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.Undoubtedly 1 light is the first e lectromagneticradiation that 

has been generated by mankind, '\-,hen the first fire was built. Light,: 

along with the infrared, is the only radiation that can be detected 

and sensed by human beings thro1.:.ghout the electromagnetic energy 

spectrum. 'This fact is perhaps the reason why they have attributed 

such great importance to light. 

A. Methods of Generating Light 

Important as it is,the methods '\'lith which light \'las generated 

did not improve throughout the centuries~ It stayed in the crude 

form of spontaneous radiation such as the random emission of 

incandescent sources. So have most other types of electromagnetic 

radiation: infrared, ultraviolet, or gamma rays.' However, radio 

1'laVeS ·have been different. Electromagnetic radiation at these 

frequenci,es were produced \·rith efficiency and precision ,that was 

unparalleled at other frequencies. 

To appreciate the limitations of light waves as they,are 

ordinarily found, let uS,consider how they are generated. 

All light sources have a common origin: the random movement of 

electronic charges. 

In'incandescent lamps and other "hot ll sources, electrons are 

accelerated by th~rmal energy and thus radiate. In gas discharge 

lamps, like the neon tube for example, the process is a little 

different: electrons are passed through the ga',s, ,~lhere they exc.ite 

the atoms to higher energy' states. Th,e atoms. fall back to ground 

state randomly, and emit radiation which is in the visible spectrum. 
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'1'he process characterize s the radiated wave: Firstly, the light 

output is not coherent, i.e. it differs in phase relationship, polar­

:Lzation and relative amplitude. Secondly, it is ,'lide band· (even the 

monochromatic sodimn vapor lamp). Thirdly, 'the radiation produced 

thus, is not directional, (the sides of -a beam produced by an arc lamp 

\'lith a6 foot parabolic mirror diverges about 10
) • Finally, and 

perhaps the most important limitation of ordinary light sources is 

their inhel~ent. 10\,1 brightness. The maximum radiation intensity, or: 

tlle po·wer radiated per unit area per unit solid angle per unit 

frequency band \ddth have been control·led· by Planck's blackbody· 

1a\1I for radiation from hot objects. '111is sets the upper l:i.mi~ on 

radiation intensity, a limit l-Ihich increases with increasing te mper -

atures, but we ha.ve had available temperatures of only a f'ew t.ens of 

thousands of degrees. 

Let us see \,ihether we can eliminate these disadvantages by uSing 

other methods. The method of generating radio waves by electronic 

.oscillators could be applied here. but the basic problem now is that 

1nevi tably, som,e part of'the deviee \':h.ich requires careful ancl 

controlled construction has to be as' ~~mall as the wavelength to be 
'.' 

prod\tced. Thls sets. on a limit to the construction of operable 

devices. The "lave length of the light being a fraction of' a micron, 

electron:i.~ oscillators that generate light waves cannot be constructe 

The upper lind t. of electronic oscj.l1atorsis about 100 GHz. 

B. Stimulated Emission Deviees 

Let us .return back to gas-disc:harge lamps. Here, energy in the 

form of photons are released as a result of transitions6f electrons 

from one energyleve 1 to the other ,but the transitions are ·rando:rn, 

according to some probability function in time. 
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Organization of this process can lead to efficient sources of',' 

-light. Briefly, let us see how th:1.s can be'achieved. 

As is -well known from the quantum theory, atoms in all matter: are: 
" .. 

allm'led to' occupy: certain energy states or- levels. Transitions from 

one of' these levels to another is ac.companied by either an emission 

of 'a photon through a do\omward fall or an absorbtion of'a photon 

through an upward jurry,p., 

The frequency of the, electrOmagnetic energy radiated is relate'd 

to the difference of energy levels, E2 - E, I: A E andgbrp.n by Planck­

Einstein relation: 

E l"I hY where h lsPlanck ~ s const.ant 

]/ frequency of radiation 

Transitions from uppe-r ,energy lElvels to the lower oneS can be 

classified into hlO parts. SpontaLcou.t and stimulated transitions. 

A spontaneous transition is thi."': _ spontaneous falling of an _atom 

f.rom a,higher energy level to a lowe l' one. The atoms thatha'l8 bepn 

raised to a higher level- ~lill rapi.d:!_ydrop back to the original lev~J J 

emitting radia~ion according to' Plo.rick' s la",. This / however ~ :u; a 

purely random process. 

stimulated emission is rather, ncontrolled version of this 

,process: the atoms areforceddo1l:,-: from t',e excited level by an 

ext.ernal agent, by electromagnetic S'!'1ergY\1hose 'frequency satisfies ' 

the relation 4E = h Y ~- ,: The photoDvihich is the result of this 

interaction is added tO~~lie origin~.l t-:ave. In other ''lords/an ampli­

fication process takes place. 
" 

,"I'his amplification is clearly pi'oport-ional to the number of atom 

th II' i·t d 1\." , • h' 1 ,', " in , e exc e 1.e, nlg e~, eve~. Using this principle, a fnmily, I 

of devices are madeJ' named1'laser, at'tel" the first lett,ersot' Micl'Ol'l&'\te 
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. Amp,J.:ification by Stimulated Emiss'ion ,of, Radiation;'{ or:. laser . for !.Light 
- ,',', ." .. , ,". . . .' .. ,.: ....• '" _ -, ,.,'. ".' . ,',_ ,i. ..' '." 

~mPlif:i.I?'ati(~m 'Of Stlmu'iated' 'Emissiqn ,of,R~diation).. .. 
.' .-' 

,. "" . -'. ",' -',' 

C. :' Cl1ara'cteris~ic of Laser, or'Mas,er putput 
. " .-, ... ,.' 

. ,.' 

, ~ . 

, . 

, , 

". ,;:The ol,itput of ,~lasers aieiilher'ently~~ohe~Emt:a:~drnonoChrom~~ic ~'. ,,' 

,;~ep'h6.to~' that'i~'geri~~ated' ~Y:'thetr~h~iti~ri: add~"it'seir-':to 'the· ':.' .'. ',_ >.>~~ ':'_~ ",.,1':--'" '-.' ':: _ '"-:',- ._:,:. ' '." .... ,' '",._; " ,", . .' .' 

~~ri:ginal wave':irl exec.tiy the sail:iep~ase,:arid':pOlar,iz~rtfon ancf" fI-equenc,Y'. 
:. " 

';>, :"A<':lS~~Ul am:~logy ,niaybe' used,t6inake: th~,.ide?, OI>?oh~rence cl~~r> 

!.et us co~sidera;';tUne(f,~F ,.amp,lifier ~-tn ~he~,ahs'~~ce of's.n' input·' 

,~'~~~·til:,'arid ~,i,~~. no ... :f~edback'betwe'e~"; 'p~t~ut and Jnpht,, s\lch"an 'a~plif~e', 
j~iil '-'pa:ve"i1oo)ltput"e;cept aC!~rtain'amount' of'noise 'wh~crL'shall 
:'~;~pea;:at, ·t~t',o~tPut.\e·~inal's. ThiS'!lO~~e.':,cpr!e;POnds"t6· ,~he. '", " 

, " 

'~;""':" " J "' ,"'i"~ 

;'t~diatiprr~hat 'th~r~als6ur~e S prod~ce'.-;, N9t:i~:: if: "~e'-' int;oduce ,'eriough, 

','.-.~C;~'it~ve:',fe~'~back_/'{6~,~~plifief·wili:br~'ak''irit'~::'~·sciliatiofl·.·an~.its: 
i ".:: • • ",.,' . ..' ,: ", ~ ._", ~'.: .' .' • " • '". ~. " • '. ..," :. '. • '. '. ". .:, • • ....... ,. • 

',output -becomes' c'ohereJt a't a, freguenc~;: 'determin~d 'by:,the resonant 

, ":c'~ f~~i £"0;: \~e:' ~u~e:d:.::-~m~lili.er • '. Thi ~~6rr~~~'Ofl4'S t o'the '~oher~ nt '. 
~~.': .~. , ... < .:'~.:. - .;. - . : .. ;., ...... -. ..' ..... , .. ',' ' ".: 

, ·:radia:tion,,6fa'lase~~' ... , .. '<''-, . 
. . - ~ .. ,: ~.' , .. -

,':'j'~ :"'<»~;:':,a,i~tdr;< ?F,':th~LaSer.,·. . , .:' , , .' '. 
", .. 

;:' ",'" ~h~s:' ~dea, 'Of"u'sing ,s~:imuiated'e~i~~ions as methods qf,\generating ' . 

. . "radiati~~"o¢'cilrred,::irid~;endentlY"t6' se;~r~i:w~i-kers in.,' th~ m16 rO"Tave ...... 
o . ' r:, ' ,., . ... . • . .' . . ~:.. . " . ~ 

""'t'ield~' 'not~bly:C:'~::fL;Tq~mes'~ J ~ weber',,(~{SfA,~jaiidN. 'G.BaS~v,and,,·', 
; .• " ••• '>, ", , .• ".. ". :',' • -~' ~"" " ", • <~::.~:. '; ... : .... " , .~. "':,.,' .. 

A~'M~:Prokhorov (U.,S~S.:'R,:l.· ., Howe~er, TO~lnks;'::i,.~/:the:firstone to make', 
. .. ,.,'. ,.' . ........ ,~.",.~ . ",.:' .,' '. . ' .• !'. .;. , ',:.' 

~h'ac't\ial ,'c:l~,,:1.:ce, :1.n·';i954,.';This'setup ~las .. ",'si~g,thetwomol~cular·" .. 

.. ' s;a te s : c>f"~~~Eib~S' ,a~oriia' rnoi~cul~:S;, :~lhich:"~~ti:, be: .p~ySiCa lly separ~'ted 
.. '. .., . .- .' . . ... '. ..' . .; • • . . _'. ;:. - ". '- '_, 'r" ; . • - ". '~'. ~:., ,"'0 ., '.; ~_. . .~.:' ":.-. ", ." .. : '. 

"" hY:'P'iis~:l~{g: th,rough :'an;~i~ct'r8static' t()9~'siriga!"rai1g~ment .. ' H6we1ier, 

,:th~';~in6ipl~'wa~ pa'id~~11Y~CO~p~1cate'd~,nd.';pe;r~ted at a fixed 
, ',,".~- " ,'. .~ ~ -. :.~ ,," '", :.' .. - ',.'" ",'.' ~ ......... ::. 

··,Jfr~qUEmCy.:"i~ .' . . '.,',,: " 
........ 

:;Sub:sequent ly , ,J31()~mbergehWorked:. 6~t, in. :theOry' a' Maper ampl ~fie~ 
.. "" .. ;" 

" ~ . ~ .: . 
, " ~o. 

;', 
', .. 

. -~-~-~-
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;us:lng'~,paramagnetic.c~ystal with'three energ:y leye;ts and capable of, 

I~ ~956, H~ E. D. Shovil 
",':",'. 

Foi'ibwing<~his i~'+958i,"A ~ 'L~. 
constructed, this ,so11d:state ' maser. ' 

. " .' ' :-... ~', ' , . '. ~. -'. '. 

. ; 

Shawlo~land: C. ,'H.' Townes' concieved the 
, . ",: . '. -f,';:" '.. . .; . . .: . 

" ' 

optical m'a se r . In ).960,- ~ ,H. Maiman obtained'the:.first Is ser action 
'."', . ., ,".., . 

. . . l 

~ith,·a' p1nkruby. ,'k year after" A~j~van;:i {lhS~A. ) 'proposed the He~NfE!' 

'~aser,: ,:and ~builtit'\'lith coopeta:tion"6~'~~"':'::'Ir. '~~nnettand' Herriot. 
". "<,,,' 

T,h.1s wa~the'firstlaser to operate ccmi:i~uouS~Y ~', In:1962, a ne\'l 
.-' '. ,'; 

CJ.~ss: qflaserSi?":N·JU1?ctio~fias'ers\'1ete:si~u.~tarie6\lSlY made by, 
. • • . . ',' . .' . - . I. 

, ':". 

$eve.raL,gro~ps,:,',R.'iN.; Hall} :G. 'E.·Jenrie~;i'.J'·~,'D; ;Kirig'sley, ,T.J. " " 
".' . 

S:~Ht:ys,. R'. O. 'Carr~on of Gene:ral Electric:(~onipan:y; 'M'. X'. Nathan, " 
'. .. . 

, ..... 
vl.>P'!,bum~e,>G •. BUrns~ "F. 'H-. ~DillandG.:;:~sher, of I.B.M.' corporatio'n 

'anclT. :M:Amstj i.H..: H~diker; H~.' J. I(i~~s';}.l~ .'; ::~~I~rag; '131ax and 
.: ',' ~: '. . . . .. . - . 

'A~: tL :f.~cWorthe~ and Fi.J~' Zeiger 6f'Linc~:Ln laboratories' of M~T.T. 
• '. •• ' •• c. < ", ", _ :' •• ' , ,_,' , , ~ • . ,'.' 

Th~,' ~":N'jUnctiorl'ls perhaps not' the 'last.class',of, lasers to be 
. '.:' '. '. ' . "- ..'.'. . . . .. 

"concievedbut theY,."~~e.:the mostco.mpactand ,the cheapest. ,They 
,', . 

,c.dnV'ert,:d.p~power· dir~ictly to,cOhe,r~n:t)n1e.~~"''1.'hese properties 

,'malte;>thi,s" type Of 1~ser ve'ry attractive :from the communications point 
. '- ' .. 

• ' The Need, :f'QT High Frequencies 
. ' ~. -, . 

'. "; 

~:for~'going into:: the ,details ~ of the, theory of,~peration of th~se 
, ' 

devices ,let .us see why, \'le "lant, to u'se s~ch:high freq'!1encies ~ One" of 
. , 

the most ext en s lye uses of electromagneti~radiation is in communica'-
, , 

tions.' ',.Th~·radi~ waves are used to conveyfnformatlon from one .point " 

to .. anothe~ •. ~, ,.'. 

, , 

This isthe~my', ,ali our commUnication systems. operate. Letus 
... 

t'~'ketheMe:diuml1ave'band'ahd calcuiate' how' many stationsl're can . '.'. . . .. ." 

'.sciu~ezeinto"this' band'~ . Allo\,Ting 91<H~ for ~achstation and taking 
- ~ : -. .: ~: 

" . . ',. 



THESIS 
, ," , , 

", ROBERT COLLEGE GRADUATE SCHOOL 
"."... , 

BEBEK ,ISTANBUL ..... , 

1160 K~t,as the Medium \'lave range, ,\\'e shall have: 130 stations brba4..; 
' ... 

casting simultaneous:J.y. ,'If we' had the means of doing the same thiQ:g 

with light frequencies ,.' the band-l'lidth, would be of the, order of, 

0001°00 GHz ..For a, roughapproximatioIf, we ,canass,\l~e'that'the'n~oer' 

of stations is proportional to the fr~quency then, we potenti~lly c~'n' 
. q , , ' ,,' " ,", ' 

have (0 stations broadcas't1ng simultaneously using light frequencies. 
, , ' 

This is the primary reason ",hy cOlhmunication engineers 'for a1: lea~H;' 
'. .' 

half a century have dreamed 'of generating light as eff'iciently and as 
" . 

precisely as radio "laves~' Hith the advent ,of lasers, this dream,could' 

be, realized. However, there are some practical difficulties assoc.iated 

with the scheme. 

Firstly, modulation should be possible either in the form of 

amplitude or frequency modulation:~. Generally speaking, all lasers 

except semiconductors," cannot be modulated internally. However,' tpey 

can be externally modulated using val~ious techniques such' as the 
~ t 

electrooptic effect(7)" acoustoopt'icaleffect. (8) At any rate, the 

simplest modulation canbe aChieved in semiconductor,lasersJ,thisis 

done simply by t1!.e modulation of the current through the Diode. This 

is mainly the reasOn 'v'lhy P-N junction ·lasers are used in most of exper 

imental laser communication systems. 
", 

* 'Kaminor and Turner,tiElectl'o-optic Light Modulators, II ProcIEEE 
(Oct. 1966), 1374-1318, .' , 

t ,Gordon, I1Acusto":'optical Deflection and 1·1odulatlon Devi,ces~1I 
ProcIER, (Oct. 1966), ;1.391 ... 1401-
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II. THEORY OF OPERATION OF' STIMULATED EMISsION,'DEVICES, 

Although the d~vice' .... lhichwe shall concentrate on ,is .the P-N 

junction laser and operates in a s?mewhat '~diff~rei1t _ fa~hionthan an,' 
... " 

ordinary laser,it is useful~to have a ,gen~rB:l.~idea' as ,to how a la'ser 
.. -', - . . ~ 

works. . :. ~ . ~ 

, A. EINSTEIN EMISSION' -ABSORBTION'.THEORY 

The Quantum Theory predicts,the\ex:tstenee :of di~'crete energ:1 ' 
" '. " -,. . , '.. . ~ ,~. . ' . : ,'. . 

levels of ,electrons in all matter. In the'laser'operafion, we ,are , 

, " 

, "', 

. ,," 

'.:" .' .,' ,."" -

interested in, the transitions electrons' mak~"from ~ne,energy level to,' , 
, -, 

the other; as this involves,either an'emiss'ion. or absorbtionof en~rgS' • 
.. " : .. '. 

in ,the form of Photo~s '.o:r Pho~ons(he,at}~,: L6i1g before' the 'development' 

of 'quantum wave mechanf;'cs, photon ,emisSion andabso~btion :"las ,treated 

thermodynamic,allyby EInstein (2) .. 'He' c'oriside~ed 'asyst~m of, indepen-
. ,. .' . , . . 

dent, ato~s~ each having tl'ioeriergy levels;E1 'a,nd E2(E~> E,). Ni 'and 

N 2,a~e,~he tesp~ctive 'numbers,' (6'rde~sitie~')o,f atoms: in ~tatesl and' 
, , .',.' .... ':":".:, .- .',. ."-" ":' . "' .. ' 

2.. The stimul~te,d tra~sition proba'bilit'iesS 1Z:': S"2I:were ass,umed 
, '. ,....,'. '.., 

. pr~port~onal'to the' th.ermal equ'ilibrium r~diat~~n <:ien~d ty which, is 
'. .'.' -, .'. .. ' . " . '\. - .. ,,' 

g1ve'n ,by the ,Base-Einstein statistics. 

