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'Ihis thesis presents a detaile:3. theoretical investigation 

of the generaliZErl cxm::luctivity in solids at optical fr~ncies, on the 

baS1S of the work of Butcher arrl \1cLean. Explicit expressions for the 

secooo order cnoouctivity arrl the optical rectification tensor 'have been 

obt..ainoo a.rrl shawn to.!;le identical to the so;callErl hllk photovol taie 

effect (BPVE) definErl by von Ba.1tz. DetqJ.led exper.irœntal investigation . 
in the case of Tellurium has ~ oonductOO am gc:xx1 qualitative agreenent 

wi th the microSCXJpic theo:ry has fuen obtain.crl. 
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REStME 

Cette tl1êse présente une étude théorique ,détaillée de la 

corrlucti vi té généralisée dans les Solides aux fréquences optiques ~ 

sur la base des navaux de Butcher et '1 cI.ean. Des expressions e.xpli­

ci tes pour la corrlucti vi té de secorrl ordre ains~ que pour le tenseur 

de redresSEm?Jlt optique bnt été obtenues et dérrontrées identiques 

à 1 1 effet photovol taique de volmne défini par von Bal tz. Une étude 

expérl1œI1tale détaillée dans le cas du Tellure a été com.ui te et 

les resultaLc; concord(~nt bien au niveau qualit..atif avpc la théorie 

rnicroSCOpl que. 
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tI 
Introduction 

, . 
'!he advent of the 'transversly excited (T.E1\) C02 pulsed laser 

in the early seventies {I} has increased very significantly the upper 

limi t of the available peak ~ levels at optical frequencies. '!hit 
situation has led ta the œcessity of obtaining detectors suitable for the 

10.6 ~ radia~ion, qJerating at roan taTperature with satisfactory speed 

am responsi vi ty . 

.' 
'.Ihe subsequent research efforts have led to the developœnt of 

a ;variety of ~ den:ction scherœs {2} arrl detectors. 'Ihe nost inportant 

of the latter that have fourrl Wlde accep~e are the pyroelectric {3} an:} 

the photon-drag {4} detectors. The forrœr geœrates an electrical signal when 

its spontaneous electric ~~ization is altered by a change :in the c!1'stal 

tenperature upon absorp~ion of the laser power. '!he photon-drag detector , 

involves a transfer of photon IOCIlentum frau the radiation field to the 

charge Q carriers in a sanicorrluctor. Both share the advantage of rocm teIrpe-.. 
rature operation am relatively high power density damage thresholds. 

!G 

Pyroelectric detectors being thermal devices, shcM, a very broad 

speq:ral response free of any stray signals, but their responsivity drops 

draJtiœlly with increased speed of response. Photon-drag detectors are 1 

furrlarrentally faster; h<Mever, they have a lirnited responsivity. Both pym­

electric arrl photon-drag detectors re::JUire alnost cœplete absorption of 
\ 

the ,incident r~ation. 

1 . 
1 
\ 

i 

.\ 
! 

! 
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A fur:rlarrental consideration for an efficient ~ton-drag device 

is the availabili ty of a large photon absorption rcross-section at the 

wavelengt:lt of interest. Atrong all sani-rooouctors Te is expected to he a, 
• , 1 

favourable material sinee, due te its specific barrl structure it exhibits 

at 10.6 v the highest 1m:Jdn value of the absorption cross-section f5}. 

'Ihis Iraterial was therefore investigated as a potential <X>2 laser photon­

drag detector am the resui ts have been the subjeét of the doctoral 

disse:rta tion of G. Ribakovs {6}, and of several ~lications {7, 8 , 9,10} • 

In the course of his exper~tation, Ribakovs identified besides 

the photon-drag signal, another fast emf which could not he attributed to 

Iiloton-drag because of a different tensorial behaviour. '!he existence of 

the latter had been also reported irrleperrlently by Hennann arrl Vogel {lI} 

and by Hamrorrl, Jenkins and Stanley {l2}. Since this fast en! reproduces 

faithfully the laser pIlse Mlape and the signal levels are generally 

a:mparable in magnittrle witl:t those generated by the photon-drag effect, 

it was naturally considered to pJssess a good potential as a detection 

~isrn nO}. 

The present thesis deais wi th a detailed discussion of Ws ne'W 

emf. Since the latter constitutes a quadratic response to the optical field 

arrplitude, the tennioology "optical rectification" has, been adopted to des-

cribe this phencIœoon. ~ 
\ 

• ... 
'" 

... 1 
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TEA-<X>2 Laser-IOOuced Rectified <!>tical Emis in Tellurium 

2.0 Introduction 

In this chapter, we shall present a brief review of experilœntal 

cbservations that have IlOtivatErl the present research. ~ shall also descri.be 

briefly the rrodels which have been prop::>sed ta aCCOl.D1t for the observations. 

'!his will finally lead ta the IlOtivation for the theoretical discussion 

that is presentErl in the fOllCM~9 chapters. 

2.1 Experllœntal Cbserva tions 

When single-crystal Tellurium is irradJ.ated by high power TFA-ro
2 

laser 

p..ùses, fast emfs faithfu1ly reproducing the pcMeI' envelope are generate1 {7l. 
" These anis have been founj to he described pherx::rœoologically in tenns of a 

(' 

current density J. related to the laser bearn characteristics am crystal orierr 
~ ta1' as foll<><5 

J. = X We·e + T W q e e 
l. imn m n ijmn j m n 

(2-1) 

o 

where W is the laser pcMer density within the material, e am e are cœpo-rn· n 
nents ~f the unit vector of radiation electric field, ~ is a CatlX>nent 

of the unit photon wavevectar and X, and T are third am fourth rank tensor 

j 
1 
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TABLE 2-1 

SlMMARY OF RIBAKO\T' S RESULTS 

AT Im1 'ID1PERATURE 

4/ 

Tensor qnp:ment ' ~agnit\Xle (~,) 

'li133 

'1i233 
'\ 

X\22 

~12' 

ÀÙ1 

'l!jkl -

t'ijk 

~~le 
(p::! ï()6 an 3) 

1.1 x 10 -7 

1.1 x 10 -7 

0.7 x 10 -7 

0.7 x 10-7 
, 

0.7 x 10 -7 

pu T. 'k! 1.1 '1.) 

P"X • 'k 1.J. 1.) 

\ 

~ Saup1e 

~ 

0.85 x 10 -7 

0.85 x 10 -7 

0.25 x 10 -7 

0.25 x 10 -7 

0.15 x 10 -7 

, 

. J 
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coefficients, res~vely. 'lhe subscripts take on th'e values 1:,2,3 which 

correspond respectively to crystallÎne Qirections [1210] , [1010] , arrl 

[OOO1J . 'Ihus, there exists t:v.D groups of signals,' respectively consistent 
• 

wi th a third and a fourth rank tensor b€haviour. 

It is rec~zed that there exists only a l.imited nllllber of finite 

CXIr1pJnents for any tensorial pararreter, determined by the prevailing tensor 

synrœtty. Telluritnn belonging to };Oint group 32, there exists a t the rrost 

five finite third rank X. caTlXJnents of which only Tho are l.(rlependent and 
• lmn 

twenty-flve fourth rank <XITqJOneI1ts of which only ten are irdependent. ,-.r1~ 
MJreover, SlI1œ the ~ subscripts ID arrl n correspooo to the directions of 

the radiation field, they are naturally interchangeable such that 

X =x. andT .. c:!T .. 
imn lnm ~Jmn l.Jnm 

Ribakovs {9} has experinentally q.ete.rm.inErl the nagnibrles of roth 

t' and ~ cO"f!XJnents for ore doped arrl undcped crystals. It is to he noted that 

his results corresp:md to the prodoct of the X and T t.e.rk.c;ors with the resisti­

vity of the rœasuroo material. Table 2-1 sunmarizes his results. 

'. The fourth rank tensor T corresponds to the weIl aCXX>tmtro for 

{iloton-drag effect {8} which resul ts in a signal that inverts i ts fX)lari ty 

-vtleh the laser beam prq::agation direction is reverSErl am is thus readily 

identifiable fran the third rank tensor X signal which retains its IX>larity 

under the sarœ candi tions. 

Although S<m2 theories have been prop::>sErl ta acx::ount for X, its exact ~, 

mtl.1re bas not yet been satisfactorily determined. It is urxlerst:ocxl that sin-

œ it relates gtlëldratically the generated current density te the optica1 
" , 

field anplitooe it has been referoo to as an optical rectification signal. 

- For consistency we shall adopt thi.s t.errn.:i.oology in the present thesis which 

is exclusively devoted te the discussion of Ws ~. 

- - -- ------ ------~-------
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2.2 Physical Significance of Non-centrosymœtric !.attice Structure 

It i5 well-kJv..m that a necessary <X>Irlition for the ~istence 

of a physical property descr:i.bable in tenns of a third rank tensor is 

the abseœe of inversion syrnœtry. The Tellurium lattiœ belonging to the 
/ 

p:>int group ~try 32 rœets this requiraœnt. 

It i5 wort.hwhile at this }X>int to illustrate the physical signi­

ficanc:e of inversion ~t.ry at tllC atonic level. 'lhis can he done by 

e}6I1Ûninq figure (2-1) wh.ich i5 a cross-sectlonal view of the Telluriun 

crysF1 structure in a plane perperd'lcular to the trigonal c-axis. 'lhe 

p3ralJelcgram definfrl by {XIints A,B,C,D determines the primitive celI. 

Fran th:: juxtaposlt.ion of a few primitive cells a hexagonal feature evolves, 

as shcwn in figure (2-1) which illustrates better the'overall syrrrœtry 

features of Tenur llnI!. 

Typiqllly, an observation in direction l will clearly exhibit 

a non-centrosynnetric character. One will therefore expect the resfOnse 

of Ws crystal tD an electric field acting in the positive direction tD 

be different fran that due to the Sé.lJ:œ field in the negative direction; 

consequently, tlle rQ.sp::mse expressoo as a ~ series in tenus of the 

excitation field iA expected tD contain even order tenns, henoe the rectifi­

cation effeçt. 

lt i5 l.nteresting to note t,.hat fran figure (2-1) the c-axis is 

oot a pure rotation axis, but a screw axis, Le. a synmetry elereht ror­

resporrlinc:J to a cartnnation of mth a rotation and a translation. 

1 
f 
1 
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Figure (~-l) Cross-sectional View of the Te Cl:ystal Structure in a 
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AOCD deteJ:m.ines the primi. ti ve cell. 
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2.3 CbseJ:Va tion of Similar Optica1. Rectified E}:nfs Generated in Other 

Non-<::entrosymœtric Ml terials 

Rectified optical anis of behaviour similar te the one under inves­

tigation in Telluri1.:nn have aiso teen observed in other non-centrosyrrrœtric 

naterials. The case which bears [the, closest similarity te Tellurium is that 
\ 

'of GiP. 

Gibson and al. {l3} have reported the occurence of a recti fied signal 

in n-type GlP under experim2ntal conditions similar to those of Ribakovs, but 

aloo at a wide range of frequencies other than the C0
2 

laser 10.6 11 wavelength. 

This effect was also fourrl ta cxx::ur in p-type GaAs fL4 }, and ln saIe dielec­

tric rnaterials like BaTi0
3 

{lS}' and ,znS rl6}. In our later discussions, 

cri tical reference will be nBde te the aJ:ove cases te put the fina.l inter­

pretation in proper perspective. 

2.4 Prelirninary Crltical Discussion of Different Possible Sources for 

the Rectified Einfs 

2.4.1 Pseudo-Dember Effect 

Auth and al. {17} have proposed the psetrlo-Da'rher effect as a possible 

source of rectified anfs in 0)2 laser irradiated Tel] urimn. The pseudo-OOnber 

effect lS the analog of the well Jun.m DEmber effect which w::>uld result fran 

transitions within the sub-bands of the ~iven rraterial. Thp. physical nature 

of Ws rœchanism requires the reversal of tlle generate::1 anis as a result 

of the inversion of the direction of propagation of the incident laser 

beam. This œhaviour ~liminat..es cérnpletely the possibility for such a nechà- " 
nism ta contribute ta any third rank tensJr pr~ty. 

2.4.2 Anisot;roPiic Scattering Processes 

) 

Other authors have clalirro that rectlfJ..ed optical signals cou.ld 

origina.te frou various in,a and inter-ba.'1d 'anisotropie scattering pro­

cesses. 
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Heyszenau {l8}' 11as suggested tha t a net Fhotocurrentt ~uld he 

generated as a consequence of asyntœtric charge distribution in energy 

barils due ta Fhotoexcitation fran localized states, as illustrated in 

figure (2-2). Direct asymretric generation being fXJssible only for, 

local states in p::>lar systans, Iattice defects 'WOuld play an linportant 

mIe in this process. Such a rœchanism should deperrl critically frou 

crystall1ne quality and is hardly expected ta be reprcx1ucible fran one 

st;a::iJœn to another, contrary tD our observations. 

Belinicœr {19} has propoSErl that a photocurrcnt may appear 

because of an asyrnœtry in tJ1e intraband scattering of frœ carriers by 

irrpurities and by plx:mons in non-centrosyrrtœtric Imterials urrler e>qXlsure 

to a propagating radiation field. This mx:h.c1J1ism i8 expected to be strongly 

deperrlent on the variation of the free carrier density und terrperature, 

a trend which i5 not suppxted by our observations. 

Ivshenko an:] Pikus {20} have prüp)sro that (1 " pho~alvai1ic" 

current could appear if wc allaw interbanc1 photùtransitions invoJvil1g" the 

particip3 tion of fXJlar optical phonons. Al though thei r rough nurœdcaJ 

estima.tion of the photocurrent magnitude for one particular case Se€ffiS te 

be in gcod agreaœnt with the ruq::er.iIœntal data for GaP, again our experi­

~tal data conœrning the tarpcrature deperrlence of the generated signal 

in Tellurium does IlOt supp:::>rt the above hypoth~sis. 

2.4.3 Non-Linear Conductivity 
i 

Baslcall y 1 the ef fect of optical radiation on a sanicorrluctor 

can be described by considexing that the sinusoidally varying radiation 

electric field actE on the charge carriers and consEqUeI1tJy generates an 
• j 

alternating current. W1en this CUITent i~ not Il.œ,:rrly related to the 

applied field i ts average valœ could be oon-vanishing, allowing the obser­

vation of a rectified cptical signal. 

, 

J 
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Figure (2-2) Pootoexcitation fran a IDcal.iZErl State 
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He.ITrann and Vogel {lI} who ~e the first te report the exis­

tence of a rectified signal in Tellurium, initially propJsed that the latter 

rould be ascriJ::led to a non-linearity arising fran the trogonal warping of the 

mIe energy surfaces. These authors ~rterl their inte.rpretation with 

relation (2-2) due to Butcher am ~ Lean {2D. 

êk êk. 3k
1 i J 

J' 

(2-2) 

whjch expresses the quadratic CXJ1tDnent of the cxn:luctivity tensor 
(2) . +' 

o i i 1 (w l ' (J 2) ln terms of the ê!1('Igy bam s tnlCt.ure functlon En (k) "and the 

Fenni-Djrac distriliution function f nk . 

lt ha.s hCMevex properly been p:>int:J::.rl out by Ri.ba..lcrNs {9 } that 

the above claim ov('rlooks the funéiaIœntal condition of time-revcrml syrrr: 
; 

rœt;ry 'Which will cause' equation (2-2) ta wnish identically. A. œreful 

examinaLlOn of Butcher's canpleœ 1IIQrk shcrvvs on the other ha.rd, Ùlat :rela­

tion (2-2) corresponds to a limiting case valid only for leM frequencies 

where mter-bémd resonant transition effects are CXl1lpletcly neglecto:L 

Therefore~ a priori it appears that Butcher's general result does net 

necessarily vunish due to t.irœ-reversal synmetry. 

A search of the pertinE'.nt Il œrature reveals tha t other theor i es 

were proposed ba.sed on the existence of a quadratic CCITlpJnent of the high 

frequency conduc:ti vi ty. In particular, Genkin am M3dnis {22} am. nore re­

cently von Baltz and Kraut {23J have proJ.X>sed that a pure crystal can 

exhibit a bulk photovoltaic effect iIrleperrlently fran possible contributions 

due to llllpurities, optical phonons or lattice defects. Their treat:rrent 

being based fundanenta.lly on premises sunHar to those of Butcher, it 

appeared to us that their v;ork should bear a close relationship to that of 

the latter. 
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2.5 Conclusion 

The different considerations preserrtErl in Ws chapt.er le;] us 

naturally te ooserve that high frequency oon-linear oonductivity in 

'rellurium rera.ins the ITOst l.ikely source for the optical rectifi€rl signaIs 
, 

un::ler investigation. 'lhis provided the rrotivation ID undertake ,a detaila:l 

theoretical arrl experimental discussion of the latter .in conjunction with 

the concept of generalized non-l:i.near ronductivity. 

