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I. INTRODUCTION

Undoubtedly, light is the first electromagneticfradiation,thati:;

has been generated by mankind, when the first fire Was ouilt‘t'Light
along with the infrared is thc only radiqtion that can’ be detecteo‘
and eenSLd by human belngs throthou‘ the electromagnetic energy
- spectrum.’ Th s fact is perhaps the reason why they have attributed
" such great 1mportance to light.
~A. Methods of Generating Light '

Important as it 1s, the metnooc with which light was generateo
did not improve throughout theccenturies. It stayed-in the crudels
form of spontaneous radiation suoh as the random emiss1on of
1ncandescent sources, So-hqve most other types of electromagnetic
radiation: 'infrared, ultraviolet or gamma rays.’ However, radio
wavesfbaVebbeen different‘ Electromagnetic radiation at these
’frequenc1es were producea w1th effic*ency and precision that was
unparalleled at other~frequencies.
| To appreciate the limltations of,light waves as they . are
_oralnarily found, let us consider how they are generated

All light sources nave-a_common origln' the random movemenf of
electronic charges. | | . | |

“In~incandescent lamps and other "hot" sources, electrons are

accelerated by thermal energy and thus radiate. In gas discharge f{f

lamps, 1ike the neon tube for example, the process is a libtle

,,1different~ electrons are Ddssed through the gas, where thev excite

the atoms to higher energy states. The atoms fall back to D'round

'state ranoomly, and emit: radlatlon whinh is: in the visible spectrum.i

L

]
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The process characﬁeriZes the radiated wave- Firstly, the 11ght
Outpu£ is~not coherent, i.e. it. dixfers in phase 1*elat:.orwhlp, pOLar’
ization and relative amplitude. Secondly it is wide band (even the
monochromatic sodium vapor lamp) Thlrdly, the radiation produced
thus, is not directional (the sides of “a beam prnduced by an arc lamp
with a 6 foot parabo]ic nirror diverges about 1 ) ‘ Finally, and .

,pernaps the mostvimportant limitation of ordinary lightfsources 15

their inherent lowebrigntness.‘ The.maximum'radiation'intensity,‘or:
f%he power radiated pef'unit'area'per unit SOIid”angle per'unit;
frequency band width have been controlledzby Planck’s blackbodyl
law for radiation ffom*hot objects. Thisdsets the upper 1initaon
radiation'intensity, a limit which increasés with increasing;temper;
'atures,'but welhave¢had available tempcfatures'of only a few tens of-
thousands of degrees, | ‘ | S

Let us see whether we'can‘eliminate these disadvantagesdby'using;
other methods. -The metnOd'of generating radio Qavesfby eiectronic
,oscillators could be applied here,ibut the basic problem‘now'iS'that
| inevitably; some narr of the device \thh requlres careful and -
controlled conSLluction has to be GC'small as. the wavelenafh *o be
produced. '-This~sets‘ on a limit to the- construction of operable
devices. The wave length of the light beina a fraction of a micron,
electroni- oscillators that generabe light waves cannot be constructe‘
‘Tne upper 11mJT of electronic 050111ators is about 100 GHz. | |

B.~ Stimilated Emission Dev1ces |

‘Letlus return back to gas-diachafve'lamps.!'Here; energ?’in the
form of photons are released as a result of transitlons of electrons
: from one energJ 1evel to the other, but the transitions are random,

~ according to some propability function in~t1me.r
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Organization of thié proceeseean'leed to efficient sources of = =

‘-flight Briefly, let UD see how this can be achieved

As is well known from the quantum +heory, atoms in all matter are
allowed to’ occupy certaln energy states or’ 1eve1s. Transi*ions from

one~of'these levels to another 19 accompanled by elther an emission;_‘

' of a photon through a downward fall or an absorbtion of a photon

through an upward jump ‘ |

The. freguency. of the eleotromagnefic energy radlated is relaped
toethe d;fference of energy l_evels‘,vb,2 - E, =Z§E and gjven bj Planck-
Einstein relation: '5  | .f “ [ e

-E o h}( where h is Planck s constant

S | }/ frequency of radiatioo

Transitlons from: upper energy Wevels to the 1ower ones can be

cla581fied into two Darts.. %pontareon and stlmuTated tranolfions.
' A spontaneouo txanSltion iu thv. pontaneous falllng oz an atom,.ﬁ

trom a. higher energy leve1 to a TOveL one., The atoms tha1 have been_

raised to a hlgher level will rapvo'y drop back to the orle‘ina1 1evel;

emitting radiation Q”LO“ding to P]erck s law, Thi howelee;'isfa7

’purely random process.;,V

Stlmulated-emieeioﬁ“is‘rafhef ﬂ~-ohtfoiled vefsioh‘of f“‘s"

~process: uhe atoms are. forced dOVi'1r0h the excited level o*.a

external agent, by elentromagnetic :oe gy uhose freouency satisfles

the relat*on AE h?f: The pho+on VﬂJCh is the result of tnis

1nteraction is addea fo the orlglpﬁJ wave', In other words, an ﬂnpliu
Licatlon procese Lakeenolace.”- o

This ampllflcatior 1s elearl‘ \rorortional to the nunwer of a€Om

iln ﬁhe xcited“ i;e; nlgher, lev «g' Ueing this prlnciple, family3

of devices are made ,- named uaser {her the flrst_lettersbof Mlerowawe
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'iThe photon that is generated by the transition adds itself to the

f]original wave in exactly the same phasefand polarization and frequency.

;fgﬁ Afuseful analogy may be used to make the idea of coherence clear

:;Iethusvconsider a;tuned RF amplifier.ﬁ In the absence of an input

?fsignal and with no feedback between output and input, such an amplifier
*5will have no output except a certain amount of noise which shall :

lappear aﬁ the output terminals., This noise corresponds to the

adiation 'hat thermal sources produce.ﬁ Now, if we introduce enough |

he amplifier will break into oscillation and its

fioutput becomes coherent et a frequency determined by the resonant

rcuit of the tune'wamplifier.} This corresponds to the coherent ffi;

i*an actual device in?;934 This setup was usingythe two molecular

focusing rrangement

. Lectrostatlc

: HoweVer,

?fthe principle was painfully complicated and operated at a fixed

:frequency.

uSubsequently, Bloembergen worked out in theory a. Meser amplifier
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’using a paramagnetic crystal w1th three energy levels and Capable of

-operating continuously 12'7”“:ff;ﬁ¢f""'

tIn 1956 H E. D Shovil constructed this solid state maser.:;;gff

Following this in 1958 A L Shawlow and C H Townes concieved the
foptlcal maser.» In 1960 H Maiman obtained the flrst laser actionfiﬁs7

'with a pink ruby A year after, A quan, \U S A ) proposed the" Ha N‘f

llaser, and built it wlth cooperation of W R Bennett and Herriot.v

dThis was the flrst 1aser to operate continuously In 1962, a new5;[yf

Lclass of lasers, PoN Junction Lasers were simultaneously made by

5several groups R N Hall;‘ G E. Jennerth D Kingsley, T J

fSolth, R. O Carlson of General Electric Company, 51 I Nathan,ﬁf“i'

'W P Dumke, G.:Burns, F H Dill and‘G?“Lasher of I. B M corporatlon |

,‘;and "I' _M Amst, R, H Rediker, R. J Keo’es , w ";E Krag, : Blax and

3;}JIQM§McWorther and H J Zeiger of Lincoln laboratories of M.I T'

The P-N Junction is perhaps not the last class of 1asers to be

7concieved but they‘*rejthe most compact and the cheapest They l

Qconvert d c. power directly to coherent energy. These properties

fmake this type of laser very attractive from the communicatlons Doint

'of view.;:ﬂfrt‘Q~tftlizaf‘if‘fij‘~f ‘

e B "The- Need for Higﬂ Frequencies“

“f7}§'Before going into the details of the theory of operation of _these

devices, let us see why ve want to use such high frequencles. One offf

the most extens1ve uses of electromagnetic radiation is in communica-~‘

'ftions. The radio waves are used to convey information from one p01ntv

’_to another,:_;},p'

This 1s the way all our communication systems operate let us

ftake the Medium Wave band and calculate how many stations we can

isqueeze into this band 2 Allowins VWﬁ;for each station and taking ff}?
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II6C> KHzas the Nedium Wave range, we . shall have IBCDstationsfbroastﬁ/
casting'simultaneously | If we had tne means of dOing the same thing L
with light frequencies, the band w1dth woald ‘be of the order of _ _\‘
OOO<DDD GHz . For a rougb approximation, ve can assume that the number
of stations’ is proportional to tne frequency then we potentiallJ can o
havelO stations broadcasting simultaneously using light frequencie",ifp
This is the primary 1eason why' commhnication engineers for at least
half a century have dreamed ‘of generatinﬂ light as effi01ently and aslr
precisely as radio waves.} With the advent of lasers,,this dream could
be realized. HOWever, there are some practical difficulties associated
Wlbh the scheme. | o | ‘

Firstly, modulation should be. possible either in the form of
amplitude or frequency modulation ' Generally speaking, all lasers
;except semlconductors, cannot be modulated internally. However, they
can be externally modulated u51ng various techniques such as- the
electrooptic effect(?), acoustooptical effect. (8) At any. rate, tne
simplest modulation can be achieved in semiconductor lasersy. this is
done simply-by the modulation of tneycurrent through the»Diode.i Tnis
is mainly the reasoniwnny;N junction lasers are used in most ofsexper‘

imental laser communication systems.

% Kaminor and Turner, "“lectro-optic Light Mbdulators,' ProcIEEE.‘
- (0ct. 1966), 1374-1378. ST

t 1Gordon, “Acusto optical Deflection and Modulation Devices,
. ProclEE, (Oct 1966), 1391-1401 o




THESiS

'.‘”Roaem COLLEGE. GRADUATE SCHOOL

' BEBEK ISTANBUL ‘

PAGE -

.THEORY
STIMULAT

PART II-

OF OPERATION OF'
D EMISSION DEVICES'




o ROBERT COLLEGE GRADUATE SCHOOL T fﬂprGef~ﬁﬂ?f,;
‘ BEBEK ISIANBUL SR T T Sl ey

tl.» THEORY OF OPERATION OF STIMULATED EMISSION EVICmS R

i Although the dev1ce which we shall concentrate on is the P~N*
junction laser and operates 1n a somewhat different fashion than an‘?tf,
ordinary laser, it is useful to have a general 1dea as to how a laser’
worhs.c ' | | o o 8 i '

‘.f-A;_ EINSTEIN EMISUION - ABSORBTION THEORY

The Quantum Theory predicts the existence of~a1screte eneroy j;liif
levels of electrons in all matter. In the laser operation, we are
1nterested in the tran31tions electrons make from one energy level toTL
;the other, as this involves either an: emission or absorbtion of enerﬂrl
in the form of photons or phonons (heat) ' Long before the development
of quantum wave mechanics, photon emission and absorbtion Was - treated
‘thermodynamically by Einstein(Q) He considered a system of. indepen-.f'
‘dent atoms, each having two energy evels E and E2 (E >E ) N, and |
?NQ are the respective numbers (or densities) of atoms 1n states 1 and,-
f2 The stimulated transition probabilities sz, Sz, were assumed |
;proportional “to the thermal eouilibrium radiation dens1ty uhich is

’given by the Base Linstein statistics. -»5”;v'ﬁt

V(wo)fgf“w\“ ’ﬁwV R per unit frequency 2 (1)
L T2, 'Kw/LT S TR R R N
L u__;~? 2 ( : l)
Let” ‘,S_vxlz'-'_':,-ﬁBxczW(Wo)
S oBprE Bﬁw(w )

’whérei53é?ns is the atimulated absorbtion‘“robability. J{,,’M“' e
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fThe number of'stimulated transitions pef1second.from,state'l to state~<~

2 is ‘ - di
B, W(wO)N ~and from state 2 to 1.