.'. '.-

. ::: .'. 

.. ~ :" '. 
. ',' .:, '.: .,,'. ' : ' . ~,t "' "" 

,', . 

,'. 
". . , .. ~;. 

.,; ..... , - ',.; 
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The number of stimulated transitions per second from state 1 to state 

2 is 

BI~ W(wo) NI . and from stat~ 2 to I, 

B ~I \'1 ( \,10 ) N '2. 

Einstein added a second emission.term A~iN2 indepepdent of thermal 

fields, which he termed spontaneous emissipn •. Einstein did hbt,. 

however, include in his analysis any non-radiative phqnontrans'itions : 
, , ' 

N'hich we shall add later. In the steady state, emission and absorbtion 

rates are equal: 

(2-2) 

At equilibrium Nand N1 , the densities of states should be thermo­

dynamically related. BoIl:zman Distribution applies requiring, 
E';2.-t::J 

NI _ . leT 
N - e.... (2-3) 

Inserting this to (2-2), ''Ie get 

A (2-4) 
(E -E 1 ) " . 

BI2 e kT B21 

At equilibrium, \'Ie must assume that the only radiation present is 

thermal. Thus the I"adient energy density must satisfy the plancks 

law, given by (2-1) . Therefore, equation (1). andequati<)D (4) 

should be equal, giving 

BI~= B IQ = B (2-5) 

and A = 
nw~ 

B lI'1c~ (2-6) 

The stimulatep. emission and absorbtion probabilities BZIand 

BIZ are equal as expected. The spontaneous emission coefficient Ail 

is directly related to stimulated emission coefficient B 

Stimulated emission = BliJ(wo} = 'I (2.;..7) spontaneous emission .A h"1 !kT··'i;·' 
eO' .;;." 

= thermal photons in the cav1:ty mode' 

! 

I 

j 
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Since the spontan~6us:e:missiori equals to the ,stiiD.ulatederttissicn, 

divided by the number 'Sf photons ~~hl:eh produce it;, spontaneous'.einls'slon 
: ,"... •• , > • • • 

is ,just that which,\,louldbe 'produced' by a, single photon in' t,h~ cavity 

mode. :- .. / .. 
- . 

--'From (2-6) we seef ,that the spontaneous e~ission pr~1)abilitY_iS 
'.' -0 >,.:' 

proportional to the cl,tpe .. :ot:- emis.sibn frequE:!ncy. GonseqU~ntly ,; 

spon:tane-ous emission b¢eome~'very:'important at' optical:'wa.v~ierigtns~:', 
. " . 

- it is by this "lay the e;iCplted,st,ateelectrons re-lax t'oa ~9\o;e:r -sta'teo 

SinCe A f.t·· is the- proba1?~~i.ty of, spontaneous emission.?er se.cond,' its 

'recip~bcal is -the -upper'state' Life. timeo' -This "natur~llif'.e't~tne-U, 
.. '-

- as the optical spectropists call it, will play qtl,lte -an :'im.portant'·'l'ole 

, in oui' discu'ssions late,r:on ~'-

, As we have remarked:'ab6ve ,'E:fnst'ein did not' cOIlsider th~'phonbh. 
, .",' . 

. probability of a 2~1 transition. -, Then, for .tberma'l equi'iibriUmj 

equating e~issionto' ~bsorbtion', we have ~ 

by extending this to,a'rlon-equilibrium situat~on and calling 

.'.; , 

Sl~ = BI2vt(w) which is·:::the stimuiated absorbtion probability we have' : 

SI+Pi (2-9) : 

As the incident rad·iatiori r.e. , .• SI is increased, the ratio N~/NI ! 

increase$ froin itsequili~ril.im, va-lue to approa6h~n:tty ~ , ~o"wever, ":.:' -.1 

e"ven with in:finitely,in.t.~:nse radi:~tion,it is iniPOSSibletomake~i>N; 
we can at- best have N~-=. 'Nr • ' 
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-------------------------------------------------------------------------~ 
We may determine the rate of energyabsorbtion by a set ofN"'elect­

rons of \'lhich N2 and NI are in state.s 2 and 1 respectively. Since 

S ~I N,per second \'1111 begin a transition E2.-+ E :J' i'lhil~ S ZI N1 i'lil1begin 

a transition 'EI ~Ez thus, 'the energy absorbed per;second' by the entire 

system is: 

(2-10) 

Af3 long as we have NI/N2 ' radiation will be absorbed, but aft.er 

NI = N2, there'll be no absorbtion. Thus, by external incident""'· 

radiation, N2 cannot be made' greater than Np ,a result which is al,so 

confirmed by eq'. (2-9). Let us .suppose, that by some means we achieved 

a system in which N2)N
I

• In this case, we shall have negative 

absorbtion or in other words, the power from the system will be 

I emissive. This non-eqtilibrium situation in which ,N
2
,N1 is termed 

i population inversion or negative temperature' becausi3 the normal, 

Boltzman Distribut~on: 

.!it. _ (E -EI )/kT ,\'1ill be reversed and from the equation, T has 
Nz - e 

to be negative for this to happen. 

An incident, electromagnetic radiation of t.he energy gap frequency 

can be magnified by adding to itself the emission pm.,rer. In other 

words, the photons coming to this active region will stimulate the 

atoms from the excited state to the ground'state,thus they will 

increase in number \,lhich is an amplification prot;!ess. 

B. Requirements for Laser Operation 

From the abov~ discussion, we cflh drai'l the requirements f0r the 

essential elements of a laser or a maser 

1. A pair of ~nergy levels E
2
)E1 spaced by the desired photon ~ 

energy with a strongly radiative transition (not, highly susceptible, 

to release of energy via phonons.), 
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2. Means, for elevating electrons into the upper state in large 

numbers via a ,path other than direct .~ptimulated emission. 

3. Electromagnetic system capable of retaining with low losses 

photons of energy (~2-EI)' 

'-4. t-1'eans for bringing useful electrons into the radiation field. 

5. The system may require draining atoms out of the lower 

terminus state) a process named depopulation. Also, in systems that 

require pumping i.e. population inversion, by externally applied 

electromagnetic field, more than two states, a third state" even a 

fourth state is involved, vlhich gives us t.hree and four level masers 

respectively. 

C. LASER SYSTEMS 

. NO"1 that we have an idea of t.he requirements Of laser operation, 

let u~ see the methods of achieving such a system. 

'First, we shall examine the method of obtaining populat.ion 

inversion by external radiation. By eq. (2-9)" ,"Ie see that in a two­

level system, this is impossible. HOvleVerj if 1'le have a three-level 

system, we could .cause population inversion between the relative 

populations of a pair of levels. 

Let us taka a three-level system E1 , E
2

, :8:3' At thermal equi1ib-' 

rium, the populations NI , N2 and N3 is given by the Boltzman Distrib-

ution: _ AE~I _ AE2..1 
, k.T, 

N 3 _ e k. T, and N2 = e· 
'fir; - ~. 2-(11) 

and shm·m in Fig. (1) ,."here . (/!'E)nm = En - Em 

Assuming that (AE) 21 < (DE) 3E < kT and expanding the exponents 

i into series and retain the firl'3t order terms \-leget 
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JJ ~ tv2, n, = n:; 
,FIG-2 -I b 

, Thf'e~, leve.l , s~~f-ern in -tnermoL. EquilibriuM 
f=(G-Q, - I CI 

(AE) 31 
1:;:3 = Nt [1 kT 2 - (12) 

pl.lrnp 

fn!CfIJClIIL1 
y,?>( 

(\I=n" I-h~, ~ 
, " 

Thl'"Q.e level s~ 5 tem ill ne~ahve. 
feNlperaru.re sroi:a.." 

FIG-2-1 c-

are equal. Thus we can write 
, , 

, fl.. - iii' ;<-' NI +N2 .- Nt [1-
, I - H3 - 2. -

(4E) ~l 
N 2 = N'j [1 - k'li 2 - (13) 

Let us nOi'l subject this system 

to' an electtomagneticfield whose 

frequency satisfies the condition 

h Ji. = (AE) 31 

and ,,,hose intensity is such that the . ' 

transitions from EI to E~is satur­

ated i.e~ according to (2-9) the 

populations of the levels Ex and E~ 

2 - (14), 

where' n .. and rls denote the new values of population levels 1 and 3. 

Nm'1, from eq. (2-10) we kno\ll that the condition system to be 

emissive is that the higher energy level population should exceed the 

lm'ler leve 1 population. Therefore, if \lie have the popule t ion N2,. of 

':the middle ,level differ from 'n, = Y\.~ i. e. N~l n. or N2 <1).3 "Ie shall 

have emission. 

--
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1. To utilize the transitions between levels 2 and 3' fOT_an,p:;':ifi:.. 

:ation, \'1e should have n~)N~(Fig 2b~ substitut,ing 'from eqs~ (13.) and 

( 14 ) , 0 \'1e get 

-'-(AE)~I / ~E).!lI' 
:>. 0 

...... .; 

2 - (15) 

l'his means that energy level E'2.(the middle level) should be 'nea'r.er. to:, 
• '< •• ,' 

, ;.' 

level E5 (the top level) 'than to EI (ground level). Alsothefreqttency' 

~l ,of the externalfi~ld (c~lled 'the pUmping field because. of:,:the- ' 

obvious analogy to a water pump ),VS' ,should exceed ,the fte,quenc:y ,.?f 

the signal (the' wave, to be amplified~ as depicted 'by Fig., IbJ by mo,re, 

than a factor of two. . , : .' .' " . 
, ,:; 

, , 

2. If we want to:1-ltiliz:e the 'transitions between~ 2 and,I, tha't;iis' 

We want to amplify a ~'ign:al' of frequency V2i ' we haife to ollave' N2.7~I' 
, . - '. . '.' 

which'gives 

(AE)2I < (AEbi 

: ,,' 

2 -, (16) 

In this case, level 2 ~as to be closer to level 1 thant,O 1:eve'l 3. ,', 
'" .. 

Again,. the ptiJnp frequency should exceed the pumping field by: a factor 

of two. (Fi,g. 2c) 

"}hat we have, done up to now is the result of mathematical mani.;., 

ula.tions. 'Let us seewl'lat physical :limitations thesecondiyions ' 
. ", . ," 

impose. ' 

First and most imp<?~~ant,is the method of populatiop'inverslon. 
," 0"' 

, Usually, electrons arepuinped from the lower level 'to the higher ,°:09 
,0' 

by optical"pumping. Thlslimits the character of the energy'l~vel E~. 

If ,Ei were a· sharp~til1e,'lt w.ouldqeimpossible, to' c~usethe: electr6ns 

i,to make transitions froni"EI.tO 'E$asthis\vould'i-eqllire a' freq\lency .• : ' 
, , , 

I
,' 
j 
I 
i 

, i 

y =~h~.' 'as sharp as the:'lJne , n~,ordinar'y 'squrcecan meet ,such a" 

,requ:irement ~' Therefore~:,'lev.el E; mus:t be,reasOhablybroad ,band. so,~,ha:t 

sources; can~:h~used t6pump electrons~ohigher.levels'."\,, c onve,ntiorial 
.. 

" f .' 
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Secondly, the time the electron spends in the energy levels is 

important. If the electron that ,;je have pumped to an excited state 

drops do"m back to EI instantly, we shall not be able to achieve pop­

ulation inversion. Thus, the relaxation time between levels 1 and 3 

should be sufficiently large, otherwise large power levels are 

required to saturate ,the levels El and E3 . This high pump power is 

undesirable for many reasons., the most important being, low efficienc. 

Also, . the relaxation times (41 )~2. and(tfI )2.1 should satisfy some 

definite conditions. If the relaxation time between levels 1 and 2 

is large, the population of level 2 ,,1111 start to increase and the 

difference in population (Yl. 3 - ~) lIlill decrease. This is an undesir­

able effect which reduces the emissive power. The inverse is also trU 

a short relaxation (4'1 )21 assures the transitions of spent atoms from 

level 2 to 1 returning the system to its initial state. This is like 

filling the' reservoir from \'lhich we can draw the atoms to be pumped' to 

a higher state. An increase in thts population allows one to obtain, 

at saturation, a large population n3 of the third level. It is obvim.l 

that an increase in n3 and decrease in h z \'1ill favorably 'effect the 

performance of the laser~ Thus, for the laser represented in Fig. 2b J 

we should have (If 1 ) ~2 I( cf2I .J 
AnaJogous reasoning applies also for Fig. 2c. Here, the require­

ment is that the. relaxation time (11 )~Q be shorter than the relaxation 

time (11 ) 2'" 

. The relaxation time (1~z) for·Fig. 2b should be sufficiently Ion 

If this is not so, the number of non-radiative transitions from 3 ~ 2 

will be large. Again, this "Till cause a decrease in populationY'l3 an 

an increase in the population of the second level. The difference 

n~ - ~2~iil decreas~ and once more, we shall have inefficient perfor 

mance. 
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Besides three level, iasers, four level lasers' can be also a.chieved 

and in this case, the restrictions'on the system parameters· can be 

relieved. 

Comparison be.tween $Ch~mes of, Fig. 2band 2c favours 'that, of '2c,~ 

The radiation emitted, from 2b is inherentiy' broad band because level' 

E is broad band whereas that of 2c is coherent because the transJ. LloDB 

are made between sharp energy 'levels. 

D~ Examples ,of Laser 

_---2 

, 

+!3:' , 
,Enerqy Levels. of' Cr ';n AL2 °3 
( Pin k Ruby) 

f/&-2-2 

Cr+3 is depicted in Fig. 2-2. 

suitable for optical pUmping, 

1. Ruby laser ®,., . ! 

'".' 

The best example ora .wo·rkiniS. 

" three-leve 1, system is .~h~I>inkrubY . 

. This material is Al~0:3With. a)Jout 

'·0 .05Z Cr+ 3 . embedded' i~it . The· 

en.ergylevels used for laser act,ion 

. are that of c:r+3 ~ Because the, 

, concentrational' cr+3 is low
7 
.th~~· 

energy levels of the free atoms"are 

not distorted into, barids, but 'retain 

their shape. The'energy level~ of 

The final level is a brqadenergy,band 

The pumping is done by intense green 

light (5000 ·ft) focused on ruby,l'lhich excites chromium ions'to level 3 i 
The life time in the "~xci ted state is very short and ions' drop back . to: 

2 by a non-radiative transition. " The transition form 2 to 1 is froIn: 

a meta;..stabl~ state. (r~l~xat'ion time ·1'!Zslarge), 'th.e' atoms drop from" 

this level to the lm'le"r'oneradiating a bright red. ·(6943)R light.', 

2. Helium-Neon 'da's .Laser.@ , 

. 'AlthoughtheexcTtation me~hod in gas lasers is:notoptical,' 



THESIS 
:, " 

ROBERT COLLEGE GRADUATE SCHOOL' 
BEBEK ,ISTANBUL 

pumpin?,it will be of ,interest to touch. 

In all. gas lasers, there are tW6' gases ,whose eX,cited' energylerv.eJ..:.s 
-, <' • - '" ... 

are. close to' each other. One .ofthe'gases,i~t'us.'S~y gas A,canrtbt 

relax to alm'ler state byradiativeproces'ses, .but only through a· 

collision with an a'tom 'of another' gas •. If the, atom of, this gas can 

make transitions radiatively, 1-/e sha:ll haveemis~i'onof, radiation. ', .. :. 
.' , . . 

This principle, is applied in, the . H~-Nec71;laser. The Helium~Neon.: 
" 

atoms areexp~sed to an ionizing radio irequency voitage~This excites 

He lium atoms . Excited Helium atoms collide 'with ne,on .atoms tr~msfe'r- < 
: . ': 

ring their energy to these .. The .exc:J,.ted neon.atomsdrop'back to 'ground 

state emitting ~adiatipn~ 

E. Gain, Power, Threshold Rela.tiot;1s . 

. Consider a .1'1aVe with ·inte.nsity 10 'lmpring-
.:., . 

. ingon an' active medi~, •. Thi.s 'medium is in the 

state of inverted population appropriate .for 
, . , 

laser' operation.. Aft~:r .. travelling adist,ance 
.' . '. . 

I (2-:- .17....;) 

where ex.. is the absorbtion or attenuation cons-
. ".' :. . 

tant. The part of l'/hich is due to transitions'be,tween EI and E'2 . 

