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ABSTRACT' 
l' 
1 

. . 
COm~reh~nsive measurement~ are carried out in arder 

, . 
to obtain and interpret aIl tensor components necessary to 

" ! , ! ' , 

descri~e the f(aet 'emfs, induced ,i~ in~rinsic and. extrins.:ic 
, 

sin~l'e cryst,l t~l,lurium samples exposed to TE1\. CO2 ,laser 
'" ' . ' 

radiation i~ the tem~raturé rëi'~9~ Ib~~ween 115 to ~oo K. 

Three distinct mechani~ms for the generation of the fast 
, ' , . 

signaIs are identif1ed; namely, the'photdn d~ag' effect~ a , 

ca~rier (dependent optical rectificati~t;,' ~ffect, ,and 1 a, 

spurio~s' signal predominant only at low tempéra~ur~s in 
} 

struqturally imperfect crystals. 

- ( 
! A théory for the phQt?n drag effect based on a 

,- -
detafled microscopie discussion is developed and ts f'oulld to 

'be consistent wi th the obtai,ned experimental resul ts. 

of the different mechanisms d1scussed for the optical 
~ .,r. ' 

reétification effect, the non-linear acoustoelectric effect is· 
-( 

proposed as'the likely source. 

Finally, the performance of tellu'tium detectors fs 

shown to be superio;',in qeneral tO comme~~ially available 

devices when ultrafast response times are desir8d~ 

.." 

' . 
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~ • EXTRAIT 

- , 
Des mesures dêtaillêes ont été effectuées, pour obtenir 

et 
. .. 

interprêter to~s les éléments tensoriels nécessaires pour 

.décrire les forces éle~romotrices induites dans un cristal . . 
'de tellure exposé à la radiation provenant dl un ·l*~er ~ C02-

TE~, entre 115 et 300 K. Trois mécanismes distincts ont ~t~ 

indentifiés pour expl~quer les signaux obtenus; un éf~et de redresse

ment ,opti~ue dépendant ,des porteurs de.charges et un signal qui 

apparait aux basses temp~ra~ures et q~i resulte des imperfections 

Une théorie cO,nf·ormè au& résultats expérimentaux, Pasée' sur 

L 
des consi~érations micr~scopiques détaillées a été dévelopée pour . 

. ' , 

expliquer 11 effet du, .trarn dé photons. 
! -".:: " 

Après avoir discuté ,plusieurs m~canismes pqur e»pliquer l'effet" 

de 'redressement optique, l' effet acou"stoêlectrique~ non li~€aire est . . , 

. proposé comme-la' source la plus p;obable de, ce~ effet. 
. ! 

,Finalement les,caractéristiques des detecte~ ~ tellure 'sont 
l 

montrées être en général sup6rieures ~ celles de ceux commercialement· 

disponibles dans le cas'des sig~aux ~. très'h~utes fréquences. 

. ' 

, . 

• 
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CHAPTER l 
l, 

) 
i 

INTRODUCTION l, 
/ 

One of the few laser systems devised sinee i~o 

1 

whieh is' sufficiently efficien and powerful to be of, 

teehnological importance is th CO2 Ia~er which operates at 

radiation wavelengths around 1 .6 1Jrn. In p'artic,ular, the 

TEA (Transversely-Excited-Atmospheriè) type of 'C0
2 

l~ser-
, . 

{I} is'capable of pelivering short duration pUlses w~th. 

multi-megawatt pea~-powers: evèn higher'po~er vers~.ons of 

these lasers are now being deveJ,oped fori the prosp ct of 
" 

initiating nuclear fusion. 

with th~ advent of such lasers, the need arose 

for a sirnply rnanuféctured~ fast .résponse, robust, and con-
, . 

veniertt room ternperature detector. Due to the- lack of . 

strong sources, infrared detector~ in th~ past were required 

to. be of· high sensitivity, .that resulted in the necessity of 

cooling ,~own to liquid hEÜiurn or at bast liquiii ni trogen 

tempera.tures; normally/ these detectors have, in addition, 

limited response timés. Within recent years, two types of 

simple and rugged fast room temperature detectors have been 
, 

developed 'and are nbw in 'widespread use for the measurement 

of sub-micro~econd CO2 laser pulses: theopyroelectric 

detector generates an electrical signal when its spontpneous 

electric' polarization is'altered by the change in the 

crystal temperature upon absorption. of the laser power; a 

• 



" 

o 

, 1 .-
1 

, 
, ' 

,~ " ......... , , 

2 

second type and fundamentally faster detecto~ was developed 
" 

utilizing the photon drag effect in germanium {2}, {3}, 

wh~ch involves the transfer of the photon momentum from the , 

radiation in the laser beam to the charge carriers in this 

semiconductorf a fundamental consideration for an efficient' 

photon drag device iS,~he radiation absorption per free 

carrier, i.e., the abso~ption cross-section, at the wave-

length of interest. 
1 

At the CO2 lrser radjation wavelength, tel1urium 
, 

from aIl known semiconauctor~, possesses the highest value 

for thè abBorption'cro~s-secti~n with a magnitude whi~h ,is 

specifically fifty" perint larg~r than that of germanium. 

This large absorpt,ion -c o~s-section in tel+urium is il.lus

trated by the pronounce peak in the absorption spectrurn of 
1 
, 

this material centered around Il V, resulting from the 

intervalence band trans~tions. Thus it was deemèd natural 

to investigate this rnaterial as a potential CO2 laser photon 
1 

draq'detector. 

,by Moss {4}. 

This conclusion was confirmed concurrently 

/ 

" In the pro~ess of measuring, and analysing the 

,signals generated in tellurium by the radiatipn,from a TEA 

CO2 l~sert additionàl emfs, which could not be attributed 
, " 

to the photon d-raq effect were observed. . , 

This ~rk l,constitutes a theoretical and experi-' 

mental analysis of the different fast signaIs generated when 

1 

• 
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, . 

tellurium samples- are in~~r~~~d 'with l)igh power, .sh~rt 
dur~tion laser ~!diâtion p~lses of 10.6 ~ w~e1èngth., The 

experimental results werè obtained f~om measuremènts per· 
- . ' ~ , 

formed On tel~urium samples with apprdPriate geometries in 
" 

the temperature range d~ 300 K to 115 K. TQe différent, 

3 

" 

signals are identified according to their ~ensoria~ behaviour· 

and analys~d theoretically in terms of pr.oposed physioal 
~ , 

mechanisMs from both a phenomenolo9i~al a~d microsc9pic 

point of view. 
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CHAPTER 1 l'' 

STATE OF THE ART ON PULSED CO2 

,LASER RADIATION DETECTORS 

II 1.0 Introduction 

" 

'. Althouqh there exist ma~ types of infrared 

4 

detectars, this chapter presents a brief description of only 

those devices whi~h have found commercial use in the 

detection of pulsed CO2 laser radiation. 

reviëw of àll ty~es of infrared deteqtors 

A comprehensive' 
1 

can be found ih 

the -'report by Putley {5}. Specifically, the following 
\ 

devices are described in this chapter accarding to·their 

hySical mechanism of operation and, performance characteri$-

c1Î" 

a) Photon detectors 

1. Intrinsic 

2. Extrinsic 

b) Pyroelectric 

cJ Photon dra2 

II 2.0 The Performance Parameters of Detectors 

The performance of radiation detectors is con

v~tionally described by the specification of the following 

parameters. 

• 

f, 
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.': " '1 

i L 
'l'he Responsivity , ~ = dV/dW, in vOl1rs/watts, 

where ~V is the output voltaqe prpdueed by 

a change dW ln the incident radiation power. 

2)' The Noise Equivalent Power (NE~), in 
1 

watts/8~~(2, which i5 the 'signal powe1 're-

quired t6" give an o,utput voltage equ/l to the . . 
noisé output from the detecting system within 

unit Y ,bandwidth. 

3) The Specifie Detectivity 0*, which is defined 

as the reciptocal of the NEP' times the square 
" root of the area A of the detector element, 

i.e., 0* = NEP-1 x Al / 2• 

4) The Response Time " which ;s of T, a measure 

the time necessary for the detector to~react 
'\ 

to an instantaneous change in the incident 

power flux. 

~ II 3.0 Characteristics of Typical Detectors 

II 3.1 Photon Deteetors 

II 3.1.1 Extrinsic 

\ 

5 

The first photon detectors useful at 10 p employed 

the photoexcltation of carriers fram impurity centers in 

semicondu~tors, such as Cu, Au, or Hg'in Ge. In ~rder to 

ï 

, .. 
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avoid saturation due to thermal enerqy excitation, these~ 

detectors must operate at temperatures in the' range 4-30 K 

which makes them inconvenient and bulky for ihdustrial use. 

Typical responsivities are of the order of 

with specifie detectivity D* = 2 x 1010 cm w-1 Hz 1/ 2• 

Usually t,he response time of such detectors is in the order 
1 

of 100 ns. Specificaî1y prepareCtT"heavily cc;>mpensated 

mate~ials have, however, exhlbited suh-nanosecond times of 
, 

response. These detectors have minute element areas in ·the 

order of 10-4 cm2 in order to ach~evè the quoted responsivi-

ties and res~onse times. 

II 3.1.2 Intrinsic 

For the detection of radiation in the 8-13 ~ 
. 

spectrum, the previous extrinsic detectors are reoently being 

rep1aced by new materia1s who~e intrinsic band gaps are made 
o 

smal1 enoùgh for the direct excitations of the electrons by. 

these long radiation wavelengths. The materials prese~tly 

being used are HgCdTe and PbSn,Te in which the desired 

enerqy band separations are obtained by varying the Hg/Cd 

or ~b/sn proportions. HgCdTe is used to manufacture both 

photoconductive and photovo1taic devices whilst PbSnTe is 

on1y employed to make photovoltaic detectors. 

These detectors norma11y operate at 77 R; they· 

hl!lve respon'si vi ties in the order of a few hundred V /W and 

'. 
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specific,"deteetf.vities in the arder of 1010.çm W- l .lb1/ 2 

with typieal respon~. times of th~ faster photovolt~iè 

deviees of 50 ns. Special dev.ices have aIse been fabrieated 
, ' 

te achieve approximately~ 1 ns responsé t~mes.. These in-
. . 

trinsie photodeteçtàrs have sample elements i~ the order.of 

10-4 em2; they are pre~ently extrem~ly expensive with priees 

in exeess of $17,000 for the ultra-fast moders. 

II 3.2 Pyroeleetr.ic Detectora 

• l'> 
Pyroelectric crystals sllah as TGS, SBN', and LiT~~3 

are found to be usefu~ room temperaturè detectors of chopped· 

Or pulsed radiation over a wide range of ,the wavelength . 
spectrum; they are in common use.for the 'detection of pulsed 

.' 
laser radiation as they are capable of high frequency 

response with relatively large réspohsivity. T~~ pyroeleetric 

detection of radiation takes place in the following manner: 

a) Radia~ion la aQsorbed and i8 converted into heat r 

which increases the temper~ture of the crystal. 

b) The change in temperature alters the lattice 

spaoings within the crystal, produeing a change in the 

existing spontaneous electric polari~ation. 

c) If electrodes are applied to the crystal surfaces 

. normal to ~he axis of this polarization, a current is 

generat$d, tbrough an external circuit, to balanoe the 

• -- ...... - .... _"'-,---~~ ..... - .... .y .. • ~ .. ~ - K •• 

, ,," lÇ,' ~. ':': • , 



f . ~." 

o 

'0 
o 

.' 

,'. 
" 

,'" 

change of the,polarization effect. This ou:x:rent· 'i8' pro-
" '. ~ ! 

p~r,t~ona'l to the rate of change of temperature.!> ," , " 

"J " , ' 
:d) ,,!;rliis currefit is ',ali6w~d to pro~uce a vqlta9~ ch,a~9~t' 

( , '. ~ ~ ~ " ... ~ 

:, a~roS;8 an; aPfro~~ia~è, loa~ resi,~t,dr; ~h. el~~iCal' ~'and- " ' . 

wid:th i.e dete~ined, by this load res,~stan~er and the effective 

c4pacltance of .the detector,' elem~nt. Decreasing, the 'load " 
~ ." .' '1 . ' - : , ~.'. "{ 

resistance thus 'ihareases the bandt.,idth, but. also decreases . \ ~ ~.. ~ - " . . , , 

,the, 'respo'neivity \fhich' 18' typ.ically of: the arder of 

6 ' \ 
7 'x 10- V/W for the minimwn r iee timè of ,500 pa.' 'l'he, NEP 

, ',J ,a ( 

~er these conçition~ ,is apprOJ('ima,t~ly: iO';'l W/Hzl/2:' 

, , 

J' These pyroelectric ,d~tectors have, however, ~w?, 

main diaadvantaqes,which limit théir'u~e,in the measurement 

of high power short duration Ia~er pulses: they aré normally 

limited ,to a" maxim~ energy of l millijoule per radi~tion 

, pul'$e in o~der to prevent> thermal damage of the crys.tal 
~ , . 

'element; secondly and more importantly, as these p~r6elect~ic 
. \ 

crystals also exhibit piezoelectricity; the detectorsOgive 
I~ , • ~ 

a somewhat distorted reproduction of submicrosecond'pulses 

as' a' result of severai MHz "frequency oscil1atory $,ignal~ 
1 

p;oduced bYopiezoeleçttic,resonances of the detèctQr ,eleme~ts 
n (l, ' 

',' 

'at, the end of' the ):.·ad~ation pulse. 

II 3.3 The Photon Drag Oeteptor 

The photon drag eff~ct, which is being used for 

~ det~ctin9' and moni torj.ng hig~ power CO2 lasers' at room 

,., .... " >' • . ",~ ',' 
'1_ ~ t 

, ' 

, , 
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temperature, results from the interaction between photons 

and free carriers such as conduction electrons and holes in 
~ 

a semiconductor. This mechanism consists essentially of thè 

transfer o~. momentum from the photons to the f,ree charge 

carriers consistent with the princip1e of conservation of 

energy and rnomentum during the interaction process. A laser 

beam will, therefore, impart in its direction of propagation 

a mornentum component to the free carriers, resulting in a 

flow of an electric current in a closed electrical circuit 

or the eséablishment of a voltage under open circuit con-

ditions~ it is olear that the electrical signaIs generated 

through this mechanism have a fast speed of response w.ith a 
( 

fundamental upper limit determined by the free carrier 

momentum scattering tirne which is normally of the order 

10-13s . A detailed analysis of the photon drag effect will 

he presented in Chapter VII. 

The photon drag effect in germanium has been first 

utilized in 1970 {2} for the detection of high power pulsed 
• 

CO2 laser radiation with a maximum detector responsivity of 

the order of l ~V/W and a corresponding D* of 

-10 3 cm w- 1 Hz1/ 2 ; the çesponse times are better than 0.1 ns 

ana are limite~ by the R-C time constants of the e1ectriaftl 

circuit. Appropriately prepared devices exhibit 1inearity 

-2 with respect to incident power densities up to 20 MW cm : 

the damage threshold levels for germanium surfaces are in 

excess of 100 MW cm- 2 . 

() 

•• 
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In order to make a practical detector, it ia 

necessa~y to achieve near total absorption of the incident 

radiation with the lowest possible carrier concentration, as 
, 

will be shown in Section VII 340; in order toQrealize this 

condition in a matérial of reasonable length such as a 

centimeter, an absorption coefficient K ~ 2 cm-1 is needed. 

An actual figure of eomparison for different materials in 

this respect, is the absorption coeff~cient per carrier B, 

such that materials of highest B are the Most attractive 

for photon drag detectors. 

II 4.0 Conclusions 

.'.t 
In oomparing the different detectors presented in 

this chap~er, ~t is apparent that only the pyroelectric and 

photon drag détectors are suitable for the detection of high 

power pulsed CO2 lasers at room temperature. Of the latter 

two, the photon drag device is considered superior since Jts 

otherwise low responsivity becomes comparable to that of the 

pyroelectric detector,when the measurement of subnanosecond 
Q • 

o 

radiation pulses ls invglved. On the other hand, the photon 

drag detector has the advantage of being capable of handling 

much higher laser pulse energies. Finally, it qives a true 

replica'of the laser output without the annoying pulse dis-:r. ' 
tortions caused by the '~ectromechanical resonances which 

oceur in the response of the pyroelectric detectors. 

• 
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It WaS stated in the previous'section that 

.' mat4!ria1s possessing a large absorption cross-section B 

are the most attractive for photon drag detectors. Since 

te11urium was found to have a B, which'is the highest of 

a11 known semiconductors, specifically equal to 90 which is 

flfty percent higher than that of germanium, and a~ absorp

tion coefficient = 5 cm-1 at 10.6~, it was decided to in- ~ 
vestigate" the properties of tellurium as a promising' and 

interesting photon ~rag materia1 for the purpose of 

detecting TEA CO2 laser pulses. 

o 

o 

o • • 
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CHAPTER III 

PROPERTIES OF TELLURIUM 

~ 

III 1.0 Introduction 

Tellurium, a member of the Group VI A of the 

, periodic table of the elements, was discovered in 1782 from 

ores mined in the gold distript of Transylvania by F.J. 

Mueller von Reichenstein, an Austrian chemist. Mineralogi-

cally, native teIIurium crystals are only observed in small 
1 

quantities; the largest commercial source of tellurium 

mineralization is thus found associated with copper, copper

nickel, lead sulfide ores in the form of tellurides such as fi 

'4 

tetra~ymite - Bi2Tè2S, hessite - Ag 2Te, sylvanite - AUAgTe4 , 

and nagyagate - Au (Pb, Sb, Fe)3(TeS)11. 

Since its discoveryl~ tellurium has found numerous 

çommercial a~plications as an additive element. It is added 
' ..... to' steel and copper for impraving machinability, to lead as 

a strengthening ~gent, and to iron ta incre~se its rnalleability. 

. Tellurium is aiso used in the formulation of such semiconductor 
l 

compounds as bismuth telluride and lead telluride for pro-

ducing thermoelectric devices. 'Since for the above applica

tions, crystalline tellurium is n~t requir~d, good quality' 
, 

single ~rystals of this material are at p~~ent only found 

in a few' institutions which grow a limited number for their 

own rèse~rch purposes. 

.. 

• 

. 
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III ~.O Cryst~lline Structures 

1 

Single crystal tellurium has a hexagonal lattioe, 

Figure 1, with atans coval~ntly held in helical chains spiraling 

around the [0001]' direction or c-axis. Evéry third atom is 
. 

directly above,~other atom in the same chain, Figure 1, so 

that a chain appe~rs triangular on looking alongl:he c-axis. 

Chains are stacked with hexagonal symmetry, each atom having 

four next-nearest neighbours in adjacent chains. The binding 

between the chains is weak and conventionally assumed to be 

main~y Van der Waals type, thus, tellurium cleaves easily on 

Any of the six planes equivalent to (lOlO), Figure 1. The 

tellurium siqgle crystal structure i8 considered to, bel~ng 

to the triqonal clas8 with 32 pOint group 8ymmetry. 

III 3.0 Mechanical Properties 
J:;' 

Sorne important physical constants of tellurium 
" 

are shown in Table 1. 

Tellur~um is a relatively soft and brittle 

material which qa~ be damaged easily. During the study of 

the properties of perfec't crystals, extreme caut,ion must be 

taken in arder to avoid dislocations which can be introduced, 

particularly on the surface, through the application of even 

a small amount of stress; it ia for this reason that sample 
, 

preparation entails qr~at" care in arder to eliminate auch 

• 
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The Atomic Arrangement in Tellurium 
F~om, Blakemore et aJI";'~' "Progress in semicond~ctors," 
Vol, 6. (Wi1ey, 1962). Eâch atom'makes covalent 
bonds with its nearest neiqhbours up and down the 
spiral chain. Interchain 'forces_are weak. The 
sides of the hexpqon' are the (1010) equivalent 
planes. ~ . 
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TABL~ 1 

Physlca1 Constants of Te11uri~ {6} 

Property 

Atomic number 

A'tomic weight 

Lattice constant A, 

Lattice c;:onstant C 

Density 

Normal me1ting point 

Normal boi1ing point 

Latent heat of vaporization 
, 

Latent heat of fusion 

Linear expansivity at 300oK: 

Meat capacity at OCl'lStant pressure 

Value 

52 

127.,60 
If' 

0 
4.4572 A 

0< 
5.93 ,A 

6.245 gm .... cm -3 @ 25°C 

, 452°C 

990°C 

106.7 ca1/gJl\ 

,20.5 ca1,lgm 

1 fc, - 2.5 x 10-6 deg-1 

le, 30 x 10-6 deg-1 

6.160 ca1/gm-atom~deg 

, '. 

tl 15 

Mean thermal conductivity 

Statie die1ectric constant 

K ~ 0.038 watt-cm~l deg-1 

, 1 

,El! = 38.6 

E.1 = 22.7 

'-, 

. , 
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dislocations, consequently sawing, grindinq, lapping, and 
9 1 

even optical pOlisbing are usually prdhibited. Chemical 

etch cutting and polishing are norma11y employed to minimize 

bulk and surface damage. 

, 
III 4.0 ~lectric Conduction 

(a) "Good~ crystals 

The electric resist'ivity for structurally perfect 

single crystal hiqhest purity tellurium is about 0.5' a-cm 

at room temperaturè; mechanically heavily werked surface 

layers exhibit increased conductivity as dislocations tend 

te Act as accepter type leveIs, thus increasing the n~ber 
, 

of hole free carriers. 

'" 
In fact, it has been shown {7} that 

a lower limit of the hole density, 5 x 1013~ 1014 cm- 3 

exists which is related to the thermal breaking of covalent 

bonds at disloc~ions during the growth of single crystals; 

thus, while pure tellurium is intrinsic at room temperature 

with an intrinsic carrier concentration of 4.9 x 10~5 cm- 3 

{8}, it automatically becomes p-type at lower temperatures. 

A eharacteristie feature of extrinsic' teIIurium is that it 

i8 always found to'he p-type regard~eas of the impurity 

dopant pres~nt {B}. 

The erystailine $tructure described in Sec.tion III 

2.0 results. in anisotropie physical properties of crystalline 

tellurium, th~ mObility of free carriers which ls described 

\ 
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by a second rank tensor has two independent components 

corresponding to di~ferent mobilities parallel and perpen

dicular to the c-axis. At room temperature in pure crystals 

with the minimum of lattice imperfections) the electron and 

hole mobilities parallel to the è-direction are respectively 

approximately 2430 and 1321 cm2 v- l 8-1 {45}, ,whereas these 

values are red~ced by about a factor of 2 in directions 

perpendicular to the c-axis. 

(b) Effect of imperfections 
(, 

-
Published values of the hole mobility in pure 

telluriurn samples are found to vary by as mUch as an arder 
i 

of magnitude. This discrepancy is attributed to the degree 

of crystal perfection, as the mobility is affected by the 

additional scattering processes at the crystal lattice defect 

,and disiocation centers {9}, {IO}, {Il}. Experimentally it 

ia shown that with the removal of imperfections by the 

annealing of tellurium samples, the mobility ia lncreased 

substantially {12}. 

(c) Nonlinearity 

Tellurium is a piezoelectric semiconductor exhibiting 

atrong deviations from ohmic behaviour when the drift 

velocity of ~arriers ex~eeds the veloc~ty of sound {13}. 

The onset of the nonohmic behaviour ia dUe to the evolution 
1 

of acou'stoelectric domains caused by the interaction of, 

" ; 

• 
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e1ectrons with phonons via the piezoelectric coupling {14}, 

{15} • ~ 

III 5.0 Optical Properties 

This section presents thosé optical characteristics 

of tellurium which are relevant to the present work. 

III 5.1 Dielectric Properties 

It is known that the electric displacèment + o in ~ 

given material is related to the electric field 

the dielectric tensor [cJ, such that 

..... 
E 'through 

ô == le:] E (1) 

When nonlinearity' is taken into account, the dielectric 

tensor coefficients are considered to be dependent on the 

eleètric field: expression (2) is then obtained, where the 

spatial components of Ô are related to those of Ê in 
~ 

terms ~f E expre~sed as a power series in E; 

(2) 

where e: ij - are the sécond rank tensor components of the 

linear' dieleotric constant; 

and 

e: - 18 the dielectrié coefficient of free space, o 
d~jk. - are the tbi~d rank ten.or components of the so 

cal~ed ~onlinear optical coefficient. 

" , 

• 
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III 5.1.1 The 1inea~ dielectric constant 

The trigonal symmetry of tellurium, as described in' 

Section III 2.0, dictates that the matrix representinq the , , 

linêar dielectric constant second rank tensor components, . 
expressed with respect to the princi~xes, consists of 

three diagonal terms where the two elements, associated with 

the. directions perpendicular to .the c-axis, are equal, see 

Figure (2a); the third element relates the electric dis

placement and field components para1lel to the c-axis which 

is called the optical axis of tellurium. This particular 

type of anisotroRY characterizes the single crystal tellurium 

as l being uniaxial and birefringent. It is also found that 
!J 

the dielectric constant is appreciably frequency dependent 

in the optical range and, therefor~, te1~urium is ~aid ta b~ 

a dispersive medium. 

The refractive indices nii' defined as the square, 

root of the dielectric constants &ii' are relatively large 

in tellurium. At 10.6 1.I wavelength, in directions perpen-' 
~ 

dicu1Flr ta the c-axis, the value o'f ~ =n = 4.79, while, 

in a direction parallel ta the c-axis IG. = n = 6.25. It 

follows that' the ma~nitude of the reflection coefficient R 

at àn air-tellurium interface iS~9iven in terms of the 

refractive index as 

R ( n-l ) 2 =, n+r ( 3) 

• 

• 
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• • elements equal by symmetry 

.-0 element.s opposite in sign by symmetry .. ' 

• elements zero by symmétry 

Finite tenaor elements for tellurium 

a) 

h) 
second rank tenaor coefficients 

" thlrd rank t'ensor coeffio,ients 
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which·takes the values of' 0.43 and 0.53, respectively for 

the polarizations perpendieular and parallel to the e. or 
"r 1 

optical a;x:is. 

III 5.1.2 The non-linear diel:ctric property 

Crystals of tellurium are of' th~ tr~onal ~lass' "with, 

,32 ,(02) point .group symmetry and bélon9 to the P31 , 22, space ' 

group (Hermann - Mangsin notation {16}) which correspondingly 

assures an absence of'inversion'sYmmetry nepessary for the 

nonlinear third rank ténsor optica.l phenomena tb- exist,. 

d Tellurium has the largest nonlinear optical coefficient 
-6 dlll = 1.6 x 10 ,ESU of any known materia~ {17}J thus it is 

presently of considerable interest as a frequ~noy douD~er 

ilS}, and for possible parametric amplifi~~t~on {19} in the· 

range of infrared 'wavelengths. 

III 5.2 Natural Optiea1 Activity 

Due to the helièa_l nature o'f the t~llur~um crystal 

structure, it .:i.s founel that line~rly- polarized l1ght., ,in' t~é 
, - 1 • 

plane.perpendicular ta the optic axis, is rotated as the' 

light beam"travels along the' e-axis. This effect, ca.'11ed 

n~tural, optical "àc::tivity {20}" is charac,terized b~ a quantity, 
" ' - . 

kn~wn as ~he ."rotary power" which is defined as the amount 
", 

" o~ anq,:!la'r rÇ)tation ,per millimeter of travel lep9'th. "The, 

< • 9' 

. " 

, , ..... 
, , , 

-, . ~ ~ 

1 .. 

- ~ -- ~ .... --......-_ ......................... _» ...... .1 .. ' .... :/O.". .... ~1 J< .. ,~ .... ~.,. ..... ~ ... J>,::.... . :, 



(L 

" , 

. { e 
" 

r,' 

'ct: 
~. 
Q 80 ,ca.. 

Fi9'~re 3. 

, : 

" . , ' .'. 

0, 

l' ..... 

.' ~ . . . , 
, " 

-. 
• t 

, . 
" 

... , " 

.' , 
," . 

. 
~ 

• r 

. , 
-14 ,12 10· 1 s 5' 

" r, 

, , 

Rotary Power vs Radiation wayelengtH À in microns. 
• 1 L L J" l " 

, . 
, .. : '\ 

. . 

',' 

... 
" ". 

r.' 1. , , .' , 

" . 
" 

" 

: 1 ~ 

" , , , . , , 

, , . 
, . 

. ~' . 

t Î' 

',' 

.' 1. 

,', \ \ ": 

' .. 1. 

, '. 

, . . . \' 
, . \ 

, ' 

", 
'. 



1 

( 

o 

-'------Il~-.:-' 

23 

'1 
completè wavelength dependence of the rotary power in tellurium 

is shawn in Figure 3, noting that at 10.6 ~~ the electric 

field rot~te$ at a rate of Il deg/mm. This phe~omenon i5 o 

o~ particular importance when considering effects whi?h depend 

on the exact polarization of the radiation field in the 
• 1 

material. o 1 

III 5.3 ~sorption 

The infrared absorption spectrum of tellurium {21} 
< 

is shown in Figure 4 and Figure 5 for polarizations parailel 

and perpend~cular to the optical axis. It,can be noted 

generally that for radiation pa~allel t~ the c-axis, there 
, 1') 

is a relatively strong absorption pea~ at llu, whe~eaB for 

-El c, telluriun i5 essentially transparent from 5\1 ta wave-. , 

lengths longer than 20u. An additionai observed dichroism , 

is that the 'band gap absorption at wavelengths less than 4\1, 
, ' 

> 

is favoured for polarizatipn perpendicular to the optical 

axis {22}. The mechanisms determinin9 this absorption 

spectrum arè dtscusSed 'further in the pext section in.te~s 

of electronic transitions in the energy b~nds. 
1" 

III 6.0 Tellurium Sand Structure 

.. 
III 6.1 lntroduction 

As extrlnsic tellurium is always::fol,lnd to bè p-type, . ' , 
the info~ation Qbtained from such experiments ~s the 

. , 
" 

.. ~. tI' . , , '. 
) 1. (1 , • ~ 

\ ' 

.• 1 • ,'. 1 l , • • ~ 1 t. 
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infrared absorption spectrum, far infrared cyclotron re-

. sonances, Magneto absorption, and the Shubinov - de Haas 

effect, mainly show the characteristit features and structure 

~ of the valence band: consequently, much remains unknown about. 

the conduction band. In fact, u~til very recently, it was 

only known that the energy gap, obtained from fundamental 

absorption-measurements, ia about 0.34 eV, that this 

absorption shows a conspicuous dichroism {Section III S.3}, 
( 

and that the energy gap is direct and located in'the neig-h-

bourhood of the point H, of the Brillouin zone {23} 1 see 

Figure 6. The state of the 'art of the essential details of 
,1 

both band structures are presented in the following (sections. 