- ------___ 1 
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œAPTER III 

Generalized Concept of Con1uctivi ty 

3.0 Introduction 

At the s'tart of the developrent of a theoretical analysis for the 

~ of non-linear c:xm:luction a t optical frequen:::ies, i t bas been 

fOlll'rl neœssary to define as generally as possible the problen of electro­

nie charge carrier response to an-eloctric field excitation. This response 

is what we shall defiœ as geœralized conduction in the solid; in this 

approach it is clear that the distinction between free and round charge 

carriers will initially be eliminated aM therefore, the results are expec­

ted to account for the cx:mtribution to the final resfX)nse frou toth types 

of carriers. 'This analysis and interpretation of generalized corrloction was 

fourrl ta be essential"in order not only to provide the proper math€fŒltical 

basis for the discussion of our 0ifI1 observations, but also in order to 

bring out the camun nature of analyses presented by several autb:>rs Whose 

1rtUrks will later be shcMn to rrerge to the same results rerely put in 

slightly different fonnats. 

3.1 F'u11daIœntal Notions 

Corrluctivity is a rooasure of the ability of an electric field to 

set charge carriers into notion am henœ produce an electric current. 

In the sinple concept of corrluctivity, at relatively 100 frEqUènCies, --the 

electric field~erates the free carriers, but the rna.x.i.m.Im veloci ty they 

œn attain is limited by different scatteri.ng processes. 
.' . 

1 
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The time required to reach the rnaxinun veloci ty is in gereral very small 

wi th respect tD the period of the aw1ierl electric field am one is then 

justified to wri te 

(3-1) 

j = (0 '+" 0 )E = cr E (3-2) 
p, n . 

:where n represents the density of free electrons, p the density of free 

boles (if applicable) and e is the magnib.rle of the electronic charge. 

* * m and rn are repectively the effective nasses of electrons arrl holes. 
n p 

Equations (3-1) and (3-2) are IOOrelya restatelœnt of Ohm' s law. 'lhe contri-

bution of baurrl carriers due to the distortion of orbitaIs is oot considerai, 

since the latter is expected to be negligible for frequencies ITD.lch smaller 

than res:mance frequencies. 

'lhe validi ty of Ohm' s law is thus restricted to slow time varying 

and relatively low anplitLrle electric flelds. In the case of a high frequen­

cy cptical electric field, the period of oscillation can becare nuch shorter 

t:han the scattering tirces invol ved. This, cxrnbined wi. th the fact that the 

field anplituàe of the TFA C0
2 

laser is extrerrEly large, irrplies that in such a 

case i t is no longer possible to assurre band paralx>lici ty and that the ~ffec­

tive rnass approxirtlation breaks down. 

In order to get an expression for the canductivity oolding u1rler 

nore geŒ!ral corrli tions, an ,awroach basa:1 on the solution of the generalized 

transport e;pation is required. In the Œ!Xt paragraIils, for the sake of 

"' clarity, we shall give a brief review of concepts in transport theory am 

diseuss both the classical arrl quantmHœchanical awroaches. 
/. 

1 

1 

1 
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3.2 Statistical Dçscription of Transport 

In the starrlard , semi -classical description of free charge 

carriers in a semicorrluctor, aU the quantum effects~:to.::.:tàe-~y 

. changing potential of the lattice ions are mergErl into a single pararœter, 

the effective mass. In general, this is a tensorial quanti ty, inversely 

proportional to the seoond order partial derivatives with respect te the 

wav,.en\.lITber of the Bloch wave dl.spersion relatlon. 

c 

As long as the perturbing potentials, 1. e. the externall Y awlied 

fields are slCMly varying with respect to the interatanic distances, they 

can be treatErl classically. As a <XmSe.::;IU€l1œ, by using tbe effective mass 

approximation, the transport problen can be cx:>nsidered tD be entirely 

claSsical iJ;l nature, and full use can be rraàe of classical statistical 

mechanics. The :Eund.alœntal equation of the latter theory is the so-called 

Bol t:zmann e:JUation, which expresses the conservation an:] the inccnpressi­

bili ty of the phase space " fluid ". This fluid is CCIllfOsed of a large 

number of points, each representing one of the fX)ssible states of the sys-
1 

tem of charge carriers. The solution to Boltzmann's equation expresses the 

probability of having a given systan in a given differential region of 

I;hase space. If one can solve Ws equa tian in the presence of an exter­

nal perturbation, Le. in presence of an electric field, the evaluation of 

é:xnjuctivity becares straightforward, sinee the current can be deternù.ne:1 ' 

by an averaging process using Bol t2mann ftmchon as a weigh ting factor. 

-
~ mve seen previously that for large field intensities am 

high frequencies, the effective rnass awroxirnation is ,expectaJ. to break ( 

cbwn. The transport proolan must then he treated quant:un--rrechanically. 
~ 

The quantun analog to Bol tzrnann equation is callErl Liouville' s equation 

and the analog to Boltzmmn function ha.s been given the nane of density 

natrix. The procedure used to evaluate the current due to a perturbing' 

. electric field is slhllar to the classical one, except that the quantities 

J' which are manip.ùated are ope.rators. 
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'Itle densi ty cperator contains all of the statistical infonnation required 

to evaluate the current density. Irrlepen;lently, however fran the rretbXl 

of evaluation usaj, CXll'rll.1C\tivity posseses sare wall krDwn fuhdaIœntal 
attrib.ltes that will IXJW he discussed. 

3.3 T~ Invariance arrl Causality 

3.3.1 T.ilœ Invariance 

ri.Iœ invariance expresses the fact that irrespective of the 

precise instant at which an arbitrary electrical excitation is applied, 

the response IlllSt be the same . In ether words, ~ tilœ-shifting of the 

excitation inplies a correspqrling tirne shift.:inJ of the response. 

Mathematically, this is expressed by writi.n:J 

If 
-+ } -+' 
J(t) = A { E(t) } (3-3) 

, 

j(t-t ) = A { E(t-t) } 
o 0 

(3-4) 

where the synrol A starx1s for a functional operator characterizing the 

&yStSn; in our case the 'excitation is the awlieq electric field Ê, am the 

current densi ty j is tb3 resulting respcnse. 

, 3.3.2 Causality 

Causality expresses the fact that for any. ~sical pherx:lœoon, 

the effect fo~ the cause. This might sean cbvious, but it has profOllIX3. 

mathematical ~. 

A f\mction a is said te be causal if 

cr (t) .. 0 for t < 0 (3-5) 
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) 

For cx:mveniern:!, the awlication tiIœ of the excitation is assumerl te 

he t .. O. 

3.3.3 Mathsnatical lIrplications 

It is well ~ frou linear circuit theory that the oost ge­

neral tlIœ invariant arrl causal linear relationship between two scalar 

fuIrtions - say J(t) and E(t) - is provida:I by the oonvolution prcXlœt 

J(t) II: 0' Ct) * E(t) (3-6) 

or, nore explicitely 

t 

J(t) .. jO(t-T) E(T) dT (3-7) 

• 

There is clearly, a priori 00 reason tD expect a linear depen-
, ~ 

dencè of the CUITent density with respect tD the electric field. t-breover, 

for a oon isotropie fOlid, relation (3-7) takes a tensorial fo:rm arxi, when 

generaliZErl to :in::hrle hi~ order tenns wi th respect to the electric 

field, it takes the follCMing fo:rm 

.. J~l) (t) + J~2) (t) + J~3) (t) + 
l. l l. 

(3-8) 

a ~~) am. ° ~~) are the first arrl seootv:1 oIder cx:n:iœtivity tensors cmp>-
1) 1) 

nents etc., am the Einstein's sœmatioo cx::nvention is used. 

1 
1 

, '\ 

• i 
1 

1 
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~ 

'lhe various t.eIms of the infinite series (3-8) are saœtines given the name 

of ~Idered prcxlœts. 

Equation (3-8) can he IUt into a very harrly fom by using Fourier 

transfolltlS. For thé fUI"FOse of Ws discussion, let us for exanple consi­

der the sec:x:m tenu in equation (3-8) and let us drop t.enporarily the ten­

soria! description of this cœp:ment. 

let the transfonn of the function E (t) be definal as 

00 

E(w) = _l_JE(t>e
jwt 

dt 

21T -00 

and ito inverse by 
<Xl 

where w is real. 

(3-9) 

(3-10) 

Peplacing the electric field by i ts transfcmn ~ qet 

J(2) (t) ".11 flj E(Wl)~(w2)e-jWl ~l e-
jw

2
t

2 "'lcJw2} 

X a(~) (t-t1:t-t2) dtld~ (3-11) 

J(2) (t) 

x (3-12) 

\ 

) 

'1 
'j . , 
il 
1 

n 
• ;1 

~ 
1 
J 

~I 

1 , 
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Interchangmg the arder of integration 

(2) jw T jw T 1. 
o .{>('1"2)e 1 1 e 2 2 d'l d'j(W1)E(W2) 

e-jw1t,e-jw2t dw
1

clw
2 

(3-13) x 

00 ro 

J(2) (t) • 1 f (2) ( ) E( )E( )' -jw1" t -jw2t dw dw o (.(Il ;w2 w1 w2 e l"~ e 1 2 

(3-14) '-
/1 

(2) . 
1rthere (1 (w

1 
,(

2
) represents the two-d.imensional Foorier transfonn of 

o(T1,T 2)· 

\'È can rx:M rewrite Eqlatioh (3-8) in tenns of Foorier transfonns 

as weIl as rei.ntrcxluce the tensorial mtation te d:>tain the ecpressian for 

the current density. 

00 

(3-15) 

whieb can also he p.1t urxler the fOIm 

1 
• ! 

1 

l, 
f 

, 
j, 

" 
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ltlere 

(n) 
·0. (w1 , ••• ,w )E1 (OOl)"·U: (w) 

1. •• n n n n 

(3-17) 

is the nth order current density ccmp:ment Frurier transfonn. 

, It IIIlSt therefore he ooserverl that the ~ con::ept of current 

being, r ~e product of a c:xrmdœti vi ty tenn wi th electric field conponents 

is·,ça1id only in the frequency danain. 

3 • 4 Conclusion 

'. 
Fran the treatlœnt in this chapter i t is jroportant to realize 

that equations (3-16) am (3-17) express generally the current density 

as a respon.se te the eloctric field excitation subjoct only ta the oon­

ditions of t.irœ invariarce arrl causality in the systan arrl therefore they 

can account for oontril.:utions te the current dens1ty frem all charge 

carriers, specifically fran ooth lxmnd am free carriers; tlrus cr (w
1

, ••. ,w ) 
n n 

will be callerl the n th order generaliZErl corrluctivity'. 

• 

• 

\ 

\ 

1 
~ 
i 

i 

i-

- , 

! 

( 



, 

-
• 

, ; 

( 

œAPIER IV 

(;.Uantun ,t.Echanical ENaluation of the 

Seccro Order GeneralizErl Corrluctivi!y 

4.0 Introduction 

21 

We sh3.11 rr::M evaluate the first am secorrl arder rorrluctivity 

tensors as definOO in the previous chapter by oolvinJ first quantun 

nechanically for the electronic charge carrier distribution F&turbation 

in preserce of an external electric field. In view of the fact' that an 
1 1 

ecact soluti~ of Ll.auville EqUation is rot p:>ssible, an adaptation of 

Kub:>' s perturl::;aUonal approach {24} is utilizoo. We shall then evaluate 

the current density resultirg fran this perturbation. 'Ihe analysls is 

base:1 on the W)rk of Butcher an) J.t Lean {21}, am. a }'ilen<:::IœnOlc:x;1 ica1 

. relaxation constant has been introdocoo. 

Before undert:ak.i.n:J the derivation as soch, am for the sake of 

cawenience, lIE shall recall sone results fmn potential theory am give 

a brief outline of seme relevant coœepts of statistiœ.l quantun theory. 

4.1 Coulanb' s Gl~e 

1he analysis of e1ECt:J:'atlagnetic fields is facilitaterl by auxi­

l.iary furetions krx:Mn as p::>tentials. 'lhe_ starti.n:j point for the defW­
tian of the ).atter is provid-;erl by Maxwell • s equations 

v x E "-IlB/at (4-1) 

v x H III j +ao/at (4-2) 
li. 

J 
.. 1 
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V· B .. 0 (4-3) 

-Jo- -Jo-
V. D II:: P (4-4) 

According to (4-3) t B is, soleooidal arXl as a oonseqœnce can 

he expressed by the curl of another vector that we will calI A • 
o 

(4-5) 

\,' 
Fran vector ~ysis, it is well krxJwn that ~tion (4-5) &:les 

not define Ao ~quely. Wq could aàd te a given Ao the gradient of an ar­

bitrary scalar function. Usirq '1' te repre.sent sucb an arbitrary function 

(4-6) 

By replacinJ B in equatioo (4-7) by the curl of A as def.ined by 

EqUation {4-6) we ootain 

(4-7) 

1IDs shaNs that (E + aA;at) is in:otational am can he expressed 

as the gradient of a scalar function -cp • 
*" 

(4-8) 

l , 

1 j 
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-+ 
Since A is arbitrary up to a tel:rn -~1jI it is easy to see that 

~ is arbitrary up te a tenn a'l'jêlt. The arbitrariness that exists in the 

choice of A am is referred to as the invariance of the potential wi th 

respect te gatge transfonnations. It is sOneti.rœs oonvenient te clnJse the 

fOtentials in such a way that the scalar potential 4> vanishes. We then say 

that the potentials are represented in Coulanb's gauge. &}uation (4-8) he": 

canes 

E .. - aNat (4-9) 

thatis 

(4-10) 

4.2 'Ille Liouville ~tion 

let us discuss in a nnre detailed fashion ~ rnathematical for­

mulation of the traJ1SlX)rt problem we have discussed earliè!: in very general 

tenns (see section 3.2). We shall not discuss here the" origin of Liouville 's 
equationi the interested reader is referred to one of the texts treating J 

of this proolem, the classical reference beeing {25}.' 

. 
Bltplicitely, Liouville' s equa:tion reads 

d/dt {p {t) J- {Hi J -1 [H'P {t)] (4-11) 

H represents ~tal Hamiltonian operator of the system oonsidered. p (t) 

is the densitx\ ql€rator arrl the bracket is the CXJlIlUtator of H an:l p. 

It is inportant te realize that this equation is an operator equation: its' 

solution requi.res techniques scm;owhat different fran those used in the solu­

tion of staIrlard differential equations because of the oon-cx:mnutabili ty 

characterizing ~ators. 

" 
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Classically, the analog of P, called the Bolt:zmann function f 

oontains aH of the statistical information arx:1 is used as the weighting 

factor in the averaging process relating microscopie to macroscopic para­

v xœters. 'lhe generalization of this averaging prooess to quantun mechanics 
{' 

is d:>tained by evaluating the traœ of the density ~ator with the rele-

vant quantum operator O. 

< 0 >, ... Tr {pO} (4-12) 

Sirice our objective is the determination of the current gene­

rated by the awlication of an electric :tield, it is clear that \\le will 

require to evaluate <j>, the average of the current density operator. 

"'!his is the subject of the followiTB paragraphe 

4 .3 '!he Current Densi ty Operator 

Fundarrentally, the generalized eurrent is the sun of the 'con­

tributions frou all rroving charge carriers. In a crystal, the oruy noving 

carriers are electrons. Ions beeing heavy, their ITDVE'!œnt is negledt:eM. 

Also, inter-electronic interaction is neglectErl, aOO herx=e our derivation 

deals onl y wi th one-particle operators. 

+ 
'lb ccnstruc::t the current density operator J, we start natural-

ly fran the elanentary fonnula 

(4-13) 

where n is the total eléctronic density incltrling bath free am boum 
carriers, e is the elaœntary charge magni tlXie am ~ is a " velocity 

operator Il • Velocity is usually defined in terms of the l10lentum opera­

tor 

, 

1 
i 

\ 
1· 
f 
J 

1 . , , 
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where 

-+- -+- :t 
P .. P

mech 
+ e A 
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(4-14) 

(4-15) 

-+-
is the mechanical contribution to the overa11 rocmentun and eA, i5 due to 

the e1ectronagnetic field and can be expressed in terms of the fX)sition 

~ator am of the tiIre. 

Clear1y, Prrech' the ltEcharl.ica1 cœponent of the generaliZed rro­
rnenttlll operator can he irrlirectly definerl by wri ting 

) 
-+- -+ :t 
P. "p-ei\ mech 

'lllè current density 1.5 then, in operator fom 

j .. - !:..1:.(p - e A) 
m 

(4-17)\ 

(4-18) . 