(the energy levels wh(?re the laser action ta~s. place) is given by (8). 

a (V) : ()./n)'2-, (~,(g2/gI)-N1..] A (P) (2 - 18) 
. 8lf ~ 

A: wave-length in vacuum 
- '. . 

fi = index of. refraction 

gI >,gz = statistical weights of upper' and. l6w~r levels 

N~ , NI = number of ato~s/cm3 ;inupper and lower'states 
. , 

tf =. lifetime of sp'on~aneousemission ,from level 2--1 

A(Y) - normalized line shape jgfJ/)d,')/ =: '1' :,:", 
<. .- . 
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, ::' frequeii~y '~r',racl,:i.ation:: :~ .. ' .. ' ' .. " ; 

:" ,., 
, .: .. . .... -'.' _.' 

f ", : 

', ..... .... . ~, 

The .. abso·rbt'ion constant- . due toa : pa~t:{cu~arlin'~" that,: can giv0. '>',\, 
-" 

r~set,o sp6ntaneou~. al1d· stimulated emission,'ls, at the frequen~yYo <";"';, 
.\'1nere g()I)' ist'he"la,r~est" anq 'where'A(Y) is.:.at"it~' 'maibnum'>'g~ven' "bY':'.": 
':;~A~~ .~ , b.Y h~reistbe Widihofthe"e~i~~':t'on'li~'e"at half "int~nsi+; 

',', " A·1;.1 . .• . ... '. -: .,'" "'::. .... . ,'.' ur " . , ... .' ... 
. '-'" . . '. '" 

' .. -. 

'.: ~ .' '.' 
',' 

. As tar . as equEl~i()n (2'-17)· and'{2~~?):;:.~o'es';·-.1e.ttis see what, ".; 

the' condition~ tha-tw:LiL make'iaser acti6n<~~sy:will be.~ .. ", 

:s;~tem that, hasnal'r0~,:spon~~~eous'emiss:Lo~i~e·.":'A(1{ ) 'large.' 
'." . ' • • .<' • ..' • -

(? -' 17) \'le see that ,the ,intensity of t~e 'wav~ w,ill be . 1 
, ... '. • <". ., ' 

depemdent on the length oft'he "pa th, ,the b~am..-traverses ~' . Considering 
, ~.' ,. ' ' . " .. ,., . . . .. : :. " _.'." , .. 

the'v'alues . oft( ,,,{hich is quite smal11.\oJ'e.~ha.ll'.have to have unreason~,: 

~bl~ leng~hS: 't~ have, ~ppr~ciable amplificat,~~~:.' S'ince this is 
~, . , ' . .., 

. physically i1npossible~. the. activer.egi<;>nlsmade p~rt of fabry~perot 
, ." , " .' '. '. " :- ,;:. .' .,'; 

. 'caVi ty. The 'end plates,'are madeparaliel 'and·'reflectingso. that light 

res6riatesback .and forth Inducingtra~~itiori ':from· levei 2~-1. 
. . ." . -' 

, . . 

"Since a. fabry-parot cav1ty:is,used/ only' an;.integ'ral,number of 
, . 

, , 

'\'la.~e~iengths6a:ri fit" bet\'ieen reflectors 

" ',< :'m~=,'2L .'~ (.2 -,19} 
Ii' ': -

. - ".'. 

... . '."\ 

,.' ',.:: As we' hav'e mentione.d earlier, to achievela~eracti'()n Othastobe 
" 

negative ,but itmustals.b be la.:r.gerthan' certa:ih:rnagnitudes,~ 'This:' " 
. . , . . '.' " " . .. , ' 

.. re'd\lir~~ent "is no'tsome"thing unlque jevery ,sy~~'ent in . \l/hiC;h a~kli~.:" ',' , 

f:t9~ti'ontakes' pl~~e', ,the'~m~lificatiO!1' factor'.' ~houidb~ la~ge: e~dug}~ 
" .. t:o~.take care'of the,:io'sses.:, Here ''Ie have end~nd~nternal1osses. 
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Let 

R = the reflectivity of the wails from inslde the active region at 

-J, =o,L 

'f.> = the volume' losses, 

,~t :; the value of just at the, threshold after which amplification, 

takes place. 

Here, the ,condition for threshold is that 'overall volume gain of the 

wave will just make 'up for the end, and'other-losses. 

Thus, 

R e (2 20) , 
.' • >'f' 

,t is a negative number, since we have population inversion. 

-~ ~ ~ = - ~Z ~, (2 - 21)' 

The po\'1er required at threshold will, 'be given. 

Pt~ Nz hJJV (2-22) 
, ,,- () , using (2 - 21) and 2 - 22 , oIiefinds for the' appro~dmation NI = 0 

, ," " ~ 3 ' 
Pt)" 81f V h noo]/: AEJ.I (,~ Ln It +R 
/4.c~',j '---r:" l· (2 -23) 

l'lhere 'r(.' quantum e'ff'ic~ency: = photons at hYemi:t;ted/photon ab!?orbed. 

From this discussion, we see ,that onlypo;pu~ation inversion is 

not enough for lasing, but (N 2. - N~)', shbuldha,vea certain m'lnimum, ' 

magnitude to tak,e care of the losses before emissiqn can take place. 
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,IT!. " SEMI~CO~IDUCTOR LASERS 
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A. " l 
1 - ';, 1 

Having dealt wi~h thebasicthe6ryof:r~s,er, operation~let u:s,riow, 1 
• . ',. - . t·· .,." • : • . 

I 
look for,fua.-ter:ials: in whichTaser act;io~,'~a~"b~a¢hievec1" • 'l'he ;fir~.t.",::' j 

c'r.i~e,i:ti:a~io\,ll~;b~:~~~;:pre,sehceof .'a' pair Pf:':,~n~~gylev~l~' ,among ~lhich" ,I 
'population' itiversfori\can beobtained~' In 'H~,-Ne g~s'iasers and 'ruby::: " 1 

.. la sers ,the opt leal tr~mj~ hons re sppnsib Ie for the , cqherent light.· . . ... 1 

'emisslon,'<take,placli bet.l'feenenergylevEHsthat',,;~r~<,sitriilar,t.o ~ those ',:of,:, i 
,',:, ":,,, " '",' ",:: ,';':':": ",,' ,,' :"";' 1 

:free' atoms. They a;re, sharply de:fined in energy, and, the energy levels', 1 

~~,~.e' quarit~zed~:'B~ '~~,ing~the"techniq~e~:t'h~t w~h~'i~"discu's~e9 :in't~~ <" 

p?e~edini'.'par't; "P~~U~~~icm'iny~~sJ.on ,}Jas,been ~cry~~V~,~~:b~twee'n 'some,of~" 
'these 'ievels andlas±ng; 'ha~:;bee'n '6btaillei.i;: ':,:' ->' "'" ,,' -. " " '. ...' . ~'" . . ': .. 

-;'i • • ! 

Let us', briefly"rev:i.En~i:,1;;h~ 'energy :j.evel' 'dlagram:'of·:crysta.'lline 
" ;: '.: ,.,.' . ~ '.'. , '. , .' , .. , ., ' . . 

~~lidS •. 'Aneie~:tron::~n<,:a:,,'cry,stalis n;'t .. ip'th~':·force:,tie:J;d of ' a sirigl~ i 
I ~ " • • " • .' •• " , , '. • .' • ~ • , • " '" f,' . -. ", 1 

at6~i~ : -but"rather.:tn'.;,the. ~eh'ocii6p9teritia 1 :,fi~ ldof,' many':unifprmly , .. . ~ , .. : '. . . , ." ',. .... .' . ..,' . .. ..'" , . . , 
. . ' . " '; 

distributed'atoms~ 'JjecaMse (jf',hlis:'.inter~ction,':'~aGh€mergy statedf: 

';he:. singi~' atomls SPlit~~~? alD1~iti~,ud:e"of"4u~'~;i-e'~ntilfU()US band~" 
" ," 

: like 'ehergy staies~"Thls spiit~irig becomes more pro~cunc'ed as the 

',~~omi aresp~ced ~o~e.closelY. ' .' 
. ',- , ...... ; 

.' .,<~. .. ~ .. ' 
'Th~'s;lf we>J·;e~>to draw ,the famiiiaJ;":. b~nd'pictti:r:e, ,'tole ''\'lOuld 

"~~~e 'alim'1e'~: and :, f~~bi~den .ene ~~y :range S- .':~~lS;p1:cture., provides' ,a,' 
. . ... ,' . . . ".' . .' ., .... ,.' . ~ : .. ' . ',' "",' : ': . ..' , 

useful , '. . 

we can 
,." . 

e:;<planat,lon',of electronic . conduct:tbn:.:':F:romth~~ ,point ,of, view; 

divide, the,sdli~d3,'into:J' gl'6U~S:' 'Ins~ia~oi-~';: cond~ctors;,arid' '.-:,' 
." ~. '. , • .', "j '," • • :.:,., : •••• , 

semi ... 'conducto:r.S. ' Ii;, ins~la t?rs~ 'the'16wer)~~ergy~ange "is~ull l'lit,h '>',' 

'electrons'an~l 'the~p'p~rbfirid' has ;no-'e'l~btI:0t1~:.,:::~he forbidden 
.; .' ' 

',a1.s6:'very'la~ge '(aqout:'2oey)' It is vEn-Y:J~l'rol?a.ble. for tne 
. :' '. . '.' . 

, '" ' .. . .' . 
• ; .• : ...• :> 

,', 
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to make transitions from the -l owe, r' band,to the higber' bard. In ',c,onduC- .i 
, " 

to~s, these bands are located sO~',losely'to' eabh'.Other s:o.that ttie:y" ,- .... 
c':: .' .. ' ':". ::: . ". 

overlap and the electron can occupy a large range of energy levels'.': In 
~ . . ., '.' . .: :.' .' " " , . . .'. ..', .' , . '."" '. .: ,."-

semi-conductors, •. the band's retain' their ldentity ~.·'bu:tr .. the energyga'p"is 
.' .' i _.;:; , . • 1: "':.' 

Theprobabili:ty of'tran~i,ti'on ac~oss ,the:iorb~dden.gap' 'is. reason-
~. . . ~ 

· able., II:1'fact, this is ,'responsible: ,.1.'01- the'c'o~duc£iorf inintrfns1c '. . ", - . . . . , 
semi-:-conductors,;, "Here, a question _inight~rise.:' ;C~rl'we, induce. th~se: 

..... 

transl tions' by photons? . Thepositiveanswertcr;this,:que'stionrnlght 
, ",':- .'." ". '.: ". • .",' ' •• t .' .:.. '.' .,:. 

· let us look.lritthe opticalpropertiasof semi-conductors.' 
, .: . ,.,' . " 

B. Optical Properties of Semi-conducto,:rs,'. 

To determine the properties of semi~coriduct6r~i u"sua~lY four 

phenom~na are studied: 

·1. Absorbtion 

.. 2. Reflection. 

3'. ·P,ho~o:-·cond~·ctivi.tY 
. , 

. 4' • Emission, . 

.... 

. " " 

". ' 

For our purposes,th~ 'm~st iinportaritproce~sesare absorbtion and 
, . 

,'. '. 
· emissiOri.Absorbtio~ comes :fron;, four ma,inpro,cesses: 

. 'L .' Tr~nsitionsbet''leen bands . " ',.. "', , .... '-

2 .. ·Exci.tation and·ionization·lE~vels.;of impurities 
. . . 

3. " Ex~it~~toh of 'latt,ice vibrations .' 

Free.carrier absorbtion -.' .-' .. " 

. Process' (i). is only rffecti,ve at :frequen~iesjJ,such tbatrougl)ly 

· h)/>il 'E,LYE,beindthe f():rbidden gap. . rfhi,s t~rns ,~:oht :to,be 'for:wave- . 
,.' " . . , 

lengths shorter than 10 ~. 

. ..' .. t' ake place 'at . .1a. r.ge.r,w,.av.e ... le.ng.ths. and do~;"" ", All the other processes 

. n.ot inter.estus for the purposes. of this. pap~x:~ -
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We have learned that at frequencies around infrared, we have 

absorbtion caused by transitions be'tween bands. This l'laS what weare 

looking for .. There.fore, it shall be useful to analyze the situation. I 
Intuitively" . \-Ie can see that this is a process in which an electr~ 

i 
is raised usually from the valence band to the conduction band" by the. 

absorbtion of a singie photon. 

1. Direct Interband Transitions 

energy of an electron in valence band . 

energy of an electron in conduction band 

't'lhere k and kI are vlave vectors 

k _ 21f 

').. 

The conservation of momentum will then give 

3_ (1) 

If the incident photon has a wave vector K, it has a momentum 

The principle of conservation of crystal momentum gives 

3 - (2) 
. 

:(It is one of the basic properties of the crystal momentum that 

it is conserved in a transition or collision). Since the transitiqns 

that \';e deal idth occur in the infrared A is large compared to lattice j 
. . ' 'I 

, 
parameters and thus K can be neglect.ed \'lith respect tok and k

I
• 

equation 3 - (2) becomes 

Then: 

.3 .- (3) 

which means that the "~lave vector does not change .by the transition:; (: 

The process is'called a vertical transition .. The reason 'for this is 

is. not difficult to understand. Fig. 1 shm,rs the energy picture of a 

direct semi-condUctor (i.e. those semi-conductors in'which -16west 
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conduction band ~inimum and highest .valence 

band maximum·~are at the same. '\'!ave vector .in the 

Br:uilloin zone). An electron makes a transi tioD 

from the valence band to conduction band: without 

changing the k vector ~ .. Tl!U~Jthe .. transltlOriis 

vertical. The transiti~n pro.babiiity is zero 
·JA· ' . . , .. 

if hV<.6.E and (hY-LiE)2 if hJl/~E.·This can 

be calculated by means of the 1ir~t order 
. /' 

perturbation probability. 

He should emphasize .one point .. The elec-
- '. . 

tron will not jump from va:lence.';:td conduction 

band unless the frequency of the radiation is greater than the· band 

gap frequency .. 

When such a transition takes place, a .freeele..ctron and a hole are 

created near each other and they interact "dth a ·coulomb force. ·This 

·interaction has important consequenc~s. There is .a possibility that 

the electron and the· hole are. bound together with a small but finite· 
,\ ~ 

energy. Such a comb,ination is called an excitron. ',i'::c: ':'.):(' .. ,t c<-

') .... Indirect Interband Transitions 

FtG- ~~2 

Enerql.( pi cture of- an 
lAd/reef- sem;COf\ducJDr 

In contrast ,.;1 th direct. semi-conductors, 

'<Ie have indirect semi-conductors where the 

extrema of conduction and valence bands are at 

different "lave vectors as shown in Fig. 2 • 

Here we cannot ,have vertical transitions. 

In order to satisfy the conservation of momentum 

'\'Ie must introduce another quantity, 'the phonon, 

" "lhich is quantized lattice vibration or heat. 



: ,~ THESIS ,. . 
.' ~.' 

",' ROBERT COLLEGE GRADUATE SCHOOL PAG,E' '23 
, ,BEBEK,ISTANBUL 

Cal'ling the' '-lave vector 'of' phonon ~" then 
'. 

IC I + q = k + K, , (3'-'l+j.ifthe' phonon': 1s: emitted; 'or" 
" , 

i 
1 
j 

k ,= k + '1+ k (3 :~"5)if the phonon is absorbed. ,I :,': 
Before going 'On f~tlrer., let us, recapitulate on tire two .t~e.,'Of, ' ,1, 

transitions' "VIe have seen'. ' , 

Suppose we are capalh .. e of achieving population invers~ion,'in the 
, 

two types of semi-conductors ~le. have seen. l'lhich orie should ,we choose' 
", ',', :.': . . . 

a~ the more efficient system from the' P9int of view of :lase'ractlon?;" " 

Because the trans,itionsbetween levels is only a photon,process,:,~ 

dir.ect semi-conductors'.should be chosen. ' Transitions in ipdire,ct ", 
-'". 

semi-conductors are int(:ficiemtprocesses, from laser polnt< ofvie\o/: ' 

because of the emissio~'6~ apho'non~ 

It seems once we have the electron in the conductlon,band,it' 

shall have to fall to the Imler level aC,companied by an'emission ora' 

photon. The process t~t n:otso simple and does not occur in all direct 

semi..:conductors.' , Thisw8S the reason \'1hy emission' of photon was not 
, " 

experimentally detected in normal semi-conductors in early 1950.. ,This 

observation was ,then at,t:ributed'to the fact that: 'the requirement':of 
~ .'.1' ' 

conservation of the \'/avevector Ie permits only a single state of the 
. ".'.' 

valence band to serve as ,final state for the transition. : It is 

extremely,improbable tpatjust. this state is unoccupied. ,In order 

that such a si tuationto ocCtlr, we must have defec,ts in the, cryst~l. 
" , 

C.' populatiol) Inversion in Semi-conductors 

Having seen the absorbtion side of the story, "tie are ready to 

evaiuate the other side:~·· emission. However, since our aim is not to 

achieve spontaneous emi,ssion but.,. stimulated emission, let us cons;ider 

the concept' of pOPlllatloIl inversion in semi-conductors. ' 
,. 