III 6.2 The Valence Band 

III 6.2.1 Structure 

The total valence band structure, shown in p~gare 7, 

consists of a number of separaté bands which are created by 

the splitting ~f degenerate states as a result of spin orbit 

coupling {24}. A particular feature of the uppermost-valence 

band i8 its ·camèl-back" shape in the z or Q direction with 

a central dip of the, arder of 0.p02 eV. 

, 
Theoretically the qeneralized enerqy dispersion 

relations for the two uppermost bands, 8 4 and "S' ~re fou~d· 

to he {2S}: 

/1 

~-- ... _~ ......... ; .; ,J._~ 
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The First 8rillouin Zone o~ Triqonal Tellurium. 

Pointa H and H' are deqenerate dUe to ttme 
revers al aymmetry. 
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, \ 

o ' 

, . 
Q 1 



() 

1 • 

, .' o 

------------------------~' ' 

29 

where 

The k-linear term, i.a. the third te~ in the above 

eqt.!ation, produces the "camel-back" shape in the "4 band. 

The experimentally found values for th~ various parameters 

in the e~ergy dispersion equation are given in Table 2. This 

information 'on the energy band structure can be used to 

evaluate different physical parameters. Thus the effective 

mass of holes in the two uppermost bands are obtained from 

the ~ollowing' gene~l formula, 

(-1. 32 Ecib -1 
mi! • ) 

fl2 a k2 

i 

(S) 

For the valence band H4 

-at k--

°1 
mil :Il - .25 mo 

~ • .13 mo 

; '~t kz ~ ~ '1 
; k1 ,= 0 ml 

m. == .17 mo 

where mu and ml are the effective masses paral1el and 

perpendicu1ar to the z or c direction respect!vely, and km 

la the position of the peak of the "camel back" on the kz 
axis n see Figur~ 7. 

For the valence, band "5 ' 

• 
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TABLE 2 

. 
Values of the parameters for the valence band {2 6 } 

Ban~ parame ter 

A 

S 

6E/4 

o 

At 

B 

Q 

Value 

-3.26 x 10-15 eV cm2 

24.7'·x 10-9 eV cm 
'1...[ 

.0315 eV at (20 K) 

- 3.67 x 10-15 eV cm2 

0_0023 eV 

O ,-2"':' 4 
• 06 to . 7 x 10· eV an 

.03 to .04 x 10-27 'ev an4 

? 

.1S' x l'0-~9 eV cm4 

2 x 106 cm-1 

o' 
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III 6.2.2 Eleotronic transitions 

. The detailed struc~ure of the infrared absorption 

spectrum is èxplained by vsrious transitions betwe~n and 

within the valence bands. 

31 

Direct transitions of holes between ~he H4 and "s 
bands arè al~owed only for E Ilc; the stronq absorption peak 

at ll~ is due to hole ~~ansitions at k = 0, while the less 

pronounced bulge in the absorption curve in the vicinity of 

7~ is a result of direct transitions at k = k • 
m 

Excluding the above mentioned peaks at Il and 7~ 

for -E Il c, the remainder of the absorption for E Il c and 

essentially the entire 
. 

El c· absorption spectrum for 

~ the fundamental ab~orption edge, at 411, and about'2511 

is norma~ly oalled the ,"background absorption" and is 

. attributed to intraband transitions. These intraband transi-,.., .. , 
tions, shown in Figure 8,are indirect phonon assisted transi-

tions or holes within the H4 - valence band as weIl as of 

electrons within the cqnduction band, whose relative contri

bution to the total absorption for E l c is fourd' to be 

comparable in magnitude. _Direc~ electronic transitions 

between the H6 ~n'd H'4 val~ce bands! allowed only for E 1 c, 

oontr~ the small additional observed absorption near lOll 

for this radiation polarization {27}. 

• 
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III 6.2.3 The temperature variation of the ener2Y 

separation of the valence bands. 

32 

It is found that the energy separation ~E of the 
t ' 

two valence bands H4 and HS is température dependent having 

a coefficient {24}, 

1 
= a = 4 x 10-5 eV/deg 

At room temperature ~E = .114 eV, on the other hand, at a 

temperature of 225,R, ~E = .117, the energy equiva1eht to 

.the CO2 laser 10.6 l.I radiation. According to radiation 

absorption data {24}"below the latter temperature, there is 

stil~ considerable absorption of the 10.6 ~ radiation even 

though the energy separation of the two valence bands becomes 
" 

1arger than the CO2 laser photon ~nergy. Electronic transi

tions between the bands is still possible because the energy 

1evels are unsharp, due to the Heisenberg uncertainty 

princip1e, by at least an amount equa1 to .004 eV assuming 

an energy relaxation time 
-12 0 

Of\lO s. The e1ectronic transi-

tions probab1y occur near or lat 'k = 0 for radiation wave-

lengths corresponding to photon energies smal1er than the 

energy separation of the valence bahds. 

III 6.3 The Conduction Band .. 

The conduction band structure has recently been dis

cussed by Shinno et al {28} and i9 shown in Figure 7. The 
" 

, 

\ 
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Intraban:d Transi,tions. 

Elèctrons and qoles must interact simultaneQusly 
with photons of energy hw and ~honons with . 
momentum ~q* in order to sati~fy conservation 
of ~nergy and momentum laws. 
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above autho.ra havé derived theoretically. the fo1lowinq E - k 
" 

relation for the conduction band up to terrns quadra~ic in k. 

(6) 

It ia sean that again a k-1inear term exista which in this 

case produces two over1apping conduction bands with their 

mi ni m a offset from k = O. The experimental1y found 

parameter values of Equation (6).' are presented in Table 3 

{28}. 
'r'f-

From these given energyband parameters, the effective 

masses of the conductïon electro,ns in ;direotions paral1el 'and 

perpendicular to the c-axis at the hand minimums are ob~a~ned 
1 

as: 

and 

m.!. = 0.104 mo • . 

.. 
This chapter has presen'ted the .essential .. information -, 

on the structure and properties of tel1uriUm from the point 
\ 

of view of their relevance to the present work. It is ex-. . 
il 

pected that the analysis and interpretation of the laser 

induced e1ectric 'signaIs in the course of the present in~ 

vestigation will allow the confirmation of sorne known para-. .. ' 

meter values as weIl as the determination of sorne new properties. 
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CHAPTERIV 

, ., > ~ 1 ~, 

EXPERIMENTAL PROCEDURE FOR THE OB$ERVArl0N OF 

"SIGNALS' INDUCED IN TELLURIlJM DY A ''J:'EA CO2 LASER 
/ , 

IV, 1'.0 The Expet'imental set-up 

IV 1. 1 Introduction' 

The object of ,the elCperiment~l set-up 'i~' to provide . 
i 

,'- ~he possibility of measurinq-the electric signals induced in 

te11urium samples sUbjected ta thè radi'ation from a TEA CO2 
~ .' , 

- laser under varying and cont~o11ed èonfigurations of the 
Of: 

'1\ , < ~ , 

sëÙ!'ple orientation rela,tive to ,thé lasel;' b~'am propagation 
, . 

and polarization direotions, from:room down' to_ apPJ::'oximately 
1 l ' -, ~ 

liquid-'nitroge~ temper'ature'~. ' T~é,ma:i.~ component~ of this 
, -

experimen~a1 se~-uJ? 'o<;>hsist of a COa laser, a pyr,oelectric' 
) . 

detecto-r, diff,er:ent. Jtelluriuin, orybtal~, and e1ectronic ' 

signa~ measuring apP~4atus. Provisions, are made to cool the 

tel:-l\1rium cryst~ls down :ta near 1iquid nitroqen t.emperatu'res. 

IV 1.2 The Source of Radiation , 

, ' 

A LUmonics series 101 TEA CO2 laser is used as a 

souroe of the 10.6 p p~lsed hiqh power radia~ion. The TEA '-
" , 

laser operates by the m~thod of 'tr~nsverse excit~tion of- â 
" , 

lasing gas, in this' élise al: 2 : 10 

" ' ,:t-

... 

\ , -

. , , 
mixture of ,N2 ~' C02" 

" 

J' 

.' 
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" 

and He g~sès. The transverse excitation al16ws a large 

~mot.l~t of energy ta be~ dumped into agas at relat:!."ely h.igh t, 

l' 

pres:sure (atl]lospheric) while keep,ing the excitatipn voltages 

wi ttÎin pr'actical limi ts of about 40 kV. 
J • 

The laser output power density ls measur~ ,to he 

approximately 40~' kw/cm2 wi th a beam 'are,a of about 2.5 crn2 , 
~ , 

thus giving ,a total peak power in the vicinfty of 1 MW." '.~ 
o . 

, " 
,The radiation guIse, Figure 9, has'~ half"power width of 

180 ns' with arise time of 70 ns. The tail of .the' pulse, 

the m~gnitude of which can be controlled by varying the pro

portion of the N2 content in the laser gas mi~ture, shows a 
l' .4,' 

slow component with rnicrosecond decay times. In addit~on, 

due tQ random'partial self-mode locking ~f the laser, a fine 
, , 

structUre is added ta the main enerqy pulse exhibi'ting' 
" , 

typical rise times of ~O ns with ~ duration of· about 30 ns; 

thts structu~e is especially observed with sma11 area. 
Q 

~etectors. The laser is capable of a trouble freè operation 

with repetition rates up ta S ~ulses ~er second • 

. ' 

~y 1.3 The Pyroelectric Dete'ctor 
" . , 

The laser output pulse ~hape and ~?wet 'is, measured 

wi th a ,Molectl;'on model P3 pYtro~l~ctric' dete,ctor 1 having a , 

known ,respt>nsivity of 0.1,5m~/w, with, arise time of 5 ns,! 

anQ an ~lement 'area of l mm square., This detector is mainly' 
, " 1 

useël t~ .monitor the incide'nt laser,bèam l po~er so that the 
~r~"" '~"'--'''''''' l, .i" 1\ , ,. .', 

t 'j , , 

". ' 
, ' 

, . 

o 
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Vertical·8~al.c a •• ;trary units 
'Horizontal scale: 5QO ns/Div. 

Laser Radiation Pulse Power output 
measured ~ith a ~e sample. 

; , 

, . 
. . -

'"Ver:t:ical scale: arbitrary units 
Hori%ontal' scale', 200 ns/I)iv. 