By w(wO)N

Einstein added a second emission. term Azx N independent of thermal .

fields, which he termed spontaneous emission. Einstein did not

however,zinclude in hlS analy31s any non-radiative phonon transitions:g

which we shall add iater, In the steady state, emission and absorotion

rates are equal: _ v
B V(W ), = BZ,W(W )N + 1x,2,1\12 - (e-2)
At equilibrium N and Ny, the den31ties of states should be thermo-

- dynamically related. v Bolizman Distribution applies requiring

: Ez-E! ‘
) Nx = e‘.f LT
N o _(2-3)
Inserting this to (2-2}, we»get' v ‘
W(vwg) = A o (2-4)
' E -Ep o . f
Byge - le

j At equilibrium, we must assume - that the only radiation present is

thermal. Thus the radiant energy density must,satisfy the planeks,,

law, given by (2-1). Therefore, equationp(1)‘andoequation_(4);'

should be equal, giv1ng

‘sz- B ;2= B (2- 5)
and A . ﬂw ‘
B q*c? - (2 &)

“The stimulated emission and absorbtion probabilities Bor and
sz are equal as expected The spontaneous emission coefficient Azr
is directly related to stimulated emiSSion coefficient B

gtimulated enission . BW(wg) = 1 : (2_7)
pontaneous emissionv A hu /kT lf

-

thermal photons in the cavity mode
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“;i Since the spontaneous emission o equals to the stimulated emis51o*
jdivided by the number of photons whicn produce it spontaneous emissionv
Zis just that which.would be produced by a single photon in the caVity f
mote. . ':ia L e s

From (2- 6) we see that the spontaneous emission probability is
proportional to the cube of emission frequency.u Consequently, :"“’
”spontaneous em1531on becomes very 1mportant at optical wavelengthsltre}
“It lS by this vay the excited state electrons relax to a lower state. B
Since AZ, is the prooability of spontaneous emission per second, 1+s ‘f

freciprocal is the upper state 1ife time ' This "natural life time ,.ff

'as the optical spectropists call 1t Wlll play quite an 1mportant5role'

;”1n our discuss1ons later on.j% f*ft”‘ | |
As we have remarked above, Einstein did not cons1der the phoncn.v
'induced transitions.‘ This process along w1th spontaneous emissionsij
;reduce the denSity of higher states without producing useful output
.radiation. - 7 i" '” S | ; “A "i
Let Pxi denote the probability per unit time of -an atom in state :
i, making a phonon induced transition to state 2 and Pzzqthe converse
iprobability of a 2->l tran51tlon.. Then, for thermal equilibrium,og_sl
:equating em1351on to absorbtion, we have » = o B
NZBX,ZW(W) + AN, + PmNQ - NmeV(w) + PmN, (2 8)

iby extending this to. a non-equilibrium situation and calling

‘SIQ, BIQW(W) which ise the stimulated absorbtion probability we have

" Nz_  Si+Pi _ N (2 9)
Nx . Am+5x +P21 R

As the in01dent radiation i e., Sy is increased,‘the ratio NZ/N

oo . '\‘\
increases from 1ts equillbrium value to approach unity.~ However,;tj

even with infinitely 1ntense radiatlon, it is impossible to make N )ﬂ,

3we can at best have N N,.'



emissive. This,non;equllbrlum 31tuation in which N‘)N is termed

jBolthan Distribution:

‘to be‘EEgative for this to happen.
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We may determine the rate of energy absorbtion by a set of N elect-

rons of which N, and Nr are in states 2 and l respectively : Since.

Sz1N; per second will begin a transition E e»E while SQINI wi]l begin

a transition E, —>E thus, the energy aosorbed per second by the entlred
system is: , ” |

P absorbed = siQ(Nx;Nz)'hxqo o (e- "10)' el

As long as we'heve Nx)N s radlation w1ll be absorbed but after
Nx = N there ‘11 be no absorbtlon Thus, by external inc1dent d
radlatlon, N cannot be made- greater than‘N,, a result which is also
confirmed by eq. (2-9). Ilet usAsuppose~§het by some'means we'echieved'i
a system in which N,)N . In this case, we shall~haue negative‘:, -

absorbtion or in other words, the pover from-the.System will be
populatioh inversion or negative temperature because the normel:

N, _ (E -E;)/kT ‘will be reversed and from the equation, T has
N, =~ e ' . , o '
An incident. electromagnetic rediation of the energy-gap'frequency |

can be magnified by adding to itself the emission power. Im other )

words, the phocons coming to this active region will stimulate the'

atoms from the exclted state to the ground state, thus they w:Ll1
increase in number which is an amplification process., »

B. Requirements for Laser Operation

From the aoove discussion, ve can draw the requirements for the‘v
essential elements of a laser or a maser o g |
| d 1. Akpair of enervy levels E )E spaced by ‘the deelred photon

energy with a snrongly radiatlve trans1tion knot highly susceptible

to release of energy via phonons )
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v2. Means for elevating electrons into the upper state in 1arge
qumbers via a. path other than ‘direct. stlmulated em1531on.
- 3. Electromagnetic system capable of retaining with low losses
photons of . eneroy (EZ-EI). | | |
4, Means for,bringing useful‘electrons.into the radiation’field.
| 5. ‘The‘system,mey require drainihg atoms out of the 1ower |
tefminus state, a process named depopulation. Also; in systems that s
require pumpihg-i.e. population inversion,‘by externally appiied |
electromagnetic field, more thah_two states, a third state,-even ae,
fourtﬁ'state is iﬁvolved; which gives us three and four levellmesers
respectively‘ |

C LASER SYSTEMS

Now that we have an idea of the requlrements of laser operation,
1et us see the methods of achiev1ng such a system,

“Pirst, we shall examine the method of obtaining populatlon
inversion by external radiatlon. By eq. (2-9),_we see that in a two-
level system, this 1s 1mpossib1e.' However, if’we.have a'three-level
system, we could cause populatlon inversion between the relatlve
populations of a palr of levels, ‘ |
E:;,- At thermal equilib--

Let us-take a three-levelvsystem,EI; Eé,

rium, the popﬁlations Ny, N, and Ny is given by theoBoltzmen Distrib-.

ution: AE 4 o _8Ea,
‘ . T . . kT
Ha.e X" and MNeze -
W, L . N, @ : 2-(11)

and shown in Fig. (1) where @AE)nm - En - Em
Assumlng that 0AE)2,~< (BE) 5y KT and expandlng the exponents

into series and retain the flr 5t order terms ve get
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By Bo @y
A o output 1N 7 |
E i o : VSZ : I\ | k
- Eq ‘ =3 V: /: !
A (NI
{ | pume / } !
o { Vf_:,l\ 1 1
- Loy 1. 1
£ bt c C L
' ) |~ B }
Ng Np - v N N o ,HgNQ_ n=ny ‘NI |
' . Populatiohn Fle-2 -1 b ’ P°P‘*(éf‘§n
Three. \evel sqdem in thermal  Equilibriom (AE)a; o
Fie 2 ~la : . ‘ﬂg: Ny [1 - kT ] 2 - (12)
- Es L W,= Ny [1 - KT ] 2-(13)
| } » let us now subject this systom
CPYMp — | -
*f““W°“1 | “to an electromagnetic field whose
o | L o
}%f =  ~ frequency satisfies the condition
| N | hl{; = (AE)31
. 1 . L v | I
cobpor B || 7 'T(o and whose intensity is such that the
'_2 E & €ZZazxao/Ak — o transitions,from E, to Eé.is satur-
: ="y No M, M ated i.e. according to (2 9) the
. Three Level. sqsfem in neqa-hve -~
+emperanuu stute . , populations of the levels E, and E3
_ S Fle-2 =lc ‘ | ,
are equal Thuq we can write A
o ' E)a ’ .
h::n”N""N?""Nx (- ' - ().

-where n, and Ny denote the new values of populatlon 1evels 1 and 3.

Now, from eq. (2 10) we know that the condition system to be

Iemissive is that the higher energy level populatlon should exceed the
._1ower 1eve1 population Thereforp if we have tho population N, of

"the middie level ulffer from n, : rL" *v.e.rr N,>n or N, 4N, we shall

5‘-.

have emis ion.
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l. To utilize the tzan81tions between levels 2 and 3 for amplifi;l
*ation, we should have "3>N2 (nig 2b) substituting from eqs. (13) and i
(l&), we get | fﬁz o R e e
AE)3, 7 (AE 21 [ 2 (15) | Y
This ‘means that energy level Exz(the middle level) should be nearer to;
level E6 (the top level) than to E, (vround leveD ' Also the frequencv~f
Jé; of . the external field (called the pumping field because of the i
obvious analogy to a water pump) 1@, should exceed the frequency of
;the signal (the wave . to be amplified .as depicted by Fig..lb) by more “f
than a. factor of two.:{eﬁ[vj'i'\ ; o o '7_ ' 1 ;

lh2} If we want to utilize the transitions between.2 and 1 that 1e
_We want to amplify a. Signal of frequency 1@,, we have to have sznq |
{which gives | | !J» y; ER - } . 1' e
e, < <m:)3, <16> BRI
In this case, level 2 has to be closer to level 1 than to level 3 "' |
Again, the pump frequency should exceed the pumping field by a factor
of two.: (Fig. 2¢) E | P "'7 .

_ Uhat we have done up to now is the result of mathematical mani—h
ulations. Let us see what pnysical limitations these conditions f;,(
1mpose. B | ~, , | A' 4 T, v V,,q” .‘

First and most important is the method of population inversion.‘

Usually, electrons are- pumped lrom the lower level to the hidher one ‘

by optical pumping This limits the character of the energy level Es;f;
If Es were a sharp line it would be imp0531ble to cause the electrons'_?
to make transitions from E, to E3 as this would require a’ frequency

£SE as sharp as the line, o ordinarJ source can meet such a: £§7 2

requirement Therefore, level E5 mu“t be reasonably broad band so that

conventional sources can be used to oump electrons to higher levels..yz
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| 'Secohdly, the time the eleotron spends in>the energy'leVels is -
important. If the electron that ve have pumped to an excited state
drops down back to Ex instantly, we shal1 not be able to achieve pop-
ulation inversion. Thus, the relaxation time between 1evels 1 and 3
should be suffic1ent1y large, otherwise large power 1evels are
required to saturate,the levels EI and E;. This high pump power 1s
undesirable for many reasons) the most important being, low efficiency]

Also, the relaxation times (4})32'and (T;) 21 should'satisfy'somer

definite conditions. If the relaxation time betweeh levels 1 and 2 -

is large, the population of level 2 will start to increaseAahd the

difference-in‘population (ns-né) will decrease. This is an undesir-
able effect whioh reduces the emissive power, vThe inverse is also tru
a short relaxation (4})2i assures the transitions of spentratoms from
level 2 to 1 returning the system to its initial state. This is like
filling the reservoir from which we can draw the atoms‘to,be pumped‘to
'a'higher state. An increase in this population allows one to obtain,
at saturation, a large population ny of the third level., It is obviou
.that an increase in n, and decrease in. h2 w111 favorably effect the
performance of the laser. Thus, for the laser-represented 1n}Fig. 2b,
we should have (7; ) s, >(‘rz,_ ) 7 |

‘Aaa]Ogous reasoning applies also for Fig. 2c. Here, the require-
ment is'tbat the. relaxation time (4})32 be shorter than the relaxation
.time (’f 2; . | | v _

~The relaxatlon time (4’2) for - Fig 2t should be sufflciently 1onn
‘If this 1s not so, ‘the number of non-radiative transitions from 3—%»2
will ‘be large. ,Again, this will cause a decrease in population N4 an
'an increase in the populatlon of the second level ',The‘differeﬁce' |

n5<— nzxdjj decrease and once more, we shall have inefiicient perfor

mance.'
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- Besides three 1evel lasers, four 1eve1 1asers can be also achleved
‘and in- this case, the restrictions on the system parameters can be |
relieved o o
v‘ Comparison between sohemes of Pig. 2b and 2c favodrs that of 2c.v>
:The radiation emltted from 2b is lnherently broad band because level
E is broad band whereas that of 2c is coherent beoause the transitioue
are made between sharp. energy leVels | | ey

D. Examples-of Lae__ L N .
o L 1. Ruby Laser C>

The best example of a working_-‘

3‘ » — ’if: effff{three 1evel SYStem iS the p1nk ruby

\ }’ L f;7}v;;drh‘f'This material is Al O with about ;

A | — | 2 y-f o 057 crt3 embedded in it T‘rf'x'e,.f"’_f :
_}%”MP o ‘f{;'eh' j»‘»'.i,”f‘benelgy levels used for 1aser action %
Vs'q'ff‘?‘j. o "-v-f_“;are that of Crt3. Because the. -

Z | v ffﬂ;' :effconcentrational Cr 3 1s 1ow,,the 3
Enaqq Levels OF Cr» ;;EALQoB ,4}”energy 1evels of the free atoms are |
(Pmk R“hf> . f;?;‘ ' fs<snot dlstorted into bands, but retainf