Let EI andE
z 

be' two certain levels of semi-conductor s'ltuated '. in 
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'alence and conduction bands resp'ectively; and let r( E) describe. the 

'unction of distribution of electrons '~by energy levels. Then,. for the 

:ondition of population inversion between levels Ex 'and E2 ' we have 

~':'(6) 

But, the. distribution function f(E 2) is related to f(E I ). In f~ct, 

~he first is the distribution of electrons and second is that of the 

10les, and 

fp(E) = 1 fe(E) 

rhus, equation 3 - (7) becomes 

. fe (E2.) + fp(EI)' > 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 direct 
. . 

transitions. In addition, the familiar fermi distributions of electrons 

and holes contradict,; eq .. 3 ,.. (8) .. Thus, the equation: represents 

population inversion. In order to fulfill the condition 3 :.. (8), we 

must over-populate the upper level with respect to the lower level • 

. As ''Ie sha 11 see later on, this can be done by (electric current 

fast electrons or 'optical) pumping. Hm'lever, if we take the' individuaJ . 

levels 1 - 2, neglecting others, then we shall not be able t'o achieve 

negative temperatures in any \'lay. Only simUltaneous excitation of 

several energy levels of the semi:-conductor (a,number of' levels of the 

excitation and valency bands) "lill lead to population inversion. In 

order to make our fol10",ing discussion easier, let us now introduce the 

concept of quasi-fermi levels. 

Under equilibriwn conditions, the probability of a state with 

energy E being occupied is given by Fermi-Dirac statistics. 

f = 1 F fermi energy level 
(E-F )/k'l'. 

1 + e 

j 

1 
:1 
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"If minority ,carrie'rs~" let us say,:electrons,;':l.'re ;injected ,in~o"'a,p:~ '.' . -, . - - .'" . . . 

type semi-conductor and if they: come '1:~eq~il:[briUIll aril~ngthem;e~ves:,': . . .. " .' .. . "", 

". • '.. 0'- _. • F' 

. probability of ari~lectron occupying a, st~te' in t,he' ,col!d"uction bal)d:is' 

1 
. ,( Ec':"Fc ) /l{.T 

,1' + e 

3 ~ (9)",' 

\'lhere Fc quasi-fermi level for electrons i~,'the 'coriduction band •. 

A similar expression holds for h;le~sin the valence band.: . . . '. -

. To Shottl the idea mor~ : clearly, let us tak~": a~ intrinsic semi-conductor',' 

and'dra",l its energy picture as in. Fig~ 3 - 3. 

./, 

Cona{ucnol'l 
lDo.na 

k. 

Inver+ed T- 0 . inverted, T > 0 

(b) (c) 

Enerq~ DIa.'1rwnsfOr Qf') infrins',e. sen,;conci(,{ctor 

.W!l 
Fi lied states 

The first figure depicts the semi-conductor atthern~o-dynamic . 

equilibriuIh,with ~. forb~dden gap width Eg.: at ,T = 0.' If a light wave 

of. energyh Y'>Eg isin'cident on the crys~al,electrons ",lill be making i 
. . ", . 

transitions from valence 'band to coriductio~l' band; 'exactly the same 

. problem ".,.e dealt ,,-lith in the pr~ceding 'sectio~. The resultant '/ 

situation is given by' Fig. b. The va lencebri~d,ls fill~~~\~~iu~~rs 
, :; i ~ UN\'J£RS\ u:~" ;., ' " , 
:~QG{\l~ ..' .. , 
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or empty of elect'rons dmm to level Ev and the conduction barid is full 

"lith electrons up to Ec ' (the quasi-fermi energy, levels for holes and 

electrons) . Now, photons with energy hY such that' Eg <. hY< (Fc - Fv) 

will cause downwarq transitions, and hence, stimulated emission. As 

can be expected ata,finite temperature, there will not be a sharp 

energy distinction between filled and unfilled states. However, th~ 

distributions of carriers will be smeared as in Fig. lc,as described by 

the equation' 3 - (9). It is still possible to give conditions for 

stimulated emission. However, a question might arise. Equation 3 - (9) 

describes a system which is thermodynamically an equilibrium situation. 

Hm1ever, Fig. 3 is a non-equilibrium situation: Overall thermal 

equilibrium does not exist ~ of course J but we assume that in a given" 

energy band, the carriers will be in thermal equilibrium with each 

other. 

Having the energy levels to \10rk with, let us return to' the pop­

ulation inversion and determine the physical conditions for this. to 

happen. In the inversion region, the absorbed and emitted radiation 

quanta are given by 

rabs.= A Svc fv(l~fc) p(y) 

remit. = A Scv fc(l-fv ) p(y) 

3 - (10), 

3 - (11)" 

where Svc = Scv 
; 

the probability per unit time for a transition 

between a state in the valence band and a state iri the conduction band 

separated by h.Y 

f(Y):::: density of states at energy h 

A _ a constant containing the density of states in valence and 

conduction bands. 

f d .t:o "bability 0'" a state being occupied in the conduc-e an 'lo v = pro lo, 

tion and valence bands respectively and are given by 3 - (9). 
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Atfirstsighti~q~E!tib~ (lQ) and' ,(li').\lon:'t::sa'y·:mudh,:.;~u·t:the:i::·;', ,::, 
'~ive simply' t.~e.' number'~()f. quanta of .radi~;tionabS6~~ed d~P~hdS' on"t~e,i~ 

. ' .. '... . ',: ':.,~" 

"being an. electron'" in, the' valence, pandthat.'can: abs~rb' the .q1.la~ttirii' iri;' ,. ," 
~ " :. ': " ~. ,".' ; •• ",.:. ..,. ' '., ." :. ". '" ':'.: •• L • '~. .' 

·the presenceo'fanemptYstat.e 'in,th~ cc>:nductiorl.band; 
• , . ' .; .0 <, ".". 

! 0': 

is:'clearlypropo~ti,-?i1a'1~() rb(l-'fri), ... 'Fo~\.the.emitted' radi~tlori,:.~?e·:::: • 
. .... . same principl:e c~n be applied . . 

, , •• ,t .•• 

, :. 

For the' emission to exceed absorbtion',' w~;lnust, have 
, ~ ~'. ,. ',' . , . . 

.'" 

.' r, 

. : ~ ..' ).~.' 

. " . ' 
... 

"., ' 

substituting the \T~l~e' Offc 'andfv ' in; .equatl,on :.(9):,ihis.' condit~(jri 
". .' ~. •• < 

, .•• ~ • >' ~ 

:'becomes 
.... \. 

. ' .' ~T -.P"if > Ec-',I"c " ,:. '., ~ '- . 

.. ': '. ~ : .. ',' ;.: " , ,f;c -Fv(' Ec ,~;Ev 

but' . E '.' Ev - E '. thebarid;::gap~nergY;:,t.hus;·hfiri.ai~;:we';hav.e~, . .,' . c - . . . -. g ..... .' .' , : ..... .: ., ..... ,... . 

': Pc - F~v > Eg '.' :'3. ~., (12) .> ... ~. ..>:,' 
.. ,. . ~. 

or:; from a. bS01~b~i(:mph,en6men~ ~·we.· cansayt~a!-::,': ..... ~ 
. ,~ . , 

< .: 

... , , . 
. . . 

':;':.;" 

. ::-

> ".','.' " 

. ;.. .. .', . ~ . .' .'0, .. 

"'" .', ;, 

, ::::,'Pq .. Pv) h"J; ." .... :3'~,' (13) .' ";' . , . 

. Vlha t equation 3-" Cl2) does ,. is: to rei~~~~::.the·;·qti~.Si~fe~mi.eh~.rgy.·':· , 
leyels . of' conductiOP'~tld:'V:~le~ceband~ to,.:th~/~.n~·~~ gap: •. ' .. In ·oth~r·':', .. · 

'. . .. , .. 

''lords,.' it dictates the doping levels .in p:.~, jun~¥io~s n~.ceS$a·IJ1"·f()r :.:. '.' I 

laser:ac~ion. 'SinC~J?e.'7-,PV cannot b~.g;e~t~,h.tha~:th·~ buiit~tn", ')::'" 

YOltage,: th~':c()ndi~:Lon can be . stated,.·a.s·.:'t~e;-:6ti.:i:it.;)n vo~t~g~ must:'b(:f':;·. 

gr.¢ater· ;than hY or ,the.energy gap'\'1hiCh.~e~n~·:.,a':4~ge~e·rcite: juncti?.~:"' .. :. 
J' ',.' l" • • ,'~ •• <';_,:" 

. lik~ :that ofa Tunnel .diode,' .' '; . .,' .' , .. : . ,,;;:i . 
. ~; ... ' ~,': . > 

. , , 
, ' .. ' - ~ 

"-.::, :: . 
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r-------~--------__ --~----~~--~------~------~~~--'l 
D. Methods of Excitation 

·1.' Injection of 9urrent 
.. ' ,...... . 1 

Let us take asemi~~on~uct6rjiinction as' we have descriti'ed .i~··t,he.l 
prece'ding p '. .. ~ ...• 

. ~ ," 

n 

F 

:1 

~ .. :' . 
,~. sj-tl,h,s +t'iled • 

w/ih ell2ctn>ns 

'-- Ih . ."e.rstohr-eqlon . , 

4 -b .·1 

1 " ., I 

., ..... 

The semi-conductor on the ·lefT is doped \'1ith donor. impurities' .. 
" ' 

1 

1 
I 
I , 

: 
j 
I 
I 
I 
i . . . 

that make. it a degenerately n-type, that is, there are enough 
I;': 1 

elect-rani 
";.' 

added by the impurities-to fill the conduction band uptothe.fermi 

level, f. On the right. hand' side, ac'ceptor impurities are' added; "Thic 

deplete electrons from;,the ·valence ;band. In other words, add holes 

dO'Yln to energy F. 

vlhenequilibrium is reached, e, potential barrier Vb is built, . 

which prevents further: current flov-l •. As discussed in thepreviou8 

s.ect1on, 'this bui.;t.t-irt :voltage is greater than the bandgap, 

.' inF:Lg. 3-4a·. In fact, this 'picture is identical to that ofa '1;Unnel'. 
" .'", 

. diode .An application of voltage, in ·the forward direction, ,"ith a . 

magnitude in the ordet,ofth:e ene,rgy gap,so as to remove this yoltage 

results in the' F'igure<?f 3-4b. Upon removal of thit:i. potential Va' ~': 
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i'concentratiOri of m~nori t'ycarriers "near th~'·j-\lnct~~tl:ii1creas_e.s '~:in,> .,,' 
-, other, words,. asean, ,beseenfrbmths- -fi~re.;:,ele'~'trons~i~ ,ti1'e :~orid~~~~~,' 
t:i0l1 band,.and: hole s,.in the V~l~hCe'~'bandexi~t.~:inthet~ah~i~l~~';~·~iOh::;' 

• ' . , ", ' ". • . • • . - . - ....:. ' ! '.' .~ ..- • . .• 

Electrons dr'opfrointhe ccind1.lc1:iori' band . to,~~':e;n:ptY:·~tatei:n't:he:" .. ~: . 
.. . • '. .' . . ~. '.' '.. ::". ...., • '. .,'~ .".. •••. • '. ~, .' 7" 

,valence:'band' and"emitPh'otonS".of'e~er~;"~pproiim~t,e:J,~ "e(lu~i',:t'bh::>; " 

:In ,ac~ual" ,jUI1~ t'~ons ,',the, r~ are' 'i~p,u.ri~~.',:i~ve:i's"t~,::the:,ga; :':~ea r:,,~.~~e;·p~~~'" 
,ed,eWs ,~:md, thepho~6I.1"energyc~~, beie~s:t~an:Eg'~; " It'A$<ai~;6',p():s~i,p:le, 

" t6'ha~e ,h~ies:,fJ.OW io:the ,'n si~e;,'~lhere .~'t~e:!,'~~~O~b~n~':wit:~':"~~~e6't'ib.h~' )i~ 
... ' ". _ .• : ..t -.'. . •• ~. 

The,pre.;.ciominant process',: 1,.5 determined-by'; 'relative ";tmpurl t'y"densltf~'~;~" 
• .. ' • ,.~ -: ..";. " ,"".. • ' : •...•• '.... ........ ; . -,:_' ' . :;' . ,-f . , _ .. ;' 

',; the,carrj.er,:iifetime~'an<f carri~r'inobilities~,' :II:L:,~ni,;case ,'''ie's,h?ll ,':; 

,riave a :re,g~~h' 1nwhicl1' PO~~l~tio~,' inv~r~'{o~·C~'ri·:b~-:achie;/~d bY'hi~">':-:': 
• " • . : • -f .' .,- •• ' , •. 

. ;enough', a" voltage~ . Because' the' region fsu~?:~lly,_qlli:te.::t!l~n,~ "th~.· i 
: i . '. .... '. i 

.maximum optical gain over a reasonable d.istan~ewili'be in the plane;:;.'1 
, .' ,c ' ' , . ',;:::, <' " " ".- . , .,' "",', " ,.' I 

of~h,e ,junction. • It '~~, des1.rable:t<? ~a'ke::adv_a~tag~' of this fa'ctbY:' :"1 
,,', " : ," "",,' ,,' , ' ,,". ".,:,", ,1 

constructing 'aresC111ant·st~ucture suc~as,A' F~bry:P:a~ot struct'Ure ~:~s ,! 

shown inFig~'4c t': rhis methbd:\llas ~is,O:'discuss'e~, In,oneof ,the vie .. " ' 
., I-

v'ious' sectiohs.".· ' 

:- 'The phe~omerionas'sociated is 'not n~w,. ev~n'ih~o'rtiJal seml-conduc-
• ,,,.... • ~ .' • .' • >.' 

,tor'j~Ilctions ; the. pr9Dl~~' of, l;ecombinatl?n,is.,~?co,untered,but, ~nlike 

, in, ,thatcase~radiative rec0ml:>~na,tion isen~oura'ged in this ease. ' 

Beforewe~o onto' other 'methods 'bf excitation,' let us briefly i 

, . .' 

see some properties of inje'ction excitatiori~ ·rrhe'CUl;'rent 'dellsity, 

(e lectron component) is equal by order of magnitude to. 

e<f 
.' '. 

I' ~, __ (~~~t.)e ~T ' .... 

3 . (14) :,.' . 

,',,", ' ;'1here, D, is the diffusion coefficien:t 
,,-.', 

L diffusion'let;lg;th " " . 

. n..'p 
.... '-P 

. e.1ectron density: it: . thep •. , -pa rt, of' the serni::,'conductor .. " ' .' . 
J 
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An analysis of this relation ShOl'/S us that current density dec- . 

reases with the increase of degeneration and with 10l'lering the temper­

ature of the sample. 

From the discussion in part II D, we knOl'1 that there is a thresh­

hold of laser operation. Only after this value lasing occurs.' If one 

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

= Optical Power Output 
Ele~trical Power Input 

_ 1\.£0 -( r -.Io) 

'etp I 
threshold' current of \'lhich lasing starts 

(3 - 15) 

I total current passing through the sample 

total voltage which is supplied to the sample. 

If the condition of threshold is well-exceeded that the efficieny of 

such generators approach unity. 

P-N junction is a very convenient method of pumping a 'semi-

conductor laser material, but it gives rise to some difficult problems 

in materials' preparation and structure fabrjcation. A~ we hav~ 

discussed before, the semi-conductor junction should be degenerately 

doped in both sides of the junction,since a good source, of holes'and' 

electrons \'liI1 be needed. Many semi-conductors cannQt be doped use-

fully,both n-type and p-type. 

2. Electron Beam Pumping (12), (14) 

utilization of the electron beam for the excitation of semi-

conductqr, as differed from the previous methods, makes it possible 

to attain the states with negative temperatures for the semi-conduc-

tors with a different width of the forbidden band, i.e. to obtain 

generation ·from an infrared region to the ultraviolet. The limit 

energy output at theelectron excitation can be calculated under the 

, assumption that proce~s of the electron hole multiplication for 
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carriers with energy sufficient. for production paitis- the :raste'~~: pt: .. 

all processes. 
.' ' .< 

. In this method, a bf?am of high energy electrpns,20 ~V' or g!.eatse.r,· 

is directed at a f;tat.face of the semi-conductor sample. 

These electrol~S pe'netrate· sev'eral microns into the . material '. 

depending on the energy and lose a large fractionof'eriergy.by.'cre,ating 
. . . . 

many 10~1 energy electrOTl~hole paii's ~ It takes.about·twoto four.times . . 

the-energy gap to -create an electro~ hole pair, so that' about l(j14' 

electrons and holes ar~ cteated per incident electron.>TJ:1e_y~ecayt() 
, ". 

conduction and valence band energies and form inverted popuia·tion.~· ~ . 

reflectin4 
._. Sur-face s . 

~." , 

Be~tnsh:'·1?>eam . . - " . .,' 

pv~pln~ -

Coherent radiation is emitted perpendicular to the reflecting ends, 

as shown in Fig.3-S. 

3. Optical pumping' (13) . . 

Here, s~mi-conducto:ris excited with a radiation whose: energy is 

larger than the ban!l gap,a.s we have discussed. The . situation is 
.. . 

identical to' that of electron pumping . 

. 4. Avalance Injec,tion Methods 

If the electrons or.·holf?S in a.semi-conductor areacceierated;to 

. suffioiently high; ene:rg:c~y an electric field they can:ioriiz.eon, 

I 
. i 
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el~ctron across the energy gap and:thtu~ I>rOd~se_·.ele~tron--~ote·.pa~r;s.'.~.c·.) 
. Thi~ :process. \'Jhichis called the ava:J.a,nChe:'b;eak.-dov~·11,as.be7:~·prepa'r'ed:· 

as a me~h<?? of" bbt.airiing" populat-ion . (' 

inversion, in seIJli-~onduct.6rs., . 

,However, the~re.· a're difficuitie s' 
.. ', .' . "' , .. ' . ,. ", .:'." " 

a~sociated .·wi tho the';-;~dheriie'.~· Ifa 
. ,.' 