Refering to EqUation (4-12), we Bee that ,the rnacro~ic current density 

is given by 

-+- -+-
<-J > .. Tr {pJ} (4-19) 

4.4 Secon:l Qrder Confiucti vi ty 

4. 4r l OUtline of the Procedure 
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Because the rnathœatics are saœwhat bulkj' , it seans necessary 

at this pnnt to autline briefly t.he procedure that shall be foll~ to 

obtain an expression for the second order generalized conductivir.io 

(1) First, lt is necessary to firrl an expression for the density ~ 

rator Jn presence of an E-'.xternally applied elé";tric field. This 

wi 11 he done bl' usifB tim:.>-depernent perturbation theory. 

(2) "t: 5erxmd, fran the kr~vledge of the densi ty matrix, < u'" , the obser-

vable current density w~)l he obtained frem an evaluation of Tr{pJ}. 

(3) Thud, i",:mce Ul(> previoU5 st:cps are .rnaking use of t..~e awn J iaüy 

p:>tentlal A, --t will depenJ lillplici t:ely on Ê throucJh A. J t will 

be neœs.sary tG 1.Cooe1. tilis dep:'ooence expllClt. 

(4) Finally, the rr:su] t \\11.11 bc pi~t lIrrl"T thp g"-'J1f'ral f ::-;nTI e}.vn~ssed .. 
by equation!, (> Hj) <ind (3-17>. 

J 

A sol1Jt:lOn of LiouVll1c, 's ecrdatlon Ls in -;lenexill, v('ry difficul-t to 

ootain. For pracUcal rr;asons, certain sirrpl:lfyirK) ûssuupt.lon.s are :rt'!qUin:-rl. 

(1) A..s prcviously müntioned , il "'-'l11 be assUlOC'd that tile üne-electror_ 

approximation holds, that is, eadl ~lectron sees an average [XJten­

t.,.,al duC' ta aU others. 

(2) T.he pcnod of oscillation of L'le very high optical frequency radiation 

].5 expect-..ed to be much shorteI than all mlaxation processcs invol­

ved; con.sequently, the latter are not expected to play a significar.t 

rcle~ HCMeVer, relaxation will be explicitely ac.oountro for by 

the Introductior:. of a phen:rocmc>lc:çical t.imë oonstant T, wl:uch be­

si-.:1e Hs physical significance, will be fou.rrl to he extr~ly oon­

venient in the mathanatlcal ma...'iipulatlons. 
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'lbè \evel.en;Jth of the q>tical excitations ronsidered beein:J much 

larger than the typical lattièe periodici ty, the vectbr potential 

A can be assuœd to be c:xmstant at the 1attice leve1 i.e. Ws is 

a local theory. 

'lbus 

B .. V x A{t) - 0 (4-20) , 
In other t.Ords, the effects due te the tadiation nagnetic field 

,.are neg1ected. 

'llle single-elecfron Hamiltonian can '!'CM he written as 

-+ -+ 2 -+ 
H .. (p + e A) + V (r) • (4-21) 

2m 

'Ibis can be èxpanded, t:.akÎllJ into acoount the assuned iIrleperrlence of A on 

position coordinates. 

+2 -+ '7 -+ 2 :t2 
H .. P + Ver) + e A'!p + e 1\ (4-22) 

(4-23) 

wbere, for oonvenience, we have. defined 

+2 + (4-24) H '"' E..... + Ver) 
o ..... 2m 

H - e A·p . l '-
(4:'25) 

m 

2 A2 
(t) (4-26) H c e 

2 2Jn 

o' 
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'!he tirœ evolution of the density operator is governed by Liouville's 

equation. In order to account in the sinplest manner for relaxation nechanisns 

\rwhl.ch are not CXlI1tained in our Hamiltooian, ~ shall use a ~ll â.C03pted Iiteoo­
merx:>logically ITKXlified fonn of Liouville's equation. 

co 

d/dt{p (t)) - (m) -1 [H,P] - (p - po) (4-27) 

T 

where Po represents the density operator urrler themod.ynanic equilibriun. 

VVe rote at once that the teJ::m H
2 

cœmutes with the density rnatrix, 

beeing tirne-deperrlent only, am can he igoored as far as equation (4-27) is 

oonoerned. 

Usi.n:J the tmi tary operator 

U(t) i;fl H t 
'" e 0 (4-28) 

we transfonn the densi ty operator in the interaction picture and differen­

tiate the result with respect te t. 

d/dt {U pUT} .. dU/dt p ut + U cip/dt ut +u p dU~/dt (4-29) 

Uain] equation (4-27) to substitute for dp/dt and EqUation (4-28) for U, 

it cx::IœS 

d/dt {U put} - iH(UpUt ) + (±fi) -lu [H,P) ut 

) 

+ (ifl) -1 U ( P- PO) ut + UpUt (-ilic/'i) 

(4-30) 

t _ ,-
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1 
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We now expaIrl the camutator U [H,P] ut 

U [ H, p] ut -... U H put - U pHU t 

s U HUtU p ut - U p UtU H ut 

lE (Ho + Hi) p '- p' (Ho + Hi) 

· [HO'D ,] + b,p -] (4-311 

29 -

where the priIœ irrlicates that the operator is to œ seen in the interaction 

picture ~ Inserting equation (4-31) into (4-30) ~ get 

1 

- {p' - p } o 
T 

(4-32) 

We TON ttansfonn this result into an integral equation. 'Ibis can 

be done using the Green function G(t,t1) 

00 

p' (t) ... 

trmeœ G(t,~) is given by 

Sinoe 

o 

fPdT e-(t-t1)/T dtl 
( 

-T 

..t 
- p­o 

(4-33) 

(4-34) 

,-

1 
f 
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equation (4-33) becaœs 

t 

P' (t) : P~ + (m).-l f;(ui (;.) ,P' (t
1
)] e-(t-;.)!t dt

1 

-7 

30 

~ (4-35) 

'lhis is" a ~tandard integral equation am i t can he sol vErl by 

iterations. For c:onvenience, let us substitute ô for liT. AS a first guess 

for pl (t), we use p '" pl. 
1 0 0 

t ... 

,p' (t) • Po + (m) -1 J [ Hi (;~ ,po] e-ô (t-;.) d;' 

(4-36) 

using this result as a second approximation, arrl substituting again into 

EqUation (4-35) 

p' (t) 

-00 -00 
(4-37) 

) . 
'Ibis procedure CX>Ul.d be extemed up te an arbi traxy n th order. 

For the purpose of this work, we shall oot go beyorrl serorrl order. 

Goin:J back to Schroerlinger' s picture: 

t 

Ptt) - Po + (mj-1!.:;,t [Hi (;,),p
o
] U e-Ô(t-;.) d;' 

J 

,+ (jf>.) -2 J 1~~ [Hi (t1) , [H~ (t2) ,po]] U e -6 (t-t1) ~-6 (;.-t2)d;'~~ 
-00 -00, (4-38) 

1 , 

l 

• 1 
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'lbe integrands may be ex:pressed lOOre explicitl~ • 'lhus, for the 

first of them . 

UsinJ equatioo (4-28) 

Substitutin:} for Hl fran equation (4-25) leads te 

P (t) ilJi H t -i~ H t 
a _ -e 0 p e 0 _ _ a 

and sœmation over the repeated iOOex a is inplied. 

With the help of the substitutions 

(t1-t)-+ ~ 

(t
2
-t)-+ t

2 

(4-39) 

(4-42) 

(4-43) 

(4-44) "'t 

the saJœ_ prooedure applied to ~ secxm integral leads to 

• 

, 

• / 

, 
t, 
f 

i 
j 
1 

1 l 
1 
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(4-45) 

'1hl.s represents the final fom of our expression for the densi ty 

operator. 

4.4.3 Evaluation of the Observable Current Densi ty 

l 'lb.e macroso:pic current density <1'> can llCM he found by evaluating 
/ 

(4-46) 

where the q:Jerator j iis defined by equation (4-18). Substituting (4-18) into 

(4-46); using the fact that A cœmutes with p and that Tr{p} II: l, \Ne obtaip 

j ... 2 -7 
< > == - (e,hn) n Tr{pp} - e n,hn A (4-47) 

. .... 
It nust he ooted once nore that in this expression, \tbile p l.S the 

nanentun operator, n represents the total density of elect.rons per unit voluœ 

ani should rot he oonfused Wl. th n representing the free carrier ~i ty utilized 

in a sinple description of current densi ty • 

4.4.4 EXplicit Expresslon of the De~oe on the Electric Field 

Expression (4-47) depends implicitely on the electric field through ... ... 
the vector potential A. An explicit expression of E (t) could be ootai.ne:l 

using equation (4-11). H~ver, \\le shall transform (4-47) directl Y into .. the 

fom Qf equations (3-16) and (3-17). 'Ihls will he doœ by ooting that 

(t+t
l

) 00 

A(t +,'1.) • f f E. (w1) (4-48) 

, 
~ 
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4.4.4 Explicit Expression of the ~ on the Electric Field 

Equation (4-47) depends inplicitly on the e1ectric field 
~ ~ 

through the vector potential A. An explici t expression in tenus of E (t) 

oould he obtained using equation (4-11). ~er, \tJe shaH transfonn 

(4-47) directly ~nto the fom of EqUations (3-16) an1 (3-17). 'lhis will 

be dona by ooting that 

(4-48) 

By straighforward manipulations of (4-47) after substituting­

EqUation (4-45) for p am expressing tœ vector potential explicitly 

in tenns of the Fburier transfonn of the field, one gets 

2 + en 

~ 

o 

(4-49) 

o t 

x f ! Tr{ [Pa(tl)' [Pe(~)'po] PlJ} e-jw1 t l e-j(w2+J6)t2 dt2d~ 

(4-50) 

) 
1 

, 
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Fquations (4-49) am (4-50) can be put under a llDre suggestive 

foon by evaluating tœ trace in the unperturbed eœrgy representation. 

Before proœeding to the evaluation as such, p can be taJœn out of the a 
cxmrutators by exparrling t.l"r2 quantU'tHleChani.cal bracJœts arrl using the 

cyc1ic property of tœ trace. '!bis 1eads te the following results 

Tr{ [Pa(~),poJ ~~} 

• Tr{po [p~'Pa(~~} (4-51) 

Tr{ [Pa (t1), [ Pa (t2) ,po] ] p~ 

Tr Po [[ PJ.l ,Pa (t1) ] ,Pa (t2) ] (4-52) 

.-
'Ille 1eft hand side of equation (4-51) can be written using 

Dirac 1 s rotation 1 k> for the electronic states in the unpertw:bed energy 

representation arrl usi~ the convention of StIl11lation over repeated indices • 

• 
• - <klp /l><l/p (t1) /m><mlp Ik> o a J.I 

(4-53) 

Recall tbat -1J 0 represents the equi.1ibriun value of the densi ty 

operator. Fran Liouville' s equa.tion, it is~ that in order for dpjdt 

to be oonstant,p bas to be a function of the Hamiltonian q:erator. In the 
. ~ . l unperturbed energy representation, this means that the rnatnx e ements 

\ 

<k 1 Po Il> are diagonal. 

• 

• 

l , 

1 
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1 

1 
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In tact, i t can be shcMn {25} that 

<klp Il~ • f(R )6 ~ ~~ o ~ Kl ~ 
(4-54) 

rr 

\\here 

f· 1 
k 1 + exp(~ _~) 

(4-55) 

kT 

is the Fenni-Dirac distribution function. 

Usin;J (4-54), equatioo (4-53) then beoœles 

Tr {po [pv ,Pa (~)]) • ~ <kl ~"'Pa (~)] Ik> (4-56) 

,/ 

using the sarœ procedure, we ci>tain fran (4-52) 

\} 

Tr {po [ [ p~ 'Pa (S.> ] 'Pa (t~>] } "" f k < kl [ ~~ 'Pa (tl ) ], ,Pa <t2')k> 

(4-57) , 

35 

In arder ID perfonn explicitely the integration with respect ID 

.. S. aM t 2 in relations (4-49) arrl (4-~O), the dependent ternis in (4-56) 

and (4-57) will be factored out. Fbr a typical rnatrix element (4-58) sbJws . 

the folla...ed proa:rlure 
\ 

(4-58) 

" . 
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EKplicit integration with respect te t
l 

am t
2 

of (4-49) arrl 

(4-50) leads to 

• ien + ie
2
n2 fl{i<lhdm>~lall> + <1Ialm>~llJI1>} 

IIJlm' q wlm +wl+~6 Ullm -wl-~6 

(4-59) 

x 

+ 

+ 

f <ri a Is><sla It><tllllr,. ] 
r (w -Ill -iô) (w -w -w -iô) 

rs2 rt12 (4-60) 

\41ere <111..1 Jm> is used as a short harxi for <llpIJ lm> qOO wlm represents 

(w
1 

-Ill m) .. (E
1
-Em),;1'l· 

4.4.5 Sylmetrization with l!Spect te Penrutations in the Field Cctq;x?nents 

As it bas been rrentiooed earlier (see chapter III) cr \.laewl'w2) 

can be put tmder a symrœtric fOIm with respect to pennutations of 

{CI,w1} ,{a,w
2

} , to reflect the fact that the peDtll.ltations of the electric 

9 field cxr(p:me~ts are inmaterial. 'Ihls can be achieved by surming (4-60) 

over pennutations of {Cl, w
1 

}, {Cl, w 2} arrl di viding by their total nt.:rrVer. 

rè shall use the follCMin] shorthand rotation 

Pllaa ~ 1/2 ~p(awl,8w2)a~;~(wl,w2) 
P 

( 

(4-61) 

, 

1 
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4 .4.6 ION Frequency Limi t 

In order te he able te inteIpret IilYsically the lnFlications of·. 

the expressions (4-59) and (4-60) it will be useful at this stage to oon­

sider the low fr~cy limit of the latter as discussed by Butcher {2l}. 

The results (4-59) aOO (4-60) can he expressed in tenns of partial 

dari vati ves wi th respect te the wavevector of the Bloch wave dispersion 

relation. It has been sho.Nn by Kane {26}that the coêfficients of the Taylor 

series expansion of the baril eœrgy E <k) about an arbitrary véllue of the n 
wavevector k can be félated to the canplicatai. suns of m::rrv::ntlln matrix 

elaœnts prcx1œts of equations (4-59) am (4-60) in the limi t where w-+O. 

'!he coefficients of, the 'Iaylor series are defi.œrl by 

00 

-+- -+- -+-E (k+q) cE (k) n n 
"E(r+l) (n,k)q cr ·"a (4-62) L..J \la· • ·a ïJ "'a "'JX 
r"'O 1 r r 

wbere, for exarnple 

(4-63) 

Kane bas shaNn that 
Il 

E~:) (;,k) =11/2n2 <nh.t!m><mlaln> + <rlaltn><mhdn> 
wJl'I1" wnn 

(4-64) 

1 
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cœparing with EqUation (4-59), one can cxmchrle by inspection that 

(4-65) 

A result similar to (4-64) lx>lds for E (3) and leads te 

(4-66) 

Equations (4"';;65) am (4-66) are Very inportant as they penn:i.t to 

in~ret the general resul ts (4-59) aOO (4-60) in tenns of a semi -classical 

picture 1 as we shaH see in the next chapter. 

Note that (4-65) arxl (4-66) are divergent. 'Ihis is perfectly confonn 

with the hypothesis of adiabaticity . A field with a vanismng frequency is 

a OC field, am in the abseœe of any relaxation Iœchanisrn, it is nonnal for 

the current to grON without limit. 

4.5 Conclusion 

By using tirœ-deperrlent perturbation theory, \ttle have obtained 

very general expressions for the first arrl se<:::e:>OO order oooouctivities. 

In the limi t of leM frequencies the latter are expressible in tenns of 

the familiar Bloch wave dispersion relation with respect to the wavevector 

cmpœents. '!he ne.xt step shaH he tD evaluate explicitely the optical rec­

tification effect resulting fran the presence o:f the secooo order oorxiuc­

tivity cmponent cr g~ (wl ,w2) at q>tical frequencies. 
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Optical Pectification 

5.0 Introduction 

Vè have already discussed in chapter II how the presence of a 

quadratic CŒp)œnt in the conductivity _of a material could be resporisi-

Q.1e for a rectification ef~ect. We shaH roN evaluate fonnally the expec-

tej magnitlrle of the latter in terms of o~;~-(wl'W2)' It will be shcMn that, 

the resul t obtained is strictl y identical ID the resul t obtained by von Bal tz 

{ 27} who did not rec:x:>gnize the ronnection of his \\Ork wi th the existing 

discussions of general~zed corrlucti vi ty. VVe shall then discuss the physi-

cal significance of the resul ts. 