Filc -2 -2 . o |
S : PR ;,k‘;their shape The energy levels of

"¢f+3 ishdepicted‘invFigA 22, The flnal level is a broad energy band
;ultable for optical nunplng The pumping 1s done by intense green "é
dlight (5000 R) focused on ruby, whlch excites chromium ions to level 34
kThe life time in the excited staee 1s Very short and ions drop back to
d2 by a non-radiative transitlon The trans ition form 2 to 1is from f%

meta stable state (relaxation tlme 4’ 1arge),‘the~atoms drop frem»Qﬁ
this 1evel to the lower'one radiating a bright red §69u3);3:i;ght:“;

q:>lp~ . Lo e

2. Helium-Neon Ga" Laser o | |
Although the evc ion method in gas lasers is not onxical
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pumping, it w1ll be of 1nterest to touch ‘

In all gas 1asers, there are two gases whose excited energy 1evels
are close to each other. One of the gases, 1et us say gas A, cannot '
relax to a lower state by radiative processes, but only through a:
COlliSlOn with an atom of another gas.- If the atom of this gas can.tlp3
make transitions radiatively, we shall have emission of radiation.i5“xil

This principle is applied in the He Nexi 1aser., The Helium-Neon
atoms are. exposed to an ion1z1ng radio frequency voltage This excites
Helium atoms. Excited Helium atoms collide with neon atoms transfer-j
ring their energy to these The excited neon atoms drop back to ground
state emitting radiation.' j / | ‘ Ll - -

'E. Gain, Power, Threshold Relations |

| Consider a wave with 1ntensity Io impring-,"

B ZZZZZZZZZZZZZ%. [p ing on an active medium., This medium is in’ theV
L S ‘

+¢>vAtﬁVQ Medwm 'fstate of inverted population appr priate for

_~ZZZZZZZZZZZZZZ; i laser operation.' After travelling a distance>{t-

‘ . “x, the wave will have an 1ntensity given by
Fle 2.3 0 I = IQfe; R (2 "‘17 )

fwhere a.is the absorbtion or attenuation cons- .

X

tant. Thetpart of‘ ’which is due to transitions between Ex and EQ
(the energy levels where the laser action takes plane) is given by (8)

a) = (%3 w.(gz/;?_o SN Ay (2 - 18)

7‘2 wave-length in‘ Vaeuum

A = indox of. rezraction

gi;;gé'= statistical weiﬂhts of upper and lower levels"
, , 5

;NQ;,N;'=‘number of atoms/cm in upper and lower states

| ;1ifetime of spontaneous emission from level 2~-1;:

-
LY
<.

‘ 18]

_normalized line shape fg(’ll)d?- l
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’;rg- frequency of radiation ‘%%":;a&

-,

The absorbtion constant due to a particular line that can gi"

rise to spontaneous and stimulated emiss1on is at the frequency }g,‘ ]
1 where g()ﬂ is the largest, and where A(y) is at its maximum given by o
A A]’ here is the width of the emission 1ine at half intensitv

‘ As far as equation (2-- 17) and (2 -=18) goes, 1et us see what
the conditions that will make laser action easy will be.r' 7;»4‘ '

“'F?ffl.' As can be seen from (2j- 18),,it will be easiest to use a

system that has narrow spontaneous emission i ei?A(lL) 1arge..

';' When lasing takes place, absorbtion constant will be negative

4 From eo (2 - 17) we see that the intensity of the wave w111 be;A
dependent on the length of the path the beam traverses.. Considering
the values of'd.which is quite small, we shall have to have unreason-i?
able 1engths to have anpreciable amplification. Since this is‘ _
physically imPOSSible, the active region is made part of fabry-perot
caVity. The end plates are made parallel and reflecting so that light
resonates back and forth inducing transition from level 2--1 '
Since a fabry-parot cavity is used, only an 1ntegra1 number of
Vave lengths can fit betueen reflectors :ll;tl”-'ﬁf ’

o a2 & 2L (27- 10)
“r”:;,nt.'«_ T’- -

As we have mentioned earlier, to achieve laser action aLhas to bs
negative, but it must also be larger than certain magnitudes This

requirement is not something unique,f every system in which ampli—f 2

fication takes place, the amplification factor should be large enough

to take care of the losses.; Here we have end and interna1 losses.»x_
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R = the reflectivity of the'waiisffrom5insideothe‘eotive'fégionnefj

@
no

the volume losses

the value of " just at the threshold after which amplification
takes place. . Lol ' 'i '
Here, the condition for threshold is that overall volume gain of theiiﬁo

wave will Just make up for the end, and other 1osses."'

Thus, o
-O(t -(5 )L : ‘
Rve. l - (2 - 20) | |
t is a neaative number, since we have population inversion.i,ix
_ L ‘ )
-% P' - L‘R; | (2 —‘21)

The power required at threshold will be given..f f'
WV o (2 -22
) Pt)/ijrz 4 ) (¢ ) g
using (2 - 21) and. (2 - 22), orie finds for the approximation N,= o

”Pt) 81Tth,,J/3AV ( LnR
_ n'ch'.“' i » E (2-23)

Hwhere’q quantum effioiency photons at h?’emitted/photon absorbed

"’R ,)

From this discuss1on,‘we see that only population inversion is i,‘
not enough for 1asing, but (N - N ) should have a certain minimum

magnitude to take cere of the losses before emission can take place.‘*n
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SEMI-—CONDUCTOR LASERS
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1. SEMI- conmucron LASERS

”*fffAy‘ Introduction,?f;.lb

Hav1ng dealt w1th the basic theory of laser operation, let us"now"

ilook for materials in which laser action can be achieved The first

fcriteria would be the presence of a pair of energy levels among whichff

:population inversionican be obtained In He Ne gas lasers and ruby

zlasers, the optical transitions reSponsible for the coherent light

femiSSion take place between energy levels that"are similar to those’offv

eree atoms. They are sharply defined in energy‘and the energy levels: n

;are quantized.: By using the techniques that we have discussed in the* |

”these levels and laSing haﬂfbeen obtained

Let us: brieflyjre"iew the energy level diagram of crystalline ER

:?sollds. An electro ' n;a crystal is not in the force field of " a singlej

?atom,. but ratherf{nithe penoch potential field of many uniformly

1Because of this interaction, each energy state of

';distributed atomsj_
-fthe single atom is split into afmultitude of quasi continuous band—,-f"

llike energy states._ This splitting becomes more pronounced as tne ;f;?

1atoms are spaced more closely.

Thus, if we were to draw the familiar band picture, we would fafﬁ

fhave allowed and forbidden energy ranges.p This picture provides a {;;g

'}useful explanation of electronic conduction. k}rom this point of v1ew’-
;lwe can divide the SOlidc‘intO 3 groups : Insulators, conductors, and

semi conductors.‘ In 1nsulators, the lower energy range is full with

féelectrons and the upper band has no electronsldehe forbidden band;isi"

vtalso verv 1arpe (about 20 eV) It is very improbable for the electronQ
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lto make tran31tion° from the lower band to the hlpher band In conduc-l

otors, these bands are located 30 closely to each other so that they 1i;t

,overlap and the electron can occupy a large range of energy 1eve155“7 :

fsemi conductors, the bands retain their identity, but the energy‘gaf

fnot SO 1arge [about (l 3 ev)}

f7 The probability of tran51tion across the forbidden gap icmreason—i
fable . In fact thﬁs is responsible *or the conduction 1n intrinsic :
semi—conductors. Here, a. question might arise Can we induce these
“transitions by photons°’ The positive answer to this question might
imake laser action in semi conductors p0881ble To solve the problemgi;'
;let us. look at the optical properties of semi-conductors | i
| Optical Properties of Semi-conductors ff?f*dvi; |

To determine the properties of semi-conductors, usually four l'ifgl
Apphenomena are studiedvi' | | s e
- ’fl; fAbsorbtion
ri¢;2.i,Reflectlon ' k
]g;L3;ffPhoto conductivity PR )

. i@, ;Emi sion n"'f7fa‘}ffjkki?l~1dllf'oifdii”ﬂr‘ii;?::'cdl‘ -,sf-'

'.gForaour nurposes, the most important processes are absorbtion and
ryémisSiOn Absorbtion comes from four main processes | o “ |
| d,fﬂlr.-Tran31tlons between bands | . | _ "W _

Jziv2:i;Exc1tation and ionization levels cof impurlties

?3,;,Excitation of lattice v1brations f |
*iﬁ,chree carrier absorbtion S BRI .

_ process (1) 1s only eflective at frequenciesj/ such that roughly.~
hV}AE AE be:mg the forbidden gap.. This turns out to be f‘or wave-— o
11engths shorter than. 10 pm i:" V A,;' 7. f‘ r ” l : .

All the other processes take place at larger wavelengths and do f’

}:not interest us for the pnrposes oi this paner 5"
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‘ -
We have learned that at frequencies around 1nfrared we have | %
'absorbtlon caused by tran51tions bétween bands. This was what we ‘are i
looklng for Therefore,’it shall be useful to analyze the swtuatiorl“é
| Intuitlvely, ve can see that thls is a process in which an elect1d
is raised usually from the valence band to the conductlon band by the.
absorbtlon of a s1ngle photon,
1. Direco Interband Tran31tions‘
Let Ev(k)‘. energy of an electron in valence band
_Ec(k‘) | energyrofvan-electron in conduction band~"

where k and k! are wave vectors

k . 2T
A | N
The conservation of momentum will then give ,é
v . v |
Be(k') - B(x) = 0¥ 3.(1) |
|
o

AIf the 1ncident photon has a ‘wave vector K, it has a momentum

nk  klK[=h 2W
o 7\}"

The nrincipie of conservation of crystal momentum gives
R 3 - (2) '

\It is one of the basic properties of the crystal momentum that
it is conserved in a transition or collis1on).‘ Since the transitions
that we deal with occur in the infrared A is large compared to lattice
parameters end thus K can be negiected with respect took and k. Then
eéuaﬁion‘3 - (2) BecOmes | |

ko= K - (3) | o
which means that the wave vector does not - change by the transition'e{g
The process is called a vertlcal Lrans1tion The reason for thls is
is not dlfflcth to understand Fig. l shows the energy picture of aé

dlrect seml conductor (1 e. those semi corducbors in which 1owest
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llfconductlon band minimum and highestlvalence‘
'aband maalmum ‘are. at the same wave vector in the
.\Brullloin zone) An electron makes a transition
from the valence band to conductlon band w1thout
V»changlng the k vector Thus, the traneltion 1s

' vertical. The tran31tion probability is zero.

if hV<AE and (hJ/ AE) if‘ hV}AE This can

be calculated by means of the flrst order ~f:f .

'gfperturoatlon probability.

- Fie Bl ".'b'h We should emphasize one point The’elec4'7
: Enegq picture of ‘a L

Direct Sanwondudnr o _ tron w1ll not Jump from valence to corduction"

'band unless the frequency of the radiatlon 1s greater than the band
gap frequency | | 4 '
When such a tran51tlon takes place, a freeenectron and a hole are
| created near each other and thev 1nteract with a coulomb force. This
winteraction has important consequences There is-a~possibility that
the electron and the- hole are. bound together w1th a small but flnite'

+

energy. Sucb a comblnation is called an excitron ?hnlpcu;;;t ol

2. Indirect Interband Tr nsitions ‘ |

in contrast with direc+ semi~conductors,b
we have 1ndirect semleconductors where,the S
'ﬁ.extrema of conduction and valence bands are at_'
different'uave Vectora as;shounfin Flg;-2.,

‘Here we cannot have vertical transitions.