~t=====~... .. ... 
bulk:·cryst~,l,. is.~se.~; '~.he· '<;!arriers , 

}Jiill.be ve.rY' ·hotail~·.t.heycarinot 
... ". 

. '. fprm' adegerierat,e ,dfstr:ibut±on" 
" '. ' . , ",' ~ 

. 1<e{fe d:1"1 bd9. unless: t'he field:i's turri~d-.off. ", ' 
.+/G- ~~~ 

Therei'ore , the' ~ie ld:must be, pulsed. . Avalanqhe.: breal~dOi.ft1- can a 1 so '. be':-

ob,served in :a.reve,Ts"e . biase~ P,,:,N -j·ti~ction. 
" ,",' '... '.' . '. 

the field is. in the direction to'push:the electrons to the n-·side of' 
. . ",', . . \ ", . '. :' . ' '. . ." ." ." ~. ,. 

1 
j 

arid .p,roduce rio radi~t1-bn .. These objectionsaTe,o,,:ercbme·bY a struct.ure I 
discciyered byYvleiserandVIoods. (15 )" , . ' :'1 

. , . ,The : s~~uctureis essentially a P~1f~,p'~~~ldwiCh~h~\-mc.:in,:Fig. 6~: 
The'A'valanch~bre~kdown' is initiated "by:: l1~les' in high' res'istiv~ty': if 

. (lOW carrierc'oi1centration p)' regionwhere.',t,h~ .. 'fi~id' is :high~."Th~. " 
" ~ .'" -" ' ",'~ ..... :',' -', -,' ,:' ",: ,,-.. -~-' ,'.", .:'.... ~ '. :{:::. 

electrons are'~ccelera'ted 'by the fieldintC).one ·:oftl)e.p re'gi'ons .where··,' 
" ','" .... .' ','.. '., .- .... :.... '. . ...... " 

. ,. -.' . ~ , . '. " .' ..... . ' .. ' .. 

'. the' field' is 'lo~·I .. They ;form .a degenerate di~trib~ti6n.apd ,.la·ser·· 

talt~s place 'p~rpendietila~ to the fielddirectlon,~.:,,· .. , 
,.', In short" the characteristic advant~'ge.s of;a'p..;N·junct·i6nlaser .... 

'a'rethat it" :ts compact.and simple, that,is,. i t ::re'gu~res, cm~y a, I01/1 
. , . ," "';" . . 

, . l't' 'd ,' .. It" ' .po·,.re'r sUPP·ly .• ' ',It, ,'c,.tih:ea.Si,:l .. ~,·,·b,~:~Od, ul.ate'.d 'by· .• · . VO . . ' age ,o;C. yo age ". . " '-: ' . '" 

merely ~niodulating.thecurrent;since oUf;put ra(fiai-i6nls' proport':i,onai: 
... ':.." 

to: the current throughthe .diode,·HOWeyer;ith~,b'ig:.d~s~dvaritage·:··is: 
, '., ~.' 

.. ,' ,', 

;" . ' . " 
. < -""'~ 
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that 'l:~tr:';l P-N junctions arc difficult or impossible to make.· 

PAGE· 33 

Neverthe.less/successful injection.J.aser diodes have been constructed 

and occupy an important position in the field of coherent light 

generation . 

. - -~-------'-~------------~-~---
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IV. PROPERTIES OF INJECTION LASERS ','. 

}Ie have started in search i'br',a-light source' which is coher;ent 
• , " ; ~I ' ., 

and, can ,be modulated. easily ~ Injection ·lasers f~om this point .. of view., 

offer many advantages. Firstly, theycorivert~ as we: haY~~mphasi~ed/ .. ···' 
. . ., .' .. , .. , . 

'. '.'" ;.-.' 

e'arlier i' d. c. e lctrical p0w.er directly into light. . The i~tensftY::Of" . 
.;0', 

this light is, d~rectly proportional to:thecu.rren.t .passi.ng throughihe' 

diode. , ',' 

\. '.' 

A. ·Materials' 

Tb construct the real device , we must' make a ch'oice; fr;om:the' '., 

existing semi-conductors. As, we have' dealt before ,the,re 'are "two,' ' 
, . 

criteria for this. -Firstly, the :s.emi;..conductor should be a'di:rect:." . 

. type i.e .. the maximum .and ininimum of valence and conduction .bands ,,< " 
, .' ~ . .', ' . ' 

should occur at" the same, "'lave vector, s'o that phot'on emission' shall be . . , . '. . 
. ' . ' 

,8 first order process·~·; Secow~,iYjwe~ .. should·be';able·'to···d·ope··tne·sethi-;:'·"-
". . ... , ..... :.. ... ~. " .. , ". .' . . ' ; '. '. '. ~ 

conductor degenerately 'both n·and p-type. ' 

Almost all direct band gap 'III-V .comp.ounds including several ai-
, .' " . ", . -. @0®CP .... $®@).' . " 

loys satisfy the,se condJ. tJ.ons .,-:GQA5. " however, was the, first. 

materiai to lase' and it has had: the most' extenSive, study and develop­

ment. Bec.ause of this fact, we will base qur discu.ssions. oh this 

material. . ... 

'. 

'@@ " , 
A second group to exhibit laser aQtion is theleaa salts. The~~ -:,' 

, are also direct gap materials such as PoS,. PbTe; PbSe. 
. ' 

'l'he only elemental semi-cond~ctor yet to lase is tellirium, 'at a: 

wavelength of 3.4. Several II-IV:materials have been, reported to' 

lase. ': ,";, 
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,As "las mentione~,'~n the previous paragraph, GaA'S ,.\~as, the, first " 

semi-conductor laser,:,~'nd I!lOst,~f ,the experimental "lorI<: 'is done ,wtth ~,' 
• , > .> 

this diode. Because of the high currents ( ...... 20 A) 'invo'lved in 'a9~i~v:in . . . -, ' 

l~ser action, the mea¢tiremerits were made passing short ptil'ses of·~ur ... < 
." .' " . 

rent (1 f-L'sec.) and obServi~g the'resul ting recombination. radiaffon,' '. 

comlY\~:.' frbmfh~\.lqiser-~, d,iodfl, 'which'.j s placed in ~ LiqUId N;h:.o~€n", bot~,.~ . " 

,Later on, , ',the advent of fabrication. technique,s,Of',GaAS,c,rLj~J-o. 

quickly lead to the 8:1'.11i ty to operate them continuously at 2 0 kand 
.' '. .'. ,.' .. 

~l!ablinglasing at room temperature operation for short periods': 

(about 200 n sec). . 

B. Junction Fabf~cationaD 
The P-N junction.laser is nothing 'mor~ than an o.rdfnary P'::'N 

junction diode in the",form of appropriate cavity. Thepurpos'e:'of this 
. , . ~ . 

cavity as discussed, i~ to, select certain modes geometrically., 

The P-N junction;Laser'is 'quite small by conventional laser 

standard,s. ,The typical ,dimensions are 250r- ~,50f.-50f ~ ,'Lo:w, 

threshold lasers can be obtained by "epitaxial grol'1th' from liquid ,~ 
, . 

state (5). The Fabry Parot ~tructure can be made by using the ~ cleavBg 

property, of GaAs. 

To form such small cQvittes ~iith optically flat and -parallel wall 
, ' ' ',', 'J'"' 

ann-type GaAs cl~ystai(doped "Ji thSe, Si, Ge, Te, from about 3, x'lO .J 

to 6 X 1018 c~rriers/cm3) is cut into wa'Fers whose plane is ,perpen':'" ,. 
. '. ' .. ".' 

dicular to one or mOl"'e, 0-10) planes. These \-lafers ate 'lapped and 

polished to remove surface damage and provide a smooth surface 'for 
',,:" 

'diffusion~ 
, ' ' 

Contacts are made to :the P aI1cl N regions by' conventional semi- ' 

conductor '. techniques . The index of refraction of GaAs ;'is high (3. 6)1 
'1 

sbthatit' is, unnecessary to put reflecting coating, on the ends of a 1 
;"',f • 1 

,1 
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" 

.. ~ . :.: :.~ , ,"-" 

C ~·Spect.r~l :p'!'ope·~ties .of 'GaAS,'L·ase·r~.<:,··:,,,,. 
• l;' 

, " 

'.' : i." T~mperat~~e ,~~pendande,' of·i;he\.,a~;,rele.dgt~ qf 'emissibri·.ClS')·,'··:<'·· -' " ' :..'.;",.,'.. , ", . . '., .".'. ' .'.' 

, .. 
Since . the frequeI1cy of the spol1taneous~eri!is,sion" is,;,proportional, . 

to the .band' gap ;" for.' Ga~s. ·t~e .. · sponta~eo~~: e~i~'s~~~ s~ifts to longer ::. 

~aV~ledgth as' the'~, te~p~~at~~e: {~ ;~ised·.··'At':'.7;O,~\'Iehave d:x'~O:46':':' 
o .: '. ." .'. . '. .... .'.,. .... ..... ..' ..•. ".:.>.... .:: dT . ,: 
A"/degree . .Becaus~··bfj~rlis ieffectfor G~s>:'at. 77~K,;.the :l~'si~g ,rad';;',·, 

., \, '.., , .' .' '_,;'0 ", '.~ ' . .,.,: .' " _: .... :' '.; .:" - .' . " . "', . .... -. . 

iat~9I?is.about 84W~A· Whereas:iatr.?oni·t~mp.e;~tu~~:thiS'. S'h~;ft.s to ..... ,····,· 
. '.' .:,' ~'-~ 0 '. 

.•.... : . , ..... 

, ":'.', . ,about 9000 A.' . 
.' , 

.' 2.' Pressure Depe~idance · .. ·or··the ·R;c~mb~h~t:±O~··H~dl~~iO~. (16 y@), .' 
The pressure depe~d~nce.:Of.::::the'~e~omb~~a~1onr~di~tion a{77·oK:··:.' 

,. -. <,' , • • -,' ~ ....; • , • 

have: been rep'orted. . The' pressure dep~ridailC~6f, the .. ene-rgy of the'" 
" ~"~ " . , , '. • . -.;'. . , '. .~. ." r. ". ' .. ,...... ':.. . 

:,br9ad ba'nd. spontane9tis~W:Lssi.bn·is 

. '*1.1 ";{:1(?5eY>Atm·~·.,,/ .' , ..... . 
- '.~' 

.whichagr,ees.with th~pre$sure'~;~E3fficient· .of~.:~he eri.ergyg~p" 
;':";' 

. , ..•• ' .D.' . Spatial Properties 
~ . .. " - ,. ". . ." '. " ~ . ~ ~ "'. 

::.: 

'C'. ' 

, ".' . 
. . 

" -

' .. ::~Spatial mecumremerits.are ,'made . on the .cFao·ry.peiot·,cavitY',thiS, •.•.. 

be~ng the' m~8t 'practical laser' confi~ration" :,' 

'La~et;,~in addition' to' ·being.'high1y;m'~rtochr~ma.tic, :are also. . .......... ; " .. ' - '. .. ...... . 
. ,", . '-.. ~ 

spa,tially.coherent. 'rhus' h;tghly d:Lrecti'omil beams 'of light· can be . 
..' . . . -~ '." 

,". 

'. : 

· 6fthe,·.'l?~~~·'~(iull·il1ci¥ded ap.~l~. '.~tl~.al.f:iritehs.:i.-t~}isde"ter~ined ,b~r':' 
. ' ' . ';.' . . ,' .. ,:-~;' 

'. .; ~, : ~ " ": :'.: 

.. 
.. ' ... " .'-,'. 

.. -.; : ; .. : ~: ~::.' > ':, 
- •• ,' • A"· ,'; .. ',' 

.. - ~ ..... '" , 

: where .d· :i~.:t.he. :Wi~,' ~ho.f,the~rttf.t.t{ng·. r~g£Ol!~' '?-n}th~: .. Ina!}€! .~he.re e .. is, : 
"" : ~ 

'. ; .. ~< , ; . . -'. 
) ... , ::.' 

.':' .', . 

" ,,' . 
••• j •.•..••• 

.'. ".,: 
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Because of the small size, of the P~N junc'tion lasE?rs, Sis much ' 
" ; 

larger than in other types of'lasers. Furthermore, 'P-N junction lase] 
~ _ • . ' 1 ... ,..... . 

is an optically nori-uniform structure: impurity densities near, the 

junction are a funct'iori of position; so the in~ex 'of refraction and 

absor'btion constant are not constailtthroughout .the region. 

To determine the spatial properties, twexperiments, are done:' 

1. Near ,Field Patterns 

This is the examination ofdistrinutioh of inten,sityat th~ sur~. 

face of the diode ''lith, a microscope, using an image. converter. 

2. Far. Field'Patterns 

Examination 0'1' the distribution of intensity at large distances, 

from the laser., 

1. Near Field Patterns, 

The 'nature of these patterns give 'us a qualitative understanding, 

of the real nature of 'the oper~tion of the "laser ~,Before the laSing 
. .... - . - . 

occurs, there is fluorescence'coming'from the region less than 5 . . . . ....,",. 

thick in the vicinity' of the junction. The intensity. of this light, i: 

fairly uniform along the junction. ,Because of ,the ,degeneracy of' the 
. . '. . 

junction, the usuaiP-N ,junction theory doe~ not apply. It is 

difficult to predict where th~ recombination 'should take pre'dominantI! 

However, qualitatively,it,is possible to arrive at some points: 

'1. Hole injection into .the, n side' is favoz'ed by the hea:vier 

doping, usually encountered on.the n side. 
'. . .", 

2. However, electron injection intothen'sideis favored by 

several factors. Firstly, the electron has a higher mobility than th 

hole . Secondly, the effective mass is rimch· smaller' in the' conductioIl 

band than in the valence band. Thu~, for 'a given carrier concentra,t" 

the Fermi level will. be further into the condu,ction band on the' nsid 
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,than the valence band on the p ,side, causing the electron$ to "spill" 

over to the p side first, as a 'pot~Ftia1barr1er is reduced by the 

applied bias. Thirdly, the band gapln the heavily doped p side may"b 

smaller J makingi t easier to inject to the" p' side. 

Finally, thereconibinationtim,eof the minority carriers is prob .. 
" , 

ably inversely proporti6nalto the majority, carrier concentration, thu 
. . ~ . :~. -

electrons injected to the p side will dissappearve~yr~p~dly. 

From these considerations it is, at"H~ast" not unreasonable to ' 

expect that the light comes from the pside of the 'juncti'on. 

'~::~ 
J~r 

~ 1'10 
;jj 

~ 120 

~ 100 

"'0 
40 

20 

2. 'Characteristic s of 'the End tt~d, Radiation (Far, Fie ld; pa~terns) 

As the current is:1.ncreased 

beyond,t.hethreSho1d, the width 0(' 

the line decreases" For example, 

in one'diode,asthe current was, 
;- '. . 

increased'from,IOto 34 amperes, thl2 

width of the ,emission decreases from 
. 0" '0-, 

120 A" to 20 A"'. As the current is 

further increased'from34 to 36,A, . , . ... ,~ 

. the :f';!:1,tsslon width decreased to 
0:;) 

0.5 A,. This is not hard' to explain 
, ' 

At 10lt1' intensity, the resonator is lossy and has poor mode discrimin­

ation. Although the stimulated emission is ,occurring, the feedback is 

too low for the s~stem t~ oscillate~ As the current is increased,the. 
, , 

i'system breaks into oscillat~on. " 

The angular dependence of the emitted radiation' is'~ shm'ln on Fig. 

most 'of the' radiation comes out 'at ,around 0
0

• 'As 'the current is incre 

ased above threshold,' fluorescence stops' al1d,lasingstartsj accompan~:El: 
, ' 

by,the concentration of light in spotsalong,'the jU11ction,instead of,' 
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. , . . 

Racil~hon f~o.lk..-n 
I"Hori;z.o",+n.1 plane, 

beinguniformalo'ng th~ ·jllnction •. 

2. 'Far Fie ld 'Pat terns 

Stirnuiated' emission emerges, more: 

or less normally~to' the reflecting' 

ends,' but ,the details of ,the patterns 

can be quite complex: often fan 

shaped,patternsare observed.· 

In good directional ,lasers,' one 

beam is ,observed just above thres-
o . 

hold, , bea~ angle s as 10''1 as 1 in the; 

cF=~~--~~~----~~~~ 
350

0 0° -1'0° 
plane of the junction have been 

reported. Ancjles',,, Deqr-ees 

,The polarization of the emitted radiation has been studied. 

Usually, but not always, the, stimulat~d emission is polarized. Vlithout 

any apparent order, diffl::ren~ diodes are found to have 'plane of P?;t-
' .. 

arization in the junction plane, 'perpendicular to it or sometimes .at 

an intermediate angle. 

E.. Tempera~ure Effects 

Jt carrier CoYlCc;lY\1n::\tlOI'\ 

-;- 16~ / 
S / ~ 

®@ 

. As we have briefly touched 

before,.the'threshold lasing current 

is temperature-dependendent. There i 

is, however,·tw6 regions at 101fl 

<l: 
/ rvT'6' '-' '£1 . 3 

ID 'f' Ib /crY! / ' 

temperatures, current is independent 

r 
\Jl c 
~ 

Ib
3 

4-
s:: 

t 
a Ib'Z. 