" 

~~~~~~~~~--t 
f 

Response of' the pyrdelèctric Detector. 

Note: 
" \ 

Figures .:are tracings ~:t::Otn actul11 oscillogram ' 
pbotogr~phs. ' 
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responsivity corr~SPOnd{~g to the various tellurium .ample' ~ 

configurations can be determined. A typical output signal 

from the pyroelectric detector i5 shown in Figure 10. ~ 

, 
IV 1.4 Signal Measuring Apparatus 

~, 

The induceà ~lectric signaIs in the tellurium sampl~s 
-.,.... 
are monitored on a 100 MHz Tektroni~ 465 oscilloscope. A 

Hewlett-Packard 462 preamplifier with a 40 db gain and a 4 ns · , 

rise t~me is coupled via a 50, O"load to the o~cillosQope 

enabling the measurement of signals down to 4,0 ~V. 

IV 1.5 The Tellurium Crystals 

" Good quality tellurium sin~le crystals were grown in 

the Departrnent of Electrical Engi~éer~ng by the czoc~ralski 

method from high purity zone refined polycrysta~~ine tellurium 

material. 
,. 

Large ingots with up to 2 cm cross-sectional 

diameters and up to 6 cm in length were gro~n Along the 
o , 

c-axisJ th~ crystals exhibited good trigonal symmetry. 

While most of the crystals were grown to exhibit intrinsic 

_properties down to the lowest, possible temperature by 
r 

attempting to minimize their acceptor impurity concentration, 

sorne antimony doped p-type crystals were also gr6wn and used 

in this work.J A typical tellurium crystal ingot is shown in 

Figure lIa. Samples with the desired crystallographic 

1 9 



,'. 

, Figure l1b. 

Figure l1a. A Te11ur!Um Ingot .. 

A Typica1 Te1lurium Cross-Section after 
A~id Saw Cutting. 
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orientations and geomet~~es were eut from these large single 

crys~a1s by makinq use of specially constructed acid saws. 

lV 2.0 Sample Pr,paration 

IV 2.1 .. rntroduction 
o ' 

As previously stated in Section III 2.0, ~s a ~esult 

of the weak binding forces between the atomic chains, 

te11urium sing1'e crysta1s are readily damaged mechanically, 

slip fracture, deformation, and formation of dislocations 

are commonly observedcrin tellurium single crystals. Thus it 

was attempted to minfmize the necessity of excessive mechani

d~ handl~~CJ by elint,inatinq entirely t.he use of abA.sive 

cuttinq<and pOlishing.processes. 

IV 2.2 Sample Cutting 

All cutting of the te11urium crystal's was aocomp- ' 

lished,by using a specially constructed acid saw which 

essentially'consisted o~ a polyester thread which continuously 

extracts frash acld from a rese,rvoir and l:!rings it into con

tact,with the crysta~ ,urf~ce·so that only a chemical action 

is used to remove the semiconductor materia1 under the, 

thread. The acid solution employed for cutting perpendicular 

t~ the. c-axis consisted of a mixture of chromic trioxide, 

hydrochloric acid, and distilled water in 1:1:2 _proportions 

• 
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by weight. It was found that although this solution could 

also be used for cuts parallel to the c-axis, an aeid 

solution with the HCl acid replaced by nitric acid in a 

1:2:4 proportions produced smoother surfaoes in those 

directions. 
.. 

A typical surface after acid cutting is shown 

in Fiqure lIb. 

IV 2.3 Sample Polishinq 

The surface after cutting shows small undulations 

which are :emoved by chemically polishing the samples in the 

chromic nitric acid mixture mentioned above.· The resulting 

surface has a mirror l~ke finish, well.suited for the 

measurement of CO2 laser generated signaIs in tellurium. 

IV 2.4 Sample Dimensions " 

For longitudinal measurements, i.e., for voltages 

rneasured in the direction of light propagation, the erystals 

were eut rectangular rods having typical cross-section 

dimensions f 5 mm square with lengths varying from 1 to 

3 cm, see 

F signal~, i.e; for voltages measured 
\ 

in a erpendicular to the lightopropagation, the 

.aamp'les are 1-2 mm thick and have ei ther the natural hexa

gonal cross-section of the ingot"fOr devices which are eut 

in a plane,perpendicular to the c-axis, or, they are typieally 

lit.. • ~-, ,'" ~ .. , \ _: \, ....... .. • 
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of a rectangular 1 x 1.5 cm ' cross-section containing the 

c-axis; see Figures l2c and l2d. 

lV 2.5 Electrical Contacts 

Ohmic contacts were made to the tellurium sample 

surfaces by alloying small strips of a specially prepared 

solder containing antimony, lead, and indium in 1.7 Sn: 

1.3 Pb:!n proportions onto the sample surfaces. The melting 

point of this solder is approximately ISOoC. Fine copper 

wire is then soldered te the alloyed strips to complete the 

contact fabrication process. 

IV 3.0 preliminary Observations 

IV 3.1 Introduction 

As stated in Chapter l, the original aim of this work 

was the search and analysie of the photon'drag effect in 

tellurium. Initial measurements of the generated electric 

signaIs were made in the longitudinal directions by illumi

nating,the rectangular rods of tellurium single crystals , 

{see Section IV 2.4}, from either end by radiation from the 

TEA CO2 laser; the repetition rates werè normally kept 

b~low one pulse per second in order to insure good pulse to 

pulse reproducibility and laser stability over extended 

periods of time~ The resulting electric voltages were 

monitored on the oscilloscope with particular attention 
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(a) ,(b) used for longitudinal 
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being focused on the magnitude, .polarity, and shape 'of the 

pulses, as a function of propagation and polarization 

directions of the incident radiation. Measurements were 

performed first at room temperature, and Iater at tempera-

tures down to approximately 115 K with the use of a Iiquid 

nitrqgen. dewar. 

IV 3.2 Initial Results 

The preliminary measurem~nts were performed at rodm 

temperature on 'the rectangular 'samples whose long dimension 
, , 

was" first oriented in an arbitrary direction perpendicular 

to the c-axis. The following iS.a description of the~ 
l ' 

observed behaviour of the generated longitudinal signaIs in 

these samples according to the polarization relative ta the . 
c-axis of the radiation el~ctric field E and with respect 

to the reversaI in the direction of light propagation. It 

is,to,be noted that aIl situations where the radiation 

electric field E is parallel ta, the crystallographic c 

direction will be referred to E 1,1 c , while corresponds 

to the case of the electric field E being perpendicu~ar to 

,the c-'axis. 

\ 

(a) with E' Il c, a relatively large fast signal was 

observed, with a magnitude equal to· 10 mV/MW cm-2 , which was 
,/ 

considered to be a true reproduction of the laser puise. 

The polarity of this voltage corresponded to a generated 

• 
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short circuit current in the diréction of liqht.propaqation. 

A reversaI in the liqht propagation direction, obtained by 

illuminating the opposite end of the sample and keeping thé 

light polarization unchanged, only resulted in a reversaI in 

the polarity of the monitored signal. 

'Cb) With E: le, a fast ~mf of generally the sarne 

\ '\ Il order of magni tud.e as for E c was observed, but it was 

interesting that in this case, no polarity inversion occurred 

when the propagation direction was reversed. 

(c) Thue, as the polarization was rotated from E Il c 

to Elc~ one end of the sample exhibited signaIs of con~ 

tinually varyinq magnitudes of the Saffie polarity, whereae 

with the illumination from the opposite, end, ~e signal 

,decreased in magnitude, pa~sed through zero, and then in

creased once again, with an inverse polarity. 

Cd) Furthermore, when attention was bequn to be 

focused on the particular crystallographic direction of the 

sample's longitudinal orientation conjunctly with the light 

propagation d,irection, it w~s discovered that the magnitude 

of the E Il c signaIs remained constant, 'r'hile the magni

tude of the Ble voltages were larqest for measurements in 

the l, i. e. r 1210] . and equivalent directions, and wer~ 

essentially zero in the 2, Le. [lOio] and equivalent 

directions. 

(0) 

, , 

/ 

• 
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(e) Sorne samples were cut ,into the ti-shape shown in 

Figure 12b; when the incident be~m diameter was reduced and 

localized by a pin hole less than 2 mm in diameter, it was 

found that as the illuminated area was swept from points A 

to C, the fast signals decreased ~eaching a minimum at point 
.., 

B, then as the area adjacent to the contact C was illuminated, 

a much slower~ (microsecond decay time), signal became 

dominant. It,was also discovered,that this slow signal was 

larqeat for polarizations perpendicular to the c-axia, the 

magnitude of this signal increased nonlinearly with,tne in

.crease of the incident radiation intensity. 

These series of resultê were consistently obaerved 

in all samples prepared for these preliminary measurementa. 

IV 4.0 Interpretation of Preliminary Results 

The following important conclusions were drawn from 

the previously stated obser~tions and experimenta. 

(1) Observation "e", shows that the origin of the fast 
.. 

signa~s cannot be att~ibuted tb any diffusion type effec~ • 
. 

cauaed by thermal or carrier gradients, because the fast 

signaIs ,decrease as the illuminated area approachea the con

tacts which ia contrary to the expected behaviour of diffusion 

induced voltages. Also, ainee the faet emfs àre obtained only 

when the radiation illuminates the elongated part of the 

samples it is concluded'that the measured voltage ia ~ result 

.' .. ~~ 
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of an ernf induced along the radiation propagation path. 

The slow signaIs, which become dominant with the 

illumination of the contact area, are on the other hand 

believed to correspond to a Dernber diffusion type voltage 

caused by the presence of nonequilibriurn electron-hole pairs 

generated by the relatively large three-photon absorption 

process in tellurium {29} wq.ich is preferential wi th r.: l c ~ 

the observed âecay tirnes are generally consistent with those 

found in phot~conductivity experiments {30}. 
, 

(2) 
i ~ 

HaJing ruled out diifusibn effects as the source 
" 

of the fast signaIs, and the fact that the fast signal with 

E Il c reverses its polarity with a reversaI in the light 

propagation dire~tion, (see observation "a"), clearly illus

trates the basic feature of ~he photon drag effect corres

ponding to the linear dependence of the latter on the 

direction of the photon momentum. Furthermore, the magnitude 

of the induced emf agreès very favour'ably wi th the generally 

accepted theoretical expression for photon drag which i5 

derived later in Chapter VII. 

(3) Observations "bU and "CH led to the conclusion 

that, as the signal with g lc remained unchang~d with the 

reversaI in the p~opagation direction, implying independence 

from the photon momenturn, an effect other than photon drag 

is involved in this case which, accordin~ to observation "dU, 

exhibits crystallographic orientation dependent characterlstic5. 

-r-- --..I----... ~ .. ~~ ....... _. __ . __ ~.-- .. ~ L .. ' ___ a ._~ ---,._-_.~-, _.-._ ..... _ .. _,._ .. _--, .. _ .......... II1II ... __ .,..,-
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IV 5.0 Conclusions 

''l'he' previous observations have ,led' ta the nèbe$~i ty ,':' 

of establishinq a ~~enbmenQlOqical basis for the inuerpre-' 

tation of thé "vartous'obtained results. FOr.,this purpose 

the development of the ténsori~l representation of a1\ ' 

possible types ,of 'generated ~ignals which can he induced in 
, 

a. semicondue,tQr by the, e1ectric field, ,of the laser beam 19 

qiven in the next chapter as the first step tow~r~ the, 

quanti tative ~hàractèri'zation of the different, observed, fast' 

,signaIs. 
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CHAPT!!R V 

PHENOMENOLOGICAL CHARACTERIZATION 

,0 or RADI,ATION INDUCED srG~S 

v 1.0 'Xntroduction 

\ 10 

" ' 

'" . 
, We propose, ~bat the ourrent denaity v~ctor qene~ated 

. " " 

in a semioonàucto~, m~terial, by,the l~ser radiation'can in 
'0" " 

genE)ral be 'considered to ~é 'a-function of the eléctric field 
, l,,' ( l ,,' " , l , ~ l " .~.. .il 

and thé 'momentum vectoi:' of the radiati.on beamt, therefoX'ei 
>, ~, • ~ "~' f ' • 

it can be ~rit~eri phenomenol~9iQally in terme of the follow~ 
, ,(') 

" ing Taylor serl,e's 'expansion i 
, " \. .' 

1· l " 

, 1 

, ~. . 

o 

-{) 

, , , 

" 

, , 

" . " 

\ 
o ,~ , "\ 

"Ji - (Tim' ~ ,'fO, aijm .qr'~, +- X~ Ek' ~ + T~jJm éij ~ ~ + ••• (7) 

rio ' , 

~, 0 ti> 
J . 
i ' la, a 'cçmponén'~' of, the current density vector. 

, 

ia a èompon~nt of thè radiation electric 
1 0 

field veotor. 

, 
,1s a cçmponeht of the unit photon momentum ' 

, < .... l ,,' 

, ,e~:r' , 
vector., l, 

" 

. 
ia a, second ranki tertsor component.,-

" • l "" Il 
, , 

, , 

~re ~hird' rank ~ensot' components. ' ", . 

Tijmnl la a" four'th rank tensor component. 

.' The fi.tst apd fourth té~~he\ ~bove expressi~n 
• 

for Ji é::,?~r,e.pond 'to ·the well establililhed mechaniaIna of linear 

'".1 

, ,-'. " , 

" 

" '. 
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o 

conductivityand the photon drag effect {31}, ~espectiveIy. 

,The third term represents a quadratic response to the 

radiati<;m electric field and thus leads to optü:ai J;"ectifi ... " ~, 
cation; this latter non-linearity may be either due to free 

• 1 
carriefs, in which case it i5 referred to as non-linear cOh-

ductivity, or it i8 due to bound charges in which ca~e it 

corresponds to non~linear ,polari'zation. No known physical 

mechanism is associated with the second term ~nQ ±s only 

i~c~uded, for the sakè of complet~ness~ 

It must De nqted that, the first two terrns of this'" 

equation are linearly related,to the radiation'èlect~ic,. 
, ' 

field, and therefore, co~resp~nd ~ ~i~nal~ at the opti~al: 

frequenoy of the laser radiation whioh aré practically uh- ' 

obse~vable; the square law nat,ure ot the thi~d &rt4 e fourth ' 

~terms,'on the other hand, lead to the rectification of,the 

excitation, resulting in measurable signaIs proportional to ' 

the'envelope of the pulsed output o~ the laser. In this 
. , ' , , 

chapter,. the exaèt tensorial èharacteristiés of, these thit:d 

artd-fourth rank ten~ors are investigated in the 's~~cif~6 ~as~ 
, ~ '. ' . ~, . , 

of the,point group 32 symmetry.associated wit~,~~~'telluri~ 
, 

.' r" ; 

,crystal. 
o 

, ' 

, ~ 

-, 

., 1-

- 1 
l, 

-, .. 

V',' 2.0· Tpe 'Thi,rd' 'Rank Tensor ~m:eonents 
: , '. ! 

" The tri~onal sYmmetry of, telluri'wn 15 descrih<!~ b,i 
" ~. ,', \ ". l ' 

" ., , 

t> "' .... 

'.the 'gèrieration ,op'eX'atlons consisti:,rig of a' 3-fold· rotatiçm',', " ' 
t ~ " 4 " 1 • • 

l' ' . ' 

i 1 ./_ 

. " 

~ .> ~ r t 

" ' l' 
" 

, ' 
" , 

" 

" ,< 

• 
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around th~ c-axis( a1so known as the Z or.3-axis, Figure l, 

and a 2-fold rotàtion about the x or l~axis~ t~e resulting 

invariance'of al~ tenso~s subjected to such rotations, leads 

to the existence of only two finite and independent third 

ra~k tensor terms associated with the parame ter X in 

Equation (1) consisting of the tans or components {32}, 
'. 

and 

(8) 

( 9) 

tn the above cOIllp<?nents' l, the tirst suhscript repfe

sents the measurement direction, 'and the remaining two sub

soripts c?rres~ond to the êle~tr'id 'field comp<?nents whioh 

therefore are na~urally interohàngeable. Thus in qener~ 

(10) 

, . 
It iB' known that· the eleetriê 'f-ie'ld E ia -always per-

'pendicular to ~h~-,prO~aqat.ion direction; i t naturally follows 

that' if' the,'propagati~~'"direè'tions arè ,~brt.sidere'd only .alo~g 
\' , ~, 

the'm~j~r axes,· the X122 componen~ can in'principle be ex-
• > ~, :;, - • 

perimen.talIy determ:f:.nèd hy u$ing bQth long'itudinal and trans-
, ' ,: ~." " " • ' 4, , , 

-·verse ,measurements'with respeçt.to the prQpagation direction, 
, , 

'o~ . ,the, other 'hand'~, X123 and 'X
21

,3' ',can only be determined by. 

ernployinq a "longitudinal meâ.surernent, 'with respect to the 
, , ' 

~a8èr: ~,~"propa9ation di~ec,t~~)li, 'and 'X11! ,;an~ X212" in 

. ' , ,~ \ , 

" , " , , ' 

" 

• r~ \ • . , 

-.. 
" ,rI 

, '. , " 

,1 
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, -, 

turn, can only be obtained by measurements transve~se to the 

direction of propagation. 

V 3.0 Fourth Rank Tensor Components 

~he symmetry properties of te11urium lead to twenty

five finire elements for the fourth rank tensor Tijmn {see 

Equation (7)} of which only ten are independent as shown in 

Table 4a {32}. Since the radiation electrio field E is per

pendicu1ar to the light propàgation direction, it can be 

easi1y seen that when the laser propagation direction is 

confined to those of the majo~ axes, the generated and 

measured signaIs will never involve the tensor components 

with j == m, n. On the ot~er hand, when an off major axis 

direction ia chosen to propagate the laser beam, the generated 

and measurèd signaIs always invoive severai tensor components 

rendering the isolation of the contribution from any one 
1 

component practically impossible~ 

The twenty-'five tensor components are thus classified 

into two distinct groups corresponding to whether or not they 

appear in measurements confLned to the m~jor crystalline 

axes. Those non-zero components, henceforth called "major 

axes" components, which are measurable alonq th~ major axes 
, , 

can be further divided into subgroups 'called longitudinal 

ànd transverse components accordinq to whether they are 

obtainable1from longitudinal or transverse m~asurements 

respectively {see S~ction IV 2.4}. 

. ' 
----....... -~ __ 4~ .. ~~~"",~~~~~ ... 'l~";;;,,,.~:"u~'Y' ~ •. 
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Table 4a: Fourth Rank Tensor Matrix [3~ 

m,n - Polarization direction components 

~ 11 22 33 12 23 31 
• 1 !, ,,4 4 4+ 
11 1,...-...1 

[X 
.... ~ a.- r-o 

\ 

22 ~ ~ li li \ -" 

~ ~ ,~ 
, 

\ 33 

12 LtC rtl .. 

1 4- 4 
21 r,....-.. 

Lr ~ ~ 23 r\ 1\ 

~ -4 \ ~ ~ 32 1 

:---..... 

31 .i\~ \~ 

13 
+4 ·4 

a....- ----
li .... -~ - equal fourth rank tensor matrix elements 

l!. ..... ~- li - elements opposite in siqn 

~ - T1212- T2112= 1/2 [T1111- T11;2] 

() 

-------------

.,) 

" • 1 



(') 

.. . 

. 
- --- .. --------------------

~ 

~able 4bz Fourth and Third Rank Tensor Matrix 

m,n - Polarization dir.ection components 

11 22 33 12 23 31 

11 
~ 
0 
'ri 22 +' 
0 
QI ... 
·ri 
ra 
~ 33 0 

·ri 
+' 
t(1 

'" t(1 
Sl. 

12 0 ... 
~ 

" 'n "'-.. 21 
~ 
0 
-ri 
+' 

~ 23 
'ri 
'0 

+' 
~ 

132 
~ 
CQ 
t(1 

~ 31 
.. ,.. 

13 

~ , CD - third rank tensor with the "j Il direction 
implicitly aasumed. 
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(a) 'l'he "major axes" tensor components 

The twe1ve "major axes" tensor component~ are 

characterized by inCl,iees j ri m,nI only six of these eomPC?-

nents are independent (see Table 4a) eorresponding to the 

fol1owing sets of equa1 terms. 

Set 1 : '1'1133 .. '1'2233 

Set 2 : '1'1122 • '1'2211 
Set 3 : '1'3311 ,. '1'3322 

Set 4 '1' 23'11 • - '1'2322 li:; '1'1312 
Set 5 T3211 
Set ,,6 : Tl'12~ • '1'1231 

(b) 'l'he longitudinal eomponenta 

Sin'ce for longitudinal measurements, i - j,' the 

longitudinal components are those of Sets l, 2, 3 and element 

'1'1123 of Set 6. These eomponents are determined by usinq 

longitudinal type samples {see Section IV 2.4}. 
, v) 

" 

(c) 'l'he transverae'eomponents 
. ' 

~he remaininq elements with i ; j found in Sets. 4, 
, , 

'05, and 6 are the transverse components; theyO~re obtained 

with transverse type of .measurements {see Section IV 2.4}. 

Cd) The 0OIDponents of Set 6 

It ahould be noted that when attemptinq to measure 

the ten.or Qomponent TI12~' the generated siqnal would 

\, 
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always include as well the contributions of the elemenbs 

Tll22 and Tll33 , the component TllJ3 can, therefore, not he 

determined separately. On the other hand, Tl231 appe~rs to 

be measurable independently from the other four th rank tensor 

compone~ts. 

In summary, it is apparent that from the original 

ten independent components of the photon drag tensor, there 

existe at lesst one combination of the measurement, propaga

tion and polarization directions which allows the Séparate 

determination of six independent cqmponents, represented by 

the 'six sets defined in the above ,paraqraph (a). On the 

other hand, Tll23 and the other finite tensor components can 

only be evaluated by takinq differences of at least two 

,eeparate measurements. 

It is pointed out that the photon drag effect, as 

represented by the fourth rank tensor in Equation (7 h is 

explicitly a function Q# the photon momentum, and thus has 

the unique feature that the corresponding induced signal must 
, '~ 

reverse its polarity with J reversal in the l!ght Propagation 

direction. 1 
V 4.0 Separation of Signals due to Third and 

Fourth Rank Tensors 

The measured signal which is induced in telluriurn by 

th.olaser alactrie field ie in gener~l,comfo8ed of contributions 

• 

• 
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Ifrom a combination of third and fourth rank tensor components 
li 

as shown in Equation (7). Nevertheless, by carefully 

selecting an appropriate set, of measurement, propaqaGton, and 
.. 

pOlarization directions, the resultant signaIs will be solely 

dûe to only one third or fourtn rank tensor component", 
,. . 

In arder to facilitate, the process of choosing the _ 

appropriate measurement condition which will lead to the 
o 

determination of ,a particulax: tensor component separately, 

the third rank tensor components are incorporated into the 

fourth rank ~ensor component representation rnatrix of Table 

4a using the following procedurel 1 0 

It le considered that, although the third rank tensor 

cornponents are def~ned independently from the laser beam 
, \ 0' 

propagation direction {see Section V 2.0}, nevertheless, a 

,propagation dir~ction necessarily exists in an actua1 

measurement., Thus, ,one May attach to each of the third rank 

tensor oomponents, a four,th subscript j which defines aIl· 

three possible'propagation directions. In this manner, aIl 
o 

the finite third rank tensor components which are now 

appended with 'four indices are introduced into Table 4a. For 

'exarnple, in the case of the third rank tensor component 

Xl:22 , three' equivalent fourth rank tensor components are 

generated when j runs from 1 to 3, namely Xl122' X1222' 

,X1322' i t i8 noted that only, Xl122 and X1322 are "major 

axes" componenta whic:h appear, in meaS'urementa where the 

- -._- --- ... _-_ .. -": __ ,, _~ ..... 'f 

• 

\. 

,. 
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laser bearn propagation direction is in the 1 or 3 directions 

respectively. Table 4b, w~ich now contains both the third 

and fourth rank t~sor oomponents, can conveniently he used 

in this form to choose the necessary measurement cbnditions, 

in order to obtain the various tensor compo~ents sepa~ately. 

It is thus found by inspection of Table 4b that the 

fol1owing tensor cornponents can be measured'separate1y: 

1) Fourth rank tansor components 

Set. 1 : < ' . 

Set 2 : 

Set 3 : 

Set 4 : 

Set 5 z 

2) Third rank tansor components .' 

Xll1 as X12ll or Xl3ll in the equivalent fourth 

rank tensor representation 

X122 as X1322 in the equivalent four th rank 

tensor representation 

as X2312 i~ t~e equivalent four th rank 

tenao; i~~r~ntatiO~. 
In summary it is seeh that at least one component 

, 
from each of the Seta l to S {see Section V'3.0a) of the 

" \" 

.. 

l 
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fourth rank tensor components are separately measurable; 

however, no component of Set 6 is separately measurable, as 

the induced signal J l {see Equation (11)} associated with 

the measuring conditions corresponding to T123l always has 

the additional contribution from the third· rank tensor 

component Xlll' 

~ 

(11) 

Simi1arly. it ié discovered that only one of the two i~dep~ndent 

components of the third rank tensor, consistinq of, thé 

equivalent matrix elements XIIl' Xl 22 and X212 ~an he obtained 
~ 

separately; indeed in a typical measurement ·{see Squations '(12) 

and (13)} the matrix elements X123 or X231' associated with 

the other independent third rank tensor component, appear 
, 

. , 

alwaysin combination with at least one fourth or third rank 

tensor component, e.g., 

and 

V 5.0 Conclusion 

A p~enomenolog~cal tensorial analysis ia given in 

(13) \ 

this chapter which defines the measurable radiation induced 

sig~als as cqmbinatiolU!5 of two effe'cta which are characterized 

• 
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by third and fourth rank tensor components; the latter will 

naturally comply with thè s'ymmetry properties of tel'lurium. 

The conditions of measurement where the different tensor 
, , 

compon~nts can be obtained are discussed and speqifi,cally., 

the particular combinations of the measurement, propagation, 

and pp~arization 'direc~ions, where third and f~urth rank' tensor 

components can be measured separately, are deduced. 

• 
( 
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' . 

." 



( 1 

o 

() 

o 
_.- --...........----.~------..... .., ....... -, .. -.-. ""' ........... ,,"',·,. ........ , __ Il ........ II'j ..... _l$ _______ .~~_ ..... ,-

ClIAPTER VI 

EXPERIMENTAL RESULTS 

VI 1.0 Introduction 

The object of the experimental programme was to measure 

the expected finite components of both the third and fourth rank ,; 

tensorial coefficients described in th~ previous chapter. The 

results of the analysisoof Chapter V were used to choose the, 

optimum measuring conditions for the determination of the various-

tensor components separately. The experiments consisted 

essentially in the simu1taneous measurement of the fast induced 

'open circuit voltages and the sample resistance in samples of 

geometries given in Section IV 2.4, over the temperature range 

115 K to 300 K1 the temperature dependence of'these measured 

parameters is expected to provide an important basis for the 

determihation, of the physical mechanisms under1ying the ohserved 

signaIs. Experiments were performed on samples cut from undoped 

tellurium crystals which exhibit intrinsic properties at room 

temperature, becorning extrinsic and p-type only below 200 Ki 

extrinsic samples from antimony doped ingotà with an estimated 

room temperature hole density of approximately 1 - 2 x 1016 cm- 3 

were also used in order to investigate the dependence of the 

observed signals on the carrier concentration. ' 

The accuracy in determining the values of the tensor 

components, taking inte acceunt the intrinsic errors in the 

measuring apparatus and in the laser power output, is estimated 

to he better than 10%. 

• 

, ' 
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VI 2.0' -cten~rai '~êm~ks on the,sampl~ Parameters 

Afféctin51 the ',Mea$ured, siqna,l!3 
, , 

" V'l 2~i ~easurement, of Open C,ircuit 'laItages "1 

.' ' 

As' abown'by ~quation (7)"tbé radiation electric 
, ." 

'ff~ld E qenerates locally an 'elec't'ric, current J'in a semi-' 
, ." - ' 

condu~tor; only the compon~ntà of 'J wnich are quadr'atià in 

E are ~xpected to result in observable ~igna,ls {se~' Sectio,n 

. V 1.O} 4' ' These 'latter components 'of the current'" under open 

conditions" clearly manifest.thernse1ve~ as an induced local 

electric field et. which i8 related to Ji through the sample, 

. ~esistivity Pii' Le. 

(14) 

where we have used the appropriate transfot'lTIatio:n ,to express 

the square of the radiat:l:'on· e1ectric field in' terms of the 

laser power ~ensity w and em' ~n' th~ componen~s, of, the, ~~,ii 

pc1arization vector ê; therefore, 
'J 

xt~ = [ 754 p. ·/n ] x. ..... n.. 11, unn (15) 

and (16) 

where n ls ,the.appropriate refractive index. f 

Th~ measured open circuit voltaqe is th en 

'v = " 1. ' (17) 

,. 

. , 
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where the integration ~s carried over the i11uminated ~~rt 

of the measuring contactoseparation; thùs .the tensor • 

coefficient X, T or ·X·, T* c~n be ·ev~~ûated using Equàt~ons 

(14) and (17). When computinq ~he tensor components from 

Equation (l'), the effe~ts of the apprapriate finite radia~ 

tion ,absorption, and rnu1t~ple ref~ecùions at the sample 

surfaces .must bé taken- into account as fol1ows: 

(a) for longitudinal rneasur,ements '. 
It should be note~ that for measll~ements longitudinal 

• 0 

with respect ta the radi~tio~ propagatio~ direction, the 

power density W varies along the sarnple lengtb L as 

exp-Kx due- ta the finite radiation absorption èoeffici~nt 
"\ 

Consequently. for 1ongi~udinal measurements, using Equation 
1 

(14) and taking into ac·count rnu1tiEfle ,ref1ections. at the 

bounda~~es of the sample,. relatio~ ,(17) becomes 

* .... 

K. 

" 

(l-R)Wo(l-exp-RL) { T!jmn lem en Xirnn qj 
(18) Vi == + 

K l-Re>tp-KL l+Rexp-RL 
.' Li . 

where Wo is theuincident' radiation powèr density, and RiB .... 
If ,-

the reflection coeftioient at the air-tellu~ium interface. 

,(b) For transverse measurements , 
, 

, . 
In the case of signa'lé .~~'sur'ed transverse' to the 

radiation 'propagation direction, short sarnples are norrnally 
, ~ • ' J. ' , , 

used such tfiat the affect of :absQr~tion èit:ln be neglected and-

" " 

" 

. ; 
- '. 

" 

{r ! ~ 

J, 

'" ", 

• 
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(19) 

where d ls the 111uminated dist~nce between the electrical 

contacts. 

Thus O~e can see' fro~ Equa'ti'ons' (15) , . (16), . (18) r. 

ànd ,(19) that ev~n ,fo~ me~su~ème~ts ~hiOh involve in principle 

, ,the sàrne X or'T, the actual ma~nitude of the measured voltage 
" " ' 

can, vary, from sampl~ to'sample .depending on its particular 
, .' 

resist'ivity and contact sep'ara,tian. 

v't 2.'2 Eftect of Naturai Opt,icai Activity' 

~atùral optical activity is Fhe rotation of,the 

radiation el~ctric field polarization direction as the" light' , 
,~ • 1 

, . 

.' ' 

" ' 

.. . ;' 

~~avéis ,through a material, independent of birefringence 
. . - . 

~ .,! 

, . 

.' 

\ ' 

,effects if thé latter ex'1st. This effec't ia described' by .. 
'," ,-;;;J • 

" the quantity' oalled 'the. "ro-t;.ary' power" r. (in deg'rees per. mm) 

whiçh ls a ,function of the li9~t prbp,agation direction • .' For .. 
.. (l' ~ ~, • .' - ' , " \ 
~ight propagation parallel tri the optical axis, where clearly 

, l " • ~ 

. 1 . ',' , 
,nQ'b1refringence exists"th~ e~fect ~~ the +otary power re~ 