5.1 Origin of Optical Fectification 

!et us assune the incident electric field te be of the fom 

• 

- ~ 
where Eo (t) represents a slowly varying function of t:ime while W oorresporrls 

, to a high frequency. A laser pulse electric field would he represented by 

such an ~t"ession • '!he current density carp:>nent along a given direction 

can he expressed as follows 

.. • J(t) 

(5-2) 

., 

, 
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Sinœ the tensori al character of the cooouctl vi ty canponent is 

mt relevant 1-..0 the discussion, absb::action has been l'rl<t(]e of the t.cnsor 

notation. 

E(w
1

) in th.f~ Fourier transform of equatlOn (5~1) 

DO 

Expressing cos u:~- in W_.nns of <XIllp1ex expoœntials, this equation 

- can be int:e:Jrated into 

(5-4) 

Ùsinj this result, the second term uf cquation (5-2) be::aœs 

.J''C) O'i 

J(2) (t)"'" 1/4/ f u(2) ((c!1'w
2

) fE
o

(w
1
+w)Eo (r,,?-+w) 

_00 _00 

If ~ aSSl.:nIe tllat F. (lU-lA' ) occupies a Vf;'.J:y narrow spectral band o 0 

oenterErl atw , in thp ] iwi t it. con œ considered to becaœ a 0 function 
, (2) () , 

and cr (w
1

,w
2

) ~an De pullcd out of the lntegral. 

co <û 

J{2) (t) ~ 1/4 oC?) (-lAl/-ÙI! !EO{{Ùlf-W)Eo(W2+W) e-Jrùl t e-Jlt12t dw
1

dw
2 

_C(J .-00 

• 1 
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(5-6) J 

'1l1e above integrals may be perfonœd explicite1y. For exarple, the first 

can he evaluated usin;; the substitutions 

(5-7) 

(5-8) 

co co 

1/4 0(2) (-W,-W)//E (w)ejwt E (w')ejwt e-jwte-jw't dwdw' 
. 0 0 

...co -co 

(5-9) 

Fqu4tion (5-6) becx:rnes 

J (2) (t) = I/Zl{cr (2) (-w,-w) e 2jwt + cr (2) .(w,w)e-2jwt} E~ (t) 

) 

+ Î/4lcr (2) (-w,w)+ cr (2) (w,-w)} E~ (t) (5-10) 

Now using the identi ty 

* o (w1 ,w2) • o(-wl'~2) (5-11) 

-.J..,o.._~:: finâll , we t..U1oQJ..I1, Y 

+ 1/2 Re {o (2) (w,-w)} E~ (t) (5-12) 

, 

. -
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The second tenn of this equation sb::Jws that when Eo (t) is a 

slowly varyirg function of t, there will be an OOservable current propor-. 
tional to the 'fO'Jer of the incident signal. 

5.2 Bbrmal Evaluation of the Rectification Ooefficient 

Fran equations (4-60) am (4-61) arxi the result we obtained in 

the ,last section, it is possible to abtain a quantun-rnechanica1 fonna! 

expression for the rectification ooefficient. 

lnitially, in order to sinplify the ma:thanatical fom of the ex­

pressions, ~ shaH consider the particular case when the incx:ming radiation 

is polarizej along one of the coordinate axes. This is equivalent to set 

ex = B. It has the advantage of rerrlering equation (4-60) S}'ll'Iœtric, elimina­

ting the need for further syrrtTetrization, as descri.bed in section 4.4.5. 

We thus get fran equation (4-60) 

cr (2) (w -w) = - e 3 n X 
!Jau ' x:2 2 3 

"li W m 

<rllJls><slult><tlalr> 
(w +ié) (wrt-Uttiô) rs 

f <rlals><sllJlt><tlalr> 
r (w +w+iô) (w t+iô ) rs s 

f 
r 

+ 

+ f 
r 

(5-13) 

+ 

It is clear that this tetm represents the optical rectification 

effect which will he evaluated an::! discussed in details in the subsequent 

sections of this thesis. 

• 

. ! 
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'lbe carplex cx:njugate for the latter is 

* 
'0 (2) (w -w) '"' cr (2) (-w w) 

lJCXCX' lJŒCX' 

heœe 

1 
3 

- e 

.. 

1/2 Pe {a (2) (-w,w) } = 
IJacx 

n L 
4f?w2 

fI=±w 

tr 

f r + 

• 

'lhis resui t can be put uOOer the nore oc:rrpact fom 

43 

f 

+ 

(5-14) 

" 

(5-15) 

Note that this is strictly identical with equation (25) of 

reference f27 J. It bas l'lo.Ever been ootaiœd dir~y fran the pranises 

of Butdler' s generalized OOIXiucti vity cx:mcept. von Bal tz,' on the other 

haOO, in refer~ { 2~ an::1 ms later publiè::ations U3,28 } believes havi.n:J 

identif:ijd a oovel fMtovoltaic effect. 
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• \ 
'Ihis point must therefore be rectifioo arx:1 von Bal tz 's bu,lk photovol taie 

o 

effect nrust be recognized to he merely the result of the preserx:e of 

seo::n:i order geœralized corrluetivity in a reterial. 

By a procedure similar to that leading to equation (5-15) 

where the steps are distincU y rrore tedious since the equi valent of EqUation 

(5-13) w:::mld oontain eight tenus, it can he ~ that in the general case 

where o.~S {23} 

X~uS .. 

Brillouin 

Zone 
(5-16) 

where the sun over wavevector am spin bas been replaoed by an integration 

over me first Bri110uin zone ac<:X)rdin:} to 

~ ... 
k.,s 

3 
"" 2 ·1/(21r) d~ (5-17) 

p represents the l'OC'IœJ1tun operator and ~ is the unit e1ectric polarization 

--vector. 

Fran the prqlerties of Bloch fuocti.ons, it is possible to verify 

that (5-16) would irrleed be zero for a crystal with a center of syrrrretry 

./ as requi.red fran macroscopic cons.iderations for a p~ represented 

by an odd-rank tensor. 
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5.3 Discussion 

Clearly, relation (5-16) is extreœly cœplicated if mt inpos­

sible to he evaluat.ed explicitly in the case of Telluriun sinee, as it 

st.arx1s, it would require an explicit kInvledge of the rroœntun matrix 

elaœnts. 

However, sinee expression (5-16) exhibits exp1icit singularities 

at preferred freque~ies, i t is expected that valuable infonnation can he 

extractro fran the latter by discussirt] its behaviour as a filllction of the 

frequency w of the iœ1dent radiation. 

5.3.1 Proton ~ies Inferior te all Possible Interband Transition 

Frequencies 

If \ole assuœ that the incident electric field bas a frequency 

such that the energy of the assoc::iated photons is inferior te aU of the 

int:erbarxl arrl sub-barxi transition frequencies, in other \oIIOrds if 

(5-21) 

one can neglect w in the denaninator. Assunûng a large re~tion time, 

Le. a small valœ of 6 , ~ situation ~thsnaticallY ~valent 
wi th the case of vanishing frequency. We have in paragraph 4.4.5 that 

1 

in that case 

~ (2) 3 I: f nk E~~~(n,k) (5-22) °)Ja/3 (1Il1,(2) .. 3en 
3 n,k 

w1w.j5 

.' 
\lllhere 

E(2) ... 1/31 <lEn (k) (5-,3) .. lluS ' 
<lk ak ak

S Il a 

} 
1 
" 

1 
.1 
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But, a consequence of time reversal invar~ of the unperturbEd 

Hami.ltonian is Kraner's theorem {29} 

(5-24) 

'Ibis inplies that all odd order partials are ~ ftmctions of the wave 

vec1;.or k. Sirce f nk, the Fermi function,is an ~en funCtion of the latter 

(beeing a function of the eœrgy only), oœ can C?nclu:le that 

(5-25) 

But, we have sl'v:Jwn that the optical rectification tensor is expect:ed .. 
te he gi ven by 

(5-26) 

D 

Bence 

(5-27) 

-

_ 0 • ______ ".--.--- ••• ~ -
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5.3.1.1 Seni-Classical InterpœtatioR of the Pre~ Result 

The result we have just d:Jt.alJled can be interpreted in tenus of 

the san.i -c1assical m:rlel which considers the electrons in a salid as quasi­
* partic1es wi th an effectl ve mass tensor m jJ S specifiErl by 

(5-28) 

(a) first order oorrloctivity 

Ù!t us fir~ discuss the zreaning of equation (4-65) which des­

cribes the first order corrluctivity. Recall that ~n the adiabatic 

approximation, no energy is transfere:i te the lattice, or equivalently, 

scattering is oon-existent. 'lherefore, in a infinitesimal tirœ interval 
~ , ' 

dt, an electric field increases the velocity of an electron within a given 

, band by an anount 

èiV--eÊ dt_ (5-29) 
Dl-· 

where m· repœsents the effective mass tensor in the direction of the 

field. If ~ asS\Iœ that while ilie electron is Il'OVID:J its rnass does rot 

vary awreciably (a first arder awrox.imation), the total velocity-change 

will be 

(5-30) 

In the frequeœy dcmai.n, Ws beoaœs 

/ 
- - -- ---- -~----,--~--'---~-_.-
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(5-31) 

• If there are n e1ectrons per Wlit vo1\.1lle the first order am­
ductivi ty can he obtained by analogy wi. th the e1ementary vector. equation 

(5-32) 

~. 

1 
(5-33) 

, i 

Arrl, for a field oriented in an arbi trary direction 

o (1) (Ul ) "' j e 2 n Ujrn * } " 
~a 1 - ~Cl w{n 

Substituti.n:J (5-28) into this result, we get 

cr (1) (w ) • j e 2 n 1. 

~a 1 - w
1
-'f1 

(5-34) 

(5-30) , 

'Ibis is alltnst similar to equation (4-65) except for the abserx:le 

of the Fel:mi function as a weighting factor; we can introduce this 

aspect by ooti.n:J that in our derivation we have :i.nplicitely assuned 

that al1 of the electrons were cccupyilYJ the same position within the banl 

structure, lItrid'l is àJviC\lSly rot t:.Iue • 

. / 

1 
j 
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In fact, the prà:lability for an electron to occupy the position defi.ned 

by En (k) is given by the Fenni function, am EqUation (5-30) ITIlSt he 

JOOdified acoording1y. Hence t 

cr (1) (w
1

) 
pa 

. 2 " cV~ 
n,k 

(5-31) 

arrl we fW a result strictly identical with (4-65). 

/ 
/' 

" 

. , 

It is \>JeU kroHn that, in expr~sion (5-31) only partial1y filled 

barrls will oontribute to the total value a~ the sum; hence, the sœma.tion 

O\Ter the J:::anj irrlex n is ta he perfonraJ oru y over partiall y f illoo ban:ls. 

To the first arder, the theory is thus seen to be in perfect agreaœnt 

wi th the san i-classical theory of electrons" arrl holes. 

rJ»L oroer corrluctiVJ.ty 

We are 0C1;V in a position te examine the significanoe of equation 

(4-66). We haVE assurœd in the foregoing paragraph that, te the first order 
-+-

the mass of an electron ocCllp'jinJ a position k in the band structure was . 
-+ 

rot m:::xlified while it was slightly shifterl by an arrount &. umer the action 
. -+- \ 

of an external perturbirYJ field E. 'lb the seoorrl arder, this mass does 

change an:! to the first omer, this change is praportional te the first orcier 

deri vati ve of the effective mass wi th respect to the wavevector. Hence, i t is 

natural that a(2t w1' W
2

) depenjs on the third order derivatives of EJ<k) . 

Therefore, as long- as hypothesis (5-21) holds, one can see that 

o(2) ( W
1

, W
2

) resul ts frein a first order deperrlence of the barri curvature 

with respect te the wavevector. 'l1ùs result, obtained frem semi.-classical 

ex>nsiderations is identical te the one obtained fran the general quantun­

mechanical awroach of chapter IV. 

o 

- \ , 
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Consequently, hased on, Kramers' t.heoren {29}, cr (2) (w
1

,w
2

) 

will be identically zero. 'Ihis fact has escaped t1"lt:! attention of many 

workers such as {ll} who attributed erroneously a seoond order a::IrlpOnent 

Jo the conducti vi ty of electrons in non-parabolic barrls. 

-, 
5.3.2 Photon Freguencies canparable wi th Intertarrl 'am SUb-Ban:l 

Transition Frequencies 
/ 

When the photon eœrgy is carparable to intertarrl energies, the 

singularities in relation (4-60) .mj (S-16) play a major role am there­

fore expression (4-66) canoot be used anyIOOre. ~oreover, in the vicinity 

of a singularity, it is clear that the precise I1lIllerical value of cS, which 

was pheronenè>logically intrcx:luced to take1.nto accolU1t' the presence of a 

relaxation nedlanisn ~s detenninant. 

Altlx>ugh at this stage it is fourii to be practically ~ssilile . .. 
to evaluate explicitely expresSion (4-66) in the neighlx>url'xJod of a singu­

larity due to its extraœ'cœplexity, we will however discuss its physical 

significance. 

ù:!t us recall fran chapter rv that the observable .. current densi ty 

has been fourxl by evaluating 

(5-3~) 

" . -

where p anj j are qlerators gi ven by matrices in the unpe.rturbed eœrgy 
, 

representationi these matrices are of infini te dimensionali ty sinee there 

is an infinite nœœr of basis vectors in that representation. However, for 

the sake of clari ty, let us assurœ that \Ne are dealing wi th a two-d.:inensional 

space. '!ben 

---

, 
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(5-36) 

.\ 

.. PUjll + P 22j 22 + (PI2j 2I+ P2lJ12) , 

(5-37) 
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We note the presence of b.u different kinds of tenus in ~ 

preoeeding result, Le. tennS involvinJ real diagonal elarents of P arrl 

j and tenus invol ving CCJIPlex oonjugate oon-diagonal eleœnts. 

A diagonal element ~f j represents the observable current densi ty 

associated with the rorresfX)ooing Bloch function. fur exanple, jll = <lljll> 

is the current density associated with the state Il>. As for PlI' it mere­

ly expresses the relative i.Irp::>rt.ance of t:lu.s particular eigenstate with 

respect to the overall average quantum state of the system. 

'!he case of the ron-diagonal e1€::JOO11ts is slightly nore cœpli­

cated. First, it must be IDted that oon-diagonal elarents P12 an;]p21 cor­

respaxi to the probability of transition between states Il> and. I~> . 

.f~ ____ ___ ~_~ ____ ----"- ~ __ 
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On the other harrl, oon-diagonal current density matrix elerents represent the 

current associated,wj:th such a transition. Finally, in relation (5-37) , the 

te.rms in parentheses must lJe considered as a whole sinee the observed currerit 

is a real quanti ty . 

When photon frequencie~_ corresporrl to interbaIrl or sub-barrl tran­

sition frequencies, it is clear that diagonal elarents of the density ma­

trix beo::xœ inportant. If the corresporrling diagonal elerenG 'obf 'the current 

density do IlOt vanish ~dentically by syrrrretIy, it Irn.lSt be ooteQ that there 

will lJe a contriliution ta the overall current density. 

The tact that there is a current associated wi th the presence of 

an electron :ln a particular state in k-spaœ is a familiar ootion. 

The significance of the existence of a eurrent when an electron umergoes 

a transition fran one state to another is Irore difficult: to interpret. 

When a transition occurs,/ there is an irrluced dipole m::rrent, i.e. , 
a change rray take place in the po(i tion of the center of gravi ty of the 

electronie charge with respeet to that of the rigid lattice of positive 

ions. 'Ibis irrluced dipole nitrent is expected to foUON in a specifie manner 

to be det:enni.red the exci'tin; field am, in view of the variation of the 

latter an alternating current i5 generated slrx:!e 

j - aPlat (5-38) 

Felation (5-38) makes it easy te mrler5tarrl why the first order 

coOOuctivity as expressed by (4-59) becares very large when the optical 
1 

frequency corresponds to a transition frequency. 'Ibis merely means that 

if the atans are considered li.ke small charged oscillators, the electric 

field oscillates at a characteristic resonance frajOOnCY, generating an 
, 

oscillating current of a large arrplitule. Experimentally, oœ observes foi:', 

such a frequency a marked increase in the absorption, in agreement wi th this 

simplist pieture. 

i 
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Moreover, it is to be ooted that when w
l 

= wR,m the firs:t part of the se-

corrl tenu in expression (4-59) may be neglected with respect to the secom. 
'Ibis tenu 18 cbserved to be real and i::œrefore represents a cx:npoœnt of the 

current in phase .wi th the electric field which is the corrli tion foI' real elec-

tric pc::Mer absorption. 

As for the secon:1 order cooouctivity, the pol~ization IOOd~-i can be 

used ta explain secorrl hanronic generation {30}, which is cl(l)sely felated 

to the high frequency carponent of the current which has been discarded in 

equation (5-12). 