/ 
/ 

I~;; :; / 1.7 X/D em 
/ 

I 

10 102- 16 3 

TempemiiJt-e.-' 0 K 
FIG- 4_3 

A-fl.e~ Ptlluhn'tx f2uppreckj-' ® 

, '" . 0 
of temperature, but above 60 K, it 

. can be represented as TP where p =.3: 
As shown in the ac.companying figure 

4 -3, the te'mperature at 1-1hieh '13 

begin~,'incr~ases with incrciasing 
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substrate carrier corLcentration. Q,ualitatively, this behaviour' is 

expected, since, as the temperature is increased, the distributions of 

electrons become non-degenerate, so that upward, as \'1ell as dOv.TIl\>lard 

transitions can occur at the .lasing photon energy in the active region 

Thus, the gain "Till 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 I01, ... er at room temperatures 

than those pf ordinary diffused lasers. have been found .for solution 

regrown lasers. (5) 

F. Operating Characteristics 

4-

Tib 4_4 

/ 
V 

/ 
/ 

, 

/ 

/ 
'/ 

/ 
./ 

/ 

6 S lOLl-

Depei\dC2nca. of rac1, an,:", //\ }eni'-hJ 
on -th;2. curren (- oIenslh-j 

®@@ 

Although the internal quantum 

efficiency of the laser diode may-be 

as high as O.5-or higher (18), very 

little energy escapes from the diode 

laser below threshold, be~ause most 

of the light· is tota1iy and inter-­

nallyreflected and absorbed in .the 

inactive regions of the diode. At 

these current densities, the radi-

ation is emitt~d isotropicly. 

At and above threshold, the 

-external efficiency (the number of 

photons escaping from the crystal 

per carrier crossing the junction ) 

increases and the light output becomes. coherent, as sh01,m in Fig. 1~_4 

However, even above threshold, the external quantum efficiencies of 

50 per-cent or less are observed at most temperatures, so that a good 

fraction of the ligh~. still remains in the laser. Dissipation of the 
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heat produced by the absorbed light and series resistance is one of th 

ma.jor limitations on the operation~, of injection lasers . Because of th 

increase of the threshold and decrease of the thermal donductivity of 

the semi-conductor with increasing temperature above 30
0

K, the problem 

becomes more difficult as the temperature is increased~ In order to 

operate an injection la~er continuously, it is necessary to provide 

effective cooling. This can be done by placing the la~er in contact 

"lith a large metallic heat sink, which is cooled by a cyrogenic liquid 

bath. CH operation with pOl-Jer outputs of several watts have been 

achieved, using GaAs using liquid helium(19), hydrogen(20), and 

nitrogen(21) . 

At room temperature only pulses of a fei'l 100 nanoseconds ,or less 

can be used. For continuous-wave operation, it is desirable to make 

the laser veTIjnarrow, that is, with ,a high ratio of length to width 

in the junction plane. Keyes(22) has sho\'m that in order to achieve 

CH operation at room temperat.ure ,,,lth currently available threshold' 

curr~nt density, it would be necessary to make a laser with a length 

to width ratio of several hundred. '1'his is beyond the present state-

of-the art. 

1. Heating Effects 

Heat is generated by two processes in injection lasers. 

1. Non-radiative combination of holes and electrons 

2. Joule heating 

Since the internal quantum efficiency is nearly unity, non-rad­

iative recombination heating results mostly from re-absorbing light 

in the inactive p'art of the laser, rather than from non-radiative 

processes in the active region. 

, 1 
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'The rate of non~i'.ad:iative, h·~atihg:ts,::giv'¢h·:.by· . 
',' . '. - "';",' '.' ..., -' .::::: .~' :' ~. .. -' ,'. 
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p' ="( l-1[ext): rv~ ," 
','" , 
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.-The Joule heating comes from' the.~orita,ct·heati'tig·~ainty.<· , .. ' 
, ' ': ~ '. ,~,:' , .. ' '. ~ ."' • .,' . . >, • :' • '-

." p.:.JR',. .. ~ - . 
.0- • '~ -'" ••• ' • '. ~ 

;" .. 
'.. ',. . : 

. "".";.: 

:Th~s". for low'levels~contact resist~nces .ls.n.crt',;:importi:\nt·.·;· '., . 

. From' m~asurements;:'it s~ems" that;~f,te.'6~~ii:·;'i~:··g~n~rat~i~~hro·\lg~b~1; 
, . _ . '. '.' '. .' ~ '.... . • .' • _ ••• ' ':' •• ,- '.' • ,'" . '.:' ,_:""~'.':..,,,.', ~ • '. _ t ,: .. 

the diode .. The thermal.relax·atfontime :~;e :the,··diod~'. ~,~" given.-~y:· . 
; . C,···· 

<e~~ w .. ' ... 
'.".,: 

, '" .. 
. , .. " ". 

':where C: specific"heat 
~ '.' ,-' :' ... ' .... 

,p => density' .. " . .';, . 

. ~ ; 

·kT = th.e~mal C(mdtlCtivity. 

tv= . average distance. heat niustt,~~y;erse ·to 'get out of,.the dic)'(ie: 
, .... ~ .. '-' . : .:, . ; . . .. ;' . 

'For tv ~ 2 x '10-3 , cni;on·'·finds> .. 

1i{ ~6f"'s~c. ,. : ':.,. .' .' 

," " 

: . r 

.The ·exp.eriment~l: res~lt·s 'agree on' th~, ,c)'riter' o'r magnitude 

,a?outTO~seC:~have:.l1?en .obtai~Aed. t~rou~~·.~~a~Jremehts., " . " 

'. .. ·Ft,"'f~T'r.operat:ionbr. forp~lseq o~e.~atio~"ihich,·repetition . rat~,s: . 
. " '. .' "., :1' .,.. ,.' ..... " ,,' .:." . ',. . ," , " ' , 

, lar~e, ,compared to· .. ~~t':' t~~'rmaF ~onduct~vity i.s :imP~~tant •.... 

.. : " 'In order to " obtain high, pow.e·r :~~',t;O' opel"ate at :.high 

. .. ' .... 

. '. 
attires, it is necessary to takespe'cl~l mea'sures' :toget·the he,at.' out: 

. of, the laser. 

, ',' 

".::. ' 
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V. THEOR£~ICAL TREATME~IT OF THE P-N JUNCTION LASERS 

PAGE 

To treat the injection lasers theoretically, some simplifying 

assumptions have to be made. The validity of these assumptions, how-

ever, may be difficult to assess. The ti'TO important assumptions are· 

as follo1'lS. 

1. The form of transition probability asa function ·of energy 

and wave vectors of the initial and final states must be chosen arbit 

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

states of the crystal is not known in det~il, the transition probab-

ility is uncertain. 

2. Minority carrier densit:v vs. distance from the junction is 

important in calculations, but gradient near the junction is very 

steep, making the distance dependencies complex •. Most calculations 

thus far have assumed homogeneity, i.e. if electrons are to be in.iect 

into p side elect·rons are assumed to be uniformly· distributed througl1 

out the distance d in a material that has some given acceptor concen-

t.ration. 

A. Threshold Relation CD ® 
In the general treatment of laser, we have come out 1-1ith a rel-

ation which gives power at the threshold for a system that is sharply 

defined in energy level scheme(Eg 2-23). The occupation of levels 1s 

completely determined by the knowledge of NI and N2 since they are 

narrO\'1 compared to kT. In semi-conductors, the shape of the bands 

and the temperature determine the continuwn of levels. 

As \'.'e shall show later, this has important effects on the temper 

. ature dependency of the threshold current. 

--------~----.-------------~.~--- .. 
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HO\-lever, at T = 0, Eq. (2-23) can be applied because there is no 

thermal excitation. H'riting Eq.(2-23) in terms of current density 

instead of power in the junction 

P = IVg = (JA) (eVg) 
e 

(5 - 1) 

Vg = the ,voltage drop across the junction is essentially equal to the 

'photon energy E (Section 3a), then 
e ' 

P = (J) (E)(~) 
P - (J) ( 11]1) A 

e 

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

n2 d E2 6 E Jt = 6.3 x 10 r (_LnLR-I-~ ) (5.2 ) 
trt. 

'Where E = energy of radiation 

E = line 'Nidth 

Jt = AI 2 fcm. 

1. = efficiency 

d = active region '\vidth (all lengths in cm. ) 

Let 'us calculate a ty~ical current density for the junction 

Fora typical value of GaAs laser 

n = 3.6 

d = 10-4cm • 

E = 1.47 eV 

~E - 0.02 eV -
nt= 100 % 

R :,0.32 

L = 0.03 cm. 

,~, = 0 

Then we shall get. for the t.hreshold current density 

2 0 : 
130 Amps/em at 0 K. 

,~ ____ ~ ___________ ,-'_G~ ___ "_"_"_.=~ ____________________ ~ ________ ~ 



THESIS. 
ROBERT COLLEGE GRADUATE SCHOOL 

BEBEK. ISTANBUL 
PAGE 

For typical cross. sec tion of 50 tJ- x 50 fA i'le would get about 2.75 

:i:'n A; However, at room temperature, the order of the threshold curre 

density rises to 100,000 A/cm2 . This corresponds to roughly about 2 

This·, hm.,rever, is not the case, because at higher temperatures, othel' 

effects come into consider'ation '''hich 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 Modes 

vIe have found out that the generation of coherent light takes 

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

propogation of light through this medIum, let us treat this problem 

rigorously. In a few words, the problem is the propogation of electr 

magnetic wave along negative loss dielectric slab sandwi chec/.be+ween 

sem~infinite regions of positive loss dielectric slab. 

To· have a physical picture of the situation~ let us take a0 

idealized model of P-Njunction laser foroui'cal.culations . 

. i On 
6 2 = E~+_,c.. 

RC2IjI01't I::: inver-red 
populo.tion req(O}1 

~lc?y\ 2 C1r\d 3 
p-h t-e6ftOns 

JW 0, .-
JW 

G 3 = E.~ + o~ 
JW 

L 
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NOl'l, we must solve the electromagnetic propagation pr'oblem, to 

determine hO"1 far the modes penetrate into the inactive regions. and­

thus, determine how much energy is to be supplied by' the inverted 

region before the net energy in this region is positive and is ampli­

fied as it propagatesbetvreen t.he faces of t.he diode perpendicular to 

Z "lhere Z is the direction of propoga tion. 

The electromagnet.ic modes vii th the lowest threshold for maser 

operation are even TEand-TM modes, guided along the plane of the' 

junctj.on like the \'laVeS _ boUnd to an electric slab . The TMItiodes \'1111 

have a single-component of magnetic field Hy and electric components 

Ex and Ez. The TE modes have the roles of electric field and magnetic' 

field interchanged and,hence_have components Ey, Hx, and Hz. 

The propogation of the modes in the Z direction will be with a, 

_ propogation factor- e-J-k:i~. For both, types of modes, the field will 

decay a1.'1ay from the active region, according to, the 'factor e'-k( he "-:-d) 

Thus, we shall ha're for the electromagnetic wave variation 

e
j \,lt - kuy y, t variation ~ J 

z, t variation 
jwt - k.:zz 

e 

and x variation will be 
in Region 1 Active region 

in Region 2 p;;.region 

_ e jk2 x , 

and in Region 3 n.:.r,egion 

= e- jk3x 

(5 - 4) 

(5 ~5) 

': 
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TN Modes 

The solutions for 'By in the d:lelectric may be even or' od'd. The, 
;, 

"even lt and "odd" refer: to' the way 'Hz varies with x about the ,'symmetry 

plane x = O. 
. ..... 

Matching the bound~ry,conditi<?ns of 'transverse , E and 'Hat'the 

t,'lO interfaces, x =±,d, ,we obtain 

k~ tank1d = J kz 
''E!E2 

,"t 

(5':'6) 

Doing the same, thing for the~T~, mode, we get ' 

k1tank I d .::.' jkz. ,(5 -",7) 
, , , ". .,- . 

From Maxvlell s equa,tions 

k2. + k;-. = "i-l 'l.f'lo €.~: 
, !l. ~ ':l. ' 

k + k 2. :: 1<1 fo ,E;-~" 
'2. '~ 

:: k~ + k' z" 

Assuming 
-:l' 

w'J. f-o, (6/ - ~) ~ « 1 and 

'62.:'()~ « 0, '«W~' both of -Which are valid for junction lasers, 

one 'obtains the simple result , in, terms of 0 1 ,for both TE andTM modes 

\'lhere 

02. ,+ (j 3 2( k~d;) 2 .£,' ~ (.e4 + €2») /2 ' 0' (5-12).', 
~~e 6 W6 

Let us now try' to interpret these in terms 0,1' experimental resu] t 

"The real part of the' k, J<:.o in equation (5-11)" isapproximate,ly" 
.. - . 

, ' 

equal to the propogationconstant in pure GaAs. 

'The, imaginary part','of k determines the gro\';th of the \'lave and is 

-expressed in terms OfIYL~ , The first'term of"l. in equatiori (5~12), " 

gives the rate of decay, due to lopses in the p and nragions. The, 

second te'rrn' gives the 'rate of grm·r:th due to the inverted population 

in region '( 1). 
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For the wave to gro ..... , the negative conductivity fSj must he large 

enough so that the second term becomes larger than the first, i.e. C 

The penetration to the regions (2) and (3) are determined by 

6,' (€ I + G ) 
2 . 

If we look at the equation (5-12) only if this quantity is positi\ 

the wave \,Iill be able to grOi'l as this quantity becomes larger, the 

penetration to the lossy regions becomes smaller. 

The rea'son for the confinement of the wave due to' discontinui~ 

in the real part of the dielectric constant between Region (1) and. 

Region (2) has not been definitely established. 

In practice, the guided TE and TM modes propogate in'filaments 

along the junction plane rather. than uniformly along the plane as 

suggested by the figure. 'r'he explanation of this behaviour· is not 

very clear. 

C. Spectral AnalYSiS@ ® ® 
To truly understand the injection laser, it is necessary to 

understand.t.he levels or distorted bands that give rise to recombina­

tion radiation .. It appears that, at least in heavily doped ml.As 

diodes, thetransitions are band to band, but bands. have large tails 

(bands distorted by impurities). For more light'ly doped diodes, the, 

results are nore contraversial. Hot-lever, radiative transitions may be 

sf elec..fn:>~ grouped in four, for an 

----~--~-------4--------r_------._----- Ec electron that is injected 

-- + --"--- -@--- E[:) into the p-type material. 

1. Conduction to 

es- -88- -88 -8-8- valence. band--Eand to band 

i;v recombination. 
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cibQeS~11~i~biS .dqui~~:l~~t' '-~b" .20·G;WK~.:: T~~~~/~he:'I~·;pera~ur.e· ~~.~~~Li:;··.;,; 
:b~·~coht~6i,{e.d· t·o, s.~abill~e. '·the :f,reAu~n~~.;·,:"·,:. "" .' ..;.. ,,' : .. ~::: 
··*gOld~t~in',?nd,'Hiege~·d,:,.'jBand .. Modulat:l·bhOfGaAs',Uisers~·'.;~P;OC';:{EEE· .:.':~':~.:;; 
<j,TTT _. {FA'h~1H'1 1",;.lQ(:;t;L·lQt;'.. '. '.' >' !;::','" .. '. . ...... ~...:,. ''':.,:. ' , •. ' .'.~ 
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, ',' ,The ca.se of, high:"frequel1cymodulation makes'GaAs 'laser attrac't'ive 

from conununicationsstand-'point. ,This.i·s·'~hY ~:le ha've chosen this la~e 
.,'.. -

in ·our st:udy ~. However "because of the mul·tf~Il1ode operation (occ'i.1rring 

above threshold},'heterodyning ,cannot pe,used ~ The ,majo:r:o advantage; 

'of the ·iaser.over~·anincoherentlight·emitting diode are its directi(jn 
, . " 

,ability and' its.hlgh quantumefficief<1cy~ Whicb' .. gives h~gh optical.,:' 
.-

efficiency to the system. The frequency re:?ponse'isalso better., 

- , 

in' order to take advantage of its, frequency, response . 

,. ~: '\~.' . ,. -;",' ":. ' ~ ";: " 
. : ."" ~\ "". .":' ," 

., .. ' 
. -:'·l 

.' .': to 

., ,. 
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'.Tr~e~,pr9bieni of ~~ing. oPtic~ll:,freqtieriCi~s.·f.9·rComhlun·i6at~qQS '.19" ,:' 

notsbl~ecl.by: gen€{rat±ng:~\)here~t,.i-i~ht·.6~ly~, ~.,.~licir~·:i~~~l'd".~~'j,-:~ :::.;., 
" •• " .' ",_, -: • - .-. :'.,:; 'j <;-;. ',.' '0 :', ":.': .~ ... , ~~. ~ ,", T~.\ •• ' .•• : ,~ .. :. <, ." .. :.'~": ;-: I" '" '" •••• -. - ,:' ... ~.;". , 

tive" c'ohe~"ent detectors and ~etectiori' tecnh.ioue's,' .. "; :', .' 

.•• F,o, . 8u rpury 0 se s.i~.s h()u lc1 be u~~rl'i·t?· ha.,/",·~~ ,.fe~ ~~VY"" .,.,t<· '.' 
the,se techniquffs .an4·.deY'~ceS",:: . ,; t, '.',"" 

. l~: fusic. Optic~i:'netectiOJ1 Syste:ins" '. ",; ,," .~, , .'.,> . :.' . 
. . :" The .techniquesof'QPt.i~a11e~edtio~,:.i~;:,:f,dent{C~·1'·in·:,~',principi~" 

. '.~.' .... " ~, • . • •. .' ,.' '.. . '. '."', :. ; " . >.' .' , ,. _.,' , . • '" ~ : ~ 

'to;th~methQdS applica ~ Ie' fnbeRE'Orml,<i'r6~la'l~.1'$g.:()hs\... . ..•• . ..i . ........... . 

