acceptor densities that very many of 
the available Ievels at the bottom of the conduction band are filled with 
electrons, and very many of those at the top of valence band are occupied 
by holes. The consequence of this is that the two Fermi Ievels can move into 
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the conduction band (n-type) and the valence band (p-type) respectively, 
since the Fermi level refers to that energy level whose states are just 50% 
occupied. So great, in other words, are the extra quantities of charge 
carriers that we are approaching the condition which applies to metallic 
conductors (i.e., Fermi level halfway up the conduction band). In thermal 
equilibrium the energy Ievel diagram for the junction will take the form 
shown in Fig. 7.8(a). If, now, the junction is forward-biased with a valtage 
of the order of the band-gap energy itself, the diagram changes to that of 
Fig. 7.8(b). In this case what has happened is that the region in which 
there is an excess of conduction-band electrons in the n-type material, and 
the region in which there is an excess of valence-band holes in the p-type 
material have moved closer to the point of overlap, so that the electrons can 
fall into the holes and create photans of frequency Eg/ h; and they will do 
this especially readily if a direct-band-gap semiconductor, such as GaAs, 
is being used. 

Output (hv) +../V ~Output (hv) 

Active region 

p - n junction 

Fig. 7.9 Homojunction GaAs injection Iaser design. 

As the large numbers of electrons and the holes combine they create 
correspondingly large numbers of photons, and the electrons and holes are 
replaced constantly by drawing current from the biasing-voltage source 
(just as for the LED), so light is generated continuously. Wehave created 
an effective population inversion in the semiconductor, the inversion being 
'pumped' by the injected current. 

In order to get the forward-biased p-n junction to lase it is necessary, as 
we know from section 6.2.4, to provide positive feedback. This is clone by 
arranging the geometry of the junction as shown in Fig. 7.9 and polishing 
two opposite crystal faces ( facets) of the material so that they act as Iaser 
mirrors, via the Fresnel refl.ection coefficient. Provided that the optical gain 
exceeds the loss, the device willlase by emitting radiation, at the frequency 
corresponding to the band gap, in a direction normal to the polished facets. 

Clearly, the population inversion, and thus the optical gain, can be in
creased by increasing the bias voltage. This increases the drift current 
with respect to the diffusion current and thus more electrons combine with 
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holes, leading to more photons. Eq. (6.14b) teils us when the system will 
Iase. If the reflectivities of the two facet mirrors are each equal to R, then 
lasing occurs when 

Rexp(r- o:)l ~ 1 (7.1) 

where r is the gain, o: the loss and I the distance between the mirrors. So we 
have to increase the voltage untillasing occurs. The current density which 
flows at the onset of lasing is known as the 'threshold' current density and, 
for the type of geometry just described, is quite high, at ......, 400A mm- 2 • 

This is due to the fact that the losses are quite high. What are these losses? 
First, there are of course the losses at the reflecting surfaces, represented 
by R in equation (7.1). Theseare moderately high since we are relying on 
the Fresnel reflection (equation (2.13a)) which results from the difference 
in refractive index between GaAs and air (at the lasing frequency). This is 
of the order of 3.35, leading to a value for [(n1 - n2)/(n1 + n2)] 2 of 0.292. 
This can be increased by using coatings of various forms or by using Bragg 
reflections (of which more later (Chapter 10)) but equation (7.1) teils us 
that we shall, in any case, achieve no more than a linear reduction in the 
threshold current with R, whereas, for a major improvement, we would be 
better advised to concentrate on the exponential term. It turns out that r 
and o: arenot independent, for, ifthe bias voltage (and thus r) is increased, 
the Fermi levels on each side rise and fall, respectively (Fig. 7 .8( c)) to the 
point where majority carriers on each side can 'spill over' into empty levels 
in the bulk material, and thus diffuse away from the 'junction' transition 
region to be lost from the photon-generating process. 

Another important source of loss lies in the fact that the di:fference in 
refractive index between the junction region and the rest of the semicon
ductor is quite small. Consequently, the light bouncing back and forth 
between the facet mirrors within the junction region (Fig. 7.9) is not well 
confined, laterally, to this region, and when propagating outside the re
gion will simply be absorbed by exciting some valence band electrons up 
to conduction band levels, a process known as 'free-carrier absorption'. 