. In order to satlsfy the conservation‘of momentum

we must introduce another quantity, the.phonon;

e 2.2
Energqy picture of an
Ir\dtr*ecf' semlcor\ducfor-

* which is'duantized lattice vibrationﬂor heat.
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_Calling the wave vector of phonon d, then . E I :
S KL+ q=%k+ K. ?51“ (3»- 4) if the’ phonon is emitted,'or v}
_k k+q + k '= ;}?;:1 (3 ~~5) if the phonon is absorbed L
| Before gOing on- further, leu us recapitulate on the two type
tran51tions we have seen. 2 ' ‘ R
' Suppose we are capable of achievinc population inversion in-theuﬁ
’two types of semi- conductors we have seen. Which one should we ch00se }
as the more efiicient system from the point of view of laser action?
' Because the tranSitions between levels is only a photon process;
direct semi-conductors should be chosen.n Transitions in indirect
'semi conductors are ineffiCient processes from laser point of View
because of the emis51on or a phonon." k
It seems once we have the electron in the conduction band, it
'shall have to fall to the 1ower level accompanied by an emission of a
photon., The process is not so simple and does not oceur in all direct
osemi;conductors.- This was the reason why emission of photon was not
experimentally detectea in normal semi-conductors in early 1950 Thisv
observation was - then attributed to the fact that: the requirement of
conservation of the wave vector k permits only a single state of the
valence band to serve as final state for the transition.’ It is R
extremely 1mprobable that Just. this state 1s unoccupied In orderlp

.that such a Situation to occur, we must have defects in the crystal.v

'C,* Population Inver31on in Semi conductors
Havim7 seen the absorbtion side of the story, we are ready to oﬂ'
,evaluate the other side em1551on. However,’since our aim is not

achieve spontaneous emission but stimulated emiSSion, let us consider j
the concept of population inversion in semi—conductors.ﬁ ‘ f

Let E, and E be two certain levels of semi conductor situated in
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'alence and conduction bands respectlvely,_ and let f(E) describe the
‘unction of distribution of electrons by energy levels. Then, for the
:ondition of population inversion between levels E; and le, we havell

f(EZ)> £(E,) - 52 (6) V | |

- But, the distribution functlon f(E,) is related to f(Ex) In facf

she first is the dlstribution of electrons and second is that of the ,
1dMs,mm | )

fp(E) = 1 - £o(B) |
Thus, equation 3 - (7) becomes

( ,) + L (E ) > 1 .3 - (8) . | ’
This calls for at least one of the levels (electrons or holes)

to be degenarated However, equation 3 - (8) holds only for dlrect

transitions. In addition, the familiar fermi distributions of electrons

and noles'contradictg eq. 3 - (8). Thus, the equation;represents
populatidnvinversiOn. In order to fulflll the condition 3 - (8), we
must over- populate the upper level w1th respect to the lower level

_As we shall see later on, thisscan be‘done by (electric current‘
fast electrons or‘optical)pumping;'.H0wever, if - we takefthé‘individuel’
levels 1 - 2, neglecting others, then we shall not be able to achieve ’
negative temperatures in any way. Only simultaneous excitatlon of
several enerby levels of the semi- conductor (a number of levels of the
excitation and valency bands) will lead to population 1nver31on. In
order to make our follow1ng discussion eaSier, let us now introduce the
concent of quas1 fermi levels : v |

Under eouilibrium conditions, the probability of a. state with

energy E. beinrr occupied is given by Fermi~Dirac statistics

£f= 1 e F fermi energy level
»(E—F)/RT. | |
Tl 4+ e :
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vtype semi-conductor and if they come - to equilibrium among themselvesf!
iin a time short, compared to the minority carrier lifetime, fhen the_if:

-probability of an electron occupying a state in- the conduction band is

I R ST 3 - (9)
T '.,(Ec?FC)/iiT I
'where F ‘ quasi fermi level for electrons in the conduction band

-To show the 1dea more clearly,let'us take an 1ntrinsic semi-conductor

},“probleniwe dealt with in-.the preceding section.i The resultant

A similar expre081on holds for holes in the valence band

and draw its energy_picturevas iniEig,l3,7 3,.'_¢;~'sncu 1*"‘; f<*k:*f

Eq,ui‘hbr‘.nm’ S inverted T=o .Ain\)grfe:d‘f"fr >o_

Y U IS

el

- Band B o

| Filled stafes

o (a) S 4 (b) : (c)
Fla 3.3 Ener*cH Dlaqrams —Por- Cm lm‘r-msac. Sermconducior' _

‘The first: figure depicts the semi conductor at thermo-dynamic

qulllbrium, with & forbidden gap width Eg.‘, at T = 0. Ifa light wave_’,

of. energy h)/ Wa is" 1ncident on the crystal electrons will be maklng

tranSitions from valence band to conduction band' exactly the same :;;

situetion iskgiven-by'Fig. b, 1he valence band is filled with 5 g
| A G \Q\ unwaasms\ KU
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or empty of electrons down to level Ey and the cdnductidﬁrsand ls fdll'
with electrons up to E=‘(tﬁe quasi-fermi energy levels for holeS'aﬁd.“
electrons). Now, photons with energy hl’sucb that Eg < hP’( (F F
will cause downward: tran31tions, and hence, stlmulated emiSSLOn. As

| can be expected at a. finite temperature, there,w1ll not be a sharp"

| energy d*stinction'between Pilled and unfilled stafes However, the
distributions of carrlers w1ll be smeared as 1n Fig. 1¢, as desorlbed bd
the equation 3 - (3). It is still possible to give conditions for
stimulated emiSSion.e’However, a question might arise. Equation 3-:(Q)
descrlbes a SJstem which is thermodynamlcally an equilibrium situation,
However, Fig. 3 is a non-equilibrium situation: Overall thermal
equilibrium does not exisf; of course, but-we assume that in’ a‘g;vens
energy band, -the carrlers will be in thermal equilibriﬁm with each
other. | | ‘

Heving thevenergy levels’to.work with, let us retﬁrn to'the,pop?
ulation inversion and determine the physicdl conditiOns for:this“to
ﬁaﬁpen; In the inversion regiohg the absorbed and emitted,fadiation
quaﬁta'are givenrby. E : | |

Taps. = A Sve fv(l-fe) p() - 3-(10)

remit.z A Sev Lo(l-fy) p) 3 (1)
. Wwhere Svc,- SCV the probablllty per unit time for a transitlon
between a state in the valence band and a state in the conductlon;band_
separated by h¥ | |
| | FCV) density of states at energy h | | |

A = a constant contalnlng the. density of- states in valence and
conduction bands | |

fo and Ty = probabllity of. a state being occupied in’ the conduc~

tion and valence bands resPeCuiJely and are given by 3 - (9)
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;belng an electron in the valence band that can absorb the quantum in
fthe presence of an empty state in the conduction band i e. the number i
fis clearly proportlonal to fc (l'in) For the emitted radiation, thee_f
:same principle can be applied : ' b‘ g ; | L ”
h:f[ For the em1551on to exceed absorbtion,.welmesb have‘f~{5-5:iﬂ
ﬂSubetltutlng the value of fc and f in equation (9), this conditlon

Jbecomes _},' o

ﬁbut Ec ;iEvg- Eg the band gap energy'k
4or-from absorbuion phenomena, we can say that~

&and equation 3 = (12) becomes 5,' i

.'-'; ‘FV7 y o3 (13)

“1eve1s of conduction and valenee bands tolthe“(

ot

)emlt > rabs.

(E F )/k'r ('
._,1+

F>Ec"'Fc

Whau equation 3 —5(12) does, 1s to relat‘ the quasi ferml energy f

nergy gap. In other i

words, it dlCuateS the doolng levels in P—N Junctlons necessary for,

1aser action.' Slnce Fc —J:y cannot be greaterf}han the built in
voltage, the conditlon can be stated as thebfullt 1n voltage mu t be
greater than h)/or the energy gap, which meane,awdegenerate junction

llke that of a Tunnel dlode.v,:[:‘)”
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- D. MEthods of ux01tatlon

1, Injectlon of Current ”»:f-":"

- Let us take a seml conductor Junction as we have described in tne§

ipreceding Section zfifinf*w .t§3ZZ7”

Ve |

4%ZZZZZZZZZi;d;¥;’;} <

ol % 8+u+es -ﬁllled 1a '\__ IHVGrsldh rcguon s
/ . elecfrons R 4 b o E P i

—= SO N |
s : - - ===

D A o ! n-
rejflechhg o vSC'_(‘:Wédh‘ gld_@ L 3

L

The seml—conductor on the left ls doped with: donor impurities _ 3

S

dthat make it a degenerately n- type, that is, there are enough clectron
“added by the impuritles to flll the conductlon band up to the fermi '
'level E. On the rlphf hand 51de, acceptor impurlties are added, Whlc
ideplete electrons Prom the valence band. In other words, add holes' d

ddown to Pnergy F.

whlch prevents further ourrcpt flow. As discussed in the previous fddl
sectlon, thls built-ln voltage 1s greater than tne band dap, as shown

“in Flg 3 -4a, In Lact “this plcture is 1dentlcal to that of a Tunnel

-dlode An applicatlon of voltage, in the forward dlrectlon, with a |
magnltude in the order'of me eneré,y gap, 50 as ‘fo remove this Voltagef;

,resulfs in the Pigurc Gf 3 &b Upon removal of this Dotentlal VB,;,
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iconcentration of minority carriers near the junction increases

fgother words as’ can be seen lrom the fivure, electrons 1n the conduc

rtion band and holcs in the valence band EYiSt in the transinion regio

fTElectrons drop from the conduction band to an emptylstate 1n the”"

;valence band and emit photons of energy, aporoxima elv eoualbto'n

}In actual Junctions, there are 1mpurity levelfzﬂflthe gap near:rheih'nd

;edges,,and the photon eneroy can be less than Egag‘It'i_falso'possible

»’to have holes flow to uhe n side,.where theynrecombine Wit.:vﬁff,;”f**

EThe pre-dominant process is determined by relative impurity densitieﬁ
fthe carrier lifetimes -and’ carrier mobilities. In any case, we shall
rhave a region in which population 1nvers10n can be achieved by high
?fenough a. voltage.r Because the region is usually qui e thin, the‘*“

';maximum optlcal gain 0ver a reasonable distance will be in the planefﬂf

“iof the Junction.‘ It 1s deSirable to take advantage of this fact by ffp
consiructing a resonant structure such as a Fabry Parot strucfure, as
f;shown in Fig. 40.,'This method was also discussed in one of the nre-é?v

?v1ous sections

The phenomenon associated’is‘not new, even in normal semi conduc-'
stor junctions, the nroblem of recombination 1s encountered but unlike
;fin thau case, radiative recombination is encouraged in this case -

Before we go on’ to other methods of exc1cation, let us briefly
“see.some pronerties of 1njection excitation.: The current density

*(electron component) is equal by order of magnitude to
| | e EELI ST
[ZA
e; ,
-—(-——H s an

“swhere D. is the dixfus1on coeff’cient flﬁéfj'°‘”

‘v"Lf: diffusion length_l*@_~,”' RN . L
Mi,_\’onb;”. e]ectpop dsn:ity in the p part of ihe semi-conductor
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4n'analysie of this relation shous us that current density dec-;;g
reéSes with the'increése of degeneration and with 1ower1ng the tempere}
ature of’the sample. '
" From the discussionlin‘paft II D, we knbw that there is a thresh¥ 
hpld of laser Operation. Only after this value lasing occurs.-‘If'bﬁef

were to write the efficiency relation for the semi conductor laser, i

= Optical Power Output - jiu;(:f To) - (3 -115)
Electrical Power Input e(.PI o
where IO threshold current of which lasing starts
I tocal current passing through the sample
Y total voltage which is supplied to the sample.

4If the condition of threshold 1s well-exceeded fhat the eff1c1eny of
such generators approach unity, |

P-N junction is a very'eonvenient methed of pumping e’eemi~ ‘
conductor laser meterial, but it gives rise to some difficult problems
ih materialsf’preparation.and structure fabrication. As we have
discussed before, the semi-conductor junction should be degenefefelyb
' dopedvinvﬁoth gides of‘thevjunction,since a goed SOuree‘Of holeS'aﬁde
electroﬁs will Ee‘néeded. Many-semi-qbnductors cqnnot be doped use-
fu}ly,both n-type and'p-type.