· .:.:' :Ho~Je~er;,theT~"~9-:,a:'naturai .limi't~ a't·:these· freouencies't6;ithe' .':: .. 

. fl~ininiu,m ; amOUYlt· ~f' : r~diat·:t6i},tha t· ca~"b~~ de~~.'c~~d e~~~''i~'a r1.id~·a·T·: . 
-",'<" .. ~,., .- '-', . -;'\.. . !" '.: .: ......... , ,-' ~.- ",,;,,~ .. ~>"'.":' ..... ,,:.~,-.' .. ",- . , , 

~YS~el~th~t"lS 'in .' prir\ci~l"free of .externair\o~"eso)lXde.~,,:I,e.c"n G~.. 
.riobetter,than· countind,ivi,~ualphotQ.ns~::.~e·phnic,t:l:l1.Y:- sp'ea.kigg·,. ·this . 

,'t ',' . , . .. . i '. ,,'; . . ., 

opera'tion:, ha(3 ·.been . accompl:f:she{vJi:fjh> co·oled::pl~~t6:~niiipiiers·'iri .. th~.· 
~';'~ .. -":"~':"."'" • '-'.".<.,: ;., .... :;.,' \ 1 

'·s.h¢rt~l~f\Te' iel!gtn'yisible 'andinthelnfi·ar~d.' .Tre~fdore'; 't~l;1e', ~tmost~: 
, , > • ' '.,. • , • ,.' ~' '. • • • , • - ." , , , ,_.. :.' '. / , .', -" \ ~ 

.linlit o~,·>se.t:1sit··;t'~i ty'~11as' :·b'e~n,.· ,j;$·a.che(f;.~· .. ·.: '. ~> . ," 
,,: . ' .. : ..,.: ',. . ... ' .. -; ."., 

· .::. The'e:tiici,~ncy :'of·;t11eeip,t,icai' detec.t6rs::;S·::,·':ano'thcir p~o~'lem~: 'j:n':', 

.' .. 
~.' " ~ -' 

emi-s'sion' does,·not.take: place at .longerw8:vele·ng"ths.·;,:·.·· .... ;: .. :.. . 

. ~'.'·':A~ \1€ go t'o' ~.~ng~r \~~ve~el;g~h~ it.·fOi·~:~·~;~·:~f~~ec't'lY: t}~a:~' 'w~ ~\lS~;:., 
."se ··devices .108" t.wf~\reS po;'iI·· to ··lo~'e~~¥¢Y:.1~d;~a t l";i,.,:.~$i l.ilh,":·tnl~~,; . 

. , . ':' .:' 
,: ~,- ~;: • -:' !-:' " 

.. ~ . '" , . ',;'...'. 

, .. ,'. 
..' {;.' 

"';' . 
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.::,e,n~rgY,. {or exci tat·iondec~ea~eS'i. ;ther~:~r~. ni~l)i,~'c~~pet~ng:p!~c~'~'ie'~""': 
.: tha b '~rrter:fere: with, t'l)~ ';. inc ornln'g '~p:~ti¢;a 1. ::~,f~~~:I .. ~::~\.For·ef(a mp~~., · . .t~~~~~a~t:::, 

- .i 

·,gene:l,~~tibn.~of.::tbe exc'ited ·.ch~rge,c:a·rrie·rs'can':·c:l~eate'orQbl~ms·~ . :Mar1:{.: .. · .. ~·. 

Qth~r nOisgso~rce.s";e~;~ ser:t~;,chas~~;1.c~l.e~~it:tIf)~ ~lle top~c ~ 
g;'r.dund.· . The :~b~m ·:teinpe'ra.turebla c j{bbdy,;'t~'d1:a t.tpii.: fro.m': the'Stlrt6un'dt~:J.' 

'. ". • ,.' :)'. ;. , ':. ,'.:--_ ••••••••••• ~ > ... • • .: • • ••• ' • -'.' .,' .f:.~.:; 

:·'g~~~rates· carriersth~t· coritribute··~to:·.nb'is~ .~::.;:: .,!, .' . ',:: ': .' 

" ';.z ......... ' ·'4"·' •.....• :.~ ". ', ... - .... ~.,'--~,': .. ::.,',.:: ,:·t:~··.-:·.··-~~<·~:·',:'·;:' ",." "":/ .. _.,,: 

.. ·.It is at thes.t? ',l'~avelengths incob€n7erit· d~te.ct:ion hegins to . .faiF~;· 

.. ·~~c·a.\)sei~':ts·in,cre~~±r.t~ly :~i;fictl.lt.;·:tQ··.~6'6:i:~\T~;:iif:&~::s·ens'iti';i .. t:l .• :'.':: . 
. , .- ," .' ... " ". . . :' . ~. • . :" .' ..... r •• '" '. .' _ . " . . , . .' '~ . ,; .' . 

, Le.t us.;.no", ~n~J.'Y:~ea 'general' photo;..defe9tQr·~·,J.'~,·::·; . ,.: .. ., 
,e,','.':", I. '. -"'.1. ,'. • " .• ' -.' .', " .• '" - •. , <. ,.", 

',' • ' '.~ ~'." t 

:" i==>ho*, efe:c:h.tc, . 
.. ,'::< 'effec.t . . 

'. 
,'. 

. Currof'"ir' &c-;.j'", 
(M e:,-r.~rij s,m.., . 
. '1' 

. -, ~. ". 

\ " .... 

.' :.:' .. ' 

.... , 

., ,:'.' :.": 

.; .. ,' 

"., 
, ... ,'., 

,': .: .. ~ 

. ~'. .. . 

i.'· 

.',' , .. ' .'." 
': ,'- .' :.' '''., 

···· .... ,¢u+p.~f ·.VdJ~Q".:::/ .. 
'. ;" . :.:; 

~, '. 

: ....... .. 

. '. , ;'. 
." " 

. .~- . 
. ., . . ~ 

- .;- ;_; .... ~ .. fJo;se " ·t.:,.:.:.; 

'>+ib 7'~ ·.0fiM~(i.2ed ·:Phbfod·e;f,.e·6tb·/(-···; .:. .' '," ,.";: 
,In:··aIlde'tectors,:~ det.ecti9n. 'is il. 3~step'.~pi·6C~·S'$'~' " F:J..ristIy~ ·'f.ree>' 

c~'r!iers are .gene~at·ed' bY' th~·i~C·~dent .. li~l1t.~:i~ ,'t:he'~e:c'~nd c~rrier~.··· 
• ' .• ~ .,.. ,.' ,'. • • , '. $# 

.' .'. :al~~\muii1>lied' by;' whate.~e·r.tn.e· cur~·erit;;.~~iri n~~c1iah.isnr ).s ,a~d.·fi~a'iJ.Y:·:.:: . 
'~', ... ~'::'.:' ..... ~ .... .' ',: .. _',' -. ,".' .... ". ' "."~.:.,,-,,~:~.,.";'-,, .:". ',::"'~ ... ' .. ',': .~. '. - ..... 

• ·.~~l.S·. c~ur¥en~ .. inte.r~·:·~;~,"~l~ th i.~he··: ~ ~.~cv~~ri::t:~>:p;f?i:~de the. 'out~u~ .·S ig~a~1 
;..- . 'T'ne,baslcpho'tct~electric:p~ocess·.:1:s. :.ch~~.$.¢·~.~r't~.ed pya '. ilnear, 

<> • . :,~: . .,' ........... ::, ',:' .' ..... ' ... :. ,'.". '.':.:<";:-';";,.',: .. , I .•...• . ',.', 

.prOportio~a Ii tYljet''1~en:. the ·.·numh¢r, of :).rlcid,e.nt"·1')h:o:~'oi1~ .and then:llmbet..; 
. '.':'. . ;":'" - -" " ~ ~:~ .,.~"" ... ' .. , ....... :,~:.,.;~~.. '" - -".' . 

.. t?r>rree·eJ;ectroris and. 11~ies' 'that .are :~r()ctu~e·~::,\·Y·:Th~.'pro6ess i.~.the·", .. / 
'. ~liq.to~emi.ssiv·~··sur.f~~es .is·. 6iea~f~h6;:'siini::tar·.p:r6~es~ •. ~ls~·ta1<e~"pJ.~J:e , "~":'1' . '.~"." ..' ',' -. ". ' .,:.' "." .. : . ,'. ',", ".:.:;..:' ::.~ ...... :,,~ ; ~ ... : :r - .. ,": ',.' ': .'-' .... ~. - :'>" .. 

,in' seml:"conductors i .. :'by tl-Le p.b~orbtj;ori,,'of:'.a .. ph~tOri.J .a free~le.ctio:ii':::> 
./ • • '~ .. , ...., • .' " ~ " : .. I ~ .' ..'., •• ' .: f ':,-', 

., : ~" . ~ ':':, .,", 
'.' . ~ ': 
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and ~ hole is produced.. If an electric" fie1.dJs applied to:the .jt.;nc":,, :'1 

tion, ,it shall 'si'mepthese free char.ges thl .. Ut an electric Gurrerit \':i:1J 
. .. 

be generated • 
.-

IT} terms ofo~tica.l po\verPLEmd··prj .. niaty photb:"ctttr.ent IflJ' the .. , '1 

pi'oportlonallty becomeR' 

Ip,,:; '=, '.~ eh~,L/ ... . ' .. (7 ... i r 11'= free carriers, 
L T L photons 

Ctirrentgalncan be o.btained in 'a' miiuber'of'.-ro:ysf. two oi'them6~,t' 

.important areseconciary' et1issi~n mu~tiplic.ai;.ior\ as: llsed in a.photo~· ' 

;' ; 

. ',', 1 

junctions reve~~~lc. biased' close to bl'e,akdovJll.Qf' conrse theseprocEH)'sep. 

are characteriz~d, by a eertainmultiplicativ:e.excess nolse. 

'. 2. Detection ,Metliod~. 

a. Optical Superhetero~yne Detection.: 

J 

.,1 

",j 

. . 1 
It is a well-knO\m. empirical fact tbat. all photo detectors ,mea'silt'E:i .' . "'.j 

theintens:!.-ty J:not the' amplitude ~ . Using thisprinc~ple., het.erodyne 

. detectors are. niade .. 

11'1':e : assume t'\'lO' electl·omagnetic light 't18ves' of dlft'f~r:eI1t fi-cqu:cn-

cies falling on -t1).e ·same area of the detector, 
.' . 

the .resultant, ·ar!lplttude 

of the. 'waves arc given by 
. .' . 

Et :: EI COS~il t +, Ez.?Os W2.t 
'. .' . 

.vie implicitlyaSS1.:une that the' tt\'o"'iave~ are p.arallel and nor:na,J, 

tp the' surface of the detector. If thesecondl:tionc arc' not; met, 
" "" . 

spat.ialphas(~ ca.ncella~i()ns may resu·lt .. · ' 

inte~sity "if given by the square of thearriplitude and thus,' 
2. .. 2·.·· .~. z· . .' '" .' . 

=.EI: COS,)<IIt+ Ez..Cos't<lzt, + :~iE~P,?S(~'1I'~"i2.),t, +EIE2COS('·:I+1~2.}~ 
'.~ . 

(7-3) 
:.::. 

" ... ,"-

.... ' - . .' . \ . 

.; " ., .. : 
.; .--..:~~...:~~~. -' "~~-'-' .. >-:~:-.. -;,'. <-,' 
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vIe assume that for heterodyne detection, the detector can detect only 

the difference frequency I'll - \'iZ and it Htll not respond to frequenciG£3 

'-,1 1 I ""12.' ( tv I + 1'1 Z ) • 

It haG beensho\>Tn that there is a minimum time required for the 

generation of electron ':iholc' pairs (3), this is in the order of 3 x 10-J. 

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

. frequencies. Thus, \'le can only detect the fiverage power in these high 
-'-

frequency terms. The 'average of Cos \-it is l",,\,Ihereas the average of 
2 . 

zero. The result is then siJllply 

Et 

This equation means that if t'-lO coherent electro-magnetic \<laves 

are super-imposed on each other in space, the vector amplitudes of the 

tl'lO ''laves will add, giving rise to a single amplitude modulated 'wave 

a t the difference of frequency. An optical detector placed in the patb 

of these waves l·ri1l detect simply the envelope. of the modulated light 

'\'lave, thus yielding an electrical signal that is modulated at the beat 

frequency. ' 

Let us considel~ the problem of sensitivity. The signal pm'fer is 

given by the expression 

('7-5) 

,';here "t = quantum efficiency 

nt, II.. 1.15 = currents genel'atecl by local oscillator and signul Gonre 

respectively 

few) = frequency re~ponse of the detector 

'rhe factor 2 comes from the coherent nature of' light. 

The shot noise is given by the equation 

(7-6) 
',' 
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.,<r-rhere: In is 'the 'darkcnrrent ofthede~ice' '>'" ,: ".' 

" I R:' '1-s' theh()i~~.: ,equive.len:~·,lO~db!r~th~~:;::rblim;ring:'anlPlffi~,r. 
- _. "'. . .., " . " ~.:~ .' " ::, )' :- . - -' ." .• .' .• .: ". .' ! . . 

Af' is theline1'li:dth" . ".:', ' 
.," "'. " , 

Using a"sti'ong, os'cilla tpr:i;ignal to:~ois.~ :"~a~i6:i~;:r~~~1~'ed 'to' 
~ '". .:. . .: '. ' ,;,. . -, 

, ':, ::.'/ "'Y\.Is ," . , ,,', ,,"; 

: , ,',"" 

, . - . 
'.', 

<:sl)lR..=efj.f·: : "~1.~~3) <flU .:: " 
:If t1~ let. T, :,::., nf:}~~;he'ren is the;"numberofinc1ilent'pi1otpns,then' we 

.'. ~ . :' ',' :,' '. . ~'. . . 
': .... 

have simply 
... :-. - , 

. "~ . ':. , . ~ 

" ".' \ '" 

.,', " 
. '. ~ . 

"(7~9) 
. ,\ ".i,. 

"\', 

.:. . .:" ',' f .' -: .,-

'. : , .... ' 

". ~. .' 

. . '.. ~. 

the incident. ·l?earri~. 

" ':. ' . -.-, - -,.'. - .. ', 

Photoemissiv~ Superhet~rodyn~, 'Detec~o~ " 

, .. vlith Pho·~o"emissiv·ede\d.'C-es, two'md'desc,f. ope:r~tioil' have been' 
;' , ~", - .. ~ -. ", 

elnptoyed.Photo-multiplier type ,and' the t-ra,ve~:iin~wavetyp~.,: " 
,;' "-

- ,', , 

,,' ,~h.e fr~queney,'i'espoh~e. in.tl1e pliot?m~tipl:~el~ c is',limlte'dby :th¢". 

4elay~associa t~d'with ~ the tra~r1~i t t;ime::6fcarriers. ,:-:' :-
. . .. . . ., ". .. ~ '. . ':,. .' ~ ;~ ," '. ;. ; 

" .,;. :In', ~heTHT,: there~is~o~transit<tiin~'·i'im.l.t~tj.()ri,"s~nce t"~. beam:ali,~ , 
"" " , ;. ",' '. _.C

O 

. '" .: • " 

,', ' 

. ,: ~ ,:', .. :,: 

""The ba,nd:-l'iidtll'ls I1mited,bY:,the ,blll}d ... "tii:Ldth' o(ti}e"hell.x:abd '1ts> > 
.' ' ,,:. : .. ' ",.:': .' .. ' " . '.." .' .,., ',-. ,':'" :' '\' - :., ':.'.. '."..,', ".>' -.. ,'- .\ 

coupler;;'. " 
,::.;.,' . 

. .t. 

',::':~ (2) . Solid stat~ ··sliperhe:ter.Odyne;,pet·ec~i~n;:' 
'. "~ 

.' .. :. 
~ , ".' 

",'.Tne most'suc'ce·sfuJ.ofth~se: devices'arethe.photodi0.d~ sra t11e1j!-: ,:,: , 
.' .' .:. ' " .' '-.' < -',' < • , '-' '. ,..' .' • .' -.;. .," • .', .~. "!'. : ". .- '" " . . : -. • ., ~' '. :' 

t.hB;n;('p!lotoc~ductOr.f:>.;;!el'e~, ' again, >'the ,!Prop~:enF,Ri"'i r.ans~t<t~~le ,a~iS~~~~: 
- .. ; .... ; 

'I'l;ic', frequency iiinitation 'is directlyaresult,,6i>Che ,tran3portatl.Qn'::,6~.,' 
. ,.'" '.. . .'... ,'" .... ·:.r >, • .' .,' . '.'. . .... . . 'f. 

ca'rr:1ers '\'1ithinthe'device. • The' spe~d .l'litl1tqhieh,tbe:,ca:rricTS' can. ;ni'6v:~ 
. ." -, " . . . . -", , ... / . .'. ~,.', ." " .. " .. ,' "." ,' .. -:: :'. 

, . 
is", 'determined by .the d:tffusionconsta.n~., 

<.":'". : ' . ~, '. 

-"':~. ',. ,,' ."- . 
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The most sUita,ole 'serni-conductors:rpi~' .ph6tcidl:6des . are the III...,;\!" 
....... 