'!he OC rectified current cc::rtpOnent \\Ould atpear at first sight to 

be exp1~le trough this sam; fX)larization ITOde1; howsyer, a close exami­

nation leads te serious difficulties as discussed below. 

5.3.2.1 Ch3.racteristics of Rectified Current Resul ting frou the Polarization 

11OOe1 

the non-linear oscil1ator model 
\J 

Al though i t consti tutes a very sinplified ITDde1; the oœ-diIœn­

sional non-linear oscillator provides a gcx:rl qualitative insight to the ron­

linear interaction of the electrons with the electric field. Irrleed, it baS 

been used by Bloembergen {31} to discuss the oon-linear optical susceptibi-

, lity a.rx1 by Garrett a.ril Robinson {32} to derive an expression for the one­

dimensional non-linear coefficient. '!he JOOdel assures that the electronic res­

p:>nse to a driving el~tric field can be sirrulated by th.at of an electron in 

an anhanoonic potential weIl. 'Ihe equation of rrotion is 

(5-39) 

, 
" " ! 

" i , 
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where :x is the deviation fran the }X)tential minimum, rrdx
2 

is the anharnDnic 

restoring forœ, -cE (t) 15 the driving forœ due to the aptical fleld arrl 

~ is a pheIXIl\S::101ogical dampUlg tenn. The dip:üe m::Il~nt .LS given by 

p(t)-ex(t) (5-40) 

(a) Fr~IEY...!llferior te Transit.ion Fregupncy: ~:: CAlse of Dielectrics 

.:.;. When the frequency of the e.xcümq field is smaller than the tran-

si tlon or r0SOTl.tl.r,ce fr r'<Iucncy, bath th>; iTl('rti al am the damping forces can 

be neglected. Then 

2 2 
w x+ h< == - eE(t) 

o --

, 
(5-41) 

m 

Using the fact that 

2 
1 + Y /2 + y /8 + ••• (5-42) 

we get 

x (t) ::: - p.L (t) - be~2 (t~ 
--2- 2 6 ( (5-43) 

mu m w 
o 0 

Because of the presenŒ: of <.l tem quadratic in t.he field, x is sœn 
t 

ta have a non-zc....--o average value arrl as a con'3eq\.E!1Ce ther€ exists aron-zero 

average dipole m:::JTlent. 

1 
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~(t) - EO(t) 005 W t 

0, 
(5-44) 

~e EO(t) is a slowly varyinJ functi.on of the tiIœ t 

x(t}= - eEo(t) 005 wot 

2 m Wo 

b e~o 2 Ct) (l - sin 2wot) 

2
26 mw 

o 

(5-45) 
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'Ibe observable " slow " current will he prqx:>rtional to the tiJne dari­

,vative· of the ~low cœp>nent of the polarization. 

:r 

d/dt {E
2 Ct)} (5-46) 
o " 

/ 

Equaqon (5-40) shows 1 that far away frcrn resonance, the current 

sbould be prqx:>rtional to the t.i.roo derivat;ive' of the arcplittrle of the field 

squared, i.'e. proportional to the tine derivative of the incident power. - 1 
It nust he ootErl that this represents the situation that prevails in die-: 

lectr:i,c;. materials. 

(b) 
... 
Fr~ Correspori3..iDj to the Besooance Fregueœy: the.case of 

Seni.oooouctors , 
)il -

, , 

When the frequency of the laser electric field ooincides wi th the 

resonanœ frequeœy, am if the anplitme of the excitation is a slowly • 

varying function~D~ the tirne, te a very good ar-proximation ~ oscillation will 

gn:M as the integral of t:he-exeitation • 
,/ 

... 
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là turally, this cannet go on forever, am in pract.ice the grawth 

is limi. ted by a relaxation IœChanisrn, the rnaxirm.ml ampli brle beeing attained 

when lx>th the énergy input am the relaxation rate (i,e. the losses) are 

equal •. 

If a snall anharm:>nicity is present (d + 0), the average value of 

the irrluced polarization which is zero in the linear case, will also grcM 

with t:i.Iœ, generating a current. The grcMt:h of the aver~ge polarization should 

therefore he roUCJhly prq:ortional ta the integral of the field arrplit\rle 

squared ITUÙtiplied by the anhanronic roefficient d. 

It is thus clear that the sirrple oœ~ianal um-lirear 

qscillator m::del may acrount for the presence of a polarlzation current on 

a transient basis. HONever, ll1 the presence of energy relaxation rrechanisns 

\tthich result in the saturation of the resp::inse, it cannet account for a 

steady-state OC current such as the one originating fran the secorrl tenu of 

EqUation (5-12). 

5.3.3 Discussion of the T:iIœ Response of the Generated Signals 

Optical rectification has been experiIœn~serverl to ocèùr 1 

bath in dielectrics {33 } am semioorrluctors {l3}, upon irradiation by 

~ful pulsed coherent light fran crswi tched or TEA lasers; in all cases 

the effect bas been observed urder the fonn of -an induc€d voltage in the bulk 

material. In arder t:o account for the tiIne-danain behaviour of the irrluced 

signal, ~ shall rDW gi ve a very sirrple circuit nndel of a corresporrling 

detector in order te discuss the f~tal differences between the Cases of 

dielectric qn seniconducting materials. 

'lb f1rrl how the observed terminal signal voltage is relatro ta 

the bulk' current density generated by the incx:ming laser beam, it is necessa­

ry ta solve Maxwell' 5 equations for the average macrosoopic fields, E arrl H 
in the material. 
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~ 

'It is inportant td realize that these fields are cx:npletely different fran 

the lœal fields' ~t the atanie level as ~ll as the laser radiation field. 

9 x â - j + dO/dt (5-47) 

In this equation j represents the frae carrier current density. Herx::e \<le write 

j - oE . (5-48) 

wheœ (J represents the usuallow-frequency oorrluctivitY.~ aD/dt carl pe written 

as 

(5-49) 

\rthere e: is the usual low frequency pe.:rmittivity of the material. 

Ph.erx:memlogically, ~ possible sources for the irduced current 

rrust be considered. 'lhe direc effect of the laser beam may oonsist in ei ther 
A 

an irrluced polarization or an Wuced cx.m::luction current varying slo.vly in 

magni tuje acoo~ te the ulation envelope of the laser pulse; the high 

frequency c.:x::nporents of these signals average out te zero arrl therefore our 
discussion will ooncern only the rectifi,ed CXJtpC.>nents of the signaIs. 

\'È thus rewrite (5-47) as 

v ~ H = (JE + e: aE/at + j + j (5-50) 
s P 

" ~ .. 
" -----\ ' 

J 
'1 
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\1dlere the If polarization " current ~ def~ by 

j • 3P lat p s 

• 

(5-51) 
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j an1 P are ~vely the laser Wuœd slowly varyiB:J current density 
S 5 

am polarization vectors. 'lb a very good approximation, magnetic flux induction 

effects can be assuœd ta he .i.nexi.stent. 

+. 
HeJx:)e, the curl of H ~s zero anj 

aE + E aE + j + j - 0 s p 

, 
(5-52) " 

at 

E - lIa (j + j~ + fla aE/at 
" s P 

(5-53) 

f. 

'l'o make things sinple, let US asSllDe that the crystal is a 

----unifonn square plate of side a aril thickness t as shcMn in figure (5-1), 

l'on:>geneously il1uninated am with transverse electrodes. 'lhe signal vô1-

tage V is the integral of the field E over a distance a s . 

v • E • a - ala s (J + J ~ + Ela av lat 
~ p " s 

ttUch can be œwritten as l 
v • (1 + l ) R + Re av lat, 
·6 S' P s 

\) 

1/ 

(5-54) 

(5-55) 
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or 
• ,. 
(1 + l ) - V IR + cav lat s p s s (5-56) 

R - 1/0 al ( a • t ) (5-57) 

is the resistanc:e j:ff the crystal am. 

(5-58) 
- a 

its capaci tanœ . 

Equation (5-56) is m:rleled by the sinple circuit of figure ,(5-2). 

'!he discussion presentErl in this chapter requires the oonsi­

deration of three distinct situations. 

(1) Dielectric ~aterials with Current Source Ip Only 

In dielectric rnateiials, no steady-state rectified cutrent can 

he generated, sinee the radiation frEqUenCy is sma.ller than allowable 

transition frequencies. 'Ibis situation corresporrls to the discussion of 

paragraph 5.3.1 

As ~ have seen in paragraph 5.3.2.1 however, the presence of 

q polarization current on a transient basis is rot excluled. S.i.oce a 

laser pulse constitutes a transient 'excitation, one must cx:mclu:ie that if 

signals are àJserved at all in a dielectric material, they are due exclusi - • 

vely to the source l • 
'" p 
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figUre (5-2) A s.iltple Circuit)1 odel to Acooont for the 
Time Danai.n Behaviour of the ln:luoed Signal. . 
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Fbr such a material, the tiIœ oonstant R: is rollIléÙly large 

cx:uparerl to the observed l~ pulse widths; the signal voltage is conse­

quently proportional ta the tirne integral of l • Since the po1arization is p 
itself proportional ta the field rrroulation anplitWe squared Le. te the -

laser p:7n'er am sinœ l is the derivative of the p::>larization, V should 
p s 

he proportional to the laser IXJWe.r. 

(2) Sanicx:>rrlucting Materials with the current SOurce Ip Only 

(a)" 

In seni.corrluctors as owell, a polarization current similar in na-
\ 

ture to the one occuring in die1ectiics may exist. ~er, sinee the resis-
~ 

\. • tance of a sanirooouctor may be gui te snal1, the tiIœ oonstant OC will also 

be snall. In such ~ case V is prqlOrtiona1 te the tirre deri vati ve of the s ~ 

laser paNer. 

(b) 

10, A different situation will arise when the laser frequency oor­

resporXls to a transition frequency. '1be polarization then gets integraterl 

atf' discussed in paragraph 5.3.2.1 b) • 

'" . , 
If K: is smaller than the pulse width arrl if the latter is smal-

1er than the d1aracteristic relaxation tirre of the " oscillator " IOOdel 

discussed in 5.3.2.1 b}, V will clearly he prcportional to the laser power • 
• J S 

(3) Senicorrlucting Materials with the Current Source ls Orùy 

'lbe analysis presented in chapter IV predicts the occureooe of 

a net steady-state OC corrluction current ls in a sanioorrluctor llfXier oons­

tant irradiation when the laser frequency oorresporrls to a "resonant" transi-

tion frequency. , 
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In this case l is direcUy proportional to the incident laser s 
power aM sinee the equivalent circuit tiIœ constant OC is expectedly 

snall c:x:npared ta the observed laser pulse width, the rœasured signal 

vol tage Vs will he proportional to the laser ~r. 

'!he above t.iroo danain behaviour analysis of the observed 'signal 

V will be used in our later discussion of the experiIoontal resul ts to s , 
help detel::Inire the nature of the process responsible for the obse.rvErl 

laser generated voltages. 

5.4 Conclusion 

starting with Butcher's analysis arx:l the eXpression obtained in 

chapter IV for the secooo order generalized coooucti vi ty, ~ have deri ved 

a fonnal expression ~or a steady-state rectified OC current prq:x:>rtional . 
to the laser :pJWer that would be generated in oon-centrosymœtrical materials 

under oonstant irradiation. We have shawn that the result recently obtai.rel 

by von Bal tz {27} is identical to the above; the latter has not recognized 

the conœx.ion of his \\Drk wi th the fun:larœntal \\Drk of Butcher am \1 cIean {2l}. 

In a detailed discussion of our results, it has been shawn that the 

rectified corrlucti~~ current may exist only when the excitation laser frequen­

cy corresponds to an interband transition am reduces identically to zero 

due to tlrœ-reversal syrmetry (i. e Krarœrs' theoran) when onl y intrabarrl 

transitions prevail. '!he rectified OC current bas aIse been sh<:Mn oot to he 

ascribable to any iOOuc::Erl non-linear polarization effect. 

Finall y, the tine-dcmain behaviour of the irrluced signals in both 

dielectrics am sanicorrluctors haB been discussed. 

J 
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œAPTER VI 

~inental Cbservation of ~tical Rectification 

in Telluriun 

6.0 Introduction 

.. 

fur reasqns that have been discussed in chapter II, i t bas been 

fourrl necessary to devote ~ inp::>rtant part of this thesis to a detailoo 

theoretical discussion of non-linear oorrlucti vi ty in solids am the asso­

ciated Fherx::rrena of optical rectification. 

Having this thorough discussion as a backgrourrl, we rDW uOOertaJœ 

an exper.imental program in an attelpt to resol ve or verify questions raised 

in the fomer. '!he results that shall be presented here are similar to those 

obtained by Ril:akovs (see section 2.1). ~ver, special care has been given.. 

in the present work such that the resistivity of the sanples he explicitely 

taken into acoount. In particular, the tatperature oontrol systan has been 

irrproved, l~ tatperatures have been reached am a, wider range of doping 

levels have beeÎ1 investigated. rus approach has been notivated by the thecr­

retical discussion which irrlicates a potential deperrlence of the pheraœnon 

on energy barrl pq:>ulations. 

6.1 '!he ExperiIœntal Set-up 

6.1.0 Introduction 

'!he object of the experimental set-up is essentially to provide 
" . .., '. 

the possibility of measuring the electric signals Wuoed in a TellurillTl 

sarrple eXpœed to the radiation fran a TFA 002 laser, fran ambient down te 

approxirnately liquid nitrogen taIperature. 
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, 6 .1.1 '!he Laser 

'!he high ~r radiation was provided by a Lurronics series 101 

TFA ex> 2 laser. The transverse excitation scheœ allONs operation at atrros-. .. 
~ic pressure while keeping the discharge voltage at reasonable levels. 

'lhe latter was beeing supplied by a Universal yoltronics m:xlel BAC-32-25 

variable high voltage source (maxi.rnt.:nn 40 KV) cormected through a 700 KQ 

resistor bank to protect against overloading. Linear polarization of the 

beam is assured by a KCl Brewster windCM. 

The variable N
2 

- C0
2 

- He gas mixture was rnaintained in propor-

2 : 10 and the operating voltagè was set to 38 KV. 'Ihe laser 

tput po.ver density is esbmated to he approximately 200 KW/cm
2 

with a 

cross-sectional area of about 2.5 an2• 

A typical radiation pulse, figure (6-1), has a half ~ width of 

80lns with arise ti}œ of 70 ns. 'lhe tail of the pulse of 'Which the magnitude an::1-' 

th can he rontr0l-led by varying the proPJrtion of the NZ oontent in the 

gas mixture shows a slow canponent with rnicro~cooo decay tines. 

i 

Altrough the laser is capable of repetition rates up te 5 pulses 

second, tœ pulse rate was rnaintained at about 1 pulse per secorrl te 

as ure goo::1 pulse reprcxiuciliili ty . 

6.1.2 The Tellurium ~les 

The Tellurium samples were eut fran good quality sin3le crystals 

grcMn in the departrrènt of Electrical Er:Bineering by the Czochralsky method. 

'Ille . ingots, pulled along the C-axlS \>Jere hexagonal prisns wi th cross-section 

dianeters varying fran 1 to 2 an, and a few centirreters in length. 

Telluriun beeing an extrerœly fragile mate rial due to ~ak binding forqes 

between atonie cha.in.5 {34}, single crystals are readily rœchanically dama­

ged. In order to preserve the good crystalline quality of the sarrples, a 

specially constructed saw has been used. 
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It essentially oonsisted of a polyester thread continuously 

extracting fresh acid fran a reservoir arrl bringing it into contact 

wi th the crystal surface 50 ~t onl Y a oon-abrasi ve chenical action is 

involved. '!he acid solution consisted of a mixture of chranie triaxide, 

hydrochloric acid am water in 1 : 1: 2 proportions by ~ight. 

'!he sarrples were then polished by rubbiDJ than very gentiy on 

a flat piece of glass imnersed into a solution of chranie trioxide, 
1 _ 

nitric aeid arx1 water in 1 : 2 : 4 proportions by weight. 

Electrical contacts were made ID the sanple surfaces by alloy­

ing small strips of a solder made of a mixture of antirrony, lead arrl indium 

in proportlOns 1.7 : 1.3 : 1. This solder has a low mel ting point of ap­

pradmately 150°C which helps te avoid ruq:osing the sarrple tO a thennal 

shock. Fine cc:pper wire was then soldered to the alloyed strips to a:m­

pIete the contact fabrication. 

6.1.3 The csyostat 

\ 

Sanples were rrounted on the cold fin:Jer of an OXford InstnJœnt 

CF-I04B cryostat. Two dielectrie ooated gennaniun win:kMs all<:::IWeP transmis­

sion of ~e laser beam tllfough the sanple while avoiding back reflections 

f:rcm the cryostat wall. 