2. ' Eleéctron Beam Pumping (12), (1)

Utilization of the electiron beam for the excitation of semi-
conductor; as differed from the previou% methods, makes it possibleb
to attain the states with neﬂatlve temperatures for the semi- conduc—
vtors with & dlfferent w1dth of the forbidden band, 1.e.rto obtain
generatlon from an 1nfrared reﬁion to the ultraviolet, The limit |
energy output at theelectron excitatlon can be calculated under the

.assumptlon that process of the electron hole multlplication for -
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carrlers Wlth energy su11301ent foz production palr is the fastest of

all proceuses. ' ~‘_.f = ‘:;if*

In this method, a oeam of hlgh enervy electrons, 20 kV or greater:»

is directed at a flat face of the semi conductor sample._.~i' L

‘ Tnese electronQ penetrate several mlcrons 1nto the materia1 1‘T~7~

'dependlng on the energy and lose a large fraction of energy by creeblng

many low enervy electron-nole palrs‘» It takes . about two to four times
the enevgy gap to create an QIECurOH hole pair,_so that about 1014
electrons and holes are created per inc1dent electron They"decay ton

conductlon and valence band energles and form 1nverted population

ref[ecﬁnq 7S o Cohereanadlafton .
- Surfoes. N

‘ e(ecﬁ'on'
Beam

,fse,;,;gonducer sample. PU'“P’”‘I
Cohereﬁt redlatlo : mitted pernendicular to the reflectlng ende,: N
,as shown in Flg 3= 5 = '
- 3. Optlcal pumplng (1?) e
R Hefe, seml-conductor 1s eycited with a radiatlon whose energy iqv;
larger than tne band gao a" we have diecussed The situation is ff?
1dent10al to that of electron pumplng |
‘M. Avalance Tngection Methode i | o e
: If the electrons or holes in a. semi conductor are accelerated LO

rsufficiently high,enelby by an e]ectrlc field they can 1onize on':

3F—|G;3 5’ Eiec‘h’a'h Beam:; |
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electron across the energy gap and thus produce electron—hole pairs. fﬁ;l
This process which is called the avalanchebreak down has been prepared-”
'~‘;as a method of obtalnlng populatlon

-“5v1nversion in seml conductors.f'v"” L

However, there are dlfficul 1es

hrﬂ*associated with the scheme. 1 a

bulk crystal is used, the carriers _f\

P

":.5;w1ll be very hot and they cannot

'ﬁfoorm a degenerate dlstribution

‘;~Qeﬂaﬁﬁqéﬁds-,__ » ?T-unless the fleld is turned off
Fle B2

'Therefore, the'field must be pulsed Avalanche breakdown can also be

:observed 1n a reverse biased P~N Junctlon.,:”‘

In this case, the emis31on has a: low quantum efflciency because555ﬁ

'the field 1s in the dlrectlon to push the electrons to the n: side of 'aﬁ;
;the Junction and holes to the p 51de uhere they are majorlty carrlers 1’3
vand produce no radiation 1 These obgectlons are overcome by a structur‘l
fdiscovered by helser and Woods (15) ,, | }f' k; '"".l .
The structure 1s essentially a p H p sandw1ch ShOWn in Flg 5

:The Avalanche breakdown 1s inltiated by holes in high resistivity ﬂ-'
r(low carrler concentration p) reglon where the field Ais: hlyn. 5¢hé-,lf;§f
xelectrons are accelerated by the field into one of uhe p regions wherek

Ythe flela is low . mhey form a. degenerate distrlbution and laser actionf“

Ytakes place perpendlcular to the fleld direction | | |
4 Tn short, the characteristic advantages of a P-N junction laser

lare that it is compact and s1mple, that iu, it requires only a. low |

zvoltage, d c. voltaﬂe power supply. It can easilv be modulated by

'merely modulating the current since output raalatlon 1s proportlonal

ﬁto the current throuuh the dlode. However, the blF dlsadvantage is
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that often P-N junctions are difficult or impossible to make.’
Neverfhakxgsuccessful injection laser diodes have been constructed

and occupy an important position in the field of coherent light

generation,
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"PROPERTIES OF INJECTTION LLASERS
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an.b PROPERTIFS OT INJECTION LASERS

- We have started in search for a light source which is coherent o

vand can be modulated easlly. Ingection lasers from this point of view,

zoffer many advantages Firstly,,they convert - as we have emphasized

;earlier, d c.celctrical power directly 1nto light i The intensity of

'this light is. directly proportlonal to the current passing through the 1
;diode B . AR SEI A
‘A. Materials'A‘ ' 4 : _
To construct the real dev1ce, we must make a choice from the!f
fexisting semi conductors.i As we have dealt before, there are two

“criterla for this,- Firstly, the semi-conductor should be a direct;f,ff

ftype i e. the maximum and minlmum of valence and conduction bands
Afshould occur at the same wave vector,'so that photon emission shall be
a’ first order process Secondly, we should be- able to dope the semi-“if
:conductor degenerately both n and p-type | 4 ; '
Almost all direct band gap III v compounds including several al-
'1oys satisfy these condltlogg? G@AQDC?CD}Kmmver, was the first
pmaterial to lase and it has had the most exten51ve study and develop-:

zment Because of this fact we will base our discuss1ons on. this '

'material o ,
SO | 0@

A second group to exhiblt laser action is the lead salts. Thesef:

_are also direct gap materials such as PbS PbTe, PbSe. | ' |
The only elemental semi—conductor yet to 1ase 1s tellirium, at a:

wavelength of 3,4, Several II IV materials have been reported to"

,la,se AR
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| As was mentioned 1n the previous paravraph, GaAs was»the first
‘semi conductor laser, and most of the experimental work is done witn
'this diode.- Because of the high currents. (~20 A) 1nvolved in achievinﬁ
~laser action, the measurements were made - passing short pulses of - cur—‘f
_rent (lrLsec ) and observ1nv the resulting recombinatior radiation,»‘
: commq —me fhe laser dlode whlch Is placed n a Lqud I\h‘l‘roaen ba'H'I
o Later on, O the advent of fabrication techniques of GaAs cnmdh
qulckly lead to. the ability to ooerate them continuously at 2°k and
enablinv las1ng at’ room temperature operation for short periods :quié
{about 200 n sec). lj | el I

' B;‘ Junctlon Fabrication

‘t'” The P-N Junctlon laser 1s nothing more than an ordlnary P—U
junction diode in the form of appropriate cavity.; The purpose of thl“
ﬂcaVity as discussed,dis to sclect certain modes geometrically

The P N. Junction Laser is quite small by conventional laser

_standards. The typlcal dimensions are 250p. SOp.- SOV' owi(fgifhf
threshold lasers cancbe obtained by epitaxial growth from liquid

state(p) The Fabry Parot structure can be made by USlng the cleavage
property of uaAs L

: o
~an n—tvpe GaAs crystal(doped with Se, Si, Ge, Te, from about 3 X, 10

- :
"To form such small cavﬁies w1th optically flat and parallel walls
e
:
to 6 x'l‘O18 carr1ers/cm3) is cut into waFérs whose plane is porpen—'~}

5

]

dlcular to one or more (110) planes.J These wafers are lapped and

| ‘polished to remove surface danabe and prov1de a smooth surface for

*diffusion.»

Contacts are made to thc P anu V regions by conventional semi- L

conductor techniques Tne indny o* refractlon of GaAs is high (3 6\

so that 1t is unneces ary to nut reflectinp coating on the ends of av
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Eﬁbreraerfcavity., One has a reflectlvity of about o 32

O O I e (n+1>’2[
for GaAs-air 1nterface.“ However,'silvering the ends lowers the thresffs

:hold

'Q{C" Spectral Propertles of GaAs Laseri' e |
'f7i¥{l> Temperature dependance of the wavelength of emis51on.(15)
_‘ Slnce the frequency of the spontaneous emlsslon 1s proportional
Jto the band gap, for GaAs the spontaneous emlssion shifts to 1onger ;=;ﬂ
7°k we have d?-— 0. 46 S

: aT ‘,1;1‘
t 77 EL the las1ng rad-

wavelength as the temperature is raised At;7

:A\/ﬁegree.ﬂ Because of this effect for GaA

iation is aoout BMH%DA\whereas at room temperature this shlfts to -

;about 9000 A R R NS e
| -’QQQQ* Pressure Dependance of tne Recombl‘aflon'Radiatlon (l6)<:>tﬁff
'lii The pressure denendance of the recombination radlatlon at 77 K

phave been raported The pressure dependandejof the energy of the‘“ff“7

}broad band spontaneous em1351on lS yﬁnlf

+1 = A 101 eV/Atmfff”?jl:fu'lﬁ‘”'

fwhich agrees with the pressure coefficienf'of the energy gap.i'eeff“.ﬁ 

3, D Spatial Properties

Spatlal measurements are made on the Fabry‘Perot cavity, this{ﬂ

‘belng the most practical 1aser configuration.”_'

Lasers, in addition to belng highly monochr’matic, are also;_frﬁtﬂ
TSpatially coherent Thus highly dlrectlonal beams of 1ight can. be

produced. For a Fabry Perot-tyoe laser structure, the angular apread

fof the beam e(full included angle at half 1ntensit”jfis determlned by*a

:diffractlon i{jﬁakgﬁﬁf;!g-»&,-wvi'

’measured
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Pecause of the small size of the P-N junction lasers, e 1s much
'Alarger than in other types of lasers. Furthermore, P-N Junction lase:
~:lS an optically non—uniform structure impurity dens1ties near the ;
'Junction are a function of pOSltion, so the 1ndex of refraction and h
_absorttion constant are not constant throughout the region.‘ - X
To determine the spatial properties, tw experiments are done
1. Near Field Patterns | B ‘
: This is the examination of distrinution of 1ntens1ty at the sur-
pface of the diode Wlth a microscope using an image converter...‘ |
' 2; Par Field Patterns | | _ | ,
Examination of the distribution of intensmty at large distances E
from the laser. }g{ Ik A '
| 1. Near. Field Patterns | , »
) The nature of these patterns give us a qualitative understandingj
4of the real nature of the operation of the laser Before the 1aSing é
‘poccurs, there is fluorescence coming from the region less than 5
thick in the V1cin1ty of the junction.‘ The intensity of this light L
:fairly uniform along the Junction Because of the degeneracy of the
'junction, the usual P-N junction theory does not apply. It is- ,ft‘ |
‘difficult to predict where the recombination should take predominantl
-However, aualitatively, it is pOSSible to arrive at some points :
1, Hole injection into the n side- is favored by the heavier
:doping, usually encountered on. the n s1de.
o i2. However,belectron injection into the n side is favored by
| several iactors. Firstly, the electron has a higher mobility than th
hole. Secondly,ithe effectlve mass is much smaller in the conduction
';band than. in “the valence band Thus, for a given carrier concentrati

V'the Fermi level will ‘be further into the conduction band on the n sid
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chan‘the valence band'on»the p’Side,'causing thé electrons to spill""
‘over to the p side first as a potential barrier is reduced by the;t

Vapplled bias Thlrdly, the band gap in the heavily doped p s1de may be

smaller, making it eaSier to 1nJect to the p 31de.,»

Finallv, the recombination time of the minority carriers is prob-

ably inversely proportional to the maaority carrler concentration, thus

electrons 1nJected to the p- side will dissappear very rapidly.
From these consideratlons it is,‘at least,,not unreasonable toyv
expect that the light comes from the p side of the Junction. : ‘ d
2. Characteristlcs of the Emitted Radiation(Far Fleld Pattern%)

As the current is 1ncreased

beyond the threshold the width of
's the line decreases. For examnle,
ST ~in one diode,.as the current was .
e ?UE’A“+ : ‘oincreased from 10 to 34 amperes, the’
lew1dth of the emission decreases from
'i"ilQO A, to 20 A As the current is .
'.further 1ncreased from 34 to 36. A

}the Fnission width decreased to

AL B30 5520

/Wajucﬂ4(A) Q 5 A Thls is not hard to exnlaln.