sults in, the rotation of line.~rly p~~a~ized Iight in' the 

Pla~~ per~n~icular 'ta the,op~ical or c-axis by r~' degre~s, 

, . ~ where z ls ,the distànce travellèd a.long. the c-axis in milli-
-J - • • '" 

metrea; on ,the other hand, for :li9ht' propaq'ati,ng t~nsverse 

- ,~ 

1· ~, 

, . 
" " , 

~ ,1 ~ , f • .. ' 
- '. 

~ 

". ~ .. ' -' 
" . 

,~. , 

• " r 

," 
f ," " 

\ . ~ . , , 

" 

" , 

• 
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tO,the optical axis, optical anisotropy du~ to the anisotropic 

refractive index in su ch materia1s as tellurium dominates 
- . 

the optical activity, which does not lead in this case to a 

rotàti~n of the plane~of po1arization, but produces small 

"changes in, the planes of polarization of the ordinary' and, 
, tt 

'extraordinary'~ays, {20}. 

T~us the effect or optical activity on 'the measured 

signals i8 considered relevant only for experiments w~ere 

0
1 the l.i,.g'ht propagation direction ls parallel to the c or 3-

axis. 

Considering now specifica~ly those measurements 
-

where the light prOParation is in the,3 or c direction, for 

longitudinal measurem?nts in the 3 direction {see Section 

IV. 2.4}, the induced electric field e, USltlg Equaeions (7), 

, '(14.), and Table 4b with i =' j -= 3 ,and corresponding1y 

m, n ='1 or 2, is found to be indepénden~ of the polarizatîon 
t , 

.... as, 

(20) 

(21) 

where E
2 = E~ + E~ is the magnitude of the radiation' e1ectr,ic 

field. It is cle'ar that in this case, optical activity can 
y 

have no affect'on the measured induced signal. 

" 

, 1 

"\ 

• 
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On the other hand, for measurements in a direction 

transverse to the radiation propagation direction j ~ 3, it 

will be shown that a typical.contribution to the total in

duced signal is of the forro 

(22) 1$ = 2 A El E2 = A E2 sin 2 e 

E 
where e = tan-l -1 is the angle of the polarization direction 

El 
with respect to the l-axis: 

Thus, if a linearly polarized plane wave is incident 
-

on a tellurium sarnplel of the geometry shown in Figure 12c, 

,such that the radiation polarization direction rnakes an 

arbitrary angle 6 0 with the l axis at the sample entry face, 

then", after propagation through a distance z in the crystal 

having a rotary power r, the angle of pOlarization e will 

become 60 + rz and the induced electric field given in 

Equation (22) ia motlified to 

t.(Z) .. A E2 sin 2(60"+ rz) (23 ) 

The average transverse induced electrtc field ov,er 

the thickness L of a sample in the direction of light pro

pagation, is 

1 L ' 
L { $(z)dz ,(24 ) 

Since for polari~ations perpendicular to the e-axis, absorp

tion rnay in general be neglected {see Figure S}, it follows 

that 

~."'-
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.. 
~ = A E2 sin rL" 
ca~ rL sin 2 (8 0 + rL/2) (25 ) 

For thin samples, i.e. where rL < 1 which will be the case 

in pur measurements, sin rLjrL ~ land 

e ~ A E2 sin 2(8 0 + rL/2) av 
/ 

(26) 

Thus it is clearly seen e effect of optical 

activity is to displace the(normal dep ndence of the measured 

induced signal on the angle of polariz by rL/2 degrees. 

VI 3.0 Mea urement of the Third Rank nsor Coefficients 

VI 3.1 Measurement of XIII' Xl22' X212 in Undoped Samples 

(a)~ Magnitude and temper~ture dependence 

The analysis of Section V 4.0' shows that, of the two 

independent third rank tensor components, only one, repre

sented by the equivalent matr!x elements XIII' X122' and X2l2' 

, ·can be measured Bepar~ly. It ia clear that sinée the 
~l 

signals,associated witH the third rank tensor coefficient 

~see Eq,:,ation ('!7)} are independent of the dirèc,~ion of pro

pagation, the measured electricàl signaIs are expected to be 

independent of the' direction of propaga,tion of, the laser 

beam and more specifiQaIIy they are expected to remain un- . 

changed as a result of the reversaI Qf the beam propagation 
l' 

4irection. It followa that the sample geometr,y shown in 

Figure l2c, with the laser beam set parallel to the 3 or c-
.~ 

axia, i. most 8uitabla for mea8urinq separately all 
• 
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three equivalent components where the measurement and 'polari

zation directions are specified {see Section V 2.0} by the 

indices of each particular tensor component. 

Figure 13 shows a typical variation of the voltage 
o 

and resistance, obtained in undopèd crystals, measured across 

the shown sa~ple contacts as a function of temperature. For 

the case when E Il 1 , the signal is clearly propo!'tional to 

the tensor component Xill t the pola7ity of the signal is 

found to be, as expected, invariant with respect to the re-
l 

versaI of the beam proPagation direct~on. 

Figure (13) for E Il 2 and Figure (14) show respecti
{ 

vely the corresponding results obtained in measuripg the 
, 

matrix "e1emen~s Xi22 and X2127 it _}s cles1rly sean that th: 

t.empèrature variation of the magnitude of the signaIs in af1 
~ 

>, these cases are similar as expected from equivalent third 
p 

rank tensor components. Also, the po1arities of the signala ' 

co'rr~apondingl respectively to Xlll and Xl22 are observed to 
• u 

be opposite ~n aign, as expected {r.efer to Se~tion V 2.0}. 

tt ia understood that the actualumagnitudè~ of the measured 
" 

voltages in each 'experiment depend on s~ch par~m~ters as 

sample and el~ctric contact geometries; sample resistivity, 

and incident radiation power density {~ee ~ection VI 2.0}. 
" 

'When a1l the rèsults are normalized to thé same conditions 

ot measuremeJit t,hey yield, from Equation ,(19),. ~ssen~ially 

equa1 m~9nitudes of xill' xt22' and X2l2 corr'espondinq to a 
-7 room temperature value of O.2S·x 10 cm/A. 

,t , 
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(b) Variation of the induced voltages with variation 

of the incident po1arization direction 80 

When the laser beam is linearly polarized in the plane 

perpendicul~r to the c-axis and thus ie propagating para1le1 

to the 3,or c-axis in a sample with the contact geometry 

shOWh in Figure 12c1 Equation (7), for the rectified measured" 

signal in the I direction, becomes, 

( 27) 

c 

Since from symmetry {refer to Section V 2.0} Xl11= - Xl22 == 
1$ , 

- X212 :: - X aM 'l'1312 =, T2311 = - T2322 ::: T, Equation (28) 

reduces to 

Similar1y 'for measurements in the 2 direction 

J~ • X E
2 sin 28 + TE 2 cos 28 

1 

(29) 

(30) 

'Figure 15 shows a typica1 ~ariation of the ~~asured 

signala on "the same sample corresponding to JI and J 2 as ~he 

polàrization direction of the radiation e1eetric fielq is 

o rotated about the e-axis. This meas~red po1a'rization 

dependenee of ihe induced signaIs c1early fo11ows clbsely ~he 

angular dependenee of the X terme in Equ~tions (~~) and (30), 

, . 

, 

.' 
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Othis implies that the contrIbutions to the ~easured signaIs' 

from the terme proportional to the fourth rank tensor com-

ponent T are relative1y small. In ,f,act, it is found that for-

the angles e = (2n + 1) 1T and 7T n I!= 0, l, 2 ••• '4 n 2' 
Equations ( 29) and (30) predict respectively that the con-

tributiôn of the fou~th rank tensor terms, if 
\ 

finite, 

would be maximum and correspondingly the third rank tensor 
p 

terms zero; since the measured induced signaIs at these 

angles are ~ound nqt to reverse their polarity with a re

versaI in the light beam propagation direction, it fa con

cl'uded that within experimental accuracy, the equivalent 

four th ~ank tensor components T2311 , T2322 which.correspond 

to the transverse photon drag eff~ct for the', JIleasurement 

con~itions speoi~ied by their indices, are esséntially zero. 

On the other hand, the shifting of. the observed 

111'axima and minima points from the angles of 0 equaling the 

expected 'values n JT/4 where n ::: ,0, l, 2.... is readily 

explained by considering the effec't of optical activity on 

the measured sigha~ as de~crib~d in Section VI 2.0. using 

the ~esults 'of the latter secti~n, Equations (29) and (30),,' 

~ ~hen modified to include the rotaJ;y power and ~liminat,in9" 

the negligi'ble ter~ T, y·iald the following expressions: 

.' JI. X E2 c6s 2(60 + rL/2) (31) 

and ... (32) 
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The shifting' in the angu1ar dependence, obtained 

from Figure 15, is about 15° whichyie1ds, for the samp1e 

thickness L = 2.5 mm, a rotary power of - 120 /mm which agrees 

favourably wit~ the optical activity data obtained in 
(l 

~ l ' 

te11ur~urn from independent measurements presente~ in 

Section III S.2. 

VI' 3.2 Measurernent of X111',.X122'" X212 in noped Sarnp1es 
• 

'A typical temperature variation of the resistance 

and induced voltage in doped samples corresponding te the equiva

lerit matrix e1errents XlII' Xi22 and X212 i~ shawn in Figure 16. It is 
~ , 

c1ear1y 'seen that the temperature characteristics of the 

measurernents are vastly qifferent from those obtained in the 

undoped samples {Figure lS} •. Furthermore the magnitude of 

this coefficient X~ in doped crys~als at room temperature is 

evaluated to be '0.7 x '10-7 cm/A, which is approximately 

three times larger than thàt measured in undoped samples. 
1 

VI 3.3 Measurement of Xl23 and X231 

The other inde pendent third rank tensor c~mponerit, 

represented-by the equivalent matrix elements Xl23' and X23l' 

will be evaluated following the presentation of the fourth 
,. . 

rank tensor coefficient measuremept, sinee as shown )~ 
l. 

Equations (l2) and (13), these elements a1waya appear in 

combination,with at least one four th rank tensor çomponent. 
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VI 3.4 Conolusions 

!'n summary, 1:he resul ts of the measurerneJ?,ts pr,esented, 

in ,this section, cléarly indicate the existenoe of, radiation 

induced electric signaIs which are generàted by an affect 

charaeter~zed hy a third rank ,tens,or' CO$'fficient; one ,?~' the' 

two inde pendent components' has been measure~ and found to be 
, , 

consistent with ,the symmetry properties of tellurium. In the 

process, it has also been established that the transverse 

photon drag effeot in telluriuJ)'\ for.' l~ght propa<;ation p,arallel 

to the a-axis is, witbiq experi~ental accuracY1 essen~ially 

zero. 

'VI 4.,,0 , Measurement of ;the fourth Rank Tensor Coeffic3,ents: 
". 

" 

The Phqton Drai Effect 
; 

'-

VI 4.'1 Introduotion , 

In' the followinq seotion the mé~sutement of the,fourth 
, -

rank, tensor"ooeffioients' whioh ~e$cribe the Photàn Drag 
f· 

, -
effect will be presentedl in partioular the magn:f.tude· and the 

t~mper~turé' vari'ation of the induced. vol taqes aris1ng from 
, , . 

the' c~e~ficients,which were previously {sée Section V 3'.O} 

dlassified int:p Set.a l'~ 6, wil1,be investiga,ted. .' ' .. 
It was found that in: the cour~e of t,he8è~easure-

ment., fast 81qnals frqm a source Qther than thé photon draq 
, . 

affect and that oharacterized by the c:oefficient'~ m~y allo 

, ~." 

" ., 
7' r,;~ :.,'. ... , 1 f ~~~>'i.'!r".IIk~~.t..~lit:'t.f1t!4t:fn:-:r 
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apvea~1 in the following sections Auch signalai whèn present, 

will be identified, but ,their detailed' discussion will ~ 

undertaken in Section yI 8.0. 

o 

a 

VI 4.2 Th~ Fourth Rank Tensor Compopents of Set l, T2233= TI133 :' 

The Longitudinal Photon Dras: SignaIs wi th E Il c 
/ 

VI 4. 2. 1 Measurement in undoped samplè's' 

The inquced voltages'werè obtai~e'd on rectangular 

samples {Sè~ Figure 12s} in which the long ~imenBion was , 

appropriate1y oriented either parall~l to the 2' direction 
, j l " , 

for mea~uring T 2233' or paral).el to ,:~h~ l direction to ofltain 
\ 'Ü t ' , 

T1l3 '3' A typical,< temperatu~e variation of the measured 

vol tage, corresponding to 'the indu'q,ed' slgnl1 ~s sociat~d wi th 

the lo~gitudit'lal fo~.rth rank te~so~ cQfl\ponent T223~ or 
, " ';Ir , , 

equivalently Tl133 , and t~e sam~le 'resistance in undoped 

t~lluriumi is shown ~n -~9ure ~ 7., '. ~ 
, ' 

"The p61arity of these signals corresponds to a 

generated shott circuit current in the direction of light 
, , 

propagation, thus a reversal'ln th. ~a8ërhbeam propagation' 

directio~ reaul~~ in a,reversal' ih the PQ1~rity lof the 

moni~ored voltage cortBiatent with the expected behaviour of 
,.~ ~.. f 

the "photon drag 'ef,t'èct. It ,rnay. be. noted that the "ariati,on 
, , , . 

Qf bath the photon ~~ag sign~l and th~ samp1e ,r~si8tance 

wi,th temperature are-,initiali~' is1é~t1~al aa the ~e~Pérature 
l " '. l' , 
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b) sample resistance in undoped rnaterial 
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is lowered below 300 K. At room ternperature, these measure-

ments are clearly equival~nt, with identical results, to the 

prelirninary observations presented in section IV 3.29 with 

-E Il c. For samples of more th an 5 mm in length, the 10ngi-

tudinal open circuit voltage wi th E Il c at room ternperature , 
i9 consistently found· to be 10 rnV for an incident power 

density of l MW crn- 2 : this responsivity, using Equation (18), 

* * -7 leads to a value of T2233 = Tl133 = 0.85 x 10 cm/A. 

VI 4.2.2 Measurement in doped samples 

The variation with temperature of the generated 

longitudinal photon drag signal and of the corresponding 

sarnple resistance wi th E Il c in extr insically doped p-type 

samples, is shown in Figure 17c,d. Clearly it i8 seen that, 

in comparis0n with the corresponding signalR induced in 
, f ' 

<,",,' 

dOpèd intrinsic samples, the generated voltage in extri 
!) 

~allY doped sarnples is relatively constant over the enti e 

temperature range. It ~hould be noted, however, that fo 

both undoped and doped samples~ Figure l7a and 17c respect-
~ ~ 

ive1V, show a noticeable increase in the rneasured volta~es 

at the sarne temperature o~ about 220 K. The magnitude of the 

generated longitudinal voltage for E Il c in our extrinsi-

cally doped telluriurn crystals is found, at room temperature 

to be slightly lower thah the corresponding measured signal 

in undoped samples; Ti233 = 
to be 1.1 x 10-7 cm/A. 

L 

T~133 ia evaluated in this case 
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VI 5.0 The Observation of an Additional and 

Unexpected Generating Mechartism 

VI 5.1 Introduction 

At this point, the existence of an unexpected signal 

source, which also reproduces faithfully the laser output 

pulse, must be reported as it is found to appear in many of 

the further measurements to be presented in this chapter. 

The various characteristics of this unexpected signal are 

observed best in transverse rneasurements with the light pro-

pagation direction being parallel to the 2-direction. Thus 

in the following paragraph a series of measurernents are 

prescribed which estab~ish definitely that in the observed 

signaIs there exists a contribution from a mechanism other 

than the fourth rank and third rank tensorial effects. This 

mechanism will be further investigated in Section VI 8.0. 

VI 5.2 Measurements With the Light Propagation 

in the 2-direction 

VI 5,.2. 1 Measurements in undoped samples 

(a) Measurement in the 3-directioni 

polarization in thé I-direction 

The attempt tQ obtain in undoped samples the induced 

signa~ 'corresponding to the transverse fourth rank tensor 

, ,~ . 



1 
( 

t , 

1 
1 

1 1 
, ~ 

--". ... , . , 

,,' _________ ..--_____ ...... ~ ... Jh6 ,. ... .,.. ~ ____ _ 

82 

T3211 of Set 5, using the sample geometry shown in Figure 12d, 

results, in an observed voltage whose magnitude varies as a 

function of temperature according to Figure 18. It is 

established, Most importantly, that this generated electrical 

signal does not reverse its polarity with a r~versal in the 

laser beam propagation direction; thus this signal can 

definitely not be attributed to the photon drag effect. 

The magnitude of this signal is seen to increase 

rapidly by several orders of magoi tude as the,! temperature i9 

decreased from room'temperature to approximately 125 K, after 
~ 

which the magnitude becomes relatively constant down to the 

low~r tempe rature limit of the cooling apparatus. The 

general ternperature characteristics of this induced signal 

i8 distinctly different from. the third rank tensorial and 

longitudinal photon drag signaIs described in Sections VI 

3.la and VI 4.2 respectively. For completeness, measurements 

were also performed for the remaining combinations of measure-

ment and polarization directions that are possible for this 

samplè geometry. 

(b) Measurements in the 3 and I-directions 

with polarization in the 3-direction 

The measurements which were'performe~ on the sa~ 
u 1 

and other identically cut s~ples for the conditions des-

,. cribed by the fourth rank tensor component index combination 

3233 and 1233 {see Section V 2.0}~ revealed similar signals 

, . .-
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ot the sarne polarity; in these me~surements where the liçht 

is polarized parallel to the c~axis, the induèed signaIs at 

low temperat~res are found to be four or five times larger 

than those generated with E 1 c, see Figures 18 and 19. 

It is noted that these signaIs appear .ln conditions 

where the combinat ion of measurement, propagation, and 

polarization directions require that, from symmetry con

sideratiohs, both the corresponding third and fourth rank 

tensor components such as X333 , T3233 , Xl 33 and T1233 be -

identically zero {refer to Table 4b}: therefore, it can be 

definitely concluded that the presence of this signal is due 

to an entirely different and additional mechanism which cannot 

be sirnply characterized'by either third or fourth rank, 

tensorial behaviour. 

(c) Measurement and polarization in,tife l direction 

This combination of rneasurement and p~larization 

directions is expected to produce signaIs proportional to 

the third rank tensor coefficient Xlti while the corresponding 

fourth rank t~nsor coefficient,Tli11 is identically zero,-

~:::r:a::e f::1
• E ,lin ~t:e ~:s:~::~:.:n:s f:::::!:::~s::-:o: 

,temperature which remains at first essential!y constant as 

the temperature ia lowered, then, decX'ea'aea in magnitude t , ' 

eventually passes through zero, revérSes its polarity and 
, r, 

subsequently increases once again to a relatively large magnit~de • 
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It can be easily surmised that, originally near'roorn 

temperature, the observed signal is the one~hich is associa-

7ted with ~he effect described by the third rank tensor com-

p~nent XllI' as expectep from Table 4b; but as 'the tempera

ture, is further decre~s~d, ~ different signal of opposite 

polarity dominâtes the total response. In fact, a careful 

examinatioft of the resui te, shows that ,the observed signal, 

,in this case~ 'ia the algebraic sum of two differ'e*' signaIs, . 

on~ of which, c6,r~ésponds to the mechanism describe'd by the 

'th,ii-d ra~k tens<?ri~l coefficients. When the temperature 
, '.t 

be~av,iour of the' mâgnitude of t~e si.gnal associated with, the, 
, l , f.. ....... .' , 

" . 
expeè'ted c~ritpç;;ne:n.( ~'1111 or iginally estab:ti$e,d, in the' , A • 

, ~.' " ~ \ l' ,4' , ..... ,~, \, 

mee.sure~ellts ,wl th ",t,he :1 a'ser 'beam propaC? a t-i~n \±1\f J,,~h.é ,j-dir,~'Gt;.:~O?.;. 
t ,1 "'" .... t ~ , '\ ' ... 

{see Section VI 3. O'}.,.' ls subtracted froin, thïs ~ p1;-é'Sént ·''C~~1ex 
~ '1 • 'L ' ; ."~ " fi. 1 

signal, the resultinq 's'ignàl"s ~èmperature chara<;:teristic 19 
" -~ " . 

clearly identical. te the, one, de'scribed iri t'he previous para-
"'." ~ 

, . 
graphe and Figure 18, or ,F~"gure 19 f,ol:' ~ Il 3 • 

" 
. , 

.' 

les 

For tne transverse measurernents with the la$er bea~ 

propa~ in '~he 2-dLrection
,
in d?p~d 'samp~, jO evidehce 

of the large adq(t~onal and unexpected signal i9 observed at , \ . , 

any tempera~ure for 'aIl the combinations of me~surement and 

polarization d;:ections. The only finite signal i$ observed 

under the condition associated wi th the component XI .Il ; itt~ 

" . 
T '-:''a 

l' 

'i 
i" 
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m~lnitude and t mperature behaviour ia ~dentical as expected 

to :the c~rresP01ding measuremen.ith the light propagation 
1 

di, ctiQn in th's case in the 3-direction, described for 
,--

do , d samples i Section VI 3.2; this confirms that the third 

ranr tensors co 

prO~agation direction. 

are independent of the actual light 

1 

Having introduced and established the existence of a 

third generating mechanism, the experiments performed to 

obtain the remaining fourth rank tensor compbnents are now 

described. 

.. 
VI 6.0 The Fourth Rank Tensor Components of Set 2 

VI. 6.1 onent ~JLL 
t , 

bh 
l'Photon Dra The Lon 

This longitudinal measurement was performed on samples 

with the geometl/'Y shown in Figure l2a in which the long 
l , 

dimension is up:to 1.7 in lëngth and ia parallel to the 
1 

2-dl.rection. 
\ 

with an inciden 

.' , . 
,.-

... 1 
power den,si ty of 300 ,KW cm , the 

1) LlI!A";,1 
, , ' .. '" 

magnitude of the induce voltage correspondin9;i"~O T221l ,' ~h'e' 

only fourth rank tensor component of Set 2 whic~ ia measur~ble 

separately {Section V 4.0}, ia found at room tempetature to 
0\\ 
be belo~ 50 uV, the lower limit of the experiment~l measur~-

i 

mènt capability. At tempe ratures below approximate1y 250 K, 

only apurions signals were observed; they are considered to 

",' 

J ... ~. ,_ .... __ .:. '_ _., 
~.. , . 
#,'., .. ~ ... ' - . ~ > 

" 

\. 
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~ ~ 

origi~~te in part from fractional contrib~tions from the 

large signals associated with the components T2233 , X212' 
, 

and, in undope~ sample&, particul~rly from the additional 
. 

signal described in Section VI 5.0, all of whiéh may appear 

due to the unavoidable sample, measurement, propagation, and f 

polarization dir~tions misalign~ent, in an actual ~xperi~ent, 
with respect to the true crystallographic axes of the 

tellurium crystal. Is is thus evaluated that, at room 

temperature where K :. O.~{cm-l, T2211 iSfJless than l.S'x 10- 9 

t 

cm/A for both"intrinsic and extrinsic samples. 

VI '6.2 The LongitUdfnal Component Tl122 

VI 6.2.1 \M~asurernent ~n undoped sam es 

. . , . 
Wh en using the measurement itions'applicable for 

, , r , 

obtàining the other eq~iva1ent compon nt Tl122 of Set 2, 

Equation (7) and TapIe 4b predict th~t the' induc~d signal 
• 1 

has, an additional oontribution from the third rank tensor 
\ : 

component X122 ' In ~adt, one observes a 'relativelYelarge 

signal whiqh d~es ~ot reverse in po~arity with a reversaI in 
, 1 • 

. the light propagation dire-cti?,n; fUfthermore, ~ ts magnitude 

is consistent.wi~ the measurementJ of-the X122 component 

described in Section VI 3.1 where the measuremen~ of this' 

component was'obtained with the laser beam propagating in 

the 3~~irection. ~onsequentIy this ~gr~ement confirms that 
:: .. (II t 

~i~hin experiment~~~~~curacyl the longitudinai Phot~n ~ag 
, " 

. ~ . . CI 
•. "~""" ..... ~ ._ .... ~ ....... * ....... ~_'_ •• __ ,~. __ ~ __ O ___ ~ ... _ •• _· .. __ ,,_ •• ~o'~ "_ .~. L.. _ ..... !-.~ .. , _,I __ .~_.~ .... _._". -.~~ . .ri_.-, •• _ ........... _ '0-'-' , , .. -__ •. 
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effect in the 1 and 2 directions wi th polarizations E 1 c 

is negligible. In addition,~this measurement further ·confirms 

t!.he fact that the induced sig'nal due to the third rank ten~or 

coefficients is independant of the 'light prQpagatiofi direction 

and depeBds only on the measurement and polarizat~on directions. 

VI 6.2.2 Meas~remept in dop~d saœPles 
,. 

. 
The longitudinal photon drag sig'nal corresponding to 

the tensor component T~122 in doped samples 18 found to 'be 

completely masked by the large signal generated by the affect 

1 characterized by the third rank tensor coefficient X122 # 
('"\ 

'this fact prohibited the determination of the magnitude of 
1 

, 1 
ri· 

VI 6.3 The Fourth Rank Tansor Components of Set 3, T331l= T3322 
, ' 

VI 6.3.1 M~asurements in undoped sam~1es 

The equivalent fourth tensor ~omponents T331l and 

T3322 of Set 3 correspond -ta 10rigituci'lna1 ,sirnals ,measured . ! 
along the 3- or c-axis .wi th the radiation pol'ari2:ed perpén-

. 
...< 

dicular to' the è-axis. Experimentally, no signals which' 

could be attribute~ to the ph~ton drag effect'were obs~rved 

in ~9ped crystals over the entire temperature range: ~ '. , . 'j.' " ' 
HOWèvër, spurious s'ignals were observed which '!'7ere sensi-

• 
tively dependent on tbé ~xac~ alignment of the sampie relative 

ta the incident laser beam and thus werè ctnsidered as 

• 

.. 



. (' 

, • # Il 

• 9d l 

remnants of the other larqer s.i,gnals previous,ly des'cribèd. . . 
,. 

~ Thus within experimental accuracy and for undoped crys~als' 

'f,. 

If 

o o 

, -_..... '--~--- t-

. . '" *. the components T3311 and T 3322 are estimated to be be1aw 

1. 5 x 10-9 cm/A. 
o 

dt' 

VI Measurement in doped samp-1es , 

In a doped sample, a fini-te signal was ob~ained 'wbose 

magnitude variation with tempe rature i8 shown in Figure ~O. 
, , 

It ia'seen that the magnitude of the siqn~l is fair1y constant 

over the entire temperature range. At room tempe rature with 

Wo = 330 KW cm-2 , the induced .voltage i8 fo~nd'tp be 0.7 'rnV; 
~ J ~ , 

in this case' K = 0.21 an-l, R = 0.43, ther~fore Equation '(19) qives 

Tl3ll = 0.4 x 10:
8 

cmlA = :3322" 
o 

. 
IV 6.4 The Fourth ~ank.Ten~or comppnents of Set 14~ 

11" 

In both undoped and doped samp1es, the three'equiva

lent ... tr~sverse fouith ,rank tensor elements of ~et ~, T2311 ,-- -

T2~2' T1312 , were fQund in the proc~ss of-measuririg the 
)1 

third ra~k tensor co~ponents X212' ~lll' X122' as described <, 

in Section vr. 3.lb, to bè, within experiment:a1 accuracy, " 

~s8entia11y ze'ro. 

.' -

VI 6.5 The FOur th· Ra~k Tensor cômeonents Of.set 6 .~. 

As stated in SectiOns V ~. Od and V 4.0', the two· c1m:. 
p~fients of Set 6, Tl123 and Ti2~1 always'appe~r in a line~r 

" 
'If , 

, , .. . 
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combination with either another fourth or third rank ~ensor 

component and thUs cannot be m~a,ured separately, but can 

only be obtained, in principle, ~y taking differences of at 

least two sets of measurements. 

In the case of the element T1123 , the simultaneous 

presence of the signaIs originating from both the large éom

ponents Tll33 and X122' account ~ompletely for the obtained 

response~ on the other hand, one observes only the expected 

contribution of the XlII component when attempting to measure 

T1231 " Thus within experimental accuracy, the two components 

of Set 6, Tl123 and T1231 , are estimated to be zero in both 

undoped and doped crystals. 

VI 7.0 The Third Rank Tensor Components X123 ' X231 

AS shown by Equations (12) and (13) in Section V 4.0, 

both the equivalent matrix elements X123' X231 of the second 
, 

of only two independent third rank tensor'components, always 

appear, in appropriate measurements, in linear combination 

with signaIs originating from at least one fourth or the 

other third rank tensor component. When attempting to 

measure signaIs du~ to X23l' it is found that the contribu

tion from the fourth rank tensor comRonent T2233 dominates 

entirely th~ response; while in the case of Xl23' both.the 

T1lèJ and X122 compohents affect 'the total 

Within experimental accuracy, the X123 and 

measured voltag~. 

equivalent 
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components are evaluâted to be of zero magnitude fo~ both 
, 

doped and undoped tellurium crystals. 

VI 8.0 The Spurious Law Te~perature Signal 

VI 8.1 Introduotion 

The experimental results presented in Sect~on VI 5.0 
c 

clearly indicate the existence of a third mechanism by which 

the radiation generatès a fast emf in tellurium. We now 

present the observed characteris~ics and hehaviour of this 
Il 

additiQnal and originàlly unexpected effect, called from now 

o on the spurious signal, as a function of the direction of 
~ 

mèasurement, radiation'polarization and propagation; the 

magnitude variation with temperature will also he presented. 

VI 8.2 General Characteristics 

II The emf induced by this third mechanism is within ex-

perimental accuracy instantaneously ang linearly related 

to the laser radiation pulsed output powe~. 

2) It must he emphasized that ,the magnitude of the spurious 

signal differs from sample to sarnple; the magnitude at 

low tèmperatur,e r~es from essentially zero to in excess 

-2 of 3V/MW cm depending on the sample used. This 

variation in magnitude is i~ sharp cbntrast tQ the case 

of the photon drag effect and the third rank tensorial 

J 

,1 

" 
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effect bath of which give consist~nt result$ in ,aIl 

samples. 
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3) It is always found, on the other hand, that the magni-

• Il 

tude of the spurious signal is large st at low tempera-
1 

tures and has always the temperature dependence shown 

in Figure la, i.e. its ~agnitude starts from essentià-

lly zero-and increases rapidly by several orders of 

magnitude from room tempe rature down to apptoximate1y . 
125 K, below which temperature it becomes ~el~tiv~ly 

o 

constant. 

4) The polarity of the induced signal does not invert,with 

a reversaI in the direction of light ~ropagation. 

5) For a given measurement and propagation direction,: the 

measured voltage for radiation polarized paraI leI to 
',' 

the q-axis is always 4 to 5 times larger than for E lc; 

the polarities of the generated emfs are 'identical for 

both pOla~izat\On~. 

6) In doped crystals, the signal' has essentially net been 

observed. 

""', VI 8.3 Variation with the CrIstal Orientat4on 

Relative to the Inc~dent 5eam 

The results from the complete set of measurements, . 

consisting of a11 the combinations of directions of measure

ment, polar(zation, and propagation a10ng the major axes of 

1 1 
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the crystal indicate that the behaviour of the spurious 

signal cannot be characterized by a tensor of any rank con-

sistent with the symmetry properties of tellurium. In 

addition, experiments performed on different samples of 
-

identical geometry and orientation with respect to the laser 

beam, do not necessarily 

We report in the 

produce similar results. 

following paragrap~ the observa-

tions recorded concerning the dependence of this spurious 

low temperature induced signal on the orientation of the 

crystal sample relative to the incident beam. 

1) With the sample geométry shown ln Figure 12d, in ~hich 

the laser beam ls propagating paraI leI to the 2 