'lbe sanple tatperature was sensed wi th a cryogenie linear tanpe-
./ 

rature sensor (CLTS) cons~tuted of two Ji1otolitographica11y made thin-

ülm resisters having opposite non-linearities an positionned very close 

to each o~r; a constant current flCMing through the CLTS generates a vol­

tage linearly related with the taJperature. 
'\, 

6.1.4 The ~rature Conttoller 

'l'e!lp:!rature was both controlled an rrr:mitored by an Oxford intru­

ment m:::xiel FA-2349 t:enperature controller • 

... 

1 
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. First, this unit controls the coolant gas flCM through a valve 

am a flow rœter, providing the roarse terrperature control. 'lbe fine con­

trol is ~btaiœd by the generation of a feedback voltage which activates 

a small heater in t:h3 cryostat i tsclf. As il (x.lllseque:hce, the coarse tarpe-

ture setting has to he slightly inferior ta the desire:j tEmperature., 

'lhe ~raturEf.l i5 then raised to the rEqUired value by the heatirlg elaœnt. 

The oontrolle.r: possesses a very stable current source to supply 

the CLTS. '!he resulting voltage is fed into a canpa.rator circuit arrl the 
f 

error signal is used bath ta display the t:.ar{:€rature am to control the 

heater feedback suppl y circui try • 

6.1.5 Slgnal Measuring .A.pp:iratus 

'Ihe photo voltages irrluced in Tellurium samples beeing in the 

millivolt range are applied via a ooaxial cable frou the cryostat to the 

50 î2 input of a Hewlett-Packard m:del 462 wide-barrl arrplifier. 7be latter 

posesses a 40 dB gain and: a 4 ns rise-tJ.rœ. The output sinal fran the am­

plifier is then fed at the input of a Tektronix Iocx.'k:l 7623 storage oscillos­

cope shunted by a 50 rl load resistanœ. Signals dCMn to atout 50 ~V am 

10 ns rise t.i.rrE are Iœasurable with thls sel-up. 

6.1.6 The pyrüelectric Detectors 

The laser output pulse shape an:l po.-;er ~e noni tored wi th tJ...D 

different pyroelectric detectors, nanely a ~olectron m:xlel P3-0l arrl a 

.!101ectron rrOOel P5-00 havlng knc:wn responsi vi ties . 

6.1.7 S~ial Difficultles 

6.1. 7.1 Noise 



, " 1 Hl 

? 

Figure (6-1 ) 

.. 

A Typica1 Fadiation Pulse . Note the absence 

of parasitlc piezoe1ectrlc oscillatlons and 

the presence of the dlStinctl ve plateau in 

the tail of the pulse. The tJJœ scale is 200 ns/cm 

and the vertical scale is 200 \lV/cm. 
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Because of the very low level of the signal, am the proximit:j 

of the severe electric discharge condition in the laser, noise i5 a very 

~ioUs prcblan. In order to el:irni.nate the latter, it has been found neœ­

sary te shield bath the laser and the sat'(l?le <x>ntaining set-up witb two 

separate Faraday cages, cx::mrunicating through SlnaH holes for the laser 
:;; \) 

~. ~ 

6.1. 7.2 ~le ~ounting 
c 

It bas been nentioœd that the samples were IIOunted on the 
J 

oold finger of the cryostat. Since Telluriun is extranely' fragile, it 

is essential i:o avoid any rrechanical stress which 'could ?riginate fran 

, , 
1 

1 

o l 
sanple nounting, especially when cooling dGm below 180%. ~ 

~ 
J 

On the ot.œr harrl, i t is necessary to assure a good thermal .~ 
, , ~ 

oontact between the sanple am the cold finger. Because glue bas a ten- ~ 

dency te solidi~at lCM tanperature, arrl sinee in gereral its the.Ùnal 

expansion roefficient i5 different fran,that of Tellurium, it was fourrl 

preferable to use vacuum grease as a birDer, the latter having the advan-
\> 

tage of beeing a gCXJd thennal corrluctor • 

. " 
The sanples were therefore nounted on a cqJper plate fran which 

they were electrically insulated with a very thl.n mica sheet which <x>ntinues 

to maintaLn a good thermal corrluction path, as illustrated in figure (6-2). 

'6:1.7.3 Contact Masking 

Figure (6-3) shows the mask used te prevent the laser beam fran 

illt:minating the electrical contact region, as this is kJn.m to generate 

spurious signals {9 }. ~ mask was made by opening a snall square win:XM 

into a pieoe of my lar. The outside surface of t:hi:; piece \laS CXJVered wi th 

a piece of alœtiniun foiL to elirninate any r~tion "transnission. 

, . 
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MASK 

I----,'---I-SAMPLE 

t=;;=~====~MICA 

Figure (6-2) 
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COPPER PLATE 

Sanple :~ount:inJ on the Cbld Fi..nge.r of the Cryostat. 

1 
-;' 

f 
1 

f 
1 
1 , 
1 

\ 

~l 

1 
1 9 

.. .' 



, . 
1 \ 

, , 
f-

, 

.-

( 
l' 

COLDFINGER 

1 f'" 

r----- .. , 
" '---' ... \ , , , \. 

, " '\ \. " : \ \ 
(, ~ t--+-~, "'--",--f--WJNOOW 

\. .. , / 
'\. \, /,",' " ... ' , , .... _--', 1 , , 

~ __ _ J 1 
1 
1 
t 
1 L_________ _..-______ ..1 

SAWLE 

. . 
Figure~ (6-3) ~ask USErl te prevent the laser beam te illœdnate the 
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6.1.7.4 Signal Voltage and §aœple Resis~ 

As the resistanœ of intrinsic crystals at Iow tetperatures may 

excede 100 !l, it must he roted that the 50 n input .inpedance of the wide­

ban:i anplifier cannet he neglected and the rooasured signal bas te be oor­

~ized to take into account mItage di vision. 

6.2 Experilœntal Iesul ts 

6.2.0 Introduction 

'Ibe object of the experimmtal program was te ~ure the depen­

dence on l:oth t:a"rperature and doping level of the optica1 rectification 

tensor in Tellurium. '!he experilœnt oonsisted essentially in the rœa:surarent 

of the anplit~ of the fast iIrluced open circuit voltage at terperatures 

ranging fran 90 ta 300'1< in four different sarrples described in table 6-1. 

The e.xtrinsic sarrples are p-type antinony doped am the different 

sarrples used in the experi1œnt are identified by the ingot they originate 

fran; ronnëÙly, several sarrples are eut frou the SaIœ ingot. 

6.2.1 Characteristics of the Si~l Observed 

As it haB œen mentionneà. earlier', the voltage irrluoed in the 

sarcple upon irradiation, is a true replica of the laser pulse shape. 

Figure (6-1}is a typical oscillogram of the observed sywal, arrl is t.o he 

~ with f1.gure (6-4)arrl (6-5)which are the outp.,It fran the tw::> 

different pyroelectric detectors described in section 6.1.6. 

Note the presence in the laser pulse of the VIeIl krx:Jwn disti.ll:tive 

plateau (figure (6-1». 'lhe pyroelectric àetectors signals, figures (6-4) 

and (6-s)a:re clearly unable te display clearly this feature because of 

unavoidable stray piezoelectric resonanc::e oscillations • 
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Sanple Identification 
" 

CZ-77-15 

CZ-76-13 

CZ-77-11 

CZ-77-12 

r 

TABLE 6-1 ( 

SM PLE 1I>ENI'IFICATIœ , 

'Sb {par ~ight)·., 

undoped 

0.01 

0.1 

1.0 \ ' 
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l 
awroximate dopinJ j 
1evel (an -3) i 

l 
J 

undoped 

3.0 x 1018 
, 

f 

3.0 x 1019 
} 

: 

3.0 x 1020 1 
l, 
1 
1 

1 1 

<:1 

1 

i 
t 
i 
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Figure (6-4) Oltput fran the 101ectron P3-01 Pyroelectric 

Detector. The ti.ne scale is 500 ns/on and 

the vertical scale is 1 V/cm. 

i 
1 

r 

1 

Figure (6-5) Où.tput fran the \l.olectron P5-00 Pyroelectric 

Detector. 'lhe ti.ne sc:a1e is 200 ns/cm and 

the 'Vertical scale is 5 mY/cm. 
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.. 

A sION parasitic signal of unkncM.n origin has been observed to 

occur saœt:i.nes in ~ sanples at tarperatures interior te ab::>ut 200 OK 

saIœ as reported ear1ier by Ribakovs { 9 } i its arrplitude increases as the 

tsrperature decreàses. Althqugh this stray signal is clearly de~nt on 
" 

the presence of the laser beam, it exhibits a slo.v1y decaying feature which 

is unrelate:l te the laser radiation rrodulation envelqx=. Figure (6-6 ) is a 

typical oscillograrn of th:! sigIJëÙ.. It sOOuld be ooted that the latter is IlOt 

reprcducibl~ fran one sanple to amther arrl that it saœtirces does rot rcan,i-,. 
fest at all. Such signals have oot been obs&ved in dopErl sanp1es. 

6.2.2 M easureœnts 

6.2.1.1 Orientation 

'!he sarrples were orient.ed in order te 00t:ain a signal which oould 

be attributE:d to the uni.que tensor ~t Xln ' as illustrated .in figure 

(6-7) 

f' 
} 

6. ~ .1. 2 Exper~nta1 Parameters" 

~ 

In all cases, the inte:E'e1ectrode spacilXJ d was 5 mn, the sanple 

thiclm:$s' t '3 nID, am the ill~ted area 5 nm x 5 ntn. As it has been rnen­

tionned in paragraph 6.1.1, the laser ~ density, estimated fran the Jm:Jwn 

responsiviti~t,,()f the py.roelectric detectors is awroxirnately 200 kW/cm
2

• The 

anti -reflection cOatErl (; ennanium w:i.rrlows of the cryostat are assuned te he 

perfectly transparent. 
1 

6.2.3 Results 

(a) Verification of tœ Bull< Nature of T 0Jserved Si<jMls '. ,; 

'lhe genuine bulk nature of the observed signals baS been det:ennined 

by the signals for the three clifferent electrode ronfigurations s}x)wn in 

figure (6-8) , naxœly front surface elect:rOOes 1 back surface e1ectrodes.., am 
side s~face el.ec't7OOes. 
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Figure (~) A '!ypical Oscillogram of the Parasitic Signal 

<kcuring in UriiopErl Sarrples. In this particular 

case, the tarperature was l600K. 'll1e time scale 

i;S 200 ns/an and the vertical scale is 200 j.JV/cm • 
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F;i.guœ (6-7) orientatial of the Sanple in Order to Obtain . . 
a Signal. WJü:ch Cœld Be Attriblted ta the 

Unique Tensor cœponent Xlll · , 
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,FRONT ELECTRODES BACK ELECTRCDES 

,J 

o \ 

1 
SIDE ELECTRODES 

Figure (6-8) 'lbe Three Different Electrode Configuratials 

U.sed to Verity the Genuine Bul,k Nature of the Signals. 
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'Ille response beeing iàeiltica1 in all cases, one IID.lSt conclude that there .ls 
, 

JX) appteciable surface effect involved. 

(b) Linearity of the Signal Arrplitt.rle with Respect te the Pcmer Densi1:ï 

,. The rectifioo. pulse anpli ttrle exhibi ts a linear deperrlence wi th res-

pect to the laser p:Mer. This fact has been verified by gradually attenuating 

the incident ~ wi th an increasing nlll'rner , up tA three, of n-type silicon 

waters having a resisti vi ty of 7.1 st - cm arrl a thickness of 6.9 mils, which 

exhibit a transmission <X>efficient of al:x>ut 50%. Thus, linearity has been 

dem:mstrated fran (0.5) 3 ,x 200 kW/cm
2 up to 200 kw/an

2
• Figure (6-9/ is a 

graph illustrating the results obtained. 

It is to he ootei! 'that the al::l9,ve results differ fran a case repor­

ted Dy Halmorrl arrl al. {I2} who de scribes the obtained signals te be 

essentially in1eperrlent tran the ~ density. 
1[' 

(c) An2Ùar ~~ce of the Irrluced Signal 

Although we were rot specifically interested fran an experinental 

point of view on the detailoo. tensor behaviour of the Wuced signals which 

bas been tborO\l3'hly investigated by Ribakovs { 6}, 'Ne felt necessaxy to 

verity the expectro cos (2e+~) deperxleIx::e of the signal arrplituie in arder 

te make sure that the voltage pulses were the manifestation of a genuine 

third rank tensor. Figure (6-10) shJws the angular deperrlence of the rœasure1 

signals which has ~ expected behaviour. 

'ti 

(d) 

\ ~ ~ ... 

\àriation of the Signal Arrplittrle with 'l'erperature for Different Sanple 

Ibping Ievels 

'!he varlation of the si~ arrplittrle with respect to the taTperature . , 

is presented far each doping level in figures (6-11), (6-12) arrl (6-13) for 

each sarrp1e identified in table 6-1 except for sanples fran inçpt CZ-77-l2. • 

'lbe latter are the oost heavily doped sarrples; they have not produced any 

observable si9na1s. 
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Figure (6-10) Angular Depec~ of the'ieasured Signals. Note the angular 
r 

shif t dœ te qJtical acti vi ty . 
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Figure (6-12) Variation of the Signal Anplitude in Furx:tion of the 

Tenperature in Sarrples Originatin3 fron In}ot CZ-76-13· 

l>" 

..... 
, 
~~ 
'li 
w 
~ 

~ 



. f 

,. 
'k 

( 

, 

10 

---. 
~~ 

-1 

~ « 
!::i 
o 
> 
....J « z 
c:> -li) 

;. 
"\ ~ 

84 " 

'li ": , 
" 

" 

~ 
CZ-77-11 

\ ; 
\ 

1 , 
~ c ~ 
~ • 

l J' , 

.~ 

~ 

~ 
{ 

,~ 

1 
i< 
" 

1 , 

10 9 6 7 -1 
1000/T (OK) 

8 

~ 
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In the case of the urrloped sarrp1es, the signal is seen to increase 
o '0 'l 

rapidly as the terrperature decreases fran atout 300 K to alxmt 180 K where 

it becaœs essentially constant. 

1 
On the other harrl, the curves corresporrling to the doped sanp1es 

have the sarre genera1 behaviour. They present essentiallyoo, structure except 

for a slight ITOnotonic decrease of tl1e irrluced signal as t.he ~ature de­

creases. These results are- consistent wi th the observations of\G. Ri.bakovs. 

{e} Cbservations of SignaIs in Thin S~les at lbcrn ~rature 

r' 
Siœe the rrechanism of sî~l geœration is expected to CXJrrespooo 

to a currer!t source, it has been thought inportant to observe tl1E: effect on 

the irrluced signals due te variations in the resistive characteristics of the , 

sarrples. In particular, an increase of the latter with an increase of the resis-. 
tivity at a given dcçing Ievel is expecte:L This is rrore t:.lxlroughly discussed 

\ 

late:r. 
1 

Tc verify this hypothesis, a sinple experbœnt has been devised. 

Typically, it YAJUld have been interesting to obtain a real thin film which 

\IIOuld be constitutErl of a few atanic Iayers, Such films are , ~ver, techni­

cally difficult ta fabricate, especially when a single crystal is required. 

It was, therefore, decided instead to IX>lish sarrples by the stan1a.rd procedu:e 

described in section 6.1.2 down to thicknesses of the arder of 50 ~. This , , 
represents the rnirumum practically achievable thi~ss by such a procedure. 

'!he results are surnnarized. in table 6-2. Interestingly, cœpared to the previous 

thick sarrple observations, enhanceà signaIs have peen observed in all cases; 

particularly, a distinctively observable signal bas been obtaiœd in the thin 

sarrple fran ingot CZ-77-12, figure" (6-14), where in a thick sarrple, no signal 

has been observed. 

6.2.4 Relationsru.p Between the Optical P.ectification Tensor X arrl the 

ExperiIœntall Y M easured Sism,ls 

Clearly, the experirrental results presented in the last section 

provide the indoced voltages be1::lNeen the electrodes fbœd on the sanples. 
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TABLE 6-2 

1 

Sarrp1e Identification Signal lImp1i brle (mV) Xrll (an/A) 
f 
â 
~ 

CZ-77-15 5.0 0~5 x 10-7 r 
f -7 CZ-76-13 10.0 Il - 1.0 x 10 

'" 0.25 x 10-7 CZ-77-12 2.5 
" 

. ., 

* Absorption is oonsidered te he negligible in thin sanp1es. 
~. 
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Eigure (6-14) Signal ClJserved in lliin Sanple fran 

Ingot CZ:77-12. 
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We obtain the aptical rectification tensor X by relating these irrluOOd volta­

ges to the 'opticall y' rectified current densi ty j w i th 'the help of the simpl~ 
oonfigura1?-0n shawn in figure (6-7). 