,At low 1nten51ty, the resonator 1s 1ossy and has poor mode discrimin—

ation Although the stimulated emiss1on is occurring, the Leedback 1;

too low for the system to oscillate. As the current is increased the

by ystem breaks 1nto oscillation

The angular denendence of the emitted radiatlon is shown on Fig. L

most of the radiation comes out at around O As the current is incre-

‘ased above threshold fluorescence stops and lasing starts, accompaniec

,by the concentration of li ht in spots along the Junction, instead of
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_,,.being uniform along the junction.,,ra
o Far Fleld Patterns

REL

Stimulated emlssion emerges more

S
X

intensity in Avbitrary Lnits

- ;awzi' R IRETRE
- A=ETETY .‘\¢36 a2 O less normally to the reflectlng
' Radiation Pmk"’7_7ends, but the detai]s of the patterns
104 n vHoﬁnz_om‘a/( plane. . - ‘
oo |- Lo e can be qulte complex often lan
&o - 'shaped patterns are observed
tor In good dlrectional 1asers, one’
8o .
X "beam 1s observed Just above thres-‘
(]
ok h - hold, beam angles as. low as 1° in the
i . ’
o ‘ At IR :
ofF — £ o _ : plane of the junction have been
350° P A0° SRR ,
‘ Anqbsuwquﬁzsv‘_ ' kreported

The polarlvation of the emitted radlation has been studled _
Usually, but not a]wa s, the stimulated em1851on is polarized WithOUb
any apparent order, dlf*erent diodes are found to have plane of pol—
_arlzatlon‘ln the Junctlon plane, perpendieular_to it or sometimes at,
an intermediate‘angle;’? - | : | |

E. Temperature Effects ©@ | SRR |

') As'we:baVe'briefly touohed‘7>>

i before, the threshold lasing current

Carner Copcentration

/\Jr_A is temperature dependendent There f
»§§|bh : ;1s, however, two reglons at low ’
:iio* ”temperatures, current is independent
%; iofvtemperature, but above 60° K, it N
§"03 .Jcanlbewrepresented as TP where p :v3i
§ " tAs shown in the accompanying figure-é
< T , o 4.3, ‘the temperature at vhich T3 s
o 10> 0 Co
. : Témpzmﬁiho °k’.<, . beg_ins" inoreases Wlth increasing‘-:>‘
Fle 4.3 ‘ B ' ‘ ‘

Alder ,PlH:.Uh;.)fg{. Eopeffc,hf‘:@‘ |
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substrate carrier concentration. Qualitatively, this beha?iourfis~_
expected, since, as the temperature is incréased, the distributions of
electrons become non-degenerate, ég that upward, as well as'downwérd
tfansitions can occur at the lasing photon energy‘in the active region
Thus, the gain will be decreased for a given current density and it
will have to be increased to take care of this. | |

Thresholds about a factor of three lower at room femperatures
ﬁhan those pf ordinary diffused lasers. have been found for solution
regrown lasers.(5) |

@.@

Although the internal quantum

F, Operat:ng Characterlstlos

—

efficiency of the laser diode may"be
oo as high as O.5~or'higher,(l8), very
little ehergy escapes from the diode
laser below threshold, be¢aﬁse most
of the light is totally and inter-

nally reflected and absorbed in the

Relgtive ll_n tensity (Avbitrary Lnits)

inactive regions of the diode. At

these current densities, the radi-

ation is'emitted-isotropicly.

U/ oo At and above threshold, the

T FER. [ SR ‘
103 2 . a 6 % 0% ) ) . ' :
' Current bensity - external efficiency (the number of

He 4a-4
Dependenc,e. of radiation MH:nsH‘q g |
on *ha current de“&ﬁ1 ' - per carrier crossing the junction® )

photons ‘escaping from the crystal

increases and.the light output becomes. coherent, as shown in Fig. b-k,
However, even above.threshold the external quantum efficiencies of
50 per- cent or lmss are observed at most tcmnerafures, so that a good

fraCLlon of the llght still remain: in the lauer Dissipation of the
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neat produced by the absorbed light and series resistanCe;iS'one of th
major 1imitations onythe operation of injeCtionilasers. Because cf th
increase of the ﬁhreshold and deCrease of the thermal conductivity of
the semi-conductor with increasing témperature'abcve 3OOK,;the prcblem
becomes more diffacult as tne tempefature is increasedivvln crder ﬁo |
operate an injection laser continuously,vit'is neCESsary to'prOVide
effective coolincr This can be done by placing ‘the laser in contact
w1th a large metalllc heat sink, whlch 1s cooled by a. cyrogenic llquld
bath. CW operation with power outputs of’several watts have been;’
achieved, using GaAs using liquid helium(l9),~hydrogen(eo);’and
nitrogen(21). | | | .

At room temperature.. only pulses cf avfew 100 nanoseconds .or less
can be used. For continuous-wave operation, 1t is desirable to make
the laser ven{narrow, that is, with a hlgh ratio of length to width
in the Jjunction plane. Keyes(22) has shown that in order to achleve
CW operation at room temperature with cufrently available,thféshold
current density, it'wouldvbe necessary to make a laser with a length
to width ratio of sevefal hundred. .This is;beyond the present state—
of-the art. | |

1. Heating Effects

Heat is generated by two processes in injection'lasers.

l; Non-radiative combination of holes and electrons

2, Joule heating |

v Slnce the 1nterna1 gquantum efficiency is nearly unity, non- rad~
iative recomblnatlon heating results mostly from re- absorbing light
in the 1nact1ve part of the laser, rather than.frcm non—raalative

processes in the active region.
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}The rate of non-radlative heating is glV'n1 y
(1 7ext) IV

}The Joule heatlng comes from the contact heatl
:?R D i : _ _

iThus, for low levels, contact resistances is not”important

no‘malnly i L

From measurements, it seems that the hen

L 1s generated throughouf

3the diode.» The+herma1 relaxation tlme of the dlode is glven by |

1&"'29 w

fwhere C ; ,peclfic heat
KT e thermal conduct1v1ty

ll.

density

W

average distance heat must tr,}erse to get out of the dioae*s

leorolw,g 2 X lo 3 cm on flnds fl*}

The experlmental results agree on- the‘order of maonifu&e endf3‘,*

ﬁabout lOtL“eC. have been obtalned throug' measurements.Afff{f,i}1:7'““'
5,_;f For Pm‘operation or for pulsed operation whlch repetltlon rates
”large compared to.——w- thermal conductivity is important

In order to jf‘ obtain high power or to operate at high temper— .

fatures, 1t is necessarJ to bake spec1al measures to get the heat out

iof the laser.,:
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V. THEORETICAL TREATMENT OF THE P-N JUNCTION LASERS
| To treat the1injection,1asers,theoretically, some simplifying
kassumptions have to be madé; The Qalidity of thesé assumptiéhs, how-
ever, may be difficult to assess. The two important'aésumptions are:
as follows. |
1. The‘form of transition probability as a function'df energy
‘and wave vectoré of the initial and final étates must be chosen arbit-

rarily. Since the effect of high impurity density on the energy

states of the crystallis not kxnown in detail, the transition probab-
ility is uncertain.

2. Mihority éarrier density VS, distance from the junction is
_important‘in calculations, bﬁt gradient near the-junctioﬁ is ver}
steep, makihg the distance dependencies complex.  Most calculations
thus far have assumed homogeneity, i.e. ifvélectrons are to be injects
into p side electrons are assumed to be unifofmlyﬁdistributed through-
Qﬁt the distan@e d in a material that has some given acceptor concen-
tration. | ' -

A. Threshold Relation O®

In the general tréatment of 1aser,»wé have come out with a rel-
ation which gives power at thé threshold for a system that is sharply
defined in energy level scheme(Eg 2-23). 'The occupation of levels is
completely determihed by the knowledge of N, and N, since they are |
narrow compared t§ kT, In semi-cdhduetors, the shape of‘the'bénds
and the temperature determine the continuum of levels.

| As we shai1 show later, this has importénﬁ effects on thé‘tempér

. ature dependency of the threshold current,

' R
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However, at T = 0, Eq.(2-23) can be applied because there is no

thermal excitation. Writing Eq.(2-23) in terms of current density

instead of power in the junction

P - IVg = (JA) (eVe) O (5-1)
' ‘ e :

Vg = the .voltage drop across the Jjunction is essentially equal to thef

‘photon energy E (Section 3a), then

. P

]

ONETC N | -

P - (J) (h¥) A
e

Solving for J and substituting (2-23), we shall get (9)

4 .
Jt = 6.3 x 100 n2 d E2EAE (-In Ryp) (5.2)

| m L
where E = energy of radiation
~ E = line width
Jt = A/cm.2
m = éfficiency
d = active région width ' - (all lengths in cm.)

let us calculate a typical current density.for the junction

‘For a typical value of GaAs laser

n =z 3.6
kdv: lofhcm.’
E = 1.47 eV
AE - 0.02 eV
‘m_= 100 %
R - 0.32

L = 0.03 cm.
~ﬁ,: 0
Then we shall get for the threshold current‘density

130 Amps/cn® at 0°K.
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For‘typical Cross_section of 509;3 SOP.we would'gét»about 2.75
m A. However, at room temperature, the order of the threshold curre
density rises to 100,000 A/cmg. This correspdnds'to roughly about 2
This, however, 1s not the case; because at higher temperatures, othexr
effects come into cqnsidefation which are "‘>considered‘in 5.2. The
experimental results for the threshold"currents are as'high as 20 A,’
at room temperature. | | _
‘B, Generation of Light in the Junction Guiding of Modescz)CDCDG
Wevhave found out that the generétion of coherentllight’takes

place in the narrow transition region. To gain some idea on the

propogation of light through this medium, let us treat'this problem
frigorously. In a few words, the problem is the propogation of elecﬁr
magnetic wéve along negative ioss dielectriq slab sandwiched. between
- sem-infinite regions of positiyé loss dieiectric slab;‘

To- have é physical picturé of the'situation,,let us take an

idealized model of P-N junction laser for our .calculations.

.Q’egpah = 'l.nVeEf‘,e.d
Populaﬁén regon

Q&yon 2. and 3
: p-h f*&qtbns
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.:XA 012 Pendenca o_[' ’hw,
Sqmeﬁ“ncal wave e

L ;pro poq ahon mz.

d;rec‘Hon

'ijf7?jgé;; EL~\

We k_now that surface waves of‘ both TB apd TM-typ "!"'laves may be

fguided al‘ong a dielectrlc s]ab or sheet Tne behav;Lour of electromag-—*

';".netlc waves in the gallwum arsenlde laser will follow this iactIn

‘{‘the seml conductor laser, the 11ghtis generated"_ “Lhe_narrow ,junctlon'

:;~region where the populatlon is inverted (Regior l in Flg 6—1)

_However, the energy 1s lost in the inactive parts‘“of the reffian, name‘l\

""the p and n. reglons (Reglons 2 ana 3) on elf""er Slde 01 the JunctiCm. g

These regions w1ll be characterized by the_]follo'wlng dielectric G

. 'c onstant s .

: Junctlon Regionl gy L Negativeconductlvn,y

W

o n-type . Region’3 .| €3z
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Now, we must solve 1he electromagnetic propa?atlon problem; to
'determlne how far the modes penetrate 1nto the inactive regions and
,thus, determine how much energy is fo be supplied by’ the 1nverted fi
eﬂion beIore the net enorgy in Lnls reglon is positive and is ampli-’
fied as it propagates DetWeen the faces of the diode perpendicular to
7 where Z is the d*rection of propogatlon. |

The electromaynetic modes wlfh the lowest threshold for maser

foperation are even TE and ™ modes,v zuided - along the plane of the
»Junctaon llke the waves bound to an electrlc,slab. The TM modes will
have a single componenn of maanetic”field Hy and electric components-
‘Ex and Ez. - Tne TE modes have the roles of electric field and mavnetlc
fleld 1nterchanﬁed and hence have components Ey, Hx and Hz.‘ 3

' The propogation of the modes in the Z directlon will be with a ‘
'Dropogatlon faetor e”34< . For both types of modes, the fleld w111
decay away from the actlve regloﬂ,‘according to. the factor e K(hd d)

- Thus, we shall have for the eleotromagnetic wave varlation

¥y, t variation ' JWL - ki vy |
| z, t 'variation_ifo;} |

jwt - kzz

A R CI S

. and x'vafietion will béf*ie
| in Region i , Aeﬁiﬁe region
| = A Cosk;x +iBf§iokix | =
- E (5 -5)
_I’iiﬁlRegion'Q p;region. | '
s edkpx

and in Region 3‘ﬁ:tegiOn~




o ROBERT‘COLLEGE GRADUATE SCHOOL o eage B
' ' eeaex ISTANBUL P G

™ Modes ‘ ‘ ’

“The solutlons for HJ in the dielectric may be even or oddv .}ho;'
"eVen ‘and "odd" refer to the way Hz varles with x about the symmetvv
“plane x = O, “‘ | | | |

ﬁ,» Matching the boundary conditions of tranéverse E:éndfﬁ}ééiﬁhé:.

two interfaces, X = t4, we obtaln  }jv

k; tank,d = J ke - B (5— 6)
’,Doingiﬁhe saméithfpngor'tbe“TE mode;owe‘get R

From Maxwell’s equationb 7 o“

K k2 = Wi €,

ks K, = w"fxoez

Ja 2

-k . .=k + Kz
P 9
Assuming

w F’O "('6,’ - ) W << 1 cmd A:; : » : O
6;, _ << 6},<(uJe both -of Whlch are valid for gunctlon ;ééof;,

one obtains the s1mple resth in. terms of OI'for both TW and TM'modés

‘k.: K (1 + J”L/z).‘_r<~ o (5 -11)
where _ ' i:f o i:j A‘>A'g o S
:%* Oa 2 (s e (el —'162' +€)/2 O - (5-12)°

}Let us now try to 1nterpret these in tormo o4 preriménﬁaiifegolt
.' _The real part of the kK, kg in equation (5-11), is _apprcmmiy;
,eﬁﬁal to the propogation con tént in pure GaAs._;_‘ ‘7 S
\'Théolmaglnary part o? k datermlnes “the growth of the ‘wave and is
: eXpre%sed in terms of”L The L118+ term OflL;ln equation (9-12),f¢
glveo-tne rate of decay duc to losses 1n the p and n raglons .Thé .t
“second term alveq the’ rate of ﬁrovth dve to the inver*ed Dopulatlon f

in reé,lon (‘L) ,':’; - ', 'J.-"‘» ,
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For the wave to gfow, the negative eonductivityrﬁj must be large
enough so that the second term becomes larger than the first, i.e. (
The penetration to the regions (2) and (3) are detefmined'by

' -(e! +e)
2

If we look at the equation (S-ié)‘only if‘this quantity is poeiti\
the wave will be able-te grow as this qdantity becomes 1arger, the
penetration to the lossy regions. becomes smaller.