direction, a substantial induced transvers,e emf has 

always been observed in all samples for measurements 

made Along the l or 3 directions. ~he signal, as 

stated ear~ier, is preferential for polarizations 

parallel to the c-axis. For a usual contact separation 
~ , 

of 5 mm and with an incident power density of 120 KW cm-2 

the transverse méasurements wi th E Il c at températures 

lower than 150 K resulted in a voltage signal varying 

from 40 to in eXCéss of 300 mV depending on the sample 

used. 

2) On the oth~r hand, using a similar sample geometry in 

which, in this case, the radiation i,s propagatinq along 

the 1 axis ànd the transverse em'fs are measured in 

" r 
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either the 2 or 3 directions, sorne samples have exhi-

.bited signaIs while others have note The measured 

voltaqe on the different samples have ranged from 

essentially zero to approximately 5~. In a number of. 

these cases where finite emfs hav~been observed, th; 

magnitudes are found not to be linear functions of the 

incident power and furthermore, in sorne instances, the 

monitored pulse is very structured {refer Section IV 1.2} 

indicating perhaps that only a small area of the sample 

is active in producing the induced signal. 

3) This spurious signal has not been observed when the 

radiation propagation direction' is in the 3 direction, 

4) 

i.e. parallel to the c-axis: for this propagation 

direction, in the case of transverse measurernents, only 

the signal with the third rank tensorial behaviour is 

observed as reported in Section VI 3.0 and whose temp

erature dependence is shown in Fi~urei13; on the other 

hand, in longitudinal measurements, at lo~ temperatures, 

signaIs that do not exceed a few mil~ivolts and which 

cannot be identified with this spurious effect, are 

monitored; therefore, it is considered that the spurious 

$iqnal i8 essentially ,not induced when the" radiation i9 

propagating parallel to the c-axis. 

\ 
This spurious signal appears a190 in conjunction with 

1 

other signaIs found in longitudina~ measurements alonq 
') 

1 
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the 1 or 2 directions with the radiation polarized both 

parallel and perpendicular to the c-axis. The above .... 
,",--

conclusion has been arrived at due to'the following 

observations: 

a) In the case E Il c , occasional1y the temperature 

dependenc~ of the measured indueed voltage across 

the sample is observed to be as shown in Figure 21; 

'the two .sbown curves fromexperimental ,points are 

obtained by illuminating in turn each of t'he two 
. 

ends of the sample •. It is seen that the two sets of 

results, corresponding respectively to radiation 

propagation in opposite directions, ~emonstrate that 

within approximat~ly 60° of room ~emperature, the 

measured voltag~~ are of equal magnitude but of 

opposite polarity; then as the temperature is furthet' 

lowered" one siina continuously indre~l!es in magni

tude, whilst the ther decrêases in magnitude passing 

th~ough zero, a d finally increases once again, but 

with a'reversed polarity. 

The temperature at which one of the signaIs 

reverses its po1arity varies from sample to samp1e 

from as h!gh as 250 K to lower than our lowest ..... 
temperature of measurement where no such assymetry in 

, , 

the measured signal for the two ends of samplé is ... 

observed as i8 ~een in Figure 17a. / 

r • 
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1~3~----~~/--~--~~--~----~~ 
4 5 / 6 7 8 

Figure 21. 

1.000/T (deg K ft 
Temperature Dependenee of the Combined photon 
Draq and Spurious Siqpal. 

a - eorr~sponds to light prdpaqating in a 
. qi ven di.rection, and ' , , 

b - çti~r~spondS. t~ the i::è~erse d,irection:' 
, '/ arrow indl:cates s1g1)a1 polari ty inversion 
" . / for this li~ht propa9~tion direction. ' 

c' - ~lgebraië sum' of curves a and b. , ..... . 
d - alg~~raiC difference of curve$ a and b. 
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In order to facilitate the interpretatton of 

these results, the sum and difference of the two sets 
1 

of experimental points in Figure 21 are taken-and the 

corresponding results are represented respectively by 

the two 1ine curves in the sarne figure~ By inspection 
./ 

, .i 

it is 'clear that the measur~d signaIs are'composed of 

two separate signaIs, one reverses its polarity with 

a reversa! in the propagation direction and is the 

. 'expectèd photon drag signal characterized by the, 

equivalent fourth rank tensor cornponents 

T;233; ~he other signal is independent of radiation 

propagation direction reversal and furthermore has a 

temperature dependence identical with that of tHe low 

temperature apurious signal (see Figure 18) reported 

in Section VI 5. 

b) In the case of longitudinal measurernents with' E l c , 

the spurious signal is observed at the low ternpera-, 
tures, with amplitudes that vary from essentially 

zero to approximately 40 millivol~s depenping on the 

sample measured. When the longitudinal measurement 

is made in thel direction, the spurious signa 

appears in combinatlon with the expec.ted 

br ~he mechanism characterized by the tbird 

tensor component X122· 
" 

, . 

'. 
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VI 8.4 Dependence of the Signal on Sample "Aging fl 

",(off 
In many cases, it ls important to note that the 

".~~, 

100 

spurious signal is observed to increase in magnitude ~fter 

the tellurium sample under test has gone through rep~titive 
\ 

coo1ing cycles, called berewith "aging". The ~~ging" pro-

cess i9 characteri~ed in our experiments by a noticeable 

increase in th~ sample resistance, normally in the order of 
. .... 

a ten percent changé for eaèh c'ooling cycle. This effect 

has been also previously reported by Caldwell {33}. During 

•• aginq" , 
, . 

it is believed that non-unifo~ thermal expansion 

Or contraction of the sarnple probably introduces internaI 

stresses of sufficien~ magnitude to incur defects and or 

dislocations in the relatively weak tellurium crystal 

structure which lead to a decrease in the carrier mobility 

and even, in extreme cases, we have observed the presence 

of visual minute 'fractures or cracks in the sample. 

VI 8.5 Discussion and Conclusions Concerning the 

Low Temperature Spurious Signal 

We have presented in Section VI 8 a set of careful 
{' 

experimental observâtions and hence the characteristics of 

the unexpected signal which is considered to be spurious in 

nature since its occurrence and magnitude for the sarne 

sample measurement geomêtry, vary substantially from sample 

to sampie. 

" 
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The main features of this spurious signal are that 

it has been observed only in undoped telluriùm samples; its 

magnitude is largest at temperatures below 150 K being 

essentially zero at room temperaturei the signal ia pre
~ 

ferential for polarization E Il c. This signal is always 

prevalent in transverse measurements having the radiation 

propagation direction parallel to the 2-direction, whereas 

its presence is not apparent for propagation direction along 

the c .. axis. 

. 
Attempts te charaoterize or assoeiate phenomenologi-

cally this signal with a third or fourth rank tensorial 

fails sinee it appears in many situations where the 

effects are ex~ected to he identically zero due to 

etal symmetry conditions. Furthermore, this signal cannot 

e related to any of our measured third and fourth rank 
-if. • 

tensorial effects, since its temperature dependence is dis-

tinctly different from the latter. ln fact, in sorne in-
. . 

stances, as shown by Figures (19) and f21), it has been shown 
t 

that this apurious signal appears in,combination with the 

expected third and four th rank tensorial amfs. Also, our 

res~lts for this emf do not fit phenomenologically the 
, 

tensorial behaviour of fifth rank tensor coefficients, nor 

the two and three step processes involving third and fourth 

rank tensor coefficients, 9llCh as wobld'be àssociated with 

the physioal mechanisms dealt with in References {34} and {35}. 
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It is important to no)? t~at this low·temperat~re 

spurious signal was often o~served to appear in samplés, 

which orig inall\ did not exhibi t,.,such a signal, af.ter they'. 
, 

w~re subjected to a déUllàge mechartisrn such a~ co01ing and 
" ?: 

heating cycles; the latter a~, ~nbwn to introduce in the 

relatively weak teIluriurn single ~rystal structure, inte~nal 

stresses and consequently dislocations and defects which 

manifested themselves by an obsetved sample resistivity in-

crease as weIl as, by the appearance of microcracks in eXtreme 

cases. tt i9 therefore concluded that it is most likely that 

the signal results trom crystalline imperfections in the 

telluriurn single crystal structure. 

VI 9.0 Conclusions 

In this chapter we,have presented the results of a 

comprehensive set of measurements designed to obtain the 

expected third and fourth rank tensor coefficients describirg 

respectively the optical rectification and photon~rag emfs 
• 1 \ 

irtduced in tellurium by TEA CO2 laser pulsed radiatio~. In 

the process, the existence of an unexpeqted low temperaturo 

spurious signal has clearly been established and its 

characteristics described. 
, 

Specifi~ally it has been found, that for the photon' 

drag effect, the only tensor cornponents of significance are 

Ti133 ~ T;233 which in undoped and doped crystals, at room 

" 

• 

7 
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.1 

temperature., arérespective1y equa1 to 0-.. :85 x ~O-7, cm(A and 
• 

1.1 x 10-
7 

cm/A. ~n the ca~e of the third rank tensor 

*' * coefficient, on~y t e equivalent componènt~ x122 = ~2~2 = 
-.xili are large ànd, at room temperature, ~ave the magni-' 

tude of 0.25 x 10-7 cm/~ and 0.7 X 10-7 cm/A in undoped and 

doped tellurium crysta1~ ,respectively. 

j' 

: ,.' 
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TaE SIGNAL WITH THE FOURTH RANK TENSOR,BEHAVIOUR d 

THE PHO~ON DRAG EFFECT IN TELLURIUM 

L 

VII 1.0 -«:ntroduction 

When radiation is absorbed by free carriers in.a 

semiconducting material, photon momentum as weIl as energy is 

transferred to ~he free electrçns and holes consistent with 

the prinCiple of conservation of energy and,momentum dur~ng 

Jhe ,interaction proces.. co~sequently the ~ir;ctionality of 

dhe photon beam frpm a laser sou~ce caus~s the system of . 

electrons of the radiation absorbing semicopductor te acquire 
.Y 

tJranslatienal mo~ion, rel,ative ta the crystal lattice which 

results in the so called "photon drag" signal in tl)e form of 

a flow of electric current or the genèration "of a v~tage 

under short or open circuit condition r~spectively. As this 
;'1' 

effect is' directly proportional to the photon rnomenttlm, the 
, , 

photon dràg signal inverts its polarity with a reversaI in the 

direction of -propagation of the" laser beat;n, and this unique 

feature is used to distinguish it from other possible competinq 
\. 
• signaIs generated"concurrently in the ma~erial {see Chapter V}. 

The phenornenological behavi?ur of the photon drag 
) , 

effect as a fou~th rank tensor ,was presented in Chapter Vi in 
, , 

Chapter VI a series of carefully performeq experimental 

observations have allowed, the measurement of the actual 

..... '_ 1 
- - • ~L ~ ~ f - ,~ ~, 1 

• 

1 

1 
1 
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magnitude of this signâl in tel~urium, as weIL as'itsvaria-
. i' 

tion with diffe~ênt p~ysiêal patamet.ers associated with the 

samples'under investiçation. 
. ' 

. ~,. , , 

In thf present cha~ter a ,Q~t~ile1t an'a.lysis' of ,the 
, ,. ., ~ L r 

diff~rent physlcal proce~s,es' involv~d in . the generation of 
i ~ . 

the photort drag 'si9'l'lals i'n tê.llur ~um will,):)e presented; .. ,this 

W'iil allow the discu;ssiorl later ~f tthe experimentaily observe,? 

o ,res~lts and to derivel fro~ the latter, infot:tnation on certain' 

t'el'Ê!'V'ant physic·al pa.;ratneters·. i~ bellurium.." 

VII 2.0 General Remâ:i:is. .. 
,/ . 
The p~9ton·4rag ~ffect'results fro~ an interaction 

" , 

bet~een the photons in the' laser_be&m,and the Irae carriers 
,. 

in the s~miconductor. corre~ponding to, a photon absorption 

process;. ,thus the exact' nab.u~e and type 'of absorption l,s ex-

pected to be important in d~termining' the magnitude and • , . 
benaviour lof' the photon drag signal. Absorption of ph~tons,. 

in gene~al, oc~urs as "a'result of photon en~r9Y induced 
l ' 

electroni~ direot interband transitions as weIL as indlrec~" 

int~aband tra?sitionS1 in genera,l, it has been phown. that a, 

'1 

. , , 

~ 'photon drag signrl can arise frOID any t~?e.of. photon induçed 

eleotron transitio~s such as, either' elechroh {3.6} .transitions , ' 

, .' 
across the'energy band gap of,a ~emièonduètor, or; 

. absorpti~n due to the ioniz'aiion of deep' impuri ty cen,ters' {37}; 
t , ,~. • " • 

however, the ph'oton drag effect is only attractdve as a",' 
" t" , 

~detectiQn 'n'iechan,ism .for relati'vely long ~avelengt~, shd:r;t /',: .. ' 

. " 

. ' 
.' 

" ,: ,; r 

", • 1 

'" ,:, \ . .,; " ... , ,,-,', ~ ~ , .' . 
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~ . 
l t durat~on laser rtidlat~on pulses, this lS why this work ~n-

~ 

'" vest1gates the consequences of absorptlon of sub-band gap 
" 

f-

r. energy photons by free carriers wh€re only intervalence band 
f. 
f 

f 
f 
~ 

The develgpment of the theory of the photon drag 

or lntraband transitions are dominant {~e Section III 6.2.2}. 

effect in a semiconductor such as telluriurn under excitation 

by a sub-energy gap photon heam will be presented in this 
i' r 
f 

chapter by three consecutive steps: The·macroscopic description 
• t 

of thls effect w~11 first be summorized ln order to specify 
1. , 

the important parameters governlng the magnitude and behaVoiour 

of thl.s effect; then a simple microscopic t~atment· is given 

where the basic el~Gtronic transitions are described in 
~ .. 

detail. We note, that treatments, equivalent ta the level of 

our simple microscopie theory, have been developed concurrently 

with our work by other investigators {38}, {39}, {40} whose 

derlved expressions de pend on often conflicting assumptions 

such as equal llght and heavy hole mome~tum scattering times " 

{38}, or vastly dlfferent scattering bimes {391, ns weIl as 

restrictlng the photon enerqy to an exact equality wlth th~ 

enfrrgy separation of the valence b?nds (401. Our analysis, 

however, ls general with re?pect ta radiation wavelenqth, 

carri~r scattering time, and band energy separation. Finèl lly, 
) 

a rigorous mathematical derivation of the photon drag current, 

applicaBle to tellurium, is presented for the first tlme 

based on the solution of Boltzmann's transport equations, 
, 

wherc the exact formulation of the absorption and carrier 

o 

." . 
• d 
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momentum scattering processes are taken into account. 

The three successive stages.of increasingly detailed 

analysis of this effect constitute a self consistent develop-

ment of t~ theory of the photon drag effect in telluriUffi. 

VI l 3. 0 A Hacroscopic Al?proach 

~ 
The photon drag vo1tage, which is induced in a semi-

conductor due to the transfer of photon momentum te the 

electrons and holes, has been derived by.MO~5 {4} from a 

macroscopic point of view without considering thê exact details"' 

on the interaction process between the photons and free charged 

carriers. This analysis takes lnto account the effects of 
~ 

diffusion and the generation and recombination of carriers. , , 
,~ 

Fbr laser pulses shorter than the carrier recombination' 'time 

(a few microseconds), the carrier generation and 'recombination 

effécts are shown to be negligible and the re~ulting expression 

for the photon drag voltage, generated in a sample 1ength L, 

is 

v= 
(1 - R) W~ (P - aN) 

ec (P + aN). (P ~f) 
{ 

1- exp - KL } 
"1 + R exp-KL 

( 33) 

where Wo is the incident powef density 

P,N are the hole and electron concentrations, respectively. 

a is the ratio of the radiation absorption coefficients 

for e1ectrons and hdles respectively. 

1< is the total absorption ~oefficient. 

't • 'IIi F 
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,4 
R is the reflection coefficient at the material surface. , 
e is the electronic charge. 

e is the speed bf light. 

Relatibn (33) ean be interpreted as fol16ws: 

(a) The term (P - aN) shows that electrons and hales pro-

duoe signaIs of opposite polaritYi this fact i5 easily sean 

'from physical considerations since the transfer of photon 

momentum tends to push both types of carriers in the same 

direction which results in oppositely flowing induced currents. , 
This r~sult naturally leads to the conclusion that to increase 

the induced signal only one type of carrier should be 
~ -

dominant in the absorption process; this may be accomplished 

by either using doped semiconductors possessing a larger con-

centration of one type àf carrier, or by utilizing materials 

where the absorption cross-sections are vastly different for 

the two types of carriers, i.e. a» 1 or a« 1 • 

.. 
(b) The magnitude of.the induced voltage is inversely 

proportional tp the total number of carriers. Therefore, it 

appears-.... that low carrier concentrations are desirable for - . 
greatest voltage responsivity. 

(c) The exponential terms in Equation (33) imply that a 

'maximum· voltage signal is obtained wl1en tot~l absorption.is 

ë;l~hieved,. i. e. whèn KL ~ 2, so that the expo"nential t(!rttls 

become negligible-. 

o • 

" , 
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(d) It is known, howev~r, that the absorption co~fficient 

K ia directly proportiona1 te the concentration of carriers 
. 

{a}, {33}. Thus, if one lowers the carrier concentration to 

maximize the induced vo~tage according to paragraph (b), then 

K is co~respondingly reducecr and L must he made proportionally 

1arger ta satisfy the conditions of total absorption of the 

previous paragraph. It follows then, that if L is limited by 

practicsl considerations, materïals with large absorption 

cross-sections S wou1d in generaI, be more attractive as photon 

drag det~ctors. 

In the case of tellurium, the magnitude ror the 

photon drag signal is obtained by using the appropriate values 

for the parameters in Equation (33). FOr u~doped intrinsic 

telluriurn ctysta1s at room tem~erature, in which N = P = 
15 -3 4.8 x la cm , and for CO2 laser radiation polarized parallel 

ta the c-ax:i,s -1 . R = 0.53, K = 4 cm , and a« l {see Figures 

4 and 5}, then an incident laser beam with 'a peal<; power 

density of -2 . 1 KW cm ~s expected to generate in a telluri~ 

samp1e of lenqth greater than 0.5 cm, a peak voltage of 10~5v; 

it is thus implied that for a sarnPle wi'tn a 1 mm2 cross- . 
1 , 

sectionai area, the responsi~ty of this detector would he, 

l mV!KW. 

, " 

l 

'. il 

t~ 
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In this analysis th~ photon drag signal is derfved 

by considering the possible direct electronic transitions in 

k-space that oceur when photons with energy nw and \oIith 
" -+ 

momentum bq are absorbed by holes in the val~nce bands of a 
\ 

semiconductor. The ailowed direct optical transitions of 

holes between two hole bands, Vh and v~, are those which 

satisfy the condition of simultaneous conservation of energy 

and momentum, i.e. 

(34) 

and (35) 

where Eh' Et in tellurium are associated with b~nds H4 and HS 

respectively. The energy dispersion relations in the case of ., 
tellurium as given by Equation (4) do not lead readily to ~ 

manageable solutions of Equations (34) and (35). A good 

approxi~ation to the band structure i8 obtained by considering 

only the terms up,to'k2 , i.e. 

Eh == A(~ +~) + ~ ± IS2k~ + (l\E/2) 2 ... (ôt + ÔE/2) (36), 
t 

As'stated in Section III 6.2.2, direct transitions betw~en 

t.he va,lence bands in tellurium,. H 4 and HSf ,are . al~owéd only for 

radiation P?~~rized paral1el to the z or c-axis. Thus, 

the correspon~~g r~diation propaçation direction, character-

ized by 
-+ q, is confined ,to a plane per~en4içu1à~ to the z-axis, 

-- ._~ .t>. , ... ~ -1" - - .... ~ ..... -:- ~.-... 
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..... 
i.e. typically say q = qy. It follows that the solution 

of Equations (34) and (35) using Equation (36) yields that.hole 

transitions take place for any k~, k~, and for the val~e$ of 

kh given by y 

(37) 
2A~ 

• Thus, it i5 important to. see that the allowed transitions 'are 

scattered throughout aIL o.f k-space. !t should be noted, 

however, that since ~h~ energy dispersion eurve is anisotropie 

in k-space, the effective mass is also anisotropie and con-

sequently, the ~le mass associated with eaeh p~ssible transi

tion dépends entirelyon the'par,t,j,pular set of k x ' .ky' k~ 

ehasen. 

ln arder ta eliminate the co-ordinate dependence of 

such parameters as the hole effective mas's, 50 as to render 

the subsequent ealeulations for th~ ·photon drag 'signal 

analytically possible, both energy.bands are assumed ta he 

parabolic and isotropie characterized respectively by effect

ive masses m
h 

and rot' which'are given by the 'commonly'used 

average of ,the longituqinal (parallel to the c-axis) and 
, " 

transverse etfèctive m~~se~.~1 and ml.. , , 

(m .) -1 = 
h,~ 

\ 

, 
1.e • .. 

,(38) . 

, , 

It is emphasi~ed that the pres'ent ,approaCh ,of.' a,~si9t'dng 

-,'. 

• 

'. 

.r 
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to aIl transitions, an effective,mass which corresponds to the 

average of the anisotropie effectiv.e mass over aIl directions, 

is justified Of recdgnizing that the pverall, photon drag 

effect results from the total sum of tran~itions ~hich in-, 

dividually are affected by effective masses corresponding to 

the eritire range of values of the latter derivable from the 

combination of Equatio,ns (36) and (37). 

VII 4.2 Evaluation of the Photon Drag Curr~nt 

~he conservation la~s for,bbth energy and momentum 
: ' 

for parabolic and isotropie valence bands result in 

Equat~ons (39-) 

(39a) 

(39b) 

where 6E iB the energy separation between the valence sub

bailds at, k = 0; .AE can vary from zero in matel;'ials such as'" 

germani~ te a 'finite value which is the ca~e, of telluriu~. 

Figure 22 shows the generai schema tic structure of a 

valence b~nd consisting of two sub-bands in a plane passing 
~ , 

throu9h a local maximum which is chosen as the shifteâ prigin 
1 ,..... 

, ", ), 
. ,k = O;'in.this figufe, .. the aliowed ~ireet optical trans1t1ons 

of holes between ,the heavy and l:~q~t ho le,' ba,nds) Vh and V 1 
"-

respectively, which satisfy the èond~tio~$ of the ,copserva~ion 
, , . , 

,,, 

• 

-
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Figure 22. The Transitions o.f 801e$ lnteractinq with Photons 
of l!:ne1':9Y ·'hw al1d Qf Wave,Vector q. 
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laws, are indicated by the corresponding arrows. 

! 

Equations (39a) and (39b) are found to be satisfied 

by only two sets of ho1es originating in band Vh.with momentum 

k-vectors, 

and 

= -q r.:z 

[ 

2mR, (hw - !:lE) 

ft2 (l-z) 

, 
fl2 (l-z) 

+ 

+ 

q2 2 ]1/2 
(l-z) 

q2 ]1/2., 
(1-z) 2 

which upon t'ransfer in,to band ~t have the cerresponding 

momentum vectors, 

-z l k u . = l-z q -

where z :: mR./roh-

2mR. (hw - !:lE) 

f1 2 (1-z) 

2 ] 1/2 .............. q""'--
.( l-~) 2 

(40a) 

(40b) 

(41a) 

(41b) 

If ~w» !:lE, the second term ih the brackets can be neglected. 

compared to the first, and Equat.ions (40)' and (41) can be 

a,pproxil\1ated by 

and kU .. = . .:. 'ko ... '~q/l-'z 

K2 ! =, ~o', ':" :&q/l-z 

" 

, l", " • h ~ ; 1 

(42a) 

(42b) 

(43a~ 

. " 

, 
, '1 
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[ 2mt (~'" - liE) r/2 
where ko (44) - • il (l-z) 

The special caSé where ~w ~ 6E will be dea1t with later in 

Section VII 4.3. 

As a résult of these two transitions which occur at 

different k-values, the net momentum distribution of the 

holes in each of the bands 1S no longer symmetrica1 about 
• 

k = o. This unba1ance of mamenta in the heavy and light holes 

are respectively given by 

(45a) 

(45b) 

It is this asymmetry i.1'). momentum between the "left If and 

II r ight" holes, with respect ta k = O. that, as will be shawn 

1ater, produces the measure~ signal. 

The group ve10city af each carrier with a perturbed .' 
.-' 

momentum in bands Vh and Vt is defined as 
,-

fl6k
h - flq (46a) v h = 2 rnh 

= ~ mh':' ml/, 
'. " 

vR, =: 
n ~kR. 

= - ftq ( 460) 
2 rnR, lib - mt 

, . 
The factol:', 1/2 arises from the "tact 'that we consi'derèd two 

holes simulta~eously to obtain the mo~enta ~nbalance Ak in 

-Equations 45. 

, . ' 

-[ 
r 
1 

• 
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Now the generation rate aquations for the holes with , 
p~urbed momentum are as follows: 

d (6Ph) W' _" ~Ph' 
l,(47aJ = - K (fiW> 

dt , 'th , 

/ 
d (6pR,) 

K(W ) 
APt 

(47b) = 
dt fiW 'tt 

where w is the laser ~r density within the material, and 

APh' APt are the concentrations of holes with momentum 

different from that at thermal equilibrium in the heavy and 

light hole valence bands respectively. It. is important to 

note that 'th ~nd TR, are the times necessary to achieve 

momentum equilibrium in the tw~ systems of holes and not the 

enerqy relaxation time for recombination transitions between 

the two bands. A detailed discussion of the effective values 
, 

of th and Tt is given in Section VII 7.3. 

The solution of Equation (47) under steady state 

condition i8' 

(4 Ba) 

f48b) 

tt follows that thé directional flux of hhle~ or equivalently 

the totàl~photon drê!?-9' current J, co.nsistinÇJ of current con-, 

t.ributions frotn both heavy and light holes in the samplte under' 
. ' 

short circuit conditions, is obtàinèd as 

./ 
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" " , 
... ', 

, 
l' . ' . ~, . 

" 

-
, -' At "'Ii. 

... , 
-

= eâphvh + eâplv~ (49) 

Using Equations (45-) and (,48) 

(SOa) 

or J = (SOb) 

where th' Tt are respectively evaluated ~t an energy 

(5Ia) 

and (Slb)' 

.where ka is given by Equation (44). 
, 

Thus it is see~ that the net induced durrent is the 

sum of two oPPo8ite~Y'flowing currents w~th the he~vy hole 

current being iri 'the direction of light propagation. Since 

the lignt hales are at a higher enèrgy, therefor~ usually it 

is expected that Th > Tt and consequently the ph~ton /drag 
i 

current i8 dominated by the 'heë!lv~' ho,les and i5 in the Idirection 
1 
1 

of light p'~opaC]ation. i 

The induced electric field ê in the sample ~nder 

open c~rcuit conditio~s i8 

(52), 

\ , 

" 

., :' 

~~ ,1'-.. . 
, 

t''',.~-, ' . 
, ""A;~~ 

" 

.' 

': '" 

," , 
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where the resistivity 

\) '(53) 

and T* and m* are the momentum scattering time à~ffective 

mas's of the' holes used iri determin~ng the resistivi ty of thE:! 

mate ri al. Thus Equation (52) becomé~ " \ 

Th (1 - t R/'rJ1 ] 
~ 

€=- KW [ m* x (54) ëCP roh (l-z) , T* 

Due to the Fermi distribut'ion function', the resistivïty ls 

mainly governed by the large~ number of heavy holes with 
~ 

energies within' k.BT' of the" band extremum .. , Therefo,re, 
'" 

t* ~ th' m· ~ ~, and thus the ,abOYé equation can be w~itten 

KW 
- ecP (55) 

It follows thât the factor in the brackets is in the 

order of unit y if th > T~ and z,< 1 and the e~pression of, 

relation (55) reduces to 

(56) 
.' , 

At 
1 point within the s~n:tple any x 

W = (l-R) Wo 
'-, ~~=----.,,/ 

exp - Kx 
--.... ...... 

(l .... R)WuK ex~ ltx 
€'(x) = - • _ ~ r 

., ... 'P 

• • 
(SS) 

ecP 
" .. ~f': 

.. 
1 

,', ~ 

" , , 

.' 
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, . 
and' thus the ~pen circuit voltage across the sample is' given . 
by ~ 

L ,. 
V = ! ê(x) dx r (59a~, 

() 

, ' 

01 ' (l-R) Vl o { 1 - 'exE - KL } (5gb), • . V = ecP l + R exp -KL, . ~" 

r .. (. - • 

where multiple reflections at the end~ of. the sample have a'190 
o 

- , 

béen taken into account. 'It i8 noted that· thé above ex-

pression is identical to that of the induced voltag~ in the simple 

formulation of the 'probl~I\l i·n _ Section VI:ç, 3.0 in .the èase 
. . 

when holes are considered to be the dominant carr~ei,s. The 

corr~spondence of the· two expr~9sions is only accidenta."l due 

to the'~ssumed relative values of .the'parameters involved in 

the mi~~oscopic treatment. ..... 

VII 4.3 The SEeçi~1 Case where fiw < ~E 

In the' microsc'opic derJ.vation for the pho.ton drag 
__ ._ \ r~' 

C\lrrent due to' 'di.r~ct interband transitions« i t has been 

assumed that the photon energy is greater than the ~alence . , 

band énergy separation, in which case the possible transitions 
. " 

are shawn to occur at two val~es in ~·spa~e 'abo~t k ~ O'whose 

valués are 'approxim.;tted 'by ·Equations (42) to ('44)" w.hich are 
,~ ,~ 

, .. 
in the form 

t;.'-_ ". ,± 

--
r - '1 

'where kc:>' ia 'considered to bé grea'ter- .'t.han c5k 0- But 'when 
" . 

, . 
'-

r -'. 

, < 

, 1 

\ 

\ 
\ ' 

'. 
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fiw = 6E, k = 0 from ~uatiQn (44), and thus in order to o 
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determine the k-values at which the transitions occur, the 
l ' 

exact Eguations .( 40') and (41) must be uséd. wi th hw = l!E, 

the latter equations yield that 

k 1h = - 2q/l-z 

l+z q r=z 

o 

(60a) 

(60b) 

(6Ia) 
" 

C6Ib) 

However, the unbalance of. the mamenta in the heavy 

and light hale bands which actually praduce the photon drag 

current are respectively given by 
M 

6kh '"' k2h + 'k lh = - 2q/1-z 

and ak t ='k2 P' +, kU, "'1 - 2zq/l-z 

w~ich are still identical ta Equations (45a,b) which were 

deriv~d for the case when hw > 6E. T~e photon drag current 

expression th~s, remains unaltered even for ~w = 6E. Finally, 
0' 

n 

due to the ~ ~~ effects discussed in Section III 

6.2.3.the case where "hw < ~E can be assumed ta be identical 

to that of 'hw -= 6E . .,( 

,/ 
J 

. " 

G 
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VII 5.0 Exact rormu1ation 

VII 5.1 Introduction 

In the above ana~ysis it hfs been assumed that the 

rate of radiation induced transitions of both the "left" and 

"right" holés are equal. In actuality, as seen from Equation 

(40), the transitions of the holes on the 1eft side of k = 0, 

occur at slightly higher k-values, and thus energies, than 

their counterparts on the right side. This fact causes a 

difJerence in the concel1trations of thè "workingn hales on 

the left and right. The difference in the concentration 