Although Telluriurn is a semiconductor, its corrluctivity is relatively 
, 

large. As a consequence, it is legitirnate to neglect the intrinsic cilpacitance 

of the sarrples am to suppose that ilie signal voltage generated by the 002 
laser radiation is entirely due ta the flON of the rectified currf>..Jlt through 

the reslstanœ. In tenns of the equi valent cllcuit rrodel of paragraph 5.3.3, 

it inplies that all the current frou the current source passes through the 
~.., 

,resistance R. flIUation 6-1 relate~ the iocident ~ densi ty ta the ID:luced 

current densi ty . ) 
-+ 
J li: XW (6-1) 

. Urrler the hypothesis of a negligible sanple capaci tance 000 can 

* ;~~à1so define a rnodified rectification tensor X relating the generated voltage 

tD the incident ~ density 

v (6-2) 

* \ob«;re X is rrerely defl.lled as the prcx1uct of X and the apprq:>riate value of 

the resistivity arrl d is the inter-electrode distance. 

" 

'!he results of Ribakovs, Which have ,been sumnarized :in chapter .. II 

have been expressed in terms of this m:xlified rectification tensor. 

Fbr the sake of cœparison table 6-3 presents the e.xpér.iJœntally obtained 

values in this thesis for the m:Xiified rectification tensor at roan taIperature; 

these resul ts carpare very weIl wi th, th:Jse of Ribakovs. 

6.2.5 Differe,\'lt Considerations Affecting the Experl.rœntal Results 

(a) optical activity 

A linearly polarized e1ectric field rotates by about 11
0 

per nm while 

propagating in tlle c-direction through Telluriun, due ta optical activity. 
I~~ 

" 
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TABLE 6-3 -----, 

EX PERM ENI'AL RESULTS IN TEll1 S 

OF RIBt\.Ka\T' S X * AT RlXX'1 TEMPERA~ 

Sarcp1e Identification resistivity X * 
(n-cm) (cnv'A) 

( CZ-77-15 .1.0 0.25 x 10-7 

CZ-76-13 0.2 0.15 x 10 
-7 

CZ-77-11 0.08 0.33 x 10 
-7 

CZ-77-12 0.025 .. ; ;'; 

, 'j 

, 
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X 
(V)-l 

0.25 x 10 -5 

0.75 x 10 -5 1 
4.1 x 10 -5 

0 

, 
} 

~ 
; 
j 

>" , 
• 
f 

.1 

i 
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It is straightferward te n€!fOnstrate that this effect shifts the expected 

oos 28 deperrlence of the neasured signal by an angle ~::; J'tIf degrees, \<I1here 

r represent~ the "rotary p::wer" in degrees per rnn am t 1.5 the tlfickness of 
, ~ 

the sarrple. Experirœntall y, the effect of the pn'_sence of such an anCJl,far 

shift on the signal rragnit~ can he t.aken into ii'ÇCOunt by slightly rotating 

the sarrple l19ti1 a signal of maximum arrplittrle is obtainErl. Our rooasure­

nents have been perforn--ed followi~ tpis pi-oci.rlure. 

(b) absorption 

In order IlOt to cœplicate matters unnecessarily, it is usually 

assUIred that the laser ~ denSity is corl15tant throughout the sarrple 

under investigation. In rrost cases, this constitutes a good approximation 

sinee absorption 18 relat:ively snull am. sarrples arc ünly a fcvv nm thick. 

Ho.vever, the situation! cis different in heavily dopcd crystalG, arrl the anpl(­

'hlde of the roc>.-a::;ured signal voltage if? affœted sinee the latter deperrls 

roughly on the average \lalœ of tlle p:Mer density over the sarrple thick­

ness. Neglecting Im.1lt1plea reflections.. the ratl.O het::ween the average power 1 

an:l the in<:f±de~f' ~ at the air-Telluriu:n in-t;.erface can be shawn te he, 

1 1 

P /p 0: 

A 0 

-at 
(l-R) lat {l-e } (6-3) 

\>obere PA is the effective ~, P is the incident ~, R is the reflec-
o 0 

tion roefficient, a is the absorption coefficient arrl t is the sarrple 

thickness . 

At 10.6 'P absorption in intrll1Sic Tellurium" is daninated by 

free carriers. Flgure (6-15) is a plot of the absorption coefficient a 
< • 

vs the wavelength À of L~e radiation {3S}. The absenœ of structure in 

the nèighborhcx:xl of À :: 10.6 11 , am the straight feature of ,the curve 

are characteristlc of the al:x:>ve rœntionned type of absorption .. For an 

intrinsic crystal, a. is seen ta be al:x>ut 0.18 cm-l . Although no results 

are available at ether doping levels, i t is rDrmal te expect a signi­

ficant inc:rease in the absorption at higher .ircpurity coocentrations. 

" , 

\ ,> 
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Figure (6-15) 'n1e Absorption in Ufi:ioFed TelluriUî.'" at Rc.x:r.l Tatperature. 

Fran S. Mes, '1.Eng. '.Ibesis, '1<si11 Ullversity, 1975 
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TABLE 6-4 

kr~TES OF THE F'REE CARRIER 

ABSORPTICN COEFFICIENl' 

" 
/ 

Sanq>le IdeÎ1tifiœtion 

CZ-77-1S 

CZ-76-13 

CZ-77-11 

CZ-77-12 

* actuai rœasuroo valuë 

Absorption cœfficient 
(an) -1 

0.18 * 

0.90 

~.2S 

·7.2 

Q, 

1', .' 
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A rough l estirrate of "!=he behaviour of Ci. wi th respect to the oonduc­

ti vi ty can be obtaire:l by resorting to Druje 1 s classical' theory (500 apperrlix 

B ) 'Which assuœs that the absorption of light by free charge carriers can be 
'\. ' 

treated as a transport problen. Table (6-4) s\.lITIŒlrizes the results obtained. 

It i5 obvious frem equation (6-3) arrl fran table(6-4) that thç 

useful paNer, that is 1 the vaIre of the pav;er densi ty whieh sould be usa:l 

JJ1 evaluating the rectification tensor cœponent X
111

' is s1gnif.i,cantly, 

smaller for dqxrl sarrples thrul -for undoped sanples. However, -we shaH rot 

perform any eJ!Plicit cœputation of PA at this stag~ sinee it will be seen 

m (d) that the effect of multiple reflections must also he taken intD accomt. 

(c) Reflection Cbefficient 

Closel y rela tro to the incrœsed absorption in heavil y l10ped sam­

pIes 1S the pberaIeOOD of the increase in the reflection coefficient.R. 

The value of the latter is of prime :irrportance in tl1e evaluation of X as 

1t directly affects the actual power densit.y transferErl te the sarrple. 

J'lcre again, a rough estimate of the reflexion coefficient behaviour can be 

obtained from the results of classical electramgnetic tr.eory. 

At norITlill incidence, the reflexion coefficient R affecting the 

radiatl.on intensity is given by the \fJell-k.nawn fonnula {36} 

R::: (n-l) 2 + k 2 

(n+l)2 + ~2 

(6-4) \ 

where n and k are detenru.ned fran fo.nnulea (A-04) and (A-S) (sec appeIrlixA). 

Since the values of k are a.1::x:>ut four orders of l'ragnitude srraller 

than those of n r it appears that despite inportant variations in tl1e doping 

level, the reflection o:::>efficient, does rot vary significantly. 

Wim n = 4.8, we get for R .., 

/ 
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j 

2 
R~ (4.8-1) .. 0.43 (6-5} 

(4.8 + 1) 2 

. " 

which' i~ in very ~ agreaœnt with -the ~l~Shed experime~tal data {37 }) 
" v 

(d) Multiple Reflections 

Sinœ l:oth the air-Tellurium am Tellurium-air interfaces are 

characterJ .. zErl by a reflexion coefficient," figure (6-16), a œrwÏl1 prD}X>r-
, . r~ 

tion of the radiation is 'constrairro to lx>unce back am forth inside the 

sample. As the signal voltage p::>lari1=Y is irrleperrlent fran the beam propa­

gatlOn diréction, multiple 'refl~tionS win enhance the rreasured signal vol­

tage rragnitude. It 15 easy to de:ronstratè that the üseful p:JWer for a single 

pass through the sfuJple as expressed by equation (6-3) get.s multiplied by ." 

a factor 

r 1: 1 (6-5) 

( 
when multiple reflections are taken into aCCOtmt. 

Thus finally, table 6-5 presents est:imates of the useful ~r 

PA in the sanples ~fter taking into accotmt the effect of ootl) Jsorption 

and multiple reflections ... It i5 te he noticed ~t for the lIDst heavily doped 

sanples the useful ~ represents only arout 30% of the incident };CMer 
,'" 

vvhereas in the case of the urrloped sarrples it represents alm::)st lOQ% of t.~e ' 

latter. One thup expects il reduction of the observed voltages in\'doped sarrples, 

due to these considerations. 

(e) Interference .. Effec+-....s 
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. '. 

r; (d) ,/ we have discussêd the influence of rrultiple reflections. 

by makïng abstrAction of interfer~ effects. Thi~ approximation ho1ds 

as long as we are dealirlg with . sanples suoh as . the ones useà. 'in our 

exper:ilrents, ~ich ~ relativeJ.y tlûck with respect to the radiation wave­

length an::1 where the front arrl back sur,faces are rot perfectly parallel 

ar.d/or ~ighly polishM. 

Il 

1 

\ 

\ 
1 
1 

) 

f 
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Figure (6-16) Multiple Reflections. 
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TABLE 6-5 

If 
~ 

p~o 

0.95 

0.81 

0.61 

0.28 

---'-~-----__ ',*I ____ $"""r. ............ 
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6.3 Interpretation of the Experllœntal Resul ts Related to the ~ry 
• 

6 • 3 .1 TiIre Deperrlence 

~ 

In paragraph 5.3.3, we have examina:l theoreticall y the expeC-

ted time response of the cptically generated signaIS' for various postu­

lated source rœchanisns. It was shawn that in sani-corrlucting mat.erials 
k ' 

such as Tellurium, the current source may el ther he of the type l , in 
. P 

which case the signal is praportional to the ti.rre deri vati ve of the laser 

pcMer, or, of the typP Ic' which leads to a rectified voltage directly 
i"J 

prcportional to the la:5Cr power. 

~ 

Clearly, fran ,tl1e e.xperlirentally observro. pulse shape, it ap-

pears that w; are ln presence of a current source of the type l i we IlUSt 
s. 

~n conclu:'le th(,l.t the rectifia) signal is due to a serorrl order( non-li-

near cooouctive effect aB derived in details jn section 5.2 and not to 

sare irrluced oon-lucar JX>]arlZi1tJOn (,'UrrcnL 

6.3. 2 Derivation of Ur Op~c:-:Ü P.eCtiflcatlOI1 Tensor X freIn \1 easured 

Induced Potentials 

Since the throry presented in thls 'v-lOrk deals wi th the optical 

rectification tensor X itself, it 1117.111 be desirable to obta.1.n nunerical 

values for the latter fran tl~ rœasured radiation-inducoo I-x:rt.ential re­

sul ts presentErl in figures (6-] 1 ), (6-12 ), (6-13) and [rau the kno.vn 

tenperature depement sarrple re;-;lstlvities given in figures (6-17 J to 

(6-20). Tlus is slltply achieved by œing relation (ü-2). ']'he rcsults are 

presented in f1gures (6-21), (6-27) arrl (6-23 1. 

6.3.3 General CbservatioDS on the: Behaviour of ;t.i-.I2 Ib~ arrl Uriloped 

SaIrples 

It is sren that the behaviour of the undopej sarrplcs is vastly 

different fran that of the d.cpErl ones. In particular, X ln undoped sanples 

ls seen to decrease rapldly fram rcoYl tarperature dCMTl to about 180% where 

it reaches a minimum; it thP.n increases' slightly arrl saturates throughout 

the rest of the t.a1perature range. 

1 

1 
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'l'E!'lpn'ature for Sanples Originating Fran Ingot CZ-77-1l 
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, E(k) , 

conduct ion' band 

valence -band 

"'Figure (6-24) Conduction a~d VAJence Bands in Tellurium. 
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On the other haro, in dopErl sanples, the variations are ITllch less pronouncErl. 

X i5 relatively constant throughout t.he whole tanperature range except nt 

bath errl.s of the latter where it has a tpndency to decrease. 'lins behaviour 

is the sam: for all doped sarrples. It .lS iITportant to ali9serve that the magni­

hrle of X ircreases substantially wi th irrpuri bJ conœntratum. 

ln what f 0] 10ws four objff't] ve Bhall he to j nt.erpret the abJve 

mentionned lx.:-haviour of the OptiCZl l recll f iciltlon termor \]:1 terms of the 

theoretici11 p-Xpre.sBion obtiuncrl ln Chapter V. lt 1.S mrlerstandab1e that 

nt.ll'œrlC'ù l cst~m1ter; of ab~1()lute ffi.:igm. tudcs cannot be expect.ed realistically 

fran tlli' rwq;Jcx rclatLoIlf; prcsenta:l in the la)ter chapter. HONever, a 

qualit.atlv0 riH;cm,f>1nf) of the expeTmental results in tenns of the ttrory 
sooul<i b. IlCf 1 hl ( .• 

6.3.4 D1.flCllf ,S J on 

6.3.4.1 ;-; pnera] COnslderations 
..... J 

A b..'ls]C f pat.urp of the ilieoretica1 expression for X as given 

by EqUation (~~]6) if, Hf; B~::rOnq d~rxlence on sub-valence l::aIP ~ula-
tions, ITDtC ~·df icz:lly on population difff'JenCf"..5. i.1oreover, the presence 

of fl1:iOU]~ît it:lt>f::; III tllP c1C'JX'TIUHaLnY aL nCJl\C preierrfi] freq1J(-nc18R .irrp1ies 

that ~.,llh""ŒHoJ'O· s~paratk.~i ir. cncrgy :by aD flPDunt (;cnp.;'jX)nlülfJ t:o the photon­

cneT' ry' of thr:' }ùscr r.ncmld contr ibl~,e very slgrd Li("~'\ntly t.r' the overall optical 

rectIf F:,ltlon cffor:t. r)bv loun l y , ho~:vm F tJJe CXilct bchaviour of X with 

r espc"--+ t 0"rt Î'l(' pq-'\j 1 a: wnr: J r, d if f ~ euh t C' (/1.1 cu 1 a ~ ('. 

ric-ùp· (" -; .4) is ct r;chcm.1:'Y:: rq:!!:€:scntatJ.on of tl1f.:' valence band 

stnlct .• rr.' of "l'C'1lm l",1'-;, jn t,hl' nelq;\borhocxJ oi pl.Ii . .:":' H of tJll": Bnllouin zone, 

th.dt ~[. tn f;,-:y, ln t.hF vkimty of tÎl,~ valf:J1ce h1nJ 01<]". 'l'lnnE,.itlnns between , 
bards /14 "lnJ i\J ,H'f' ;:;~.IC1v1Q.j only f::;!" J~ çolarizm r~lYallel ta the c-axis {J8}. 

Hc;tw(,;'v'or fo dH~V::::~. cJf>c:L:v.lnu: tIrlnsiL;::.Jl"1:: bet'"...reen the H6 ar:d H
4 

vale.nce bands 

are il: lnwa] ::- JI thlS :;::,olan zat ion corn i tion and wl.::'l contribute ta X provided 

the prq-er e:l.ect.roruc popJlation oorrli tior,s prevali. 

'. 

• 
1 
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'!he discussion of the electronic population conditions at dif­

ferent energy leve1s within the Te baIrl structure r~es the specifica­

ti'bn of the Fermi function f (E, T) 

, ! 

f (E,T) ." 1 1 
1 + exp{E-~ (T) } /kT 

,~ 

(6-6) 

/ 
/ 

/ 
/ 

\tber;e E represents the energy am ~ (T) is the t€!1perature dependent Fenni 

energy. Figure l6-25) is a typical plot of the Fermi fimction. 1 

As lt h<lG }x-<:.'n Iœnüorm(ù, < Hi üxpecta'l to deperrl on population 

differences at {'Tlergy J_ntervdls of Uif; order of thr: lùsf'r photon pnergy. 

It is clear tll2.t [(E,T' if) ccIl1pleh~ly dl"'fm~>:1 whcn "t.llC> JX)siUon of the taTr 

perature deperY-lr:nt rc:t:réÙ lcvel ü;, ktY_1\r.'n. Fiyure (6-:'0) gjve!; the result of 

a n\.1I"l"erical Lur;put:.ùtiŒ) of the F'p:rmj leve1 p0[iÜl0n n,s a function of the 

tarperatw-e for diffcrr.nt ùoping levrls, i1~ àiscussed in l\pp2n::1ix B. 