" The reason for the confinement of the wave due to dlscontinuih1
in the real part of the dlelectrlc constant between Reglop (1) and.
Region (2) has not been deflnltely established

Ih practlce, the guided TE and TM modes propogate in filaments
along_the.junction'plane rather tban unifcrmly.along the plane as
suggested by the figure. The explanatien of this beheviourdiS'not
very clear. | | |

C. Spectral Analysis . @. _

To truly understand'the injection laser,~it is neceésary to
understand. the levels or distorted bands that glve rise to recombina-
tion radiatlon . It appears that, at least in heavily doped GaAs
diodes, thet 1ansitlons are band to band but bands have larve talls
(vands distorted by impurities). ror more llghtly doped diodes, the,
results are more contraversiai. However;.radlatlve transitions may he

#/ewdmh 3 . ‘dfgrouped in feur; for an

—_————

Ec - electrbﬁ that is. injeeted

—— s ,C);_; -————-‘Eﬁ into the p- tvpe materlal
_ | 1. Conduction to

' : » ., oW Ne N EA', velence band--Fand to band
@@—7-@@-{@‘@—?@@ e e o

~ recombination.

Possible radi ohve +ransitions.
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2 Donor to valenﬂe oand first»

- pturdby the dorior, ‘then make

';f3. Conductlon band to aeceptor

1 4 Donor to acceptor ;f <

In addltion to these four processes, there 1s the possiblllty 01

‘;bound exoitron formatlon.,»f7’l"""

’ The spontaneous and 5uimu1ated emiss1on nctions has been cal- i
:jculated by assuming a parabolic distrlbution:for the density of states

fln the conductlon and valence band % :ttﬂ

*Lasher and Stern,\"Spontaneous and Stimuiate *Line Shape 1n S CondWﬂa

_ Lasers Pnys1cs Revive XXXIII (June, 1963) ‘2'16 211@.
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I PRACTICAL ASPLCTS

f;lm' Compact size : R .
e‘f;eE Direct conversion of d c."electrical' ’ féfééhé?én£f
radiatlon ‘; ”f' Skt i
'féf‘}3' Ease of modulatlon

‘*?hﬂ Potentlal low cost OL manufacture

However, 1t has some dlsadvantages whlch ar

w3fl Relatively'large beam angles., Thel eam angle is large‘;fm

1compared to other lasers, which can be eleimlﬂated by the use of lenses

i-;g;; Restr1ct¢on to low temperature.:;This effectis the most

important one to llmit the appllcation of the.lngection 1asers._;If

ktechnlques of producmng seml—conductors improve, contlnuous wave

S

_operatlon might be achleved

The most 1mportynt practical aspect of the”lnaectlon laser is‘the

A number of measure—ew;

’caSe with which 1L canube amplltude—modulated;

ents to determlne the frequencv resnonse have been made. However

'“these measurements are llmited because e 'ifficulty 01 findlng

<‘sensit1ve enough high-speed detectors he laser radiation

starts to turn on, it:turnsAon'very rapidly in less
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turn on the tlmulated emlssion.

It decreases Wlth 1ncreash

the order of InS urrent'above t:res‘

technlques have been elimlnated AmplltUde(modulationvofizaks 1aser":

| of refractlon. At 77,’ K, tms effect prod"

}“*Goldstein*and Wiegend :"Band Modulatlon ofﬁu
: L Rahamia 1 OEE Y - TR SR
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: urf

The case of hlgh frequency modulation makes GaAs laser attractive
sfrom communicatlons stand p01nt Thls is why we have chosen thls 1aser
fln .our study.v However, because of the nulti-mode operation (occurring
Jabove threshold), heterodyning cannot be used The major advantagej;
5of the laser over an incoherent light emittlne dlode are. 1ts direction-
,ability and its hlgh quantum efficiency, whlch gives high optical
fefflciency to theisvstem The frequency response 1s also better
| The major dlsadventage, v;:em; 1s that 1t must be reirigerated |

1n order to take advantage OL 1ts frequency response
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VI'J;"_;:‘,{ PROBLL.MS OF OPTICAL CODMNTC}\TIONS».

',:vjA Detection of Coherent Lig'qt @ ®‘. By
Tne problem of using optieal frequen iesv.‘f”..;ﬁ,,a,ﬂk,,v‘, g

not solved by generating coherent-lmght onlyf

tive coherent detectors and detection techniquesmf

For our purposes it should be u°.

these techniques and‘deﬁices‘

'?ﬁfvi Bae;c Optical Detection Sjstems'M

‘Wfi Tne techniques oL optical debection i';identical in principle
fhe metnoas dppllcable in the RF or mi \owave regions. '

: dowever, there is a na+ural limit at these Preouencie to ne

’mianum amounu of radiation that oan bePde ec”ed even;in an ideal

lsystem ihat‘ free of external:noisc;sourc‘s &e ‘can do-

Jno better than}counf iod1v1due1 ohotcns ;‘Teennicallvwspeekinﬁ, thla f

Jopiration nas been accompl*shmd wit *2ooled photo mulipliers;in the

ﬂshort vave length vi lee and in the infrare : Therffore, fhe utmos

1imit of sensit1v1ty has beer reacbed*.

'ec”fane e 11n1enoy of the optical detector ‘;another problem.fﬂﬁ:

"roous.o 13 OOOAO) he
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'fenerwy for excitation decreases, there are’ many competi g processas’

Curfenf' Craun [’h#erad,
l meahamsm ot e s

Mo(se o Gzcass -
Dark Carkent Shof‘ nolsa

in the

ﬁ proeesu

v;in semi-ccnauctoru.g by the absorbtnon
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'and a hole i

| proportionali y becomes

'_junétibnS*reverségbia u close t ,akdown Of course uheve prﬁcebaeu
f'are char*ctarlzad bv a'r ain multiplicauivc C?CQSb noise.

zbe generatad

‘l‘P, td“b are SGCOFdarJ en*vfion mult;pllcatio v as used ln a phOuo-‘

"prbduéed If an électric field j .applied to tne junc*j;

tion, lt shall sweep these frce chargcs tnus an elec»ric cuwrent wiTlfi

In tnrus of opt;oal pomev»PL and prjmary phono—vurrent Ip, the‘:

((~l) q;~ free ca;riers_

efxlclency oy
photons . C

Ip q

Currcnt gain can be obtalned 1n a number of way

th oi the mauujq

'Y

'letlpl;Qr'and impact L' iaation (avalannhmhg) &q oocurs iq } N

24 Dntecoion Methodd.y___, B
a. Op‘icﬂl Supernn erodynn Dataction.kﬂ
,It is a well hnown empirical fact La% all photo d@hectorﬁ mca f

the lntensifj, no» the amnlitude. ‘Usi-g thls princip’e, hﬂturoayne

.detu Tors arb mdde._uJ'

‘If,weiassumc Lwrﬂaluctromavnetlc light waves oL djf;wr nt *requwﬂn
cies fallinb on he: ame area of ohe detector, th° renul*Pﬁb amnl "yﬁ;
of Lhe vaves aru glven by - " | o R |
B CO.;‘WZt - (7-2)

E .
?b lmplic1tlv aSSUmg bhat unn two waves arc pardxlel and nurmal

E;Cos "xt

to thm sur”acp oi uhn aeueuuor.v If these conditlou 'gre not, mct

spatiai pnaue caucellutions may rﬁsult;

The lnten 1ty 1f givcn by tnn square of the amplitudeiana ihus,‘; 

g)ﬁt

- 2
£ = By Coa w,1 g Eﬁa Cos w t + LIE COS(quwz)u + h h Cos(m
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B

We assume that for heterodyne detection, the detecfor can detect only

the difference frequency Wy -~ Vip ap? 1t will not respond to frequehcic*

4 Wi, W,y (W + W, ).

It haﬂ been shown that there 1s a minimum time required for the
ﬁcncrniion of clectron whole'pairs(37, this is in the order of 3 x 1077

seconds, The.detector therefore, cannot respond to signals at cptical

' frequencies. Thus, we can only ceiect the qverage pcwer in these high

frequency terms. The'average-Of Cos wt 1is %}.whereas the average of

Cos(w; + wz)t is zero, The rezult is tnen uimp]y
Et = E;  + Ez + EE Cos(u; - w,)t
2 2 ‘

This equation means that if two coherent electro-magnetic waves
are super-imposed on each other in space, the vector amplitudes of the

two waves will add, giving rise to_&'single amplitude modulated wave

at the difference of<frequency. An optiCal»detector-placed,in the path

of theuc waves will detect simply the envelope of the modulated light

| ﬁavé, thus yielding an electrical's;gnal.thatvis modulated at the beat

‘The factor 2'comes-from the coherent nature of light.

fregquency.

Let us consider the problem of sensitivity, The signal power is
given by the expression o '
v ‘ . o
S = Q’Q_ILIsf(W) . (7-5)

me

quantum efficiency

11}

wherefd

”kIL’ng = currents renmr“ued by local oscillator and signal source
respectively

‘frequency response of the detector

£{w)

1]

The shot noise is given bv tho nquatlon

N ﬁ_ﬂe'l(ﬂ;53+’ﬂll,+ I\) (w) Rjzﬁf (7-6)’.
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{;‘f} where ID 1s the dark current of vhe devicei o i
IR is Lhe noise equivalentfloadff' ' ,ol owlng amplifier
AF s the. line width el ER

Using a strong osc1llator sirna1 to noise ratio iS' Adﬁcédfﬁb fﬁ~5w:” JV

If we let I-- ne vhpre nbis the'number of 1ncident-photons, then we
have 51mnly S o o

SNR, ”L?

If IL i sufflclently

strong, it is possible to count the photonq of

the inc1dent beam‘~L
For the dctector“ both photo-emiSblveﬁand solid state devxces are:”

used

'if(l) PhotoemlsSﬂve Superhcterodyne Detector
Wlth phofo~em1051ve dev*ces, two modes or operation have been i

employed.» Pnoto»multlpller uype and thu travelllng ane type. ﬁ;5fy;ilf

Tne frequency reuponse in the photom&ltiplier 15 limited by the;?&

dclayv a sociatcd with tne trunsit tlme'ol carrler ;?Lfffhgﬂ*f”

In tha TWT thcrc w no transi :ulme 1imitation, qince tbﬂ beam and_

'0¢rcuit waves a*e synchronous.;a;@1&

- The band-uidth iolimited vy the band..widtn Of th‘, heh },-and :u-,

couplers., f

(»:.) oo.x.id State uuperhﬂ‘teI‘OLYnQ D@WC’“O»

zne nost succe ful of these devxoes are tha photodiodes rather

1han_phﬁtoconductora.‘v re, avain, the prob]em;o{'tranSLt time ariSps

,Thegfrmquency limauatlon 15 diructlf a

»sult ofathe trunsportatlon of

-carriers ulthln the device. The sneed'wlth wbi lfgnarriern cau move

ilS deuermined by tne uif usion constant
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The mobt eui able sem*~conductors for photodiodes are tbe III—V__

.,ompounds such as GaAs, InAs, InSb

'7e¥54 Non-Llnear Optical Defectlon 7’3‘“
- an-l;near optics, 3 an entirely new area related to the detectio'
(fof raoiation, has only recently beeome the subject of 1nten31ve stud

‘”f In. general, a medium becomes polarized when it is strvck by lighf

f{If the medium is txanbparenu and thnrefore, lossless, the energy bhdt
VJinduces the polariuafion is re- rddiated., The original radietlon and

'fre radiaced emiSSlON combine to give the standard re;racVive effeCos.