"h:6mpQund'~ .s~ch as"GaAs, lnAs,lhSb::' . ... , 

: . ,,' 

, ;, 

" b • No'h-Linear .opt ica IDe tec11 ion " 

.... ,'Non-l1neal;'optlcs,'; anentirely new area"reiated to, the deteC!t'1:o, 
". ,-. '. -, ' '.' . . 

, .'. -' 

of radiatlon~ has 'orily recently become, thes,\Hiject of intensivestu~y,~ 

' •. ,,' ~In general, a medium be~omes pol~rizedwhen' it/is s,truck' by.ligh,t 

'.:If 'the ~ediumi6 trai1sparentand therefo~e, ,lossless,ithe energy that, 
'~. " . ;'. ," ' " " , 

\" ' 

,irlCiucesthepolarizat.lol)iS : re-radilited .', 'Th~~ origina'l ~aciiationand: 
. ,.",,'" , '. . . 

. ,'re.':'radiatedemissibn ~oinbine' to 'glvethe"stahdard refractive'effects ~ 
• _ 'r ,. • , • ' '", ~ .' , . , '" ' '" ' •• ' :, ' , " • • .", 

, " 

Ifn6~'theelec:tric field assocIated "'litll th~inciden:t :'radi~tioh" 
.' " . .' . -.', ,'" " . ",. ~" .'. " ' . . . 

':1S' S()'st'i:-ong that'it dl~ives ,thepolari'~atiori'of'the plsterlal· out 'of ' ' 
.. . '. - .' '. . : . . ,i ' 

r," ,,' 

'<'the 'l~n~ar '~egiori/.,nOn'71inear'optics 'effe,c·tss,tart'to~pp'ear. ,'These, 
, , . 

',. ri'fl~e.cts: are ina de app~1e4';in thede'tection of coherent radiationj but,' 
" " • ~. '. '" ., " r , " _ 

..' " -, ,- ~ 

, ". ,. '.: .,' ,.' '. . 

-:'detaile:q dlsc\lssion'of:, these effects is 'beyond the scope'.of this paper. 

'j , .• 'B •. ,. oPtic~t T~~n~~~:tSSion ,®CV,' 
> ~ ,:,' 

As opticai,wav~,iengths, are 'rery. shor:t, this offers thep6ssibi~~ 

Ii ties 'of very:bl'oad b~nd';;i-'l:ldthsand increasedangulal~ resolution . 
. " . " ..., i.": . ' . . . ,.' " , , ' 

'.' In g,ener~l"lh!ttcanbe. done vlith the 'cen*.;i:nieter and millimeter 
, 1'· 

,'ws':'elCl1gths can also be ' done by light l'1f.lveS • ,Hence,', optical ,cOlmnuni--: ' 
.. . . " . . 

: ca,tiOl'f must compete 'with, older means for accomplishing the same: result .. 

' .. As at lOl.fer:frequenqies there ai'e two,P'?S,Sible modes of trans,": 

inission fbI' a' rnodulate,dlightbeam.' The first is th~ radio, t~e 

··un,guide.d ,mode\~h;tch'\lSeS' the' atillosph~re:as ;the propagating niedi~l. 
~ " : :' . , ", .' .-' - {"', .' . , 

.H9w'ever"tbee$.rth~'s:.atmosphere interacts. with rad1,ationat o.ptical .. 
, ~ ,-.' " : ' .. '. " , ~ .. . '. 

·,:tl;;equeri~i~s,. Cau~ing!:lifficUltie.s ~ , trhe~p~roash has the 'advai1tage 
.' . ',.' '. ,".' , 

"shared by ,all"r~d.io,systep1s" n1.l~ely the' medium 'is,: free. . The difficult:', 
'" . . . , . '. "'. ~ 

:m~Yb~ov?r.come by ,using' closely' arr~ng;ed, reI>eater~, .• 
, ' 

This mode of', oper~tion offers 'thehighest:possib:l.lities in spac'e' 

. ' " .... , 
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.... lhere there is no atmosphere to interact \'lith" and "There very high data 

rates are required. 

A second possible mode of communication by light employs a trans­

mission space ,shiel:ded from the elem~nts by some sort of a pipe, with 

suitable additional guiding or ,directing means to keep the light beam 

properly centered in the shield. There are t"VlO approaches to the prob­

lem. 

1. Approach analogous to out lower frequency exprience passive 

EMN wave guidance • HO\,lever , this seems to require severe tolerances. 

2. The other thought is creating a ne\'/ type of guiding medium, 

one using active frequency elements to relieve mechanical requirements. 
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VIII. EXPERIMENTAL' 

INTRODUCTION. In the preceding sections \lie have tried to gain 

insight to the operation o"f the injection laser, particularly the. gallium 

arsenide diode laser. ~le have now come to the stage \'rhere we have 

enough information to incorporate this,device as a circuit component. 

Because of the ease of modulation, there have been a number of 

attempts to utilize the gallium arsenide as a laser source .. 
-

The GaAs laser operation depends heavily on temperature: at very 

10\'1 temperatures, i.e. 2 oK, it can be continuously operated. Gol¢lsteirl 

and R • ]If. W,'egand (IV-4) have been able to modulate the GaAsdiode at. 

: :'rA'1,GH-z. .:;' and at these temperatures. The percentage of modulation 

used 'was around 2. However J ,higher modulation percentages su'eh as 

25% were achieved.' Hecently, continu9us"rave operation at 77°K have 
<lY~@€-2Q) . 

also been achi(;?ved.· At this temperature J the same, modulation tech:1iqu0;: 

t---.--=~ L-as.er­
Cnt~ml 

Con+iA;ou's Wo.ve. cOl\ft9u.mtto-n 
'Ie 

f"16- 8_1 

should be feasable. 

'l'he room -t:emperature operation 

eliminates the complexity of !'efri;.!(::.r~:!-

tion and thus is advantageous. Hm'/w/er 

the, SCht;lne is inherently pulSed to cool! 
! 

the laser after a large pulse of C"t:T-

rent. This limits the UBe at r'oorn tem-' 

pera tures t 

. +}Hergen \'Jhorter and I.M. Feld~i\Unn,' "NaximUm Cl,'l Pm'ler from GtlAs Lasers 

ut 77oK. II Applled Phys • Lett . XIX, TO. 
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The difficulty i1it.h the operation is not that of modulation, for 

pulse modulation, technIques are ava1.1able, but 'that of supplying the 

required pulse. 

As we have emphasized earlier, at room temperatures, threshold 

currents for laser operation are as high as l5A ,to 20A, lasting very 

short: of the orde~ of a fraction of a micro-second in order fiot to 

burn the junct.ion. 'fhe limitation of the \1idth oX the pulse is also e. 

result of the dependence of the threshold current on the temperatur~~. 

As the current passes through the junction '\\'hile lasing occurs, the 

diode is heated up to a higher temperature, \;lhich requires a higher 

threshold current for lasing. Consequently, lasing stops and non­

radiative processes begin to take place., heating the diode further. 

B. Pulse Povler Supply. ®® 
The problem of supplying a pulse of the required dimensions vms 

first solved, by employing electro-mechanical elements.® This method 

is good for only a limited, number of.experiments concerning the cl1arDc~ 

teristic of'the laser. In this case, modulation is almost impossible. 

To make modulation .feasable I electronic ,-rays of supplying the 

pulse should,be sought. Usage of vacuum tube ~lements is not possible 

because of the inherent miller capacitances, rise times of the order of' 

lo~sec. or so arc encountered. Using the transistors as switches in 

. the normal mode also has the problem of rise time. Transistors of'the 

size to carry lOA have rise times about 101-'8ec. 

'fhe problem is' solved by operating the transistor in the avalanche 
CD ®® ' , ,. 

mode. To make the operation clear, let us take the arrangement as 

shmm on Figure (6-Q,). The supply. voltage Vee i9 higher than t.he 

,avalanche breakdown voltage. VJhen the, capacitor C is charged up to 

the breakdo't'm voltage, avalanching occurs' in the translstor and c\lrreni; 



Vee. 

Flc:::> 8-2 
BaSIC. CLrc.uit 
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builds up rapidly. Pu.lses with rise 

tiriles of the order of a fe",'l nanoseconds 

develop across RE, The fall time of 

of the pulse is directly proportional 

to the time' constant Rl<' C.. The pulse 
u 

repetition rate can be changed byaithe 

cha.nging the supply voltage Vec or the 

chargi.ng time constantR C. Using·th' c 

method, rise time problem is eliminate,' 

The i'lidth of the pulse is dependant 

largely on the discharge time constant, 

To have large currents, ti'JO stages are employed as depicted :l.n 

Flg.(8_.3 ) The fii'st· stage is .the same as "re have discussed in the pre-

ceding paragraph. The second trans-

istor is biased at a 10l',er voltage thaI) 

.its .breakdoi'm voltage. vmen tl;0Plllst~, 

formed by the first transistor is in­

jected to the base of Q2' avalanchirig 

occurs andpu:j..ses of very narrOl'l , .. ddth 

of the'order of 20 nanoseconds and as 

high as SOA can be' obtained. 

There are some d:Lfflcultics associn.ted.l1ith theci.rcuits, Flrstl.::. 

siTicon transistors hD.'re to he used because germanium transistors have 

rather high collector current flmd.ng, \,rhen no ~>ignal is, present at the 

base. This current prevents to attain breakdOl'm voltat.:ses across the 

transistor ;qj:th 1m'1 Vce. Ncvel.'theless, a circuit using germanium 

transistors ~lel'e constructed. The plan in shOi'tn in Fig [8._~) Anaddi-: 

tional diode was added to eliminate' the oscillations •. The set-up. 
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.,.::..... ...... . ',':, ." --.' .... , . j 

..... ' :,g;;~":]~~,~:Z;"'~~,e nvc~:::,1 
, ,.,' , \" ,''It?-~'-100 volts '; ~nd l.l<J47: I -:;: .. ' .' '.' , I 

:"8.0-1 . " . .... . .;"<,,,tyCG~250:'V'; .. : j 

". , ·,Tlfe,heiV:t()ft.llf ! 

pul'se,. ~,!as about .i8,'~' J 

.r~:~~r:~,ep1(lth(! t"~e.,,.·! 
Ablt+9 ,J .' "Jligl)e~'cur.rent·P\lls.e'8,·; 1 , " ... "." . -. ,'" .. .. . . . ... ; .. :.-;!.,~< ) 

':',:;:.:._'~' ';';:~c~r}',1Je: :~~'t$:ii1ed by::;;" 

':,:\)a~cil~'ill,:h~;'tran~~s:"<:~""i 
, .':\ors ir\:tlie';seQoncf: 

, ,,~ ~ .. '.' "'" , .. 
.! 

'=PJ6.8~,4:Pul~i~.Ctr-w"T" . '·';,~:-.::s.t~g~.: ....... ".' .,' 

Better' remll t s.can be 0 b;~ained, by :usi1)g ~iilcqn: t,~~ps1stors',' 
: ? , ., ':1:'" ,'~ ,: -:..., ~.~" .. .. , . 

ihesearenota'vail~ble~ inTt~rkey. ,';" :,' 
. '.' '. , 

C ~ Modula tlon 
, '.' 

'. 

", ,. 
'. " . ,:. ~ : ; " . " - .. 

'.:' ,Since the' ,.<?'peration .'~f. the. laser' diode "f&, inh~rent'lY PUls~d,p~lS~i 

mQtl~:O:a:::h:;:::SZ~:d::a::o:S::~i~Uli~;amplit~de ·.mOdUin t.iQh·( PA~l}' j 

putse',' durat'iOl~ :modulati~n{pp~I},ai1~1'pui Sf! PO'Sl~ l6~:;"#16'~~1~a~t~p'(~gM ).~ '.:' , ...... '. 
• ' '-: ~ . '. • " '. ,', • -, : ,0'. '. . < :' " ::. ~. • '.' " : • '.' .' • • '. 

Bec:au~e qf the: nature;oi circui~, it:is:,ea:s,j~j:to. ·:.u'se'the" PI?M'" 

te?hnique. 'qincett~~:repetit,i6n : rate,f~ d~~·~'~n~~lt~~:i.vcc, . m6:dulati.i1~g';·'· 
. " ~':" 

the' ~upply: vo!tage~111 moduiatethe output.·":·~¥.act~da1.~Y, thls •. is .:dbn.E: : 
". "" 

by a?-ding,a' transformer., in ,ser:iesi~ith.:th~~:ch~i:r.:ging:c-il~cllit assho"m>:'~' .' 
, .' '.' .' .... '.' '.', ,'. ,': f '. '" '. ',", • " ' :.':' 1 

'in Fig,.(8; .... ~) 'l'he capac:ltor 'wj.ll be charged ,.acco~.ding t'O:"lhetli.er·~'h~;:'~',:" 
volt!lge' on' the' t~~u1s~o'~me~ 'adds: t~' o'~': can~ei,s':t'he ',VC'~I' an~':~h~ "pu~~e's, .' 
W:Ll~Cha~~e:' tP~i~' pos~t,i6~~ as,. sl'1o\1n·1~n,· Fig.''(~.:.'~)'·:,:_;--.-:, .' .:" 

. >Ttl~ .repeti~ ion' ta't.e of,' th~ p~~lse S:i'S,~'C16t?~.~~~;;~e~i~'t·ci'(t :tbt~e ,. ' 
.: .. ', '" " -, '.:, ., " ~ ;." "~: '" f'" .; .... '~;~:~; ... ' '" .. , '.,::." < , .'.~-:-' 

'frequency range, of. 'theinfol'lllaticm . t~.·be' tr'~~~niitted; ',' . ;': ," 
.. ;:,' ,0 ' 

'A voice' communication:' systeni"ij.tha :,fr~quehc'~,rarige0f1.00'Hi,;:~ 
" ,.' I ~ " 

., '.' 
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Modl..llo..hno Ct.""'cuit­
. -, 

to 3400 H~ will need pulse repetitior 

ra .. te greater than (.. A .KHz. 'J~his is 

determined by the nY'luist sampling 

critarionwhich dictates that the 

repetition rate should be greater 

than 2 fro. 'rime multiplexing may be 

applied to squeeze in many channels 

depending ~n the pulse width. How-

ever, because of the pulse rate 

limitation of the laser diode at 

hand, this method is not used. 

D.wser Diode 

The laser used in the experi~ 

Ne\,l Yori:. The folloi<:ing information 

ModLtlo.tecl Pulses i'lOS given: 
FIG. 8 -.s. . Pulse. p05°th0I1 mOcWlClhon) 

Go As loser 
. De oS igna t i on : t.... 21+ 4 U 

Threshold current: 1~63 A at 77°K 

The GaAs crystal vIas mounted on a transistor header, elect rica 1 

~eads ONere at·tached to the crystal in the manner s!1m'm in the p' .. 19ure. 

'rhe tra.nsistor i:eadE!r Has r;IOLnt.!::d on Q copper lleat sink, so that 

;he radiation Has emitted pel'pend:Lcularly i-:ith respect to the base of 

;he mounting. 

, 'ro have least inductance, COppOl' stripn iolere us.ed to conr:':;c t the 

laser to the pulsing circuit. 
I 
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Laser­
'DlOc>E 

Cupper 

n 

PAGE 

Gold Contact 

Elech-;caL 
Leads· 

The deteetor used Has fl RCA-type 7010 photo-multiplier tuhe '·JU.b 

peak sensitivity near 
,) 

9000 fJ...' • Because of this fflct 1 type 7010 

ubes have been used to detect radiat.ion from GnAs lasers. The t,nhc 

as loaded with a ].5 M ohm reslstan~e. 

1 
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Photz>('I1ultiplier-

Iu FUlsihq ctrCult 
~ 

fie", t S 11"'1 k. 

----

Pul sl""9 -
Clr-c.uit 

La ser- ~ Pho"h> 
multiplier 

A ~ B 

Oscilloscope 

The copper heat sink. on ",hl.ch the diode '\Ims mounted 1t18.S Imrrersed 

-

.n the liquid rdtrogen bath. The pllot O-T;";U 1 tipliel' via s pl<lceddlr-:~ct] y 

'n top of the diode. 

Both the output of the rhoto-lTfult1.pliel' and the .output of the 

ulsing circuit were simultaneously displaced on the oscilloscope. 
'. 

G. Res\.llts 

Due to the Jack of time, the laser \<lllS operated a i'ei,;times. 'The 

et-up was evu11iated fl'om the point of viev; of pulse l'epetltion rate 1 

vIse ampli.tude and duration. 

'fhe rnax.il:'ltln! repetition rate a(~h:ieved \';us 3000 pps _ HOi-lever, at. 

his rcpetiticm ).'ate, the c!irc\;:Lt cOj):ponent.s began to get hot. 'Ilhere-

ore, at 11:1.g11er freqllencies, better circuit eomponentsshould oe 1..1.sed. 

'fhe t1sual pulse \·::!.dth w::;ed was ~lf-t-SI2C The al1lpli.tude of the outptit 

f the laser could be vari.ed from C). 35 volts to 7 volts (output of tJ:e 

1oto~multiplier)J 

Pulse pos:i.tlon modulation 1'.'8S tried and succesful results Vle!'e 

)tuined at 50 cps. Hig~er modl1lati<?n f!'equeneies are possH:.le, hut 
,I 

L tIl a better c li'cui t and an improved laser. 'l'he pulse repeti tlon ra i..!~ 
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