Refering t.o fJ.gun: (6-25) it is c1E.;t:1y that dectronic {X)pulation dif­

ferences will deper:rl strongly on the average p:lsition of the energy intervals 

. relative t.o the l'cnni P..nergy. For e.xarrple, cx:npadn:::r the cases sho.-m in 

figure (6-25), poJ1U.lation differences fran energy intervals corresporrling to 

lill
2 

\\Duld have a ITIuch hlgher contribu-tion w expression (5-16) than those 

corresponding rD Lill
l 

an:::l /lE)" FUk1.11y ~ a ~ll .\m::1wn feature of the Fp..rmi 

mstributl.on function to !Je t...'iken intD aCCüUl1.t j s the increase of the width 

of the step wir4~ temperature. 

6.3.4.2 Varia~J.ons of the '1 agnitoof: of A w:lth res~t ~ the I.bpi~ 

Level at Ib::ln ~tur~ 

In t~"1l1S of t.~e prc'liouH discussior:, it is clear that in the case • 
( 

of the urrlqxrl crystal s where ~ at roan t:rnperature i8 ~ll al:ûve, t..l-te top 

of the valence barrl, energy intervals contributing ta X within the latter 

are expe<..-tErl to be of Hie type &1' f ::..gure (6-25), a..'Jd hence will be assocaa­

ted with small p:>pU1.ation differences, Le., will contribute weakly. 

,f 
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Figure (6-25) A Typical Plot of the Fermi DistriOOtion Function. 
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'Ibis is ta be carpared wi th the case of dopOO crystals where ~ accorcling 

te figure (6-26) lies increasingly closely ta the valence baOO.. In this case, 

energy intervals contnbuting to X are clearl y rather of the type liE 2 of 

figure (6-25) arr} hencc Wll1 lx> aSE',(X'ia!".HJ wiHl Gubst-<mtlal fûPU1atlon 

dlfference.c! Le. a stronger contnbut.Lon is e.xpected. This behaviour is 

confirm:x1 by the expennental results sh:Jwing a strong increase in the 

magnittrle of X Wlth an increase in the irrpurity doping levels (see para-.. 
graph 6.3.3) 

The case of w very heavily dopErl sarrples fran ingot CZ-77-12 

for wluch lt has rot been fX)ssible -ta observe any sIgnal Se€!I1S at first sight ta 

contradicl tJ1e al:ove stataœnt. However, ln SpI te of the expect:ed further 

inc:rease ln the rectl[:1ciltion effect ln heavIly- doped [':.amples, Tho pararreters 

terrl to dec.~f~aS(: st nJJlgly ,--my obf:",r-lVilblc ~;jg!lt11 al. thE':' tPlllUT.031 of the 

device i inL8ed / U)P 'Jf'DPY;:' 1 r0(}ur:+ .101l 0 r t}w rcr lf; t l'Tl t Y on t hp one l-JaIrl 

am the sh;:;. :TJ Inr':u'Oa~,(' j n iJ)(, in:''''- CillT ;C1 t1h~;(j")T,--lon ,.Il thf' r'·.her, '::an 

.easlly acc(y~nt foy rrOlt' Han cm cyJer ()! nnqmtude in th .. ot)',~'Yvab1c volta-

ge 61.gna] ~. lt W")111d tJ1U, Ix' Pj{Jy.r.:1Jy] tr"lt botll (Ji Hl!.'::&: dfects carl be redu­

cru by redur liKJ thr' th]clntt";':; of .. hp !;é1lfl-Jlf> drastically arrl Tl1êIke the imuced 

signal obse::--Vlable. 'TI'H, hy, ÎJl'(?Tl CC.mflllrv--"!Ù ln our observations on thin S~ 

pIes as pœL~2ntecJ lI' paragr-3ph (,.2.3. 

6.3.4.3 Varlélti(~ o~n Ibped crystals as a Function of the 'l'a!perature 

SlHce thf" rx);.;iüon of the Fenru energy level is relatively irrle­

~ent of 'L'1e t..c!rpf>..rature in doped crystals, f1gure (6-26), it is expectOO 
Q 

that X will not' œ strongly deperrlent on the latter. Thls expectation" is 

confinrod exper:inentally by figures (6-21) am (6-22) which are essentially 

flat. 

6.3.4.4 variations of X in tJnj~ etystals with :Respe;ct to the Tarperature 

Figure (6-22) illustrates the behaviour of ~ with respect te T 

in urrl~ crystals; it differs significantly fran that of the d6p;:!d crys­

tals, exhibiting a saturation after a relatively fast decrease with decrea.­

sing taYperature. 
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In order ta discuss Ws behaviour in terms of the Fermi function, 

~ rote that tœ Fermi energy leve1 1)-. in ideal intrinsic crystals rem:uns 

practicall y f J.Xed at the centre of the energy gap, flgure (6- 26) . 

Simultarcour:ly r the step transiho;: whkb 1.8 of the order of a ~r!W eVs 

decreases wi th decredSlng tarperature. Referrjnq to flqur(; (6-1:::;) it i5 

clear that ~ traruutions Ù1at cor.tnbutE tD X in S'ï.lch si3rrples Wl.ll 

corresp::>rrl at rOClll tEr.pcrélture to e..'1ergy ':U'ltervals of the type LE4 ' am, 
as the taTperature Jecrœr,c:::, they -wj 11 he shlfted tfMarus tranr" l tians of 

the t:ypE? LlE3 Sloce the- JXlsi tlon of the' Ferr.n energy rQTlalnS fixed. Ttus 

\.ould result Hl cont111ou,c;ly df.:~re")S.l.ng X with tf~rrq:JPIatun'. Actually, ~ver, 

sinee t..,~c urrlop::xl cr'.lstalf'j conlau1 ,lit inevitJ"lble SlIkl.ll i'UTOtmt 0: inprrl ties 
15 -3 

('" 10 an), th~ F'ernll lev",,1 wl_11 Un] ~.-ü rrov(' t.tMitrc1 the wÜPClf;e biinJ. 

as the tHrper i1 t ure l S decrt:' . .a[';(~l as ~,h<JWJl -'::1 f 19ur 1:.' (6 -26 ). J n tL J Co case the 

oo:nbined cff E'St s of tllC f,hii t in the Fprm; f"J1f'rc:ri ] !'Vl'J aJKJ th. - ::: cducUon 

of the stcp Li ansJtFm 'l<Jic'iU, will, el lOIN • ... ~p:rR~_l1rc', flli'L"k(' tJcir.é"j tl()ns 

~ t.:h2 top --.:;f the 'J::d ('!lef' LIma. be' liWC f\.''' fIE 4 tr (.,n',} tlOi1S 01 f l '1l1W (6-25). 

This will u'n<J ID leduCf' thl' di'CICi'iSe ln ":.:-!r.- Wt]uc of X am fX>ssilily lead 

to a saturab=iJ profj 1 c suell (::f) oht;:, ... Jlfii J L the E'xpeYllTel1tal resul ts. 

'!he case of thin sarrples presents a particular interest sioce, by 

reducing the thickness of the sarrples arrl ideally arriving at thin film 

cx>nfigurations, ~ expect an inproverrent in t\o.O respects: 

(l) 'lbe reduction in the observable signal associated with the finite 

absorption of the radiation along i ts trajectory in the sanple, as 

discussed in paragraph 6.2.5 will J'K)W be CClTpletely eliminatro. 

(2) It is also generally e.xr02Cted tJlat very thin sanples will e.xhibit 

a higher average reSlsuvity due to t..'Eô influence of surface and 

other ~fections whlch will inpErle CUITent flow in such sarrples. 

This wiil cause an effective ircrease in X * for a given bulk value 

of X. 
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'!he exper:imental resul ts reported in Ws paragraph 6.2.3 are 

oonsistent with the atove pra:liction: the rrost stri..ki.n:J observation beeing 

that of the IIDst heavily doped sanples \rbere a sizable signal is present 

Wler'eas ID signal cœld he observe:3 in ronnal ones. 

6.4 Conclusion 

'!his chapter has presentErl a detailoo exper.i.rœntal acccnmt for 

the .cbse.rvation of the optical rectification in Tellurium exposed to the 10. 6lJ 

radiation of a 'l'EA-ill
2 

laser am the results ha~e been critically discussOO 

in tenns of the previously develcped theory. Good qualitative agreeœnt has 

been obtained. 
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0iAPl'ER VII 

Conclusions 

The reseach \«)rk undertaken in this thesis was originally 

dira::ta1 tc:1Nards the understarrling of t:h= physical nature of a third 

rank q:>tical rectificatlon tensor in Tellurium which .had been identi-

fied arrl rreasured exred.rœntally in a prevlou.s invp~UgatlOn by G. Ribakovs 

{6}. 

Opt ic3~ If'etlf lcaUon lCsul t_~nq frJT' non-l1,noar dlelectric 

œhaviour lJ) in.':,,'_.Llatim solids soons to œ a 'i..KJl lmdpystJxd pheraœnoni 

on the othr'r hand, alth:Jll<]h thE' occurenc:p of El rf'C.."llfHD sJqnal fran 

optlcal l"e,:tlflcaLion lD cunJuctiv(- solidr. bas brx~n expPIlJlPJ1tally re-

p:>rtErl by sever a: W)1 k.f'TS {Il, 12,13 , l 4,' f t])(;! ':'JlroIT' tJ ca} accounts for the 

latter have bœn unsaUsfactory dup. t.ü the use of dlffen:'J1t tennin::>logies 

ID characterize this ûffect am the Jack of a urufied approach. 

In the present Ul(~SlS, a theoretical rh scussion has been develo­

perl to obtain an expresslon for gene.J allzErl corrluction in solids at optical 

frequeœies on t.,l)e basis of the classlcal 1f.Urk of Butcner and "icIean {21}; 

in particular, a pllenaœool<x]k..al relaxation constant wa.s mt:rcxluoed te obtain 

a oon-sinqJlar foll'1 for the generalized corrluctivity; hence, an expl~cit ex­

pression for the scc'Ond order corrluctivlt:y has been given for oon-centro­

symœtric crysta~. F'lnally, an expUClt expresslOn for the optica! rectifica­

tion tenscr resul t.1J1g f ran secam order rorrlucti v~ ty has been obta lned. 

'Ihls v.Drk bas establishal that the so-callErl Bulk PlDtovoItaic Effect (BPVE) 

define:1 by' von Baltz {23} as a novel behaviour in materials is, in fact, 

identical to tœ behavi.~ predicted by our theDry. 
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An atterrpt has been made te obtain a physical m:xlel to illus-, . 
trate the physica1 significance of our theoretical expression; altlnlgh 

in the case of lcw optical frequencies CŒJXll"Erl to interbaOO transition 

frequencies an interpretauDn ID terms of the starrlard sani-classical nodel 

of the effective mass t.ensor could be gi ven, such a sinple nodel to ac­

count for the general case has rot been p:>ssible to obtain. 'lhis is sug­

gested to be the subject of further investigation in this area. 

\ 
A careful experiIœntal prograrn was then urrlertaken te substantiate 

the theory develaped in the particular case of Telluriun, us~ a wide 

raDje of ilTpurity concentration levels. Our results have, on the one harrl 

recx:mf inœd tOOse obtai..œd by G. Ri..bakovs { 6} ln the case of urrlopErl sanples 

am on the other l-.a.m, gavA a gcx:;d qua] J tative agremP...nt wlth the theory for 

roth dorm an llJX'l0pA!] sa.T11J1E,s. Flnally, nxperinenta1 ot)servatlOn5 111 very thin 

sarrples of 'l'plluYlLll11 have n:::mf.LITrB:.:l U1e expectBd enh(>ncEm:~t of the qenerated 

signal voltage al tre device te.nninals. It 15 suggested that further work be 

coooucted. l.n investl.gating thlS area, possibly using in the linùting case 

deposi ted. thin film sanples. 
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APPENDIX A 

Free Carrier Absorption 

In the relaxation t.:ine approximation, the rrotion 'of a charge 

carrier with effectlve rrass ID * can be described as tlxxlgh it v.ere in a 

viscous rraÎllJIl with a 1058 factor liT '" W , ~e T represent a charac-o 
teristic relaxation t.l.m:>. 'nu S IlO'lel is callErl Dn.rle' s rrodel arrl can be 

u.sej ta calculate the high frequen<..."y oorrluctivi ty. It is easy to sl'VN 

that 

w + jw o 

2 2 
w + w o 

(A ·l~ 

2 
\lbere 0 =en T lm * represents the usual d. c. oorrluctivi ty • 

o 

'!he inagina:ry part of the ooIrluctivity can he considerai as a 

oontri.l:::ution te the real part. of the relative static dielectric oonstant El. 

€:'- ,. -; -L Irn(o) 

E W o 

(A-2), 

\Vhere é L represents the "backgrOllJ)j" dielectric constant associated wi th the 

lattice ions ~ch is assurned ta be frequel"Cy irrleperrlent. 'n1e real part of, 

the COlplex comœti vi ty is associated wi th the imaginary part of the rela-

tive pennittlvity through , 

c' 1 E Re (0) tA-3) 
4 
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Beth ~, anl~" are expressible in tenns of the rea.l am imag:inal:y parts of 

the cc::np1ex refractive iOOex, nam::!ly n am k. 

(;""'2nk 

(A-4) 

(A-S) 

) 

k is usually ca11Erl the extird:ion cx:lefficient, and n is ref~ to as the 

refractive irrlex. 

• The absorption coeffcient Cl is related to k by 

a = 2w k (A·6) -c 

where c is the speed of light. 

Fran our koowlErlge of the prq>erti.es Çlf intrinsic Telluri\J!l, 

it is possible to obtain the value of k {or À - 10.6 lJ. 

With {37} 

\olle get 

-1 -1 (J. c 100 Q rn 

a ., 18 m-1 

;. -/23 

n .. 4.8 

III • 2ll/À= 1.7;8 x 10
14 rdls 

k:::! 1.52 x 10-5 

) .. 

\ 
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\ 
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'Ihis value pennits a rough evaluation of w , by using EqUations (A·2) am 
o 

CA-s) • 

w ~ 8.5 x 10
12 

o 
-1 

s 

Frab Ws result, the absorption coefficient Ci can he estimated for each of 

the semples in the present experiIoont sime the values of w are krnom 
o 

ftan the resistivity data. 
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APPDIDIXB 

Nœlerical carp.ttation of the Position of the 

Fermi. Energy Level in F\.lrction of the TalJ?erature 

'Ille detennination of the Fenni energy level position :in a 

semicorrluctor is in general a very :iœv1ex problen. ~t requires the 

kn:JwlErlge of the density-of-states functions for tx:Jth the corrluction am .... 
the valerce ban]. The lat ter are c'CIlpllcatru functions of the E (k) Bloch 

wave disperslOn relation. MJre specifically, the densl.ty of states is 

given by 

g{E) ds fE-l) 

where the integration is to bP perfornni ovpr constant enerqy surfaces. 

Onœ thl'"' r1f'ns1t_, -()f-,:;;,lt(,r, 1[ V nc"",) , +1)0 deriSJty of carriers at 

B:JUilibr~um can lx f_'valu, • ('(j by Intf~1rot 1nq qlL, uv!'> ~hc ~le hands using 

the fernu function aoc a \J l'llitlQ<j foctnr. Hy li'!(JkHl<J ,ocal C'!J.arqe neurali­

ty~ one then gels a-, lIl1< ~lt non-lll10ill fYlllaL:m fOl t.Ijf' }Pl1n_l energy. 

In the ~..L'lpl('st ,_ol'>f-, 1 t l S U,SUi,:11 lk .-1Ssun~- Lhat the l:mds are 

both paralx:>lic i'lnd - c;otrq ~(' And therefo.œ tJlat the dPJ'SltY-Qf-state..s var1es 

like the square l'X'· of te,!" 0T1eI'·JY. A better approxuna.tlon can be obta.lJ1ed 

by using the follo-T~ ng ex=!- ;-eSSlon for the densl ty-()f-states 1n the valence 

h3.rrl of Te:u. UYlum 'J 9 } 

[VZBE + 9 (E) l S2/2 - 8112B2 +V4BS2E 

4/2n
2

AB 
l 

7 

-~l -~ 52
;2 -8t~ B

2 

1 
S2 

~ -~-

i 
1 
J 
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where A • 3.4 x 10-15 eV-CIe? 

B .. 4.6 x 10-15 ev-cm2 

S '" 2.67 x 10-8 eV-an2 

hl == 32. 2 IlY'V 

am by usil.1g' the sta.rrlùrd square root fun::::tion 

9 (E) == 12 m* 3/2 I(E-E ) 
"2 n c 
'Il h3 

(B-2) 

(&-3) 

where nt is the electron effective mass, am E is the position of the n c 

120 

J 

rottan of the corrluction ban:l, for the densi ty-of-states in the oorrluction 

barrl. 
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