arises from the following considerations: 

a) Since the transitions on the left sid~ oceur at a 

higher energy, the density of available statês for such 

holes is higher than on the right side. 

h) On the other hand, the probability of a hole actually 

occupying the corresponding stats is lower than on the 

right. 

c) The,momentum scattering times a~e a function of ~per9Y, 

and thus, ar~ different for the two sets of "working lf 

holes. 

d) For erystals such as ge~anium, where ,the trànsition 

matrix M between thé two valence bands is a, function of , 
2 2 -

the quasi ... momentum ,k, e.6g. ·1 M 1 = k 2 JAl, {41}, the 
, 

transition matrix el,ament for the left holes 19 higher 

than fQ~ those on the ri9ht side. 

r 
!. 

/1 
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Since we were dealiog with srnall asyrnmetries in the 

first place, these above mentioned additional p~rturbation$, 

which affect the final eoncentrations ofnonequilibriurn holes, 

ean'play an important role in forecasting the exact behav~our 

of the photon drag signal especially as the température is 

varied. In this section a rigoro~s treatment will be presented 

where the generated current density is obtained by. solving 

aoltzmann's transport equation ",here the explici t 'forms of the 

trànsition probabilities and hole scattering mechanisms are 

incorporated. 

VII 5.2 Solution of Bolfzman's ~quation 
• • 

. In terms of f(k), the solution of Boltzman1s transport 

.equation, the current density 1s given as {32} 

-
J. = 

l. 

\IIhere f(k) == f - f -is 
'0 

the non-equil:ibriurn part 

distribution function for holes, and . 

: Cl v. = 
1. 

l 
11 

is the 'group veloc.ity of hales with an' enerçy E~., 

n = h for heavy holes and a = i' for light holes. 

, " 

(~2) 

of, the 

(6 ~) 

, "1 

Now in 'the' steady sf-ate,' the rate of change 'c;>f .f' 

" ',cl 'C, po" ' dué :to generation by photqn ~X~i~ation '~tf'), h t -i5" set, e~ual 
O·· to .f/t' (Ek )' 'in the -standard relaxat·ion 'timé apI;tt::'oKimation 

" . 
, .. 

L,'. 

, " 

" 
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", 

o 

where T(Ek) !s the total scattéring time of, holes including 

collisions with acoustic and optical phonons, if we restrict 

ourselves to à linear approximation with respect,to the in

tensity of, ligfit. Therefore, 

{6,4) 

and thus' using Equations' (63) and (64) l'Equation, (62) becomes 

'(65 ) 

It ls now assumed that the rate of chanqe with ti~e 

of the distribution functions fa due to the absorption of 

photons with frequency, w, unit Ji>0lar,izatio,n vect9r 
.... .e, 'and 

wave vector + q, have the following forro {42}: 

" 

(66à) 

, , 

:!t~. _ 1 M'] Z [_h 0 n ft ']' _h ' n . - l f·{E~ - t'Jm.)' - ofX, (EX,) ô (K- + flw - EX,) 
k [ .. 'k k.... k , , -q 

(66b) 

where in general the transition probahility matrix element {41} 

, , , 
A + .".' (67) 

anq IF, A are proportional to, the, iiltensity, of li,ght arnd the 

roagn~tude of ~he ,inttu~band, !iipole' moment., 

'The 'calculat1on of, the photon dtaq, cui~ent will now 
, '\,-
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l'-

be continued for cry~tals like Te in which , 

due to the f'inH:.e separation t.E between the valence bands: 
- / 

in this case the second term in Equation (67) can normally 

be ~e91ect~d compared to the firet. For materials such as 

Ge where !lE = 0, i. e. , where the valence bands are degeneratc 

at k = 0, la 1 "" 0 and thë s,econd term ig dominant in the , 
absorption process. 'l'his case has been dea1t with by other' 

, , ' 

authors {42}, '{44}. and their results will be presented at the 

end of this section for the sake of comparison. .. 

Substituting E9uations (66) into Equation (65) ~ we 

get 

• • • (68) 

In order to e~aluate the above integrals, ft,ia first 
, ' 

neceasary to find the values of k which will set the argu~ 

ments of the delta functions equal to zero, i.e. 

Sh + flw 
f. ' 

0 (69a) E.... ... = k ' k+q 

and h +' 1'UAI f,:t ' == 0 ... ' . (696) Eo+ .... ... 
,k-q k ' 

For parab~lic and isotropie valenc~ b~nds in which if is once 

aga'in ass~ed that tl:le energy -dï$pérsion ~tiCl'1S' ~l'e ih the form 

• 
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(10) 

Equations (6'9) become 

, ' 

(71a) 

and 
~2{k~ _ ~(k . q) + q2) 

, + l1w (71h) 
2mh 

For tbe case'when nw '> fiE, the roota °7 the two equations 

up to terms 1ineàr in the photon w'ave vector q can be shown 

to be-respedtively 

k h 
::0 ± k + 6kh and kt = ± k + ~kt (72,) 

0 0 

[ 2ml. (ft; - AE)] 1/2 
where ko - (73) 

11 (1-z) 
• 

-+ -+- ..~' 
ôk =-~ ôk~ 

z -+ ..... 
(4) == - 1-z a'q l:t 1-z 

and 
..... k (75) a == Ikl 

For sma11 perturbations the ~istribut;.~on functions 

fa. CE.) 
, k 

in ~quation (68) are considered ta have the forro of 

the e,qui1i,.brium f~nctions 

'Next a Taylor series expansion of aIl f.unctions under

'the integral sign is performed aroUnd the wave veètOl:: ko' \lI? 

to terms. 1inear in ÔX. T~e results of these expansions are ' 

~ , f 
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listéd be1ow: (See AppenèHx l for detail~d derivations) 

aT 
Ta (Ek ) Ta (Ek ) + 0. ôk (76) = ako 0 

Cl. 

After substituting.Equations (72)" to (75) into 

Eq~ations (76) to (Sl), then these .~esults into Equation (6~) t 

• 0 

and su~sequently retaining' only· ~he terms 1inear in q,' we get 

where 

, , 

, . 
" 

" . (83) . 

.. 

• 

• 
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J =_..!... z 
i, 41f3 Cl-z) 2 

(84) 

AIl quantitiés are evaluated at k = k • nk i5 the solid 0' 

angle in k"'space introduced by' the change in,to \'spherical co

ordinates. It is noted that 

h 'i, 
E + fiw = E)C 

ko 0 
(8S) " 

• Thus 

(S6) , 

Equation (86)' i5 put into' a form easie'r to i~tetpret 

and use by noting that the radiation absorption coefficient 

K 1s defined as (41), 

where , {8S) 

therefore ( 89) 

ThU$" substit:;~ti.n9 Equation' U:l9) ,into Equ'atlon f'(16),1 the e:x-
, . 

1 

, pre,~sion for ·the PhO}qn drag current density -becomes., 

, . 

\. 

'. Il,' .. 
, 1 ',' 

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

1 
1 
l 

, , 
, ~ 

" 



,,! ' 

,>, 

128 

wllera 1 
Y = 4iT J aiajdOk , a factor léSS' than unit y since any 

In and 

Sinee K is a function of the polarization directions 

n through the transition ~atrix· element 9~n and y 

is a function ,of the directions i and j through th~ 

directional casines a., a., it clearly follows .that 'the 
~ J, 

fact'or in the curly brac~ets of Equation (90) i$ dependent on 

all fo'ur directions; cQnsequently 'it can be written as a 
, . 

, tensorial 'coefficient - T.. '; 'l'hus the current: density is in 
, • ~Jmn 

the forin 

J. = T.. q-.e e 
_~' ~Jmn J m n 

·which obviously confirms t)1e 'four th rank te!,\sorial nature of 

the photon drag effect. 

VII 6.0 Comparison with th~ Simele Mic~~scopic Expression 

- ' ' 

When any eurrent componènt of Equation ,(90) i9 written , ' , 

in the following forro, 
. '" 

, ' 

it i9 generally identical to Equation (50b) in Sèction VI 4.2, 
- , 

derived u't::ilizinq, the ,si,~ple miproscopic' viewpoint, with a 
l, ~, 

numbel;' of addi tional tenns. It ia to be noted: t,hat tho extrâ 

" 

, 1 
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terms in Equation (9~) are the result of the~tailed 
sider~~ions, mentioned in the'introduction of Section 

concèrning the diff;rence in the.transition processes 

con-

VII 5.0, 

, 
characèerizing the "left" and .. right Il holes; thus, 

a) th,e two 2 Z; additional terms arise from the difference 0 .. 
in the available density of states obetween the "left" 

t 
and "righ.t" holes. 

b) the two terms 2€a/kBT arise fram disttibution function 

asymmE7try for "laft" and "right" holes. 
a~ , 

c) the ko 3kŒ terms arise' fr9m_t~e difference in the 
~. 

" ,0 fl, 

scattering times between the "left" and "rig,ht." holes. 

d) the" factor y Qeeurs beeause only those holes, which 

have components of their initial momenta para11el to 

both the photon rnornentum ~q and the measurernent 

diréction~ contribute to the photon drag current. 

The importance of these·additional terms wtll depend 

on the particular material and radiati,on wavelengtft under 

consideration. In the following section the special case of 
, 

tellurium exposed to the 10.6 U, CO 2 laser radiation is 

d;Ï.scussed. ~ 

, " 

, ' 

; . 
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VII 7.0 Seeciai Case of Tellurium 

VII 7.1 Introductipn 

Recalling .that in tellurium,'dir~ct transitions 

between the, H4 and HS . {see Figure' 7} valence sub-:-bands are 

allowed only for radiation polarized paraI leI to the 3 axis; 

i. e. ID' = n = 3, .i t ,is fou~d that for longitudina,l rneast1r~ments 

of electric signaIs along the 1". ~ or 3 directions, e. g. 

i =. j ='1,2, Or 3" y = 113; t'herefor~ thl.s combination of 

measurement and propagation directions cor~espond to the 

photon drag tensor coeffioients T ll3) = T2233 ëU'1Q T3333: in 

this oase, 

It is int~res't.ing to note that when i ~ j, y = 0 

(9 3) 

and conseguently the p'ho~on drag signal' in, transverse measure

ments is zero. This is consistent with the fact that trans-, 

verse sign~ls are not expected when the ene,rg'y bimds are iso

tropie a~ has been' assumed in o~r treatment for'the'theoret~cal 

derivation of the photon drag current. ' , 
, 

'In order ta evaluate the relative contributions of 

thé ;arious term,s in the cur;t.y brac~et-s OI Equation (91) tp,' 

the photon drag curré'nt. in tellurium, one must, obtain the 
, " 

magni tudes of, the corresponding para~eters. ln . the fol.lowing 

Se?'ti~na ~he magnitu~e â~d ~the rélati~e importanbe, of the." 

latt~r quantities are estimated. . , 

• 1 

• 

... J. 
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VtI 7.2 Evaluation 'cf 

The first terms to be evaluated in expression (93) are 

2E: a(kB'l' which 6harac~er-ize the asymmetry of the distribution 

function about k = O. From infrared abso.rptio.n data ~f 

tellurium {24}, it is known that the energy separ,ation 6n of 

the valence, sub-bands is equa1, to 0.114 eV at room t,emper'a

ture, whi1st the ~02 laser photon energy 1101':= 0.117 eV; 

correspondingly the photon momentum vector q = hw/hc = 

6 X 1 0 5 ' m"' 1 ' -On the other hand for the-l~tter values of AE, 

nmi and for mi = .07 mo' roh = .23 mo' z, = .3, Equation '(f3) 

yields ka = 9.3 X 1Ù1 rn-li this ,shows that the, assumptian 
, 

that, ~o » q is genèrallY valid provided hw i8 not 
, , 1 

identically equal to hE. ~u~thermore, for the,ahove ~alue 

o~ kot sinee €~ ~ n2k~/2~a' €~ = 1.5 mev and' Et = 5 meV 

whi'ch implies that, àt room temperature, 28 /kB'l' < 1; this 
.>0 

ko" and therefore E' n tel1:d 

toward zero. as ~E'+ ~w at lower, ternperatures {refer to 

S~ction 111 6.2.3}; 'thus the terms 

neglecte? in Equation (93). 

2 ~ /k T . can gener~lly he ':"(). ,B, ~ 

VIt 7.3 The MomentUm Scattering Time ~ 
i 

V:U 7.3.1 Introduction . 

" ~~' ~tate4 i~ Section VII 4.2, Tais time 'ne~es~ary to 

,achieve hole ~oment~ eq~i~ib~ium in. each va~ence sÙb-band. 

This equi~,i~rium. i~ ,achieve~ via scatter,ülg protesses :~hich 
, 

, ' 

, .' 
{ , 

, , 
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redis~ribute isotropically the directional momentum which ~as . . 
originally praduced by the transfer of photon mamentum ta 

holes in the valence bands. The total momentum scattertng 
, " 

time generally èansists of the contributions fram thecomman 
~I ' 

intraband 'type of .s,cattering mechanisms a~ weIl as br ,inte~

band scattering charac~~rized by scatteri~g time~ Tnn and 

Tt,h {see Figure 23} resp~ctively. Thus the .tota~ momentum 
, ') 

scattering tirne t is commonly '.\!ritten as n 
, ,. , 

1 ' -1 -1 T- '= Tnn + Tt,h n (94) 
. 

VII 7.3.2 Evaluatibry of Th 

In the temperature range below 300 K, the Fèrmi dis-' 

tribution function 'dictates that 'the population of hales, 
, " 

Pt' in the valence su~-band HS is negligiQle carnpared to the 
n , 

populatiqn -2' 
Ph .in b~n~ H4 , ,~nde~d, Pt/Ph =, ex~,-, ÔE/~T < 10 , 

, 
thus the total rnomentum'scattering time derived from avail-" . 
able data on halé m6b~~~ty'~, in t~llurium ls ,that 'of the 

upper or heavy hale valence band, i.é. 

1" 

" , . 
, 

Before Th' ca~ b~ ·evaluated# th~ magnit;udé',of th'e, 
/j, ~ if 

effe'ctive mass m~ must: be known, •.. Since the' band str'ucture 
, ' \ ~ . , 

,in tellurHun is actualiy, ~hèm-paraJx,li,ç'r the, eftect~ve, ~a'ss i's 
• • _ r 

net c-onstant' ove:r aIl of' k-Bpa~e, ând thur;r,an ayerage' effective . ~ ~ ,~ 

, ' 

. " .. ' 
, 
'" " . , 

" ' 

, , 
" 

< 
" l 

• 
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, 
mobility data {9). This value'is in agreement with the value 

mh , obtained by using Equation (38) and the values of mil 
, ~ 

am ~ QWhiCh wère evaluated in Section ÎII 6.2.1 from the 

actual energy dispersion relations of the 'valence bands. 

At 297 K, \i t i9 found that \lh::: 700 cm2 Vs -1 {4S} 

which yie1ds Th '" 10-13
5. Since the rnobility is found 'ta 

have approxirnat,ely a T- 3/ 2 'temperature dependence {lI}, it 

is estimated that at 100 K, Th ,= 5 x 10-13s. 

VII 7.3.3 Evaluation of 

It ia considered that, at room temperature, Th i~ 

mainly deterrni,ned by the aco,ustic phonon scattering rnechanisms 

{46}, {47). ihe acoustic scattering time Tac varies as ~he 

half power of the hole kinetic energy . ~h {48}~ Thus , 

Th = t U = A' E: -1/2 
~c . h 

and ta the extent of parabolic energy dispersion characteris

tic validity, 

It is found that the term 

and actually using lquation 

= - t' h 

( 96b) 

is of the order of 

( 97) 

• J 
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Of 

However, at temperatures below 150 K, the magnitude 

in tellurium is largely governed by the Pol~r opti'cal 

scattering mechanism {9}. In this type of hole-p~onon inter-

action, the' scattering time for hole energies E: h .... 0, as is 

our case at low temperatures {refer ta Section VII 7.2}, 

becomés independant of the carrier energy {48}i consequently, 

it follows 'that 
~ 

for T« ISO K 

, VI l ,7. '3 • 4 Evaluation of 

For ,the 'holes' in the light hole valence band IlS' the 

mornentum scattering time Tt is not p~ecisely known from any 

experimental da'1:a. Intuitively, it can bé· assumed that since 

the light holes are at a highèr energy, their momentum 

scattering time Tt ia shorter than tne, ,scattering time 

associated with.the heavy holes. An estimatation ,for the value 

" . Tto i9 now àttempted by employ~ng the following considera-

lons. 

''lhile, the sc~tt~rlng ,of the heavy holes is considered 

to he gQverned te a, largè part by intraband phonon scattering, 
hl 

it is believed that for' the non-equilibriurn or eXCéSS, light 

h~les, the dominant proces~ is tl:te 1-15 .... ,H~_ interband 

. ,sca,tt'eri.ng hl' . r • 1 

) , 

pola~'optica1 pho1)ons with an energy 
, , 

" 9- =, 0.01'2 eV" {4 3}. . '1;'he scatterïng time T ·po due ta polar ' 
" ' ., 

, ' , 
" , , 
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optica1-phonons- is given as {4a}. 

-1 2~F. 
- 0 

'(po = (2m Ê )1/2 
CI CI [ 

-' '(E ) 1/2 ' , ' ;..i~', ')'1/2 J' 
sinh l ~ .. + exJ;>l?'ol~X* -1 . 

•• '., (98) 

2 ,rn e e, 
, 

wnère eF 'I 
0, 

0. , 1 ) 
&lOf , 

'l'he 

in 

1 
= 

is t~e proper hole energy. 

~ (co) ,e: (0,) are the high and low frequeo<fi die1ectr:i,c, 

constantsrespectively. 

is the,approprlate effective masse 

eV'aluation of Equation (,98') for ~he ca'se, of light holes 

te11urium, in which 

'6 

Et =: hw = .117 eV (10.6 II radiation) 
1- ; -

e: (co) = 36 " e:(0) = 54 

, ' 

J' = 07 m. 0 (from .Equation (38) '~md"SèctiO.~ III 6.2.1), 
" , , , " 

g~ves a value, oe or 1, ,::: "T
pO

' ~,û 10-14 s ' ", ~t ~room, ,tem~e~a-
turè 'and ,'equals' 2.7 x 10-14

5 at 100 'K'. Since" the 

th~~ i5 ,independ'ent l, of , 
" , , j, 

is ..\I,so in~~pe~dent-. . ' 

and, ~~nse'cJU~~tl~/ i t fOl'lc)~~ 
) , 

, " 

. ' ... ' 

, ' , ' 
l ' 

- , 

• 
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VII 7.4 Simplification of, th~ "Expression for 

the Photon Drag Siqnal in, Téllurium ' 

In comparing the estimàted nttmerical values of the 

m~mentUR\ scatte~ing times in the two valence .s'ub-bànds of 
, , 

tellurium it· i8 ,seen ,from Section VII 7.3.2 al'l~ VII 7.3.4 

'. 

that Lh i5 estimated to be an order of maqnit~de larger 

than Tt ~hich imp~ies that the terms involvirig tt can he 

fieglected in Equation (93) i, con,s~queritly the photon drag 
, " 

currentf according' to the ,present, treatment, is mainly 

,) governed by the heavy holes in band H 4 • Furthermore J re
hh 

cal~in9' tttat ko àk:" ~ - .'rh {S'ection VII 7 •. 3.3}' and 
o 

2~h/kBT + 0 {Section VII 7.2}, the exact expression for the 

photon drag ef~ect given bY'"Equation ( 93) reduces simply ta 

\ 

J .. 2 eTh 2 llh K w (99) 
j(l-~) - KW = ' - (l-.z)c CDlh 

3.. 

.' 
wh~re ~h ia the obBerva~le ho~e mObility. This expression 

givès the expected lonqitudi~al'phot-OIi drag Gurrent density 

in' tellurium with E fIc, as a functiori of the radIation 

power density within the, sample. 

) ~' -' 
VIl ,7.S Comparisq~ with the Macr9scoeic'Result 

" : 

, ' 

obtained from deta'iled consideràtions of ,the microscopiç pro'" 

,,~e,~~"es ,irt1,t~lved '~~ ,tJ:le pho~o~, drag' ~'fffct w,i~ e'xpress~on (33) 

wnich la; obtained from a simple' corisi'd~ration of radiation .. , , .. .' " . 

. . 

.. " 



, ,- ~ 

l" 
i • , . 

f 

" . 

, " 
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momentum exchange with the charge carriers in 1:he given 
\ 

material. 
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~rom the 'values of the 'ef'fect!ve ma,sses evaluate~ in 
1 

Section III 6.2.1 and wi,th the application of Equation (3'8), 
.. 

we ,ge~ that mh ~ .23 moJ m~ ~ .O~ mo and z - mt/roh = .3 . 
~ • .. ' J 

'coriseque~t1y;' Equat;ion: '(99) bec;omes 

, . 
, (100) 

under open 'circuit condïtions and néglecting diffusion 

effects, a local ~lectric field 

(101) 

., 
must ~xist,within the sàmple to inhihit the current 'low. 
r ' , ) 
Now' ~' 

(102) 

'where b is the ratio of electron to hol~ mobilities and . ' ' 

thus 

~. 'ec(P+bN} (103) 

NG~,. t~e po~r, denl~ity, W' ~t each 'point x' wi thin the 
, 

samp~e 'ts ~iyen hy 

w ,=: Wo (l-R) exp - Kx' (1041 

where Wu 
, ) , 

i9 the inèid~nt power density and' n ,is the re-.. ' 

, , 

" . '. ' 

• 
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o 

(l-R) WoK exp 

ec (P+bN) 

and cQnsequently the rneasured voltage across a.sample of 

length L is 

. . 

L 
V = - f €(x) dx 

o 

V = 
(l-R) Wo 

ec(P+bN) 
1 - exp - KL 

l+R exp - KL 
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(lOS) 

(1'07) 

whére multireflection at the two end~ of the s~mple' have been 

taken into account. 

It must be noted that, only as a r~sult of the 

specifie numerieal values assi9ned te the various parameters 

such as roh , rn t , Th' and Tt -in tellurium, ~he results'of our 

exact microscopie treatment for the deter~inatian,of the 

phot9n drag ~oltage in tellurium are essentially identical to 

the macroscopically derived expression, Equation (33) for ·the' 

case when hales a:re considered ta be the darni.nant free carrier 

in the absorption pro,c~ss,' i. e. a < < 1; this ls the case 

iri tellurium when the radiation is polarized.parallel to e 

e-axis and only holes are in~olved in dir~ct transitions 

between energy bands.' A factor b appears in Equation (1, 7) 

and not i~ Equa~ion (31) because in the p~esent derivat~on of 

the induced vo'ltag'e from' the photon drag current, the effe ts 

'jof carrier d~ffUS~O~' have, ,bee'~ neq.leeted. When this macro' 
, 

scppi.c 'effect·' ia considered aceording ta the treatment of 

MOss {4}, the'factor b no longer appears in the fi~al 

, 

• » , 

b L; .. H} .'» :" J, f • i .. ~ 
, t :::pI ,'.'1 

• 
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expression fôr the induced photon drag 'voltage., 

VII 8.0 Cornparison with the Photon Drag Signal in Germanium 

For the' ca.lcula tian of the pnoton dràq c~rrênt in 0 

Ge, the sa~ procedure is used ae in Section VII' 5.2 for Te 

but in this oa'se' sinee liE :: 0, IMj2 = (+-k)22 e-' A • The. final 

result i8 {42} that in germanium 

where 

In' the case of germanium, the '.k t
, de,pendénce of the transition 

pro~ability matrix [MJ2 yiélds that the above expres~ion, 
. 

differs from gquation (90) by the extra ,terms 2"[. In' 
Cl ~ 

addit~onf the factor y is somewhat modified as only ~~ose 

. hole~,' w,ith momentum 'components parallel to the polarizati0.t:l 
, . 

vector, as weIl as the measure~ent and light propagation, 

'directions contribute to the photon drag current. , ' 

and 

In.germanium, thé dominant mèchanism determining 
ch ' . a 

i8,non polar scattering', thus ko 3k ~ -' 't'a 
o 

h:efer ta Section VII 7 .. 3. 3} Since the energy ot the light 

hol'es i8 greater than the'energy of the heavy holes, Th is 

again,substantiallY larger than 't'l' Thus Equation (108) ia 

réduced to ~he f.orm: 

• 

(108) 
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J z 
eKW 'r.h f4"2 €h/kB'l') 

Sc (mh - InR,) 
(109) 

for the currents corresponding to the cornponents with 
, 

i i j. 'A complete de~ivatio~ ,of the photon drag ,effect in 

germanium is 9iy~n in {42}, whe~e band anisotropy is aiso 

taken into account. 

The most important diff~rence be~ween the photon drag 
;, 

currents of Te and Ge. is the magnitude of the factor 

2E h/kBT'., Recailing that {see Equati~ns (A9).' an,d <!3)} 

€h = (hU) - 6E)z/<1-z) and"since l\E = 0 for Ge, it is 8eeft 

that Eh for Ge is much greater than Eh for Te. ' In 

par,t.iaular, in the case of CO2 laser r~diation, in 'l'~ 

t'lw ~ fiE and thu,!li Eht! 0, while in the, case of Ge with 
, 

Z = .14 ' {49}, Eh =- llwz/ (l"'z) ~ .02 eV. Thus for Ge, 2Eh/~BT 

at 30Q K, but more cri tically', at 100 K 2E h/kBT :!! 5. 

ConsequentlYt it is seen from Equation' (109), that 
, 1 

as the 
, . 

t:emperature is lowered, ,th,e photon drag curre~t in l
, germanium 

decreases and in fact eventua,lly rev:ers~s its pol,arity, 

whereas no such,behaviour is'expected tq ,oocur in!te11urium. 

~ 

VII 9.0 'l'he'Photon Drag Signal due t.o Intraband Transitions , 

. 

The preceding ana1ysis derived the phot(:m drag' 'curre~t 

for the case' wl)en ,direct intervalencé band hole transitions 
,~ l ' • 

, '1 

are the dominant pr~~~ss by whi~h th~ l"a4iation ;ls absorbe~,' 

as is the cf;\se- in tel'lu'rium'for rad'iat;i.oi) ~~larizied:"pa~alle1' 
. , 

.', . 

, ,'-

'41 
1 

1.6 
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to the c-axis. In addition to direct 1:101e trc;;.nsiti,ons,. ail sen\1-

conductors, including tellurium for any radiation polarization, 

also absorb infrared radiation via free carrier lntraband 

transitions ( i.è., electrons and holes are excited by radia

tion photona to a higher energy within the same band {see 

Figure' al. ,In the, case of tellurium,' for radiation polarized 
/ , 

parallel to th~'c-axis, in the radiation wavelengths of in-

terest, the direct tra'nsi tions domina te, and thus the con

tribution due to'intraband transit~ons can pe neglectedi on-

the other hand, for radiati9n ,po1arized perpendicular to the 
.. 

c-axis, the direct transitions,between the H4 and H
S 

valence bands are forbidden, and conseq~ent1Yi the in~aband 
,-,.-"111.,;"-

,."." .... 

type of transitions muet be consider~d in the evaluation of 
, . 

the radiation induced photon drag 'signal. 
" 

1 
The excitation of a frae ch.arged carrie .,to a h'igher 

energy level within the 'sarne band must be' acco pani~d b~ a 

change in the k-value of the hole or e1ectroni! thus in or,der 

t~ acquire,this additional momentum, the frae charged parti

eles must be simu~taneously scatteredtiy a phonon during the 

,photon absorption process.' Si~èe in this type of absorption 

process the 'imultaneous ,interaction of three particles i8 

nece~sary, namely, a photon, a free carrier, and a,phonon, 

the 'absorption coefficient for intraband transitions i8 

generally smaller in magnitude -tha~ for direat inberban~ 
, 1 

transition~. Indeed, it is fo~nd that in the partiqular case 

of Te at 10.6 ~# the absorption' coeffi~ient due'to 

, , 

• 
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• • 1 

intraband :-transitions is ~ factor of 30 sma11er th~n that 

corresponding to intervalence band transitions {see Figures 
'. 

4 and S}. 
) , 

Several authors ha~e derivéd the generated photon 

drag signal due to intraband transitions {44}, ,{ 50}, where 

the details of the in~eraction mechanisms, including'carrier 

scattering, by'acoustic and 'opticai phonons {51}, bY,~~lar 

optical phonons {52}, by charge,d ±mpurities {SI}, ançl by 

pié~oelectric scattering {53}, have be~n considered. The ,

mathematical formulae for the'induced photon drag current 

resulting 'from 'these d,erivations are "generally ,complex' and 

,. depend greatly on the type 'of scattering mechan±srns c~~s~d'er~d~ 

These expressions can' be sununarized by expres;s,ing th~ photon, 

drag current due t,o one type of charged carrier in an 'analo~,ous, 

forro to Equation (99), as 

KeW ± - «t » cm t 
,( 110) J = 

,w~ere «Tt ». has dim~nsions of an e(fective momehtum, 

scattering time for the charg~d car~iers; .the'sign is taken 

to be + for holes and - for electrons consistent'with the 
, \ , 

charge of the carrier. rt i8 important to note that 

« T± >~ 'can itself be 
• ;-. u 

a pqsit1ve or neqat1ve quant'ity. The 

total photon drag current in the sample is the al<]ebraic sum 

of the contribu~ions fram 
~, J f ' 

the holes and el~ctrons. 

, FOll~wing. th~ ,sarne ::proc'edure as présent~d' in, Section, 

yII 7.S r y1eld~ an open oircuit photon drag voltage for, ' 

/ 

" 

, -' 

• 
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intraband transitions which can he written in the 

(l-~) Wo(P-ayN) 
{ 1 - eXE - KL } V = n ec (P+aN)' (P+N) (lU} l+Rexp-KL 

, .... 

where y = « T »/« 'f+ is'proporti6nal to 
1: 

;:-< T+ »/Th , wh:ich 'can bè considered as an efficiency f,actor 

determirtinq the fraction of thé pnoton's mOmèntum collècted 

by a hole in the radiation induced indirect transition. The 

factor n can he evaluated from experirnental data: it has 
'l, 

been found'" thàt in germanium n is less 'than 50.% for· 
l ' 

e1~ctrons in samples with carrier concentrations be10w 
16' -3 

10 cm e {-54,}. The factor n'in 'te11urium i8 expected to 
, 

, be evaluated fram the experimenta~ resul~s of this work. 

" VII 10.0 Speed of,Response of Photon Drag Deteetor~ 

The previous discussion of the p~oton d~ag erfect 

shows that thé speed of response'in a pr~ctica~ pho~on drag 

detect<:>r will be limited by 'the! fol,lowing factors: 

, a) Momentum relaxation time 

, . 
As the photon ~rag effect is a manifestation of the 

radiation induced disturbance of the carrier momenta, the 
. , 

equilibrium, 
, ' . 

time necessary to re-establiQh momentum Le. the 
-13 

L ~ ~ 10 . s 
. . 
momentum relaxation or scatterihg time {Section 

'VI,r 7.3.2}, ia a' fundamental"speed limitation of this effêct •. 

,1 

" 

" 

" 

'lII 

,. 

1. 
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.. 

b) oielectric r~laxation time 

, ,r!nder open circuit ,condi tions th~ photon drag efféct, 
'., !.', " r 

Iike, 'any other photocurfent generating_ mechanism, manifeste 

itself by setting up an electric pOlarization ~ield in the 

volume between the contacts; ,this' then naturally leads to an . , 
'induced internaI electric f,ield' ahd cor r,esponding ly , a 

measured voltage. The' time necessary ta redistrihute the 
, ..' ' , eXCéss polarizat~on chargé associated wi~h the dipole, called 

'the d;ielectric relaxation time := €p ~ 10-l2s, t'a another 

f,undamental limitation to the speed of response. 

The transit time of light tprough the sampieJ giveri 

by' nL/c' is c'learly also a limitation for the speed of 

response; this time ls ~yplcaliy ~ 10-10s for a detector 

length of l cm .. 

ln summary, the fundamental response time ls limited 

and'determined by the longest of th~ three above me~tioned 

characteristic times, 1'1amely the momentuin relaxatio,n t~me', 

the 'a'ie1ectric relaxation time, and the 'transit time. 
, ' 

However, in normal practicai tneasureÎnents, tbe Re time con

stants of the ,external,eleètric circuitry are usually,even 

'lo~ge~ and, ther~fof~, c~nstitut~ the limit to the overaii 

"dètection systemes responsé time. 

• 
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A theoret,ical treatment of the photon drag effeot has 

been'presentea in thi~ chapter in three sta~es: First a macro~' 

scopie description was given to introduce such important 
, ' , 

parameters as the free c~rr-ier concentrations and the 
, "_ e • , 

absorption coefficient which are shawn to ~. primarily the 
, ' ." 1.'1 ,~' , A 

magnitude of the photOn drag, effect; next',:~ simple, inic~o':' 

scopie tre~'tment shows the actual p1)ysical pro·cess,.' by which 
.............. 0" ,0'1 • 

the photon moméntum produces a momentum unba1ance in, the hale 

ensemble, thus resulting 'in 'the photon draç current; finally, . ," 

a rigorous mathematical derivation is.pr~sent~d where the 
, •. • l " 0 , ~ 

exact formulation of the absorption and ~oment~ ~cattet:i'ng 

processe~ are. taken into account. " 

It 1s shawn that in the spécial case 'of C~2 laser 

radiation in tellurium,:the ~xpression ob'tained frÇ>m the 

rigorous ~icroscopi:è theoretica1 treatnlent' p~edic',ts' signal 

magnitudes similar to those obtain,ed from, the siIitple maèro-. ' 

scopie treatment, on1y as a r~su1t of' ~he numerJ.c~l va'lues of 

the different parameters, involved. The ~origitùdi~al photon" 

sàmple,s at ,~o6tn temperature ls ex.,.., 
. ""', ' 

.... 

draq Si9'llàl .in' undoped 

pected to he 10 mV fot a~ Incident power d~nsity of ' IMW' cm -?: 
" " . 

, 't'he fundamènta'l speed 'af . ré'spons~ of th~ phot~n 'drag 

effect is' shown" to bé lint1.ted py the l.ongest of eÜ:her 'of the 
. ' 

,tnomentum scattering, d~e1ectr1c re1akatioP, 
r., l , • , ".. 1 •• l ". )' ~ t J • • 

and light, transi t, .' ' .. 
,. , 

times wi th!n "t~e sarnp,le. 
" ,,' 

" ' 

. ~. 

, " 

• 

" l," , 

l, 
i 

'. 
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, CHAPTER VIII 

INT~~RETATION OF THE PHOTON DRA6·RÈSULT~ 

VlI'I 1.0 Introduction , 

The experimenta1 resu1ts for the photon drag effèct . ' 
1 

,. 11 ' 

in tellur~um, under v~rious combinations of directiç~s ,of, 
, ., 

potential measure~en~, radiat~on propagation and polarizatiori, 
, " 'q ..' 

were ~~ven in Chapter VI, wl.;tereas Chapter VII presented the 
1 \ 1" • 

thebl:'Y and th~ deri'vatiQ~ of th~ mathe~atical expr~ssions for 
~ , ' ~ r , 

the radiation'induced e1ectric signaIs.' The experimental 

',data is now interpreted and compared with t~e expected 

behavJ;our of t-he photon drag s,iqnal as' predicted by 'the .. , 
\ 

proposed theor:y.' 