If now Lhe electrlc fleld associated with the *ncident radiation

Wﬁis §6° strong that 1t drives the polarization of the material out of
‘fthe llnear revion; non-linear optics effects start to appear,_ The e?f
fef*ecte are made applied in the detection of coherenc radiation,’bot
|Edetalled discu3310n of theoe ef;ects is bcyond the scono oz this paper.
| S R .

; B Optical Transm*solon §9C)

}iAs‘Ao cal mavelengths are very short,_ ni° offers the poss*bi—«?
.litics’of very broaa band WLdthS and 1ncreased angular resolutlon._i*i:'
| j In 5enera¢ what eao oe done with tne centimeter and millimetcr f'
wavelengthe can also be done by llght waves.f hence, optical communi-.
‘3cauion must compete hlth older meana ior accompllshiog the same result.
| ‘ As at lower frequenclee there aze two p00slble modes of Lrans-_*7
ﬂimission for a modulated llght beam., The first 1s the radlo, the v
‘iunguided mode whlch'uses the atmosphere as the propogathg medium.:
V;However, the earth s atmosphere 1nteracts with radiatlon at optlcal
Fffrequencieo, cau31ng difflculties. 'The approach has tbe advantage

}fshared by all radlo systems, namely the medlum 1s ;ree. Tne difficult

'fmay‘be ov rcome by using o]osely arranged reneaters.

47;This modc 01 operation offers the hieheot possibilitles in spacei
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where there is no afmosphéré fd interact with,,and where very high;dats
rates are required.b | | -

A second possible mode of\communicatioh'by light employs a,trané—
mission spaée~shielded from the elements byréome sort of a pipe, With
sﬁitable'additional~guiding orAdireéting méans to keep the light beam‘
properly centered in the shield. 'There are twvo apprcaches to the prob-

lem, : . , . _ , ’ .

4

1. Approach analogous to out lower frequency exprience passive
EMN wave guidance. However, this seems to require severe tolerances.
2. The other thought is creating a new type of guiding medium,

one using active frequency eilements to relieve mechanilcal requirements.
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VIII, EXPERIMENTAL" , .
INTRODUCTiON.‘ In the precedinr sectionS‘We havé tried to galn
inoignt to the operation of the injeculon lagen partibularly the gallium
arsenlde dlode laser. We have now come to the sfage where we have :
enough inf orwation to lnuorporate this device as a circuit componcn
_Because of the ease of modulatibn, there have been a number of
attenipts *o utillve the gallium arsenide'és 2 laséf:source.
o ‘The GaAs laser operation depends-héévilﬁvdn temperature: -aﬁ Qery
low te mneratures, i.é. 2°K, it can béicontiﬁuéusly operated. Goldsteir
and R. h.W;egand (IV-%) have been able to modulate the uaAs diode at
.:gAiﬁgfﬂz aﬁfand at tneOp tnmperaturuu., ”he percentage of modulation
‘USQd was arcund 2. Howevor,.ligie modulation nercentages such as
_Qsaéwere achieVed.* 1y, contlnuous wave operation at 77 K have

. l
also been acnlieved. - Atthlc‘memOurature, the same - modulation fechﬂlgL@“

N/} CbPPC" gshould be feasable
Mica ' ‘quer ' o The room tempcruture operaiion
\hsu‘afo" ey s.f-aL '
: T~ eli m1nates Lne Lomp]cxlby of ref ri?iran
:6wdﬁbaL' —~— 1 ion and thus is advmrtageouﬂ. Howewar,
Leads - . )
IR <l Cuppe” the uchole 1° Jnhprﬂno1y~nv d to cool

the 1a"er ufter 8 large pul lse of cuUr-

rent, This’limits the use at room tem»'

e peratures,
- Conhiniovs Wave  configuration ‘ )

Fie 8.1

*Hergen Whorter and I.M, Feldmann, "Maximum CVW Power from GeAs lasers

£ 77%K." prlled I"}nyo . Le tt. XIX, T0.
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The dlfficulty‘with fhe'operation 15 pet that-of modulationj for
pulse mo&ulation tecnniques are avallable hat that -of ounplyinb hé'
required pulse, ‘ |

' As we have emphaéized earlier, atefoom temperatures, ﬁhroshel
currents for laser operatlon are as hlgh as 15A Lo 20A l“stino VPTJ“
short: ef the crdev of a fra ction of a mlcro~second in ﬂrder not to |
burn the Juanion'. The limltatlon of the uldth of the pulse is al 50 2 j
result of the>dependence of the threshold current on ‘the temperature.
‘As the currenf'paSSes'throﬁgh the junction ﬁhile lasing eecurs, the
dlode 1is neaLed up to a nlgher temperature, which reauire° a highezA
Lnrcshold currenu.tor laoinb. Lonsequently, 1asing stops ana non-
fadiati#e precesees;begin to take place, heating the diode furtner.

B, Pulée'Powef‘Supply.C)CD |

The problem of supplying a pulse of the required dlmensions was
Mflrst eolved by employlng electro mechanical elements(:) This me%hom'
is ood for nly a limited. number of experiments concernlng the charac-
‘teristic of the laser. In thls case, modulation is almost imposs 1ble;k

To«make modulatloncfeasable, electronic Wqu»Of supplying-the
pulse ‘should . be ought Usage of vacuﬁm_ﬁﬁbé elements is notApessible
because of tbe 1nhcrcnu millef'capacitances,;;ise times cf the‘or@er 5?
lOFsec. or 80 are encouniered USing the tféhcistcrs as sﬁitcheé‘in
“the normal mode also has the nroblem of riae tlme. Transistors of the
‘size to carry lOA have rise times about 1OHsec.

Tbc problem is solved by operatlng the traﬁsistor in thc av&lanche
modecj) @T m&ke the opemtion c]ear, ‘let us take the arrangement as
ehewn on Figure (8-2) The supply>voltage1Vcc 1§ higher than the
favalanche breakdowm voltage. Wheﬁ the canacitOr’C is charéed unrto

the orea down voltage, avalanchlnﬁ occurs *n.the tran«tstor and curxeni
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builds up repidly. Pulses with rise

vtidés of'thekorder of a'féw nahoseconds
~develop across RE.. Thé‘fall time of
 :of the pulse ié,difectly propdrtional
to the ﬁimé'constant‘RE C. The pulsé'
repetition raﬁe can‘be_chaﬁgéﬁ by eithe
~chaﬁging ﬁhe supply voltage Vbc‘or the
ohargind time constant R C. Us 1%'

method, ‘rise time problem is: eliminato‘

Fleo 8—2 ) >The »w:.dth of the pulse is dependant
Basic Cireuit 1 S )
~ largelj on the di charge.time constant ,

To have. 1arge currents, two shages are employea as dcpicfed in
Fzgxﬁ—ﬁ)iﬁe Lirst»suage_is.the same as we have discussed«in the pre-
+ Ve, o +\kc2 éeding?paragraph. The second trans-
' istor is biased at a lower voltage than
- its breakdowuwn Qoltage; Whén;the,pulség

formed by the first transistor is in-

jected'to'the-baSe of Qy, avalanching

occurs and pulses of very narrow width

of thelordér of 20 nanoseconds and as
‘ﬁiﬁh aS'SOA'can,be'obtdihed;

There are so e di”“icu1tics QQSOCL&de with tﬁe Circuits. Firstlg
‘siiicén transistors have to he used bécause uermanlum tra sistors have
rather hlbn colluctor currunt flowi ng, when no 1vnal 1s prenent °t tf@
basge. mhis current prevents to attain breakdown volt&ges across the
tréhsisto :Jrh low Vce. ane“whe1ess, a circult us ing garmanium

"tranuistovs were conbtrhctnd The plan is'sh0wn in Fig (8 4) An adu;»

l.tipnal alode=was added to eliminate the oscillations. The set -up
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i Better reuults can e obLaine by;ﬁéiﬁgféil;cépﬁ‘ﬁ-ﬁ”“
‘these are no 'available 1n Turkey; fff;;lf7 SO

e Modulation

Becauqe oz the nature Ol c1rcuit, lu 1s eauie‘_foguSL the PPM

technlque. oince Lhe repetition rate 1s depc “ant’on VCC, modulatlnc

the supply voltage wilW modulate the output :Prakbﬂcally, tnis 1s don E

by adding a t;ansformer in serieg w1th tne chargl,g~olrcuit as ohown

1n Figﬁa 5)3&@ capacitor wlll be charged according to whether ﬁhm

voltage on tne transformer adds to or cancel"the”Vcc, and ﬁhe puloes

will‘change uheir positlons as shOWn 1n plglﬁi;ﬁﬂ'

The repetition rate of the pulses is clos Yy eldted fthé}if

Jfrequencv range of the information to be tra' m tLed

e A voice communicatlon system mlﬁh a frequehey”range 0* 100 h"(




ROBERT

THESIS

COLLEGE GRADUATE SCHOOL o paGE O3
BEBEK , ISTANBUL ' ' ’ ’

ModulaHn% Cireuit

MOdulaﬁnci Volf‘ac,z ‘

Unmoedulated Fulses

I\

to 3400 Hz will need pulse repetition)

rate greater than &.8.KHz. This is

determined by the nyquist sampling

s

criterion which dictates that the
repétition rate should be greater
than 2 fm. Time muliiplexing may be
'applied to squeeze in many channels
depending‘on the pulse width. How-~
ever, becéuse of the pulse rate
| limitation of the laser'diode at
hand, this method is not used.

D.  Laser Diode

The laser used in tne pyPer7~"
ment had been obtained +hrou"h the

courtesy of DR, R,N,Hall of General

Electric Research Labs, Schenectady,

Modulated Pulses was given'
Fie 8. 6— Pulse, posihon mocwlahor\)

GaAs

‘Designation: L2440

Threshold current: 1,42 A -at 770K

output wavelenth : &4

The GaAs crysial was rmounted on a frans istor headﬁr, electrical

leads were athtached

S

s::
;:,

nE!

a«.

The transistor

he raalatlon was emLu&gd perp““dicularly with respect to the base. of

she mounting.

fo have least inductance,

aser to the opulsing circuit.

ey o R
20 A at 77 K

o the- crygtq in the manner shown in the figure.

aer was

NLW Yory, The fo] lowing informatlion

Iaser

;-

mounted on a copper aeat sink, so that

copoper strips were used to connect. the
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Transistor header surface

n.
| P
— Qold Contact
. To pulsing Greoit Electrical
' Leads .
Laser
DicbE
Copper Copper -
Strips (for , QaAs crystal
low l'/\otu.d‘ance_) / i
GaAs
/ersfuL
= ~ electnaal
Heat Sink '+ Leads

:F-’& : . : Transisfe—~ heaoler
B, Detector e .

The detector used was a RCA-iype TOl0 photo-multiplier tube with
' e ‘ a , . L, ~
peak sensitivity near G000 A, Because of this fact, type~761@

PR FLwt

ubes have bheen used to detect radiation {rom GaAs lasers. The hube

\J1 -

ag loaded with & 1.5 M ohm reslistance,




THESIS

ROBERT. COLLEGE GRADUATE SCHOOL pacE 7
BEBEK , ISTANBUL B .
- F. The Set-up,
4o oscilloseope

*hotomultiplier:
Puls(r\q Lgser N AP Photo
Circeuit - multiplier

Hom power

v Pulsing Cireuit Suppl‘.’
,4—.—.

Copper Heat sink

(@)
4 )

S =T = - = ' o oscilloscope.
\——‘_r—-'—— = -:-_JL Liquid N (77 K). X P

The copper heat sink on which the diode was mounted was immersed

n the liquid nitrogen vath. fThe phofo rultlpller was placed airﬁo+]
n top'of the diode, |

‘ Both the output of the photo-multiplier and the outlput of the
ulsing circuit were simultaneously displaced on the oscilloscope,

G; Reéults |

Due to tﬁe lack of time, the laser was operated a few times., The
et-up was eVm]Ddbed from the goint of view of_pulsé,repetition rate,
ulse amplitude and duration.,

The mazimum repetitlon rate achieved was 3000 pps. ‘However, at
his repetition réte;‘the circult components begen to get hot. Thers-
br@, at higher frequencies, better circult components should ve used,

Tbe usual pulse wldth used was Eﬁﬂec The amplitude of the output

8]

he laser could be varied from G.35 volts to 7 volts(output of the

]

r10to-multiplier)
Pulse position modulation was tried and succesful results vere -
>tained at 50 cps. Higher modulation frequencies are possible, huf

ith a better circult and an improved laser., The pul :{ rapeflt’on rdin
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£ the diode 1limits the .;f]z‘%é,ciuency{' '61f the
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