All of these losses mean that large injection currents are required to 
overcome them, so the threshold current for lasing is, as has been noted, 
quite high. The high value of threshold current means, of course, that the 
device consumes a lot of power, and thus will suffer a potentially ruinous 
rise in temperature unless operated only in short pulses. This is a severe 
Iimitation: we need continuous sources of optical power in addition to 
pulsed sources. How can the threshold current be lowered? 

We have understood the sources of loss in the junction device: this. 
usually means that we should be able to see a way to reduce them. Proper 
understanding is our most powerful weapon in physics and in optoelectronic 
design. 
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Fig. 7.10 Designfora GaAs heterojunction Iaser. 

Consider, then, the structure shown in Fig. 7.10. Herewe have a multi
layered structure known as a heterojunction laser, to distinguish it from 
the type of device we have been considering up to now, which is called a 
homojunction laser. 

(p) (n) (p) (n) 

GaAs Ga AIAs GaAs Ga Al As 

(a) Homojunction {b) Heterojunction 

Fig. 7.11 Carrierdistributions in types of p- n junction. 

In the heterojunction laser each layer has a well-defined function (Fig. 
7.10). The silicon dioxide simply isolates the semiconductor from the elec
trical contacts; the heavily pjn-doped layers on each side act as 'ohmic' 
semiconductors which interface crystallographically with the 'junction' 
p and n degenerate GaAlAs layers which themselves sandwich an all
important thin layer of GaAs. This layer is only rv 200 nm thick and, 
since it has a higher refractive index than the surrounding GaAlAs layer, 
acts to confine the optical radiation within itself. One of the loss problems 
is thus allevi~ted. But the thin GaAs layer performs another important 
function. A study of Fig. 7.11 illustrates this. Since GaAs has a smaller 
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energy gap than GaAlAs, the majority carriers can no Ionger spill over 
into the material on the other side of the gap. Thus loss by carrier diffu
sion is all but eliminated. Such a design provides Iaser threshold currents 
rv lOAmm-2 , an improvement more than an order of magnitude over the 
homojunction, and it allows CW operation to be achieved. The heterojunc
tion semiconductor Iaser was an important breakthrough in optoelectronics 
for it provided a source of light, pulsed or continuous, which was rugged, 
compact, coherent, intense, monochromatic, operated with a low voltage, 
and was easily mass produced (and therefore cheap). Consumer optoelec
tronics really came of age with this device's availability (which is why it 
has been considered in some detail). 

The GaAs version of the device provided Iaser light at 840 nm wave
length, but band-gap engineering (see section 6.3.5) allows a range ofwave
lengths including those suitable for optical-fibre communications. This is 
a very convenient, versatile and commercially important source of light. 
lt is used, for example, in CD players (see Chapter 10), in supermarket 
bar-code readers and in many display functions. This most important light 
source is where we shall finish the discussion of sources of light and move 
on to consider how it is possible to impress information on the light which 
they provide. 

7.3 OPTICAL MODULATORS 

Thus far in this chapter we have been studying optical sources. It has 
been noted several times in the preceding text that the usefulness of op
tical sources in practical optoelectronics relies upon our ability to impress 
information upon, and subsequently to extract that information from, the 
light which they produce. The device which performs this function is the 
optical modulator. 

Our next task then is to deal with the most important types of optical 
modulator. Fortunately, we have already covered almost all of the physical 
ideas which are needed for an understanding of these. 

A purely sinusoidal optical wave carries no information at all for it ex
tends over all space and all time. If it suddenly ceases to exist ( either 
spatially or temporally), then we have some information conveyed (the 
time or position of the cessation) but it then ceases also to be a pure 
sine wave, since a truncation must introduce other frequencies (Fourier!). 
Clearly, then, there must be a relationship between coherence and modu
lation (which weshall not explore in detail). 

In order to convey information by means of an optical signal we must 
modify a characterizing parameter of the wave in a way which allows a 
definite, deterministic relationship to exist between the modification and 
the information. Thus we might modify at the transmitter end the ampli
tude, intensity, frequency, phase, polarization state, direction or coherence 
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