• 0 

of! • 

~, 

VIII 2'.0: Longitudinal Measul;ement With" E Il ci 
i 

As, shOWh in' Chapter o VII ~ the, raqiation indtice.d longi-, 
o • > 

t~dipal phQton dra,g current in te11u~ium with _'E Il c col'1-
, . ~ 

figuration IsO Jexpected to fol'low eJ=;'sentially ~J~1ation (112) 

, {see ·'Se~tÙ>n VI.I 7." 4 } , 
, }, 

." . 1·112) 

In addition~1. it was s'h6wn thât, êmploying 

'of. z' 'and particularly'the f~.ct, t~a:t Th 

the estimated value 
, 

i~ evaluated to be 

, . .m~ch grea·ter th~n 'T R. ~ . Equat;ion '(1i2.)·, leads\ to an open' circuit 
.. . ~' " .,,. . 

v?l~ag.e descr~bed' by' Equation Cl13) , {s,ee Section VII 7.Sl: 
, , 

} ~ •. ~ l' 

, , .'''' 
1.~.~~.· ..... '!.:!' l"7".""~,,,.::' .... -"T'l~"' . .,..-- ........... -.... ! ~ ••. !_ ........ ".~_ 
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o 

v 1: 

(1-R) (P-aN)Wo 
ec (P+aN) (P+N) 

,{ 1- exp _ (-KL) 
l+R exp ("'KL) 

(113)' 

In the case of te11urium when ~ Il c, the rad:i,.ation 
o 

absorption by ho~es ls much greater than by elèctrons {refer 

to Sectien III 6.2.2}; consequently, a« 1 and thus the 

above expression redudes to the form: 
'. , 1 

1 
T 

V '-1 -
1 

(l-R)Wo { 1~ exp (-KL) }, 
ec(P+N5" 1+~ exp' (-kt) , (1.14) -' , , 

, l' C 

• 0 

VII 2 '.1 i Undopéd Samples 

.VIII 2'.!1.1 
." , 

Room temPérature 'behaviour 
((1 : 

· , 
. , 

1 
Usinq , the parameter ~a1~es for undope~ :i,.ntrins1c' 
, 

, 1 • 1 \ 

tellurif.un, crystals at rQom temperature giV'en., in Section, vtI 
j !'. 1 ~ 

'3.0, t~ expected si~nal.mag~ltude from,'Equatiqn (114) is~ 
, 

10 mv/t1w;cm-~, this ,va~'l.lè'i&very ~lo~ely confirmed'by the 
, , 
" , 1 • l, 

experiI}lèntal results d~fJorj.ped in Section' V:I 4.2.1'. ',' 
l " 

l ," , '. 
, 1 The pola::.i ty o~ t,he n\easur~d elèctrio signal', corréS-
. i: . : ' . ,', .' , . " ." ,', . 

pon~s :to a short, cir<?~i,~ current flQw in the_di-r~ctio~ of 
t ' ., , • , . ' 

>, 

l.ight !~ropa'1atü?n., 1:~.iâ.'· re,sult. :,c'onfiÎ1!l~, 'ref~rrin9 .to l' 

, - E.q~t~on , (~121-" ~l1at ~h > ~T,t "a~ di~èusse~ iti,' ~écti~~ VII 7. ,3 •. 
1 . , ' ' '. , 

, ' , 
: vtl,l" : 2.1. 2 V~~ia~ion ~~th. temaeratqre 

'. • p • f • • ~' ~ \. ~'. 

Tbe' expectt~d var:ia~lo~ of the ;phpton ,drag voltage. , 
, t ~ ~. \ 

\ ' ", " '" " -' ~,~ 

. ,til~th temperat~te, ·as depicted .b\, Equ~~ion '(14) , ,.~epe~ds 011 '_ 
... • • l' .. 'H' • ,j .. ,\' 

_ th~' _~aJ:'riér eon'c,éi'ttration explici tly thrQ\.tgh the '(P+N) te~,' 
• ' , • r " 1 

..... 

," 

· " · - , 
, ' 

I~.. '~. ,,, 

, " 

., 
" , . 

f • ~ , 
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,. 
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" , 

and implici tl;r ':through the exp~>nentïal terms involving the 

absorption co~f~icient ~; it should be noted th~t:. ;1I1b'o~h P, N, 

and K are functions of temperature; also, since the radia

tion absorption is due to free hol~s for, E j 1 c, the 

'absorption coefficient' K ,is direc~l.y related to the hole . , 

concentration p~ 

, ( 

'a,) Variation of th~ resistivi ty 

Curvè h', ,~n Fi9ure 17'shows the measu~ed sample,re-
, ' 

" , 

<sist'ance as a functiort of, temperature. The' sample' resistance 

, 1 

ia theoretically,inversely prQPortional ta bot.h the,carrièr 
, . , 

concen~iationa, which 'in' intrinsic ,semiconductorg ,varies, 

~xponentially wi ~h temperature, and to the mobility whi,Ch 

.l1a8 appro'ximately:a T,-3(2 ,'dependeJlce;. clearly the e~po

nential dependerice on tempera.ture of the intrinsic ,car,rier 

'co;!1cen~ratï()n"is e,xpec~ed to ~ominate; thus" from 300 K to, 

180 K,' th.e l;'esistance in .Figuré, 17 is seen; te) have an, expo-. " 

nential clependenoe and i8 eSèent:lally proportiona-l to 

CP+N)":l ~ (2n
i

) -1 ct ex~' ~Gi2'kBT~ From th~ slopè of this ~, 
, , 

curve', a valènce -, con~uction band' energy sep'aration of 

approximately O. ,35' eV 1.-,s ob~ained which agrees favourably 

wi th the a'cceptèd value' of ' a~ 34 eV. Below laO I( the .. , 
material becomes extrinsic as shown by thè'e~sentially , . , 

constant measured reststanoe. 
, " 
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, . 
b)' variation of the photon'drag'signal 

The temperaturè dependence of the mea,sured \fol tage' in, 
undoped samples is, shown in Figu.re -17a. FOr simplioity of ' 

, ' , 

interpretation, it i's 'noted that tne' qurve can be-divided 
" 

into t}\ree temperatuté~ regi'ons, acoording to" the ratè at which 1 

, ' , 

the si~na1 changes with temperatUre, name1y , 300-250 K, 
,.' ' • l 

2,50-180 ~, and finally ~eiow ISO ,K. ' 

i) The temp~ra,ture range 300~250 K' 
/ 

, Between 300 a:nd 2?0 'K, ~he measu:red open cb:duit 

voltage, curve a, 1a found, to, incre~se ànd' ls proportional to, 
, "1 

the sample resistancè" it fOllo~s from the' above arguments 
, ' 

that the ph6ton drag 'signal is inversely proPortional to 
, ' } ~ 

(P+N): this is consistent with Equation (114) where K~ > 2 
, . 

and the exponential terms in this ,equatiolil are ~ thereforè,' 

much smaiier than' uni ty'; specifically,' at room temperatur-è 

XL = ~, i~'e" t~,'~, l' r,a~iat,ion absorpH\>nt .. kes p'lace w,i,thin 

,samPl:e. ,( , 

ii) The temperature'ran2e 250-180 K 
t, Q , 

the:', , 

Since ,K ia a linear fun6tion of the hole coh~entFâtion; 

, below 250 K, l{L' i~ ex~ected to gradually dimil}i~h belo\tl the 
.. l , ' 

" ,'value of 2 and' ç:o~sequently" ~the' exponentials in ,~quation- (114) 
. , 

.' ,b_g i~ ,~o approach uni t.y whicb' Causes the' factor' i'n Equa~ion': 
, " .' "" ' l, .) 

, " <;1).4) invol ving' thé expon-ential~ to 'become less t.han uni t:y'. ' , 
, .. " 

'" ' conSeqUently" thé"vblt~ge' i,s no lqnger expected to be, solely , 
" . " \, .' \ 

, ' 

" , .. 
• l " , , ' ,", 
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, ' 
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propor.t:.i~nar' té> {P+N} -1 , and th\J,s the rate: of inc~ease of 

the voltàge with temperature is decreased as is verified DY 

the mea,su~ements. 

\ 

ii1) The temperat'ure range below 1S0, K 

Belpw 1901<, as seen. from tl:le near~y cons,tant' portion 

of the resi~tance curv~, the material beèomes extrihsic ' 

implying that P» N ,'and that the hQle concentration 
, " . ' 

o ' , 

beeomes êssenti~llY,cortstant.and equal to the acceptor con-
~, , ~ , ' " ~' , 

centratiori. Co~sequently,the phot6n dr~g voltage is a1$0 ' 
, , 

expected to be essentially constant in th:l,s ,range of. t,em~era-

ture. The slight decrease in the ~ctual 9bserved signal ia 

due to t~e further decreasa in K with decreasing temperature 

due to t,he incrêase in' the ene,rgy separation ,between t.he 

valence suh-bands {24};' the latter is .. in fact 1arger than the 

incident photon enE;rgy of the C~2 laser radiat;i.on. Note that 

~he'slight deorease in rasistance ob~erved in the sarne ' 
. ' 

tempe,rature range ls a result of a hole mobility'.increase 

. with decreasil\g temperature ,{12}. 

VII! 2.2 Doped Samples " 

In the,d6ped,sa~ples,,~he resPQnsivity ,was m~asured 

~~ rOom témp,*atur.e 'to ',he '7 n'IV/MW ~m-:i. To obtain the 

theoretically expected magnitude of ,this signal, the ~ole 

'~<;>ncentrat:i,on in the, sample must pe kno~n ~ '. The hole concen,,;, 

tratiQ1'f in thè, ex'trinsic c~y'stals WAS qetermined indirectly 

".' 1 

\ 

1 

1 
1 
" , 1 
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by,takin9 an average of,the ratios of the measur~d absorption 

coe:;ficients for doped and tindoped orysta1s with 'E Il c for 
o 

al1 wavelengths, bet~een 7 and l4~. It was found that the 

absorption coeffic;ent in .the doped samp~e was 2'.1 times J that 
, , 

in the undoped samp1e.' Since for ,E Il c , the absorptioh is 

:entirely dominated by holes, ~t i8 concluded that in th~ 

doped crystal p'= 2.1,n~ ~ l016cm-3 and N = n~/p = 2.35 
... 1. . 

x lOlScm-3, su~stitution of t~~se values into Equation (114) 

1eads to ~ r~spo~~ivity of 8 mv/~ ~-~ ~hich is in a qood 

aqreement wi th the mea'sured resul t, 'considerinq the indirect 

meth~d u8ed in ,èv~luatin9 the ~arr~er coneent~ation~. 

The temperature dependence of the measured photon drag 
, , 

sl,..qna1 in our extrinsic samp1es is shOwn in Figure, 17c where 
, ' 

it is sean that the signal is essential1y constant with 

temperature, as'expected" sinee the hole concentration, being 

equa1 to the acceptor concentration, remains unehanged 'with ' 
, , 

temperature. Th~ observed slîght inerease of the voltage at 

low temperàtures i8, not predicted by Equation (113) sinee it 

was derived from Equation (93) using the approxirnation'that 

~he'magnitude of the factor within the cur1y br~ekets cou1d 

be taken,' for a11 temperaturés, as being equa1 to 2 'th 

{refer to Section VlI 7.4}. In fact, however, when the 

specifie nUmerica1 value~ of the various parameters, as 

eval~~ted in Section VII 7.2 to VII 7.3.4 inclusive, are 

èmptoyed, it is found th~t this factor varies morè exactly 

from a value of 1.6T h at room temperature to 2.9Th at 100 K; 

1 
1 

f 
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therefore the induced signal is expected to increase by 

almost a factor of two over this temperature 'range which ag~ees 

~avourably with the observed increase i~ thefmeasured photon' 

drag signal {see Figure 17c}. 

It was noted {see Section VI 4~2.2} that a similar 

ircrease in the measured phot9n drag voltagé is also evident 

in undoped s~ples: this obse~vab1e increase in the signal 

'commences at a temperature' of about, 220 K {see Figure 17a} 

which is essentia1ly identica~ to that seen in our doped 

crystal measurements • 

Thus our rigorous mathemat~cal solution 'of Bolt2man's 
"'-. ' 

'~ 

transport equation for the- photon drag erfect, based on direct 

hole transitions between parabolic valence' bands, is verifi'ed 

in tellurium and the derived express~ons explain fully aIl 

~spects of the experimental results. 

VIlI 3.0 Longitudinal Measurements with E 1 c 

-
For polari2ations perpendicular to the c-axis, the 

measured induced photon drag voltages, as presented in Séctiono 

'VI 6.0, were generally,found to be small or,below·the measura-
, 

b~lity level of the experimental instrumentation. Theae low 

,va.lues fo'r the generated vol ~ag,cs are explained wi ~h the help 
. ' ) 

of the theory by examining the expressiàn-derived for the 

longitudinal photQn drag signal when El c {see sèctiOI?- YII 

9.0} where, in this case,' the radiation is ab~orbe~'in 

J . .... 

• 

o 
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tellu~ium by electron and hole, intraband transitions~ 'such 

that 

v -
(l-R)W~ (P-ayN) 

n ec(P+aN) (P+N) 

, 

" 
{ 

1- exp -' KL } '. 1f exp Kt 
(lIS) 

It is clear trom the above expression that: the con-: 

tributions ofholes and electrons, to the induced signal, tepds' 

to G~mçer each other. In addition, ainee for E.l c it is known 

that tellurium ls relatively ~ransparent at , 10.6 ~, total 

absorption is not achieved, and therefore the exponentia~s in 

Equation (lIS) are near unit y in magnitude. Thus, it is 

expected a priori that the p~oton drag effect for radiation 

polarized perpe~dicular ta the c-axis is small. 

'In arder to evaluate the magnitude of the photon drag 

signa,l for El c , the values of a, y and n in tellurium 

are required. Since no direct information on the latter 

parq,meters was found in the li ter,ature, we, therefore, 0 now 

attempt ta evaluate these parameters from our experimental 

results for the two inde~endent lo,ngitudina1 components con-
, 

sisting of the two pairs of equaltmatrix element, 

and 

VIII 3.1 The Equa1 Camponents T3311 , T3322 

It ia more convenient to start ~his discussion in 
" 

terms of the re~ults.abtained from doped samples'where larger 

signala were measured. 

• 



( 

l' 

" 

,vIII 3.1.1 Doped samples 

In our extrihsically.doped crystals where' I< was 
" ,,-1 " '16 -3 measured to be 0.27 'cm' {21}" P := 10 cm , R = 0.43, , 
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L = l. 2 ctn" an,d' Wo = 330 !tW cm -2, an~' i~ i t ls assumed that 

P » N, (P-àyN)/('p+aN)' :t l, 'then l::quation (115)' predicts at ' , ; 

room temperature an induced voltage of .Sn mV; when this 

value is compared ~ith the measured voltage of 0.7 mV, it 

implies that for longitudinal measurements parallel to the 
, , 

c-axis, n :: 0.85. Wi'th deereasing temperature, sinee p' and' 
, , 

K are expected to remain unchanged, the induced signal' 

ac~ording to Equation (rIS) is also expeçted to remain con-

àtant, this is consistent with the experimental ~esults shown 

in Figure 20. 

o 

VIII ,3.1.2 Undoped samples 

In intribsic samples,no measurable induced emfs were 

ob'served in our,; samplesi thus in Equation (115) ff n ie 

assumed to remain df the sarne order of magnitude as in .dop~d 

samples, it le concluded that the product ay is very close 

to unity. 

a) Determination'of the parameter lia" and "l"a 

from room ternperature rneasurements , , 

The parameter "a", which is the ratio of the radia

tion,~b80rption cross-sections of the electrons and holes, 
, • ,> f 

. i8 now estimated by usi~g the absorption data given in F~gure 5. 

,> 



(. ) 

~ 
\ 

.:\ , J 

, ' 

, ' 

156 

'l'he total absoyption coefficient:: K due to free 

carriers ,can be put in the forro 
~' 

f.tI 

1< = S',N + SpP .(116) n 

and a - Bn/8p where . 8'n r 8p are the absorption dross-

sections for e1ectrons and ho1~s re'specti ~ely. ' 

Considering intr,insic rnaterials first, where 

'N s p - n~, the absorption coefficient 

, " 

, In our' doped materia1, 01} the other hand, P = 2.1/ni, 

N III ni(~.l '{refer to Secti~n VIII 2 •. 2}; thus: th.e absorption 

c'oeff.:l.cient' IC
d

, in this case, i8 given by 

Thus , 
. 2.1 + a/2 •. 1 

l + a 
... 

(118) 

(119) 

, " 

From Figure 5, the ratio of absorption coefflci'ents for' E 1 c . 

of'îtour âoped and undoped samp1es at 10.6 p, 18 s~en to be 

~. 
'K 

d 
Ki 

= .• 270 
~ = .J.U!) 

1.46 . = 2.1 + a/2~1 
1 + a 

(120)0 

a~d thus i t fo1j<>ws that a '= O~. 65. Howevèr;' i t should be 

noted that a ~w percent unc~rtainty in both the ratio Kd/Ki 
" 

and Plni can resu1t inu an up to 50' uncertainty in the 

• 
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evaluated value of "a". W;i.th "a" taken to be 0.65, it c1early 

follows that y ~ l.~. 

The value of y, 'which was defined as «'t_ »/« T+ » , 

the ratio of the effective scattering time~, of electrons and 

holes for the photon drag effect in intraband transitions, is 

now compar,ed wi th T e/1; h' the ratio of eleotron and hole 

momentum scattering times associated with mobility, i.e. 

1 • 

(121) 

From the literature {45}, {55} 1 in tel'lurium' lJe/lJhO: 2 

and since m~/rnh!::.5 {refer to Section III 6.3} it follows 

from Equation (121) that t It 0: l' which is consistent with e h 

our derived value of y • 

. b) Expected magnitude at low temperatures 
i 

At low temperatures where the undoped mat'erial 
.' 

becomes extrinsically p-type, the' cancel,lation effect' of the 

electrons lS no longer important; however, the induced signal 

ls exp~cted to remain smali since the absorption coefficient 

K d~creases substantially ~ith' a decrease in total carrier' 

concentration 'and tèrnperature; our resistance measurement 

indicates that at approxlmately 100 K, ,P ~ io14cm -3 , and.." 

,since {S6} 

. 1< 't (P + N) T (122) 

. , 
, . 

i'· 
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.' 

it therefore follows that 

K (100 K) >< 

thus fram $quation (115), the ~xpected op~n circuit voltage 
, 

V = 0.1 mV' results in a measurable voltage lower th an the 

lower limi t of measura,bi'li ty of 50 l1V of· our appara tus que 

particularly ~o the sampleresistance becoming greater than 

the 50 n input resistance of the preamplifier. 

VIII 3.2 The E9ual Components T22l1 , ~1122 

In this case, sinde for both intrinsic and doped 

samples an~ possiblerinduced signal was found to be helo~ the 
1 

lower limi~ of measurability of ,50 ~V, it is) assumed that 
l" -

n for these tensor components ia less than 0.2. This value 

·is comparable to that found in simil~r experiments in n-type 

germanium by Gibson {54} 
, ,11, 

Our re~ul te, therefore, indicate' ~n anisotropy in the' 

value of n with different values for directions'peipendicular 

and parallel to the c-axis1 such behaviour ls generally true 

for aIl properties' of tellurium. 
6 ' 

VIII 4.0 Transverse Measurements 

As seen fro~ Section V 4.0, thé only finite transverse 

four th rank tensorial c'omponents which nray he measured 

separately namely T23ll , T23~2" T3211 , aIl involve 

., 
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polarizations-perpendicular to the c-axis. Since transverse 

photon drag voltages appear only as a result of anisotropies 

in the 'energy band, the eorrespond~ng gene,rated signaIs are 

generally expectea to be' only. a fraction (!:t 16% in Ge {57}) 

of the longitudinal éornponents correspondin'g to the sarne 

radiation polarization. Thus, coupled ,with the arguments of 

the previous section which prediet generally srnall longitudi

nal voltages with E 1 c, it is weIl expected that for both 

undoped and doped tellurium,crystals, the transverse induced 

voltages due to the photon drag effect be very srn~~l as con

firmed by our éxperirnental results, 'presented in Chapter VI. 

VIII 5.0 The Other Fourth Rank Ten~or Cornponents 

Thé remaining four sets of independent tensor com-

ponents are not separately measurable; their deterrnination 

requires oblique and eomplex sample geornetries where the in-

duced signaIs are always the result of contributions from a 

combination'of several independent tensor components, and 

are, consequently, extrernely difficult te interpret. 

sinee for both eleetrie transport and radiation pro

. pagation 'properties, the tellur'ium c~ystal directions land 2 

are known to be equivalent, it is expeeted that the equal 
1 

rnatrix elernents Tllll and T2222 are of the sarne ~agnitude as 

Tl122 = T221l ; Binee the latter were measured and found te 

be small, the sarne is assumed to be the case for the f'ormer. 

'1 

. ' 
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~} Also sinee the twd sets of equivalent matrix elements 

o 

T2323 = T13l2 , and T3232 = T3l3l cQrr~spqnd to,transverse 

measurements with, i!l addition, a cornponent of radiation 

polarized 'perpendicular to the c-~xis, ,t~e~ are also'expected 

to be of srnall'~agnitude. 
\ 

"The last independent fourth rank,tensor component 

- T 3333' however, is' expected ta be' of sirn:ilar magnitude as the" 
-

rnatrix elements TI ;33 =T2~33 as al~ three correspond to 

longitudinal measurements with polari~ation parallel to the 

c-axis. Since the induced voltages corresPQnding to the 

latter tensor coefficients are relatively large, an attempt -

was made to measure also' T 3333; the' sample geometry used is 

sho~n in Figure 24; this sample configuration is neoessary so 

that 'vIe have a compon~t of the radiation e,lectric field as 
\ , 

, , 

weIl as a com~onent.of the propagation direction simultaneously 

o 

paraI leI to the 3-axis,., No signal which could be' attributed 

~o the photon drag'effect was monitore~; this fact, is 

explained "by noting that since E3, ,the compbn:nt of the 

electric field parallel to the c-axis, is strongly absorbed 

and thus i8 of significant magnitude only near the surface of 

incidence, conseqUen~ly~ Ej is negli~iblY,small in the" are~ 
, 

of the sample falling directly"between the" electriciü con-

tacts across whic,h the, desired vOlt"age 9orrespondin~ ~6 
1 

T3333 is expected ta be measured. 
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Figure 24. ',Sample Geometry for the Measurement of 'l'3333 ~-; 
, , ... 

Slots are out to ,ensure voltage' me'a9uremen~s 
in the 3-direction. 

area-A: 
area-B; 

actual reg,ion, C;f ~b90rp~~on, fè>~ ,E); \' ..: 
desired illunu.nated region.. ' '! ' , " 

, \ 

o 
" , 

, 
" 

" ~ 

l , 

, " l' _ , 

h , • 

'J ' ~I , , 
'" ; 

" .... 
" 

!, 

r .. '. 

, , 

, .' 

1. " 

, , . 
" 

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

, , 

" 



" 

i 
'. 1 

j, ( 

1 . . , , 
[ 

1: 
, , 
f 

f 

l 
1 \ 

1 
1 

• 1 

, ' 

( , 

" 

( 

~. 

,./ 

, ' , ' 

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

162 

6 .. 0 Conelusion'B~ 

In this ch~p~er we have shown that, for t~è photon 
=' 

dra~ fect " a very favourable agreement, between the exp,erj.-

me~~al ~ sults.presented in Chapter VI and ~~~'theory 

.' foi~l:a~e in Chap~er VII," exists for ~11 ;tansor cornponents , , ' 

cr~j~cteI'iZ g the, ~ar~ous :~~mbin~tions of d~rec~ion,s of 

rad'atioh pro agatlon,' polarizàtion, and vo~tage mea~urement.· 

Iq articular, the theo~eti~al1y p~edicted dependence of the 

ope 
. .' 

eircui~ ph ton drag' voltage on such pa~ameters as carrier b 

t-yp and eoricent ation, absorption coefficient; temperature, 
- 1 l, .. 

and momentwn;' scat ering times has been ve~i fi-ed by careful 

ana 

int ~pret'ing 

the 
, 

absorp 
, 

er~mental results. tn the process of 

ul~s,.the values of s~~h quantitiesas 

ion'çross-sections for eie,ctrons and 

-hol ratio of the photon drag effective momentum 

/ . 

~ • 10 -_.-

Bea t~mes 

of 

In suminary, it 

and holes, and the ef,ficiency 

holes, have been ev~luated. 
..;J 

co~cluded' that th~.obtained photo~ 

'dra s.igna1s are suçcessf lly interpreted by ...the theoretical 
1 • • "" 

.p~e~e'?t~tion, of the photon' ef~~ct given in this' work. ' 
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CHAPTER IX' 

THE SIGNAL WITH THE THIRO AANK TENSORIAL BEHAVIOUR' 

I~ 1.0 
, , 

Introduction, 

Opti'oal r,ectif,icatiQn, as described by third rahk 
, .. r" , 

tensorial cOéfficients which' relat,e 'the measured rectified 
, , 

signal to the square of the radiation "'eleatric field, has 
l , _ .. ... 

been attributed to the interaot~on of ~ight with either free 

{58} or bound charges {59}, {60}. In order te détermine the 

nature or' the generatin~ mechanism for the présently 'obgerved . 
signal that fo11ows a third'rank'tensor~al behaviou~, an 

\ '- . , 

analysis of the expected ~ha~acteris:tics 'of the ~nduçed signal 
. 

ia carried out for eaeh of the two above mentioned inter-

actions acting as the source. 

IX 2.0 Light Interact10n with ~ound Charge 
) 

IX 2:1 Effect Due to·Non-Linear Po1arization 
'. 

T~e. square law -r.esPQnse of bound charge to an in-
f {'" 1 

• , ~.., f 

cident radiation is d~s,crïb~d by non-linear polarization {61l'. 

In gen~ral, the induce~ non-1inear polariz~tion P ia 
, -

re1ated to the radiation,electr!c field E at frequency w 

by the X'elation 

(123) 
.' 

, . 
" 

,1 

" ' " ,,' 

,! ' 

" 
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'where naturally the resulting induced polarization is com-
>, 

pose~ of, first, a d.c Or, in the case of a 'pulsed l~sér,' a 
> 

relatively slow ti~e varying comp'onent prop9rtional to the 
> 

power pulse envelope, and in a'ddition, a component vaqring at 

twice the radiationfrequency w •. 

The d.. c or s.lowly varyin,g. componerit p~ ~f the _pçlari-. o , _ , 
.' 

.zatioh P(2w,O) corresponds to optical,rectification; it ia 
, '. 1 . ' 

only this component which ia measurable in our case, and 
, " \ 

. . -
consequently of inter.'eàt in the fo11owing ana1ysls.. It 

t'ollows that 

Po == B' È 2. . = BW (124) 

where W ie the slow tim~ v~ryinq .amplitude of the l'aser power 

densi ~Y and, ls directly related to Ë2
, the square. of the .'" 

radiation ~leotric field ampli~ude. 

rrom Maxwe11!s equations; the rectified curreht J 

in a mâteri~l i8 given by 

J 
30 

• ft + (125) 

with (126) 
• Il ~ 

w~êre J,D, t -a~e the .1oca:Ùy inquoed d. c or, for the pulsed . 
'. ~ . 

r'aaèr, thé s10wly varyinq components of the cu~rènt Ç!.~nsi ty 1 

dielectric displacement, a~d electr!c field respectively. 

Substitutinq'Equations (124) and,(~26) into'Equation (125) 

. ' , . ' 

.' 

,-. 
, ' , 

" 
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(127) 

Assuming nowthat W # and consequently ê and J ,can 
, , 

be written in et Fourier series expansion with frequency com-

ponents wn; Equation (127) written for a p4rtioular.Fourier 

camppnent wn', becomes, 

(128) 

, ' , 
In conductor';, L'e. ,for ma'tierials such as telluz;:;[.um where' 

p-l », wm~' wm bein~ the' maximum frequency component,of W, 

'it'c1early follaws that und~r open circui~ ~onditions where 

J = 0, 

(129) 

and upon transformation back into the timè domain, 

t(t) .,~ - pB '1t (130) 

" 

Thus the me'asured sign~l1, if due "ta, ,pound char,ge ie 

expe~ted to fo11ow expression (130) which shows tha't the 

observed qenerated signal shoulq,be proportipnal to t~e"time 

de,rivative o~ the itlçident amp'li'tude of the radiation power; 

~his' c1~arl~ di's~'grée8' w~ th ,th~" expe~i~ental'\resul ta where a 

true reproduction' of the 1~8$r powe~"is 'obsè'rved. 'It is 
, . 

" 

therefore conoluded that optica1 rectification in semiconductors 

'via, a nO~~li~ear'po~ar~zation·effe~t dÙ~ ,to!boünd charge 
, ' 

cannot be th~ so~rce of the obser~ed signaIs characterized by 

1. 
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'the third rank tensorial coefficient X contrary to the' 

suggestion made in Reference {59}. 
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IX 2.2 Induced Signals Due to the Contribution of Electro

stri~tive ,Stress and Piezoelectric Polarization ' 

, 

Another mechanism that can bé invoked to explain the 
, 

induced emf characterized by the t~ird rank coefficient X, ~ 
, , 

ls the' combination of electrostricti ve stress and the resul t-

ant piezoelectric polarization. 

It is known that'a radiation electric field induces 

in all materials an electrostrictive sëress which ls a quad

ratic function of the electric field {62}. ,Thi~ stress 91é-

places' the atoms of a solid and also the electrons within'the 

atorns themseives; when the rnateriai is aiso piezoelectri,c, 

~hese displacernents produce microscop~c dlpoles which combine 
); 

to g~ve an average measurable macroscopic moment known as 

electrical polarization {63}. 

Mathematically, this electrostrictive.effect ia 

describe~ as follows: 

( 131) 

- . 
where 1 T(2w,O). is the induced e'lectrostr.ictive stress corn .... 

pased of a d.c Or a relatively slow time va~ying 'comp~nent 
, -

Trs (0) as well aS'a .,component varying at' twic:e the' radiat.ion' 

frequency , 'W; is the fourêh rank electrostriction co-, , 

• efficien~. 

" - , , 

• 

t 

' .. " 
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Now the stress T ,( 0), through the piezoe.1ecttic rs 
coefficient dirs ' yie1ds the polarization 

== (132) 

q 

Substituting Eq~ation (1,31) into Equation (132) and using -the 

appropriate transformation to express the induced stress in 

terms of the J?ower density W,: and combining ,al1 the co-
". efficients into the parameter C, we qet an expression fqr 

the polarization P of the form: 

p = cw (133) 

This relation is identical to Equation (124), derived for the 

ordinary non-linear pOlari,zaticin ~ffect discussed in Seètion ,. 
IX 2.0, which would 1ead, in th~s Case as well, to the con

clusion that the generàted signal resulting from induced 

polarizat~on in a high1y, conductive 'material, such as 

tellurium, wou1d manifest''itself as'an induced emf proportional 
• 

to the tirne derivative of the laser po~er density which is 

clearly~ contrary to experimenta1 Observatio~s~ 

IX 3.0 Li~ht Interaction with Free Charged Carriers 

A square-law current response, resulting from the 

interaction of the ~adiation ~lectric fi~ld with t~e free 

charged carriers in a ,semiconductor, can be described as non

linear oonductivity. The conquctiQn.9urrent J in a mater-ial, 

~ 

.. 
• • " . 

.~ 
'Î , 
,J 

J 

i 
1 
! 



, " 

( , 

P\ \:: ~.J .. 

.. 
---~-"-.--------_,-.-------

168 

arising from the motion of N carriers with a ve1ocit.y v 

is genera11y given ai 

J = eN (F) v(F) (134) 

The current J becomes non-1inear with, respect to the 

e1ectric field F when v is n9\rl-lineaF in F or when N , 
depends onF. These two cases are now considered-in turne 

IX 3.1 Non-L!near Carrier Velocity 
, 

We firat consider the case when the ve10city depends 

non-1inear1y on the incident radiation elèctric field F(w); 

particular1y the motion of free cnarged carriers, character

'ized by a non-parabo1ic en~r9Y' band, un,de,r the influence of 

the radiation field will be discussed. 

For this situation Butcher {64} has shown th~t the 

current is given by Equation (135), where the radiation fre

quency w is much larger th an T-l~ the reciprocal of the 

cart';ier momentum scattering'\time. 

, 11. 

:) E (k) 

d kiak ak r s 
~ 

(135 ) 

'where E(k) ia the quan~um mechanical energy of a carrier 
o 

obtained from'the appropriate sol~tion 
o 

equation in the givên mate~ial. 
\ 

of Schrodingers 
'f 

; 

" 

. ' 
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It is clearly seen that the first term corresponds 

to the well-known linear complex conduct~v~ ty for w» '[-1 ; 

the second term, being q~adratic in F(w), yields a rectified 
\ 

, 1 current component proportionai to the' thir.d order derivative 

of the carrier energy and conseq~ently tp a cubic 'term in the 

momentum vector k in the energy dispersion relation. 
, 

For the case of the valence ·band in tellurium such 

a cOOic term is known to exist:, namely Cl kx (k~ ::.. ,3k;> ,.{see. 
o 

Equat~on (4)}, which then seems at first glance and as 

assumed by Herrmann {58} to imply that a quadratic. response 
, ... " . 

is possible due to non~parabolic energy bands. However, the 

application of the fundamental princip le of time reversaI 

symmetry which requires that E (k) = E (-k) , indicat.es' that 
, 1$ 

. 
for every valence band maximum having a third order term with 

the coefficient Cl' there must exist another equivalent band 
. .or, 

extremum 'in which the third orde'r term has a coefficient wlth 

the value -Cl' In fact, the two valle~s involved co~respond 

to thé H and HI points of the tellurium Br'\lilloin zone 

{23}. 

~hus the required surnmation 0f the second term in 
~ 

Equation {135) over aIl of k-space will resOlt in an identi-, . 

cally ~ero contribution to the total current. Therefore, it' 

is concluded that time reversaI symmetry prevents second order 
o 

'non-line:ar effects due to a non-linear veloei ty of cnarged 
~ '. 

carriers, from taking any finite magnitude in homogèneous 

materials {6.()}. 

.. 

• 

,1 
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The above disc~ssion shows clearly that the interpre-. 

tàtion given by Herrman'n, to the observation in tellurium of 

an induoed signal wi~h a third rank tensorial behàvio~r, as 

resuiting from non-linear conductivity in that materi~l ia 

net acceptable. 

- 1 

IX 3.2 Effests Descr!bable by an Electric Field 

Induced Variation of the Free'Carrier Density , 

As, stated previously, non·linear cùrrents are a~so 

produced when the carrier concentration is itself a function, 

of the electric field. 

f' " 

This type of non-linearity is known to occur in 

pie2:oelectric. semiconductors wben an acoustié ''lave of fre-

quency w, is propagating in suah materia~s {oS},' {66}. 
o 

.' 

Such an acoustic wave, due ta the pdezoelectric effect, prb-

duces strongly coupled elect~ic field and space charge waves, 

where e~ectron-electric field non-linear interact10ns result 

in the simuitaneous generation of new electrical and aèousti

cal signaIs at the SUIn and di'fference 'values of' the original 

frequenciés. 
, 

A theoretica1 ana1ysis of t~is interaction meehanism,' 
. , 

initiated from-the non-linear part of the cross-term n(F) ~F 

-
in the current density Equation ,!L34), yields Equation (136) 

{66} which deséribes the d. c acoustoe'1ectric f ield tac' 

arising from the original acoustic wave of f~equency w, 

) 

\ 

" , , 



( \ \ 

1 

" 

c) 
1 

" 1 

, 
- ~ ,._ ... ..,;...~.,. ....... --- .-.-" ---~ .. , ....... _,-, --------,._~ .... 

1 171 

inte,racting with the free carrier electronSi '" , 

2 ~2 
IJ e S 

€ac = E ' (136) 
2e

2
vs [1+ wc/w 

' ~ 
+ w,/wo] 

w,here: 

... 
S is the magnitude of the strain· in the material associated , ' 

1 

wi th t,he acoustic wi!tve of frequency w, l, 

ep is the appropriate compone nt of ,the piezaelectric -~ 

const~nt1 

ls the phase velocity of the sound in the rnaterial at 

frequency !Il, ; 

-1 '" . Wc ~ (pe) '\\ is the 'dielectric relaxation freque~cy; . 

. ' .. 
Wo .. v~ elkaTu i8 the diffusion frequency. 

It is ta be noted that ,iJ'l acoustoel"ectr.ic effects f e.1ectrons 

and'holes produce sign~ls of opposite polarity'{67}; conse-
. ~ 

,quently the minus slgn in Equation (136) becomes plus when 
-

evaluating the can~ributian ta the induced' field from free 

carrier hole.-acous,tic wave interaction's. 

J 

Althouqh in our pr&~~nt experi~ents no acoustic 

waV'es are introduced in a converitional way, int~. ,the tellurium 
~ 

, samples, the radiation electric field t'ransmitted through the 

material can genera~e, via piezoelectric ~oupling, a strain 

'" corresponding ta a strain wave of frequency equal ta that of 
o 

the incident radiation' {68},' described by a strain component 
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5 (w) = F (w) (137) 

To our knowledge, acoustic waves, at the high fre-
lJ 

quencies involved in this discussion, have previously not been 

cons,i~ered and dealt with in' the acoustoelectt:ic effe~t., In 
, "t C • 1 

vi~w: of this fâ'ct'f we now develop a description of the likely 

behaviour and propagation characteristi·cs of such high fre-

quenqy generated strain waves in a material. ',' , 

At any particular instant of time ~l' a strain i8' 

expected ta he induced at each point within the illumin~ted 

part of the ,sample w~th an instantaneous amplitude which 19 

directly pro~~rtional to the,amplitude of the radiation 
. 

électric field as wcribed ,in Equation {137}i"~hus this 

strain has the spatial pattern and correspondingly an apparent 
, . , 

waveiength equai to that of the radiation', {see Fig~r~: ·25}.. ' 

Suhsequently, as time progresses, such as a~ t 2> t l, 

the mechanicai disturbance in. the material i9 expected ta be 

the resultant of'the two foilowing eff~cts: 

~ 

a·) the radiation, which has propagated in the material 

at the speed of Iight, correspondingly induc9s 

instantaneously and 'at each poi~t, a strain 

which at t 2 results in a strain pattern 

simiIàr to that e~isting at t l, but displaced 

synchronously with thè radiation field as shown 

in the Fi9u~e 25 • 

, . 
---" '---"'~"" i!.#;l"" JC:~\fJ~~~ l'Jï~l'fU!ta:)1i~~,,::.. ., 

• 
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Radiation E1ectric Field and Corresponding 
Induced Strains ~t Two Instances o~ Time t 1 , and t 2 Within the Material • 

. , 

• 

i· , ~ 

1 
1 
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b) the strains induced previously' at each point 
, -

at the instant t 1 ; \fill na'tutally tend them"':' 

selves to initiate, 'from'each point, strain 

waves at frequency w of' the radiation f,ield 
, , 

which would, tend to 'prop,agate throu'gh 'the 

sampIe: h9~ev~r, at these'high, freqüencies, 

theae latter strain waves, 9riginatirtg, at 

e~ch point, are ekpected'st Qest ta be highly, 

attenuated,' and not to.propagate any appre

ciable ' distance" compared to th~ radiation 
, , . 

wavelength. In fact, information avaiIable 

on phanon frequencies in telluriurn {69 }" in

dicate tha,t no phanans·,are. known ta be 
, \ 

sustained in this màterial at frequenciè's 

'above 3 MX 101~s -1. 

~ Therefore, at any time, the total strain withiri the 

sample consists s01e1y ,of that which is lnstantaneaus1y 

generated by the radiation. Thus the nèt effect within the 
" 

material, is that an aeoustie disturbance exists whîch 

appears ta be directly coupled or locke~ ta the applied 

e1eetromagnetic radiation, having an identical amplitude 

variation in time and, therefore, th~ sarne wavelength and 

phase lIe100i ty. 

HAvinq thus éstablished the oharaoteristies of the 

aeouetie wa~e~1ike dis~urbànee present in telluriurn exposed 
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to the laser radia~ion, we are now in a pO'sition to evaluate 

the induced measurable acoustoelectric signal by using the 

appropriate values of the parameters in Equation (136). ~hus, 
~ 

°for ~ radiation power density of 16S,KW cm-2 , the amplitude 
" 

of the radiation electri~ field ~n telluriurn is calculated to 

he 5~'1 x '10 5 V/m, it follows th~t, with E:O 2'3 EO and' 

e~Qe .6c/m2 '{i3}~ Equation (137) yields that S a' 1.7_x'lO-4. 

New, far t~is magnitude af st.rain at frequency' w, = w == 1. 9 

~'1014s-1. with v
s

:= 3 x l08ms-1 and lJ ~.1/m2v-ls-l~ 

Eq~ation (136(' preclièts 1 for the acoustoelectric induced', . 
eléctrlc field, a value 'of €aç ~ 0.4 V/cm. 

11= is to be noted, .h~weV'e~/' th,at Equation Ù36) "was 
,r, 

der~ved with trapPing effects neg~,éct~~; in fact sorne of the' 
, 4i 

, , 

, ' 

sp~ce charge produceq by the st!ain wave. ,May -pé trapped at ,r ,. 

s~ate~ within the forbiçlden'"ener'gy g~p".,,, rhese :i~obile 
~ , ~ ~ 

charges -do not participate in <?onduction and thus the res,~lt-. ' 

ant 'induced signal may he apprèciably red~ced ,from'the valuè 
, -' ,) - , ' , 

evaluated abovè': Also, it must 'be noted' that the value 

as'signEid to the pi~zoele,Ctric ef'f~ct in ~he previous numerica1 

eval~atio~ was that ass'ociated ~ith micr~wave ,frequencies1 it 
, 1 

A 

. ,1s expected that ait the, optica'l' frequen~ies' invol,ved, the '. , 1 

effect~vè piezoelectric 'ço~~~i~ient ~ t/ep 
, tl,· 1 

maqn~tude~' ~ , 

will be s~aller in 

As stated previous1y, electrons and holes· p'rod~ce 

aco~stoelec~r~c s,:i.,gnals of oppoflli te polar,i ~y, and. ~herèfoFe, 

". " ' 

'p 

, ' ~) 

, 1 

: ' 
• , 1 
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the net induced emf is expected ta be the algebraic suro ~f , 
contributions from both types of carri~rs. 

l' 

IX 4.0 Interpretation of the Present Experimental Results 

In the previous sections, we have presented the 

theories of four different types bf mechanisms by which 
• 

radiation induced emfs may occur in tellurium. Before we ~ay 

relate the observed signal, that fol1ows a third rank tensorial 

behaviour, to one of the latter mechanisms~ our experimental 
~~, \ 

resu1t~ presented in Section VI 3.0, must be analyzed, 

interpreted, and summ~rized. It may be deduced from Figure 

13 that in undoped crystal~ the signal with the third rank 

tensorial behav~ remains constant· fram, room tempera,ture 

down to 220 K, then incre~ses in magnitude down ta 180 K and 

remains essentially con$tant at lower temperatures; it is 

. ~~t;d that in these three temperature range,s the\relative 

concentrations of holes and electrons are as fOll~ws: in the 

upper tempe~ature range.the material 
./ 

hole1and electfon concentrations; ln 

with equal 

iate tempera-
~ 

·tures the electron minority carrier conce trat on 'decre~ses 

more rapidly compared to the majority carrier concentration 
\ 

of holes; and at the,lowest temperatur~ ~anqe the materi~ 

bedornes extrinsic with a constant concentration of holes 
. 

which iS'several orders of magnitude above that of,the further 

decreasing concentration' of electrons • 1 

-, 

-II 
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Considering now the results in a doped samp1e shown 

~ F.igure 16, the coefficient x* at room temperature in 

doped samples is evaluated to be three times its ~alue in the 

undoped material; a1so, in this case, the induced voltage i~ 

found to be rairly constant with temperature; the slight 

deerease~with lower temperatures is noted to be essentially , . . 
proportiona1 to the eorresponding decrease in résistivity of 

,', 

the material. 

Thus our experimental results seem to indicate that 
, -

the indueed signal depends on the carrier type and concèntra-
1 

tion, with holes and electr~ns produeing emfs of opposite 

po1arity. These observations l~ad us to believe that the . . 
source of the generated emfs is most closely related to a non-

linear· conductive effect. ~ 

~x 5.0 Conclusions 

In:this chapter, four different mechanisms have been 

considered and critically diseussed as the possible sources 

fGr the obs~rved signal Jkhibiting third ra~k tensorial 

behaviour. 

The first two mechanisms, known respectively as non-
1 

linear polarization and electrostrietive-piezoelectrie ,effects; 

~nvolve'the interaction of· the laser radiation .with bound 

charges" it has bee~ concluded that these mechanisms cou Id 

not be the source of the measured amfs sinee the y are elearly 

• 

1 

• 
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independent fram the type of froe carrier present; furt.hermore, .. 
bound charge dependent signa1& have been shown to resu~t in 

signals' proportional to the ti~e, derivative of the laser 

power density which is contrary to our experimental 

observations . 

. The remainin9 two mechanisllls action 

with free charged carriers. In the first of effects, 

the applicatiol1 of the fundamenta'l principle of .time reversal 

syametry, resulted in the conclusion that the existence of 

non-li~ear velocit~of free charged carriers, due to non

parabolic energy bands in a material, cannot manifest itself 

in any second arder non-linear conductive effects. 

The non-linear acoustoelectric effect-involv1ng the 

presence of radiation generated high frequenc~ acoustic dis

turbances via piezoelectric coupling, has the necessary 

features leading to an induced emf which is linearly rélated 

to the laser power density and sùch that holes and electrons 

produce signals of opposite polarity. 

However, the following discrepancies ,are noted in 

this proposed mechanism: the calculated magnitude of the.ex-• 
pected signal is about fort y times larger than observed in 

our extrinsic samples where the electron-hole cancellation 

effects are negligible; furth~rmore, Equation (136) prèdicts 
. 

that the generated signal ls directly proportional to the 

mObility and thus, in extrinsic mate~ial, the measured signal 

il 

, 

, 
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, . 
is expect~d to increase with the mobi1ity as the temperature 

is 1owered, which ,is contrary to our observations. Both dis

crepancies in ma~nitude, and temperature depe~dence, however, 

between theory and ~perimental resulta, m~y be exp1ained by 

invoking the idea of trapping effects; the presence of 

trapping
o

wou1d indeed reduce the expecte~ signal 'màgnitude; 

also, its effect is known to géner~lly increase strongly with .. 
decreasing temperature( thereby'over-riding the temperature 

dependence of the mobility. Furtherrnore, it was noted in 

S~ction IX 3:2 -t~at [he effeêtive piezoel~ctric coefficieni, 

at the vsry high frequency involved, in'this phenomenon, is ~ 

expected to be reduced below ·its low frequency value given,by 
1 

Reference {13}. It seems thus possible to propose ~hat the 

acoustoélectriè effect is responsible for the observed emf 

characterized by the coefficient x. 
" 

, 

\J 
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CHAPTER 'x 

P~CAL DETECTOR CONFIGURATIONS 
~ 

x . 1 ~ 0 Introduction , -' 

. From 'the experimental results presented in Chapter 

VI, it follows that the photon drag effect and the'mechanism 

~characterized by third rank tensorial behaviour àre 
, 

sufficiently intense and fast in a tellurium sample to he-

used as mechanisms for the detection of pulsed CO2 laser 

radiation. 'In this,chapter, various practical detector con-

figurations are discussed 
" . 

ls aChieved., In qeneral, 

laser output power fail 

that optimum device performance 

used to measure 

two classes:· 

-~ 

. , 

a) Detectors, where aIl the iation ~s absorbed. 

b) Monitors, which are traversed b 

allow Most of the incident radi 

mitted. 

laser beam and 
1 

on to be trans-

The performance of tellurium in 'such devices, • q 

utilized for CO2 laser ~àd~at~o~ ~resentèd in both 

detector or monitor configuratio~s, and compared wfth other 

existing aevices. 

li 
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X 2.0 Tel1urium CO2 Laser Detectors 

The r.adiation induced electric field ê within the 
~ 

sample can be written f~om Equation (14) in the forro: 

J!!o = [ T" ;; + X * ] We e ci ijmn ~j, imn m n ( 138) 
~ 

.. 
It has been shown {Section VI 2.1} that the longitudinal 

voltage across a sample of len9th 

flections is given by 

L, neglecting multiple·re-
1 , 

Wo(l+R) 
[ .. .... *] V

1
, ::::. T.jtm q, + X·' ""';;"-K--

1. J l.lm ' 
(1- exp - KL) tïnen (139) 

, 
where K, R ar~ the radiation po1arization dependent 

absorption and reflection coefficients, rèspectively • .,. 

" From experimental resu1ts", it is found that ,only 
01/, 

'Ti133" T2233 and XiII' X2l2 ' xi22 are of significant magni

tude to be of practical interest for radiation detecting 
" devices. 1 By inspection of tihe subscripts associated wi th 

each of above tensor coefficients, it is seen that the .T's . ~ 

are non-zero for E Il 3 or c whereas the third rank t~nsors 

involve, polarizatioJ:) components of ' E 1 c. Thus Equation 

(139) can olearly be rewritten in the form: J Tt X* 
V. = -. ( 1-Rt~ Wu (l - exp - KtI L) + 2:..- ( 1-Rl ) W! ( 1- exp-Kl. L) 

1. ~ ~ 
, . 

• (140) 

where the values of aIl parameters are finite only for the 
~ 

radiation po1arization indicated ~Y their subscripts. 
(".\ 

r 
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1{ 

~ 
Since it/was found that in te~lurium at '10.6 ~J the 

magni tudes of T,r 
cl' 

and 'X.J..*' 11;, and &. are approximate1y 

equal, but 

'" third,rank 

RI! »K.1' i t_~ ca~ easi ly he es'timated· that the 
f 

tensorial effect'induoes larger voltages for 
1 
1 

sample 1engths L > 0.5 cm~ Therefore it is more appropriate 

to use the emf gene'rat:ingr' mechanism characterized by X than 
( 1 

the photon drag effect·~hen high résponsivity ie desired. 
,/\ 

However, when ultra-fa_t detectors are required, the photon' 

drag effect becomes of interest, as will be discussed in 

Section X 2.2. 1 

X 2.1 Detectionf Usin9' the, ,Third Rank Tensorial Effect , ? 

a) 'Responsivity 

Considering now, detectors using the third rank 
" 

tenso'rialt,effect, it was found from experimental results 

{Section ~l 3.2} that at room temperature, for extrinsic 
/ 

~ 1 

x* is thr~efold larger'than in an intrinsic ., materiall' 

materi,i. Thus a longitudinal detector cut from such a 
~ 

material tO,a typical length of 2 cm, as ia cornmonly used for 
1 p 

germanium photon drag detectors, and oriented with the long 

di~eneion in the direction of the 1 a~is, with theoincident 
l ' 

l'ight beam polarized parallel to the 2 direction, generates 

a voltage given by 

* X 
(141) 

(1- exp- K.lL) 

- , 

". 

• 
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"-

where the effèct of multiple re~lect~ons has.ceen includea. 

With x* = 0.,7 x 10-7 cm/A.,>' R J. = o. 4 3, and ~ -1 KJ. = 0.27 cm , 

Equation (145) yields that 

Vl/WO - BO ~V/KW cm- 2 

1 

... 
" . .." 

Thu~, a detector of 4 ~ 4 nun2 cro~s-section has,'a,re's-ponslv:ity 
o 

of 0.5 mV/KW which is almost four tlmes better than for -. 
çommercially available ,germanium photon drag dete~tors of th~ 

sam~ dimensions,· for example Oriel Model 7411 (.imported fram 

Rofin Ltd., England). 

1 It must be noted that the telluriurn detector just 

described absorbs,only h.lf of the incident radiationj i~ 
total absorption was allowed either by increasing f~ur~6:i4 

, . 
-the absorption coefficient employing more highly doped, 

l 

material, or by increasing the length of the s~mple fourfold, 
. 

the responsiv~ty would hav~ b~en increased almost twofold. 
. ' 

A~ti~eflect~on ~tings' on the incident sÜrface Wilil.~ncreaàe . 

the magnitUde of the si9nal by an additional factor Yf two. , . . 

Finally, it must be' not~d that the quot~d resp6nsi-, 
, 

vities are for linearly polarized lig~t; thequ-"qf unpolarize4. 
l radiation would reduce the signal induced in this detector by 

• ! 

a factor of two. 
\ 

( b) Noise and detectivity , 
i 

Sinc~ the described detector ïs a photo·voltaic 

.device'used without any electric current,being appl1ed, -the 

, 

, . 



, .. 
," 
, , 

• i 

, ' 

( ) 

1 1 

1 
, 1 

1 

() 

-' 
'l' 

. \ 
" 

-' 

i 
, -

,1 

onl~ sourcb of noise within th~ mlferial is thermal or 

Johnson's noise; the ma9nitud~ ot ~he nois~ rms voltage v 

per unit bandwidth ls given by 

. 
1 
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v .= ['4 k T R ] 1/2 
B s' 

(142) 

.. 
',.fi'.f' ' 

" where ls the thermaL energy and is th'"e aamp1e 

. resistance. The res~stance Rs of thé sample, wieh the' pre

viousl'y stated dimensions and cut! from our ex~rin~~al 
whose measured res~stivity ls 0.75 ohm-cm, is alcu1ated to 

.. 
be 10 fl, which then yields at room tempera a noise . 

C· 

voltage \ 

" 
/ 

Using the previously calculated detector responsi~ity 

of 0.5 mV/KW, an NEP' {see Section II 2.0} of 8 x 10-4 W/Hz1 / 2 
... 

ia evaluated, which then co~responds, for the detector are a 
, 

of 2 16 mm , to a detectivlty D~ , {see Section 11 2.0} of 

500 cm H'z1/2 IW.' , , ' . ,1 

, 
It is not~d that the above perfonmance parameters 

are appreciably better than for the Mo1ectron Model PS, 500 
l ' 

pa rise ~ime Py~tl~~tric detector, which has a ,iven NEP of 

10-1 W/Hz1 / 2 an a 0*, of 3 cm az1/ 2/W. 1. . , . 
" ., 

c) Speed of response 

As discussed in Sect~on VII 9.0 for the case of the 

photon drag effect, the speed of 'response of any photodetector 
;1-



\ 

() 

• 0 1~5 

l\ 
is generally ~imited by the following three fundamental ti'mes: 

the dielectric relaxation time, the light transit time through 

1he sample, and a characueristic response time of the.emf 

'generating mechanism. 

If the acou~oe~ectric effect ~s taken to be the 

m~chanism responsible for producing the6~;~nal characterized 

,by the third rank tensor coefficient X, the fundamental res

pense time for this affect wou1d in~olve the decay rate of 

the'" radiation induce'd strains. ' On the basi! of the previ~usIY 
~ 

discussed assumption, that the acoustoelectric strains decay 

within a dis~ance much smaller than the wavelength ?f light, 

it is inferred that, the decay time is shorter than the pro

pagation time of the light beam within the material. Also, 

for a sample length of 2 cm, the light' transît time in 

tellurium for E l c is 3.3 x "1.0-1 Os , which lS much longer 
-12 

tha~ the die1ectric relaxation time of 1.2 x 10 • It thus 

follows that the light t~ansit time through ~he sample is the 

fundamenta1 limitation in the speed of response for the 

described tell?rium detector. If faster ,response speeds are 

desired, shorter sample lengths must'be'used which then, r~-
, . . , 

suIt in a loss in the responsivity {refer to Equation ~1)}. . . 

. 
Drag and X 2.2 com,Earison of Téllurium Photon 

i 

Third Rank Terisor:i.al Effect Petectors 

,; F):'om our e;x:perimental results, it was 
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responsivity at room temp.erature of the te1
p
1uriUM pho~on drag 

détector with a sample length greater than 5 mm is 10
0 

J,.JV/KW- 2 , 
\ 

which, although eight times smaller than in a device of 2 cm 

length employing the third rank ten~orial effect, is sufficient 

to deteot high power pulsed CO2 laser radiation. Furthermore, 

when ~esponse times of less than 10-1 °5 are required, samp1e 

lengths_of 1ess than 5 mm are'necessarYi in this case, the 

emf induc1d by the phot~n drag effect becomes comparable to 
J 

that associated with the third rank coefficient x- In 

addition, since the photon drag effect was found important 
~ 

only for radiation polarized para1le1 to 'the c-axis, and re-

calling that X involves polarizations only perpendicular to 

the c-axis, it can he seen that when such short devices "are 

used to detect unpolarized radiation, both the photon drag 
/ 

and third rank tensorial effects will contribute to the output 
, 

voltage of the device; conse'quently, the responsivity of these 
Jo 

detectors can be made to he practically inde'pe~dent of the 

incident radiation polarizatiQn. 

X 3.0 Tellurium C~2 Laser Monitors 

X 3.1 Single Element Monitors 
.. 

In certain ~pplications, where it is necessary to . 

detect the laser heam without affecting its int~nsity or 

geometry, a device must he used which transmits undisturbed 

essentially aIl the inciden~ radiation power. Samples with 
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the geometries shown in Figure 26 can be used for such • 
~ 

devices which are nonnally of large area and are, called "be"am 

monitors". These sample .configurations require the voltage 

to be measured transverse to the laser beam propagation 
Q 

direction; since ttle transverse "photon drag effect ~as found 

to be negligible in tellurium, only the third rank tensorial 

effect i5 applicable for such devices. Furthermore, as this 

me~hanism generates fini te emfs only for radiation polariz~d 
• 
perpendiçular to the c-axis, the amount-of radiation lost düe 

to absorpt'ion within these samples i6 negligible; in addition . 

by employing antireflection coatings on the surfaces, the 
~ 

samples, should transmit essentially aIl the laser power. 

From Equation (19), when R = 0 due to the anti,,::, 
o 

reflection coatings, the voltage induced by the third~ank 

tensorial effect is given by 

(143) 

wh~re "d is. the i1luminated distance between the contacts. 

Thus for an extrinsic tellurium monitor having a 

23 mm diameter clear aperture a responsivity iff 39 mY/MW i5 

expected to be achieved which is a factor of 7 larger than 

the commercially available germanium transverse photon drag 

beam monitor, Oriel Madel 7412, known to transmit ~5% of 

the radiation. 
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Figure 26. Prae~càl Telluriwn "Laser Bearn Monito,r"'" 
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X 3.2 Multi-Ele~ent Monit~rs 

()It is noticed in Equation (143) that only the illu

minated distance, d, between the contacts {see Fig~re 26} 

k affects the magnitude 'of the induced voltage and the width of 
f 

the sample is immateri·al. In other words, a sample wi th a 

_ decreasing width w -+ 0 produces an identical signal .to a' 

sample with w ~~. It follo~s that the responsivity of 

large area monitors can be incréased by cutting the original 

area into multi-element strips and eleetrieally connecting 

them in series as shown in Figure 27a. Thus if we eut n 

auch strips of length d and of width w/n,\the induced open 
, 

circuit voltage and eorrespondingly-the responsivity becomes 

n times larger than that of a single sarnple of the sarne 

overa.ll dimens,ionS"'. 

~ 

Experimentally, this expected increase iQ responsi-, 

vit Y has been verified by constructinq a three element device • 
{see Figure 27b} • . , 

v' X 4.0 Conclusions 

It has been·shown that tellurium is'an attractive 

ma~erial to use for the detection and monitoring of pu~ 
CO2 laser radiation. AlthOU9h tl~ Photo~ drag"elfect in 

tellurium is of sufficient magnitude to be used as ~he-souree 

for the -dèteetion of highopower pulsed CQ2 laser radiatio~, 

it i~ found that the mechanism characterized by the thi:d ~ 
. / ( 
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t Monitors . 

a) a proppse n-elemen; device., ~ 

b) an actu~11 constructed 3-element device. 
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rank tensorial c'oefficient induces larger emfs. In fact, 
.... 

, th~ responsivities of t:he tell'uriwn dev~ces employing the 

latter' effect are superior to those of commercially availi~ble 

germànium photon drag devices. 

o 

i -. 

. " 
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CHAPT§R XI 

CONCLUSION 

This thesis has presented the first comprehensive 

• set of measurements and interpretatioQ of the fast emfs 

generated in single crystal tellurium by pu1sed CO2 laser 

rad:f:.ation. 

Three distinct mechanisms have been identified as 

the sources responsible for inducing the fast signals in 

tellurium~ these mechanisms are characterized respectively by 

a fourth.rank tensor coefficient corresponding to the p~oton 

drag ~ffect, a third rank tensorial coefficient that can b,e 

attributed to a carrier concentration.dependent non-linear, 

conductive effect, finally the third signal, is 'attributed to 

spurious behaviour 'that is significant only in undoped samples 

at low temperatures and is observed to be related in general 
\ . 

to imperfections in the tellurium single crystal structure. 

A phenomenological tensorial analysis was first 

given which defined the particular combinations of the 

measurement, radiation propagation and polarization ~ircctions 

so that the third and fourth'rank tensor components could be 

identified' and measufed sèparately. Using the above analy~is, 
'~ 

the magnitudes of the induced open circuit voltages associated 
,~ , 

with the various third and fourth rank tensor .matrix e.lements 

/ .... in bath undoped ànd doped telluri uni samples hav~ been 

- ' . 
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determined in the temperature range between 115 and 300 K. 

The experimental results showed that for the photon 

drag effeet,' the on1y ten10r components of signifie nce are 

those corresponding to longitudinal measurement with 

radiation polarized parallel to the c-axis, i.e. T~133= T;233 

whichin undoped and doped arystals are respectively equal to 

0.85 x 10-7cm/ A and 1.1 x 10-7cm/ A at room temperature. In 

the case of the third rank tensorcoefficient, only the 

equivalen~ components X~22 = .X212 = - XiII are large with 

room temperature magnitudes of 0.25 x 10-7cm/ A and 0.7 x 

10-7cm/ A in undoped and doped tellurium erystals respectively. 

" In or der to acquire a thorough understanding o~ the 

photon drag effect in tellurium sueh that an interpretation 

of the experimental results could be given, a theoretical ~ 

analysis of'this effect has been carried out: the analysis 
~ 

was developed in three stages leading from a macroscopic"to' 
- . 

a detailed microscopie discussion of the gener~ting meéhanism 

and its dependence on the various physical parameters of 

tellurium. A very favourable agreement between the experi-

mental results and theory has been found to exist for aIl the 

photon drag tensor·components. Furthermore, in the process 

of interpreting the results, information on ~he electron and 

hole absorption cross-sections and momentum scattering times 

were obtained. 

In the case of the signal exhibiting third rank 
î 

.. 
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t.ensorial behaviour, four different. mechaIiisms were crit.ically 
-- ,} 

discussed as possibl~ sources: non-linear polarizat.~on, t.he 

cOmbinat.ion of elect.rost.rict.ion and piezoelectricity, non-

linear carrier velocit.y, and non-linear aooustoelect~ic 

effects, have been investigated1 it has been shawn ~hat only 
t/ "" 

the latter effect can be proposed as the possible source 

responsible for the observed emf characterized by the third 

rank coefficient.-

The third of ~he emf generating'mechanisms is deemed 

spurious" in nature as the magnitudes of the corresponding in-.. '-

duced signals vary substantially from sarnple to sample. AIso, 

it cannot be described by a tensor coefficient of any specifie 

rank. However, a correlation between the presence and 

magnitude of this signal, and crysta~ imperfections has been 

\ observed to exist. 

In conclusion, it is shown that tellurium is an 

attractive material to be used for the detection and 

monitoring of pulsed CO2 laser radiation'. The performance 

of tellurium devices, in various sample conflgurations? and 

using particularly the third rank tensorial effect, are found 

to be superior in general to co~ercially available germanium 

photon drag devices, and even to pyroelec~ric det.ectors when , 

ultrafast response times are desired. 
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APPENDIX l 

Taylor Series Expansions 

In general, the first two terms of the Taylor 

series expansion for a function ~(x) aroup~ the point Xo 

ia given by 

195 

( 

1 
1 

tb(x) = 111 (xo ) + a!! ô(X) . 

~ (xo ):: 111 (x) 1 x = X 1 

(Al) 

1 
where 

o 
/ 

1 

,1 

and 

" OS:lriq Equation (Al), the Taylor/ series expansion of 

about ko b~comes, / 
/ 

/ aT ! 
--!! ~.-a k ~~a 

0/ 
Ta (Ek ) == 'ta (Ek )" + 

0 
(A2) 

iJEa 

b) Expansion of ---5 
iJki 

/ 

Binee it is assumed that 

it follows that// 

\ 

/ 
/ 
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aEa fl2k . 
k = al. aki · ma (A3) , 

lit where kai ilS the component of 'ka ,in ebe i t.h direction. 

From Equation (75) we now qet that 

Thus, 

cl Exp~nsion of 

From Equation (Al) 

cSk a 

Assuming no'" that Boltzman's statistics are applicable 

(A4) 

(AS) 

r 

(A6) 

fO(E~ ) :;: éxp -(E~ - EF)/ksT (A7) 
o , 0 

• ,0 

:;r -

a 
exp - <Bk - ~) 

o 

:Il ... 

• • (AS) 

where (A9) 

.' 

.' 
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( 

Substi tuting ~quation (AB) into (A6), y1e16~h~t , , 

(A10) 

• 
d) Expansion of the Dirac delta functions 

From the properties of the ~ function given in 

Reference {7l} ,: it is foufld that 1 0 

(AlI) 

j 

where t i are the zeroes of r(t). 

The zeroes of E~ + iiw - E! + from Equation (71) are 

. . 

Sinee 

(5(E~ + flœ 
k 

k k+q 

l 

h
2

ko [ m~ - m~ ] 

(l-z) for z < 1 t (AI2) 

" 
(A13) . 

(AI4) 

- ,. 
, . 

~. 

,0 
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Éxpansion of 

The use of Equation (Al) yields that 

= k 3 +. 3k 2 ~k o 0' 
(AI5) 

, 
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