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/ ABSTRACT
!

Cemprqunsive measuremente are carried out in order
to obtain andhaéterpret all teneer components necessary to
éescribe the f;st'emfs induced in’intrinsic and extrinsic
Blngre crystal tellurlum samples exposed to TEA Co2 laser
radiation id the temgerature range between 115 to 300 K.
Three dist{nct mechaniams for the generatlon of the fast
signals are 1dentified, namely, the photdn drag effect, a
carrlerkﬁependent optical rectlficatlon effect, .and, a.
spurious signal predominant only at 1ow températures in

structurally imperfect crystals.

o
/ A théory for the photon drag effect based on a

detalled microscoplc discussion is developed and is found to

be consmstent with the obta;ned experimental results.

- -~

Of the different mechanisms discussed for the optical
1 &L

rectification effect, the non-linear acoustoe;ectric effect is.

proposed as the likely source.

Finally, the performance of tellurium detectors is
shown to be superiogiin general to commeieially available

devices when ultrafast respoﬂse times are desirgde

1

[ — . .
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‘. * EXTRAIT

*

Des mesures détaillées ont &t& effectuBes, pour obtenir
et interpréter tous les &léments tensoriels nécessaires pour

.décrire les forces &letromotrices induites dans un cristal

de tellure éxposé a la radiation provenant d‘un“f’;er a Cop~ ¢

TEA, entre 115 et 300 K. Trois m&canismes distincts ont été.

-

indentifiés pour expl@quer les signaux obtenus; un effet de redresse~

ment.optique dépendant des porteurs de.charges et un signal qui

apparait aux bassés temp&ratures et qui resulte des imperfections

v . v
* 3 ' > . e

. L
cristallines.

-

Une théorie confor%é aux ré&sultats expérimentau§; baséé'sur

des conéigérations mic£¢scopiques détaillées a &té déveloéée pour
. expliquer l}effep duﬁpréﬁ% de photons. ‘ .
Aprés avoir discﬁtélplusiéurs mécanismes pour expliquer l'effet
de'redressemént optgque; i‘effet acoustoélectrigue. non liné&aire esg

B o

- proposé comme- la source la plus probable de. cet effet.

' ® '5.
_Finalement les caractéristiques des detecte&ﬁg 3 tellure sont

¢

§ }
montrées 8tre en général supérieures 3 celles de ceux commercialement -

~ ~ N

disponibles dans le cas 'des sigﬂéux a tré@s- hautes fréquences.




_ ACKNOWHiPGEMENTS

t
P

\

«

The autbor wlshes to express hlS appreciation to

Dr. A.A. Guﬁdjian for his guldance and assistance through-
out the perlod of research.

he T o)
.
-

- b P
Thanks are also due to Dr. E Adler and

. G. Farnell for thelr partlclpatlon in enlightening dxs—
cussxons and suggestlons.

The effic1ent and fine £yping of this thesgis by
Mrs. W. Aird, is much appreciated

o«

Bl

Acknowledgements are due to the Quebec Department

of Education and to the National Research Council of Canada
for their financial support.

-

Finally, the author is ever grateful to his

parents and wife for malintaining their patience and under-
standing during his years of academic study.

A

A
!
M .
A .
.
'

A’ ' - = - lA



N

O

ABSTRACT

ACKNOWLEDGEMENTS

TABLE OF’CONTEN&?

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS

CHAPTER I

CHAPTER II

1.0
2.0
3.0
3.1

CHAPTER II1

2.0, -
3.0
4.0
5.0
‘5.1

'INTRODUCTION |

STATE OF THE ART OF PULSED co,
LASER RADIATION DETECTORS

Introduction

The Performance Parameters of Detectors

Chgrécteristics of Typical Detectors

Photon Detectors
Extrinsic’
Intrinsic

Pyroelectric Detectors

The. Photon Drag, Detector N

Conclusions ' L e

PROPERTIES OF TELLURIUM

Introduction

Crystalline Structurés

Mechahical Properties
Electric chduction
OPEigal fréperties
Diéiectric,?ropertiés

R

K]

2

ST T T BT T S

-
- JEN -

10




Y T T S

N
{
.
.

;&%‘Hr ‘i b -

'}
N

© 5.1.1

v 6.3

-

The Linear dielectric dbn;tant o

'5.1.2 'Thg.nonilinéar dielectric property

Natural Optical Activity
Absorption L. .

Tellurium Band Structure

" Introduction

. 6.2.1
6.2.2 -
6.2.3

7.0

CHAPTER IV

1.0
1.1
1.2
1.3
1.4

1.5

2.0

2.1

2.2
3.3

The Valence Band
Structure -

Electronic transitions

The temperature variation of the
energy separation of the valence band

The Conduction Band

Conclusions

Y

'EXPERIMENTAL PROCEDURE FOR THE °

OBSERVATION OF SIGNALS INDUCED IN
TELLURIUM BY A CO, LASER ‘
The Experimental Set-Up .

1

Introduction
The Source of Radiation

The Pyroelectric Detector

Signal Measuring Apparatus .

~ The Tellurium Cryétals

Sample Preparations™
' . F

\Introduction

‘Sample Cutting K

Sample Polishing

v

_ Page

19
21
21
23"
Tg?
23
26
26
3
32
32-
34

36
36 -
36
36
37

© 39

39
41
41 |
41
42




¢

CHAPTER V

5.0
CHAPTER VI '
1.0

2.0

, .
Sample. Dimensiorns

' Electrical Contacts

Preliminary Observations -

Introduction’ s

Initial Results

© Fnterpretation of Preliminary Results

..Conclusions

PHENOMENOLOGICAL GCHARACTERIZATION
OF RADIATION INDUCED SIGNALS -

Introduction
The Third Rank Tensor Components

Fourth Rank Tensor Components

.Separation df'Signals due to‘third

gnﬂ Fourth Rank Tensors

Conclusion

EXPERIMENTAL RESULTS
Introduction
General Remarks on -the Sample

Parameters Affecting the Measured
Signals o

Measurement of Opén Circuit Voltages

Effect of Natural Optical Activity

Measurement of the Third Rank
Tensor Coefficients '

Measurement of ¥ r X1oor X in
Undoped Samples 111 122’ 4212

Meésurement'of X . X . X in
Doped Samples 111 %22 212

47 .
" 49

50
50
51
53 ,

57

62

62

63
63

65 .

68

75




DR S St ke ke sttt sttt atin stttk et

Raiite i il SRt il tiol e

m&i h tet . N e . . - - . ‘, . C
'\ .
- ) yi -
b o ° - : Page ,
, 3.3 Measurement of X121 end X231 15 ,
3.4 Conclusions “ ' .17
. . . S &
4.0 Measurement of the Fourth Rank Tensor
T , . Coefficients: The Photon Drag Effect . 77
4.1 . Introductiop A : - 77
4.2 ’ The Fourth Rank Tensor Components of -
i . . set 1, T2233 = T1133~ The Longltudinal- .
' N Photon Drag Signals with E || ¢ - 78
-7 o 11.2.1 Measurement.in'undopedlsamples ‘78
~ 4.2.2 Measurément in‘doééd samples 80 i
5.0 The Observation oé an Additional and
. ! Unexpected Generating Mechanism 81
5.1 " Introductioy - 81
5.2 Measurement With the Light Propagatlon
in the 2— 1rectlon 81 )
5.2.1 Measurements in undoped samples . . 81 )
13 * - - N
5.2.2 Measuremegt in doped samples v 86
6.0 The Fourth Rank Tensor Components -
. of Set 2 87 .
. e 0 6.1 . .The Longltudlnal Photon Drag o i
. 1 . ’ Component T2211 ‘ " f},4,87
| 6.?‘ The Longitudinal Compoment T1122 . ' 88 i
-~ . - C62.1 Measurement in undoped samples °w © 88 ?
6.2.2 Measurement in doped samples - ) 89 . )
L \
' 6.3 ‘The Fourth Rank Tensor Components of : '
o o . Set 3, Ta3py = T332 0 89 ‘
. ' — 6.3.1 Measurements in undoped samples\ 89
6 3.2 Measurements in doped samples 90
: . 6.4 ‘The Fourth Rank Tensor Componeﬁfs ¢
’ 'of Set 6 90
) ) % o )
» o ’ a




|
uA

i vii
/\
[ 5
) Page
6.5 The Fourth Rank Tensor Components
of Set 6 90
7.0 The Third Rank Tensor Components
X123 X231 52
8.0 The Spurious Low Temperature Signal 93
8.1 In%&ﬁ@ﬁction , 93
8.2 General Characteristics 93

8.3 riation with the Crystal Orientation
Re ive to the Incident Beam 94
: 8.4 Dependence of the Signal on Sample
3 "Aging" 100
% 8.5 Discussion and Conclusions Concerning
E the™ Low emyerature Spurious Signal 100
. 9.0 Conclusions ¢ tgg
3 ' ' I
b CHAPTER VII ’ THE SIGNAL WITH THE FOURTH RANK TENSOR
g BEHAVIQUR
. THE PHOTON DRAG EFFECT IN TELLURIUM __.104
A : o
o 1.0 Introduction “ 104
| - v 2.0 General Remarks C 105
}; 3.0 A Microscopic Approach 107
4.0 A Simple Microscopic Analysis 110
“ 4.1 Introduction 110
4.2 Evaluation of the Photon Drag Current 112 0
4,3 The Special Case where hw < AE 119
5.0 Exact Formulation ~ 121
- 5.1 Introduction . ) 121
"1‘,: i
4 5.2 Solution of Boltzman's Equation 122
;’ 6.0 Comparison with the Slmple Mjﬁro— s
scopic Expresszon 128
Mo~ /
L I




N
A3
t

viii
[}
.’ Page
7.0 Special Case 6f Tellurium © 130
7.1 Introduction / - .130
7.2 Evaluation of 2e /k,T To131
, - 7.3 The Momentum Scatterjing Time T 131
/ ‘ 7.3.1 Introduction 131
f 7.3.2 Evaluation of 1, 132
r . a-rh “
d ., 7.3.3 Evaluation of ko —B'l?; 134
é‘ ~ . 312
K 7.3.4 Evaluation of 1., kj 5= 135
3 . © ko
7.4 Simplification of the Expression for
R the Photon Drag Signal in Tellurium 137
7.5 " Comparison with the MacrYoscopic
s Result 137
8.0 Comparison with the Photon Drag '
N Sigpal in Germanium o , 140
9.0 The Photon Drag Signal due, to
Intraband Transitions 141
‘ 10.0 Speed of Response of Photon Drag
Detectors 144
11.0 Conclusion l46
4]
CHAPTER VIII INTERPRETATION OF THE PHOTON
' DRAG RESULTS k . 147
1,0 ' - Introduction 147
2.0 Longitudinal Memsurement with E || ¢ 147 )
, 2.1 Undoped Samples L7 , 148
2.1.1 Room temperature behaviour - 148
(a
2.1.2 Variation with tempgerature 148

¢ s

.
.
N
8 . K
°

s , i~
’ i

.

1.




3.1.1
3.1.2

3.0

3-1

3.2

CHAPTER X

J

1.0
iy

Doped Samples

Longitudinal Measurements with E | c
The Equal Components T3311, T3322
Doped samples

Undoped samples

The Equal Compornents T2211' T1122
Transverse Measureménts

The Otheﬁ Fourth Rank Tensor
Component

Conclusions R

THE SIGNAL WITH THE THIRD RANK
TENSORIAL BEHAVIOUR

Introduction

Lh#¢ Interaction with Bound Charge

Effect due to.Non-linear Polarization

- Induced Signals due to the Contribu-

tion of Electrostrictive Stress and
Piezoelectric Polarization

{7

Light Interaction with Free Charged
Carriers

‘Non~Linear Carrier Velocity
Effects Describable by an Electric
Field Inhduced Variation of the .
Free Carrier Density ’

Interpretation of the Prasent
Experimental Results -

Conclusions )
) 14 .
PRACTICAL DETECTOR CONFIGURATIONS

Introduction

159
162

163
163
163
163

166
167
168

170

176
177

180

180




x
’ © Page
2.0 Tellurium 002 Laser Detectors 181
2.1 Detection Using the Third Rank )
Tensorial Effect . 182
. 2.2 Comparison of Tellurium Photon Drag
., and Third Rank Tensorial Effect
Detectors 185
! 3.0 . Tellurium CO, Laser Monitors 186
| ,
E 3.1 Single Element Monitors 186
| § .
A . ~_ 3.2_  Multi-element Monitors 189
: 4.0 Conclusions ) 189
i R 13
CHAPTER X1 ' CONCLUSION
APPENDIX I : ‘ 195
REFERENCES . . 199
3 [
ﬁ »
; -
[ .; e




Figure

w

O o N U

10
1lla
11b

12
13

14
15
16

17

LIST OF ILLUSTRATIONS

[

The Atomic Arrangement iy Tellurium
Finite Tensor Elements for Tellurium

Rotary Power vs Radiation Wavelength 1\ -
in Microns -

Absorption Coefficient vs Wavelength for E || ¢
Absqrpt{on Coefficient vs Wavelength for E | c
The First Brillouin Zone of Trigonal Tellurium
Conduction and Valence Bands in Tellurium
Intraband Transitions

Laser Radiation Pulse Power Output Measured ,
with a Te Sample .

Response of the Pyroelectric Detector
A Tellurium Ingot

A Typical Tellurium Cross-Section after Acid
Saw Cutting

Sample Configurations

Voltage and Saméle Resistance vs Temperature
in the measurement of Xill and x{zz

Voltage and Sample Resistance vs Temperature
in the measurement of x512

Variation of the Third Rank Tensorial Signal
with Angle of Polarization 6

Voltage and Sample Resistance in Extrinsic
Samples for the Measurement of x

Measured Longitudinal Photon Drag Signals
with E || ¢ '
)

71

xi

38
38
40

40
44

70

73

76

J.



Figure
18

19
20
21
22
23
24
25
26

27

Température Dependence of the Spurious Signal
Transverse Measurements in the 1 direction

Measured Sample Resistance and Longitudinal
Photon Drag Voltage Parallel to the c-axis in
an Extrinsic Sample

Temperature Dependence of the Combined Photon
Drag and Spurious Signal .

®
L4

" The Transitions of Holes with Photons of

Energy hw .+ and of Wave Vector ¢q

Scattering Mechanisms in the Valence Bands
of Tellurium X o

Sample Geometry for the Measuremint of T;333

Radiation Electric Field and Corresponding
Induced|Strains at- Two Instances of Time,
tl and t2 Within the Material

Practical Tellurium "Laser Beam Monitor"

Device Configurations <

Multi-element Monitors

‘
t

83
85

91

98
113
133
161
173

188
190




13

© , CHAPTER I - o

f
INTRODUCTION ' / ‘

* . . /
J ) -
One of the few laéef systems devised since iééo

which is sufficiently efficient and powerful to be of -

technological importance is the co, laser which operates at

radiation wavelengths around 10.6 um. In particular, the
TEA (Transversely—Excited-Atmospherié) type of’éo2 laser
{1} is capable of délivering short duration pulses‘with‘

multi-megawatt pea&-boﬁers; evén higher power vers'oné of

these lasers are now being developed fo;xthé prospect of

initiating nuclear fusion.

With the advent of such lasers, the need arose
for a simply manufactured, fast,;ésponse, robust, and con-
veriient room temperafure detector. Due to the lack of .
strong sources, infrared detectors in the past were required
to be of. high sensitivity,  that resulted in the necessity of
cooling down to liquid géiium or aﬁ best liguid nitrogen
temperatures; ndrmallgfihese detectors have, in addition,
limited ;eéponse ti@é;. Within recent years, two types of
simple and rugged fast room temperature detectors have been
developed ‘and are n‘ow.in "widesprea;i use for the measurement
of sub-microsecond co, laser pulses: the.pyroelectric
detector géﬁerates an electrical signalhwhen its spontaneous

eledtric’bolarization is altered by the chahge in the

crystal temperature upon absorption of the laser power; a

7




seéond type ayd fundamentally faster detector was developed
utilizing the photon drag effect in germanium {2}, {3},
which involves the transfer of the photon momentum from the
radiation_in the laser beam to the charge carriers in this
semiconductor; a fundamental consideration for an efficient-
photon drag device isltbe radiation aﬂsorption per free
carrier, i.e., the absorption cross—-section, at the wave-

AN

length of interest.

At the CO2 laser rad;atlon wavelength, tellurium
from all known semicon&uotors, possesses the highest value
for the absorption~cro%s-section with a magnitude which‘is
specifically fiftymper ent larger than that of germaQium.
This large absorption-cross-section in tellurium is ilius~
trated by the pronounce¢ peéknin the(absorption spectrum of
this material“centered érqund 11 u, resulting from\the'
intervalence band transitions. Thus it was deemed natural
to investigate this material as a potential CO2 laser photon
drag’ detector. This conclusion was confirmed concurrently

by Moss {4}. ;

5

In the process of measuring and analysing the

‘signais generatedLin tellurium by the radiation from a TEA

002 laser, additional emfs, which could not be attributed

\

to the photon drag effe;t were observed.

This wpfk\ponstitutes a theoretical and experi-

mental analysis of the different fast éignals generated when

° 4
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tellurium samples are liiumingﬁed ‘with high power,‘short
duratxon laser rg@iation pulses of 10.6 u wavelength The

experimental results were obtained from measurements”per«

formed on tellurium samples with appréﬁriate geometries in

the tempéiaturé range of 300 K to 115 K. The different .
sighals are identified according to their tensoria} behaviour -
' and analysed theoretically in terms of proposed physical

mechanisms'from both a ﬁhenomenologipal and microscopic

point of view. : : _ T a .

/ -~

o0 A ‘ -
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¢ | o : ' CHAPTER II®

' STATE OF THE ART ON PULSED CO2 ' .

'LASER RADIATION DETECTORS

ITI 1.0 Introddction

Although there exist many tybes of infrared
detectors, this chapter pfesents a brief description of only
those devices which have found commercial use in the

detection of pulsed CO, laser radiation. A comprehensive’

2
reyiéh of all types of infrared detectors can be found in
the report by Putley {5}. Specifically, the following

devices are described in this chapter according to- their

(:) hysical mechanism of operation and performance characterig-
tics.
/ R

a) Photon detectors

1. Intrinsic

2. Extrinsic

b) Pyroelectric

qf Photon dfag

II 2.0 The Performance Parameters of Detectors

The performance of radiation detectors is con-

ventionally described by the specification of the following

(O

pérameters.




W R TE Tesmre e dr— —cm———— e

. L
1) The Responsivity . R, = AV/AW, in volts/watts,
where AV is the output voltage ppédnced by

a change AW in the incident radiation power. °

2) © The Noise Equivalent Power (NEP), in
watts/ﬁ;{(z

k3

, which is the‘signal pow:}lre-
1

quired to give an output voltage equ

to the
noise output from the detecting system within

unity bandwidth.

3) The Specific Detectivity D¥*, which is defined
as the reciprocal of the NEP' times the square
root of the area A of the detector element,

1 % Al/2.

i.e., D* = NEP

4) The Response Time " T, which is a measure of
the time necessary for the detector tq¢react
to an instantaneous change in the incident
power flux.

o t.

Il 3.0 Characteristics of Typical Detectors

II 3.1 Photon Detectors

II 3,1.1 Extrinsic

\ - .
The first photon detectors useful at 10 u employed

. the photoexcitation of carrijers from impurity centers in

semiconductors, such as Cu, Au, or Hg in Ge. In order to

317
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avoid saturation due to thermal energy excitation, ﬁhese«

deéectors must operate at temperatﬂres in the'range 4~30 K

which makes them inconvenient and bulky for ihdustrial use.
Typical résponsivities are of the order of IO'Y/W"

with specific detectivity D* = 2 x 102 com w1 nz'/2,

Usually tﬁe responsé time of such detectors is in the order

of 100 ns.  Specifically prepare&w&heavily compensated

materials have, however, exhibited sub-nanosecond times of

response. These detectors have minuté element areés in the

2

order of 1074 em® in order to achieve the guoted responsivi-

ties and response times.

I 3.1.2 Intrinsic

for the detection of fadiation in the 8-13 u

spectrum, the previous éxtrinsicAdetectdrs are recently being
replaced by new materials whose intrinsic band gaps are made
sﬁéll enough for the direct excitations of the electrons by
these long radigtion wavelengths. The materials presently

being used are HgCdTe and PbSnTe in which the desired

energy band separations are obtained by varying the Hg/Cd
or Pb/sSn proportions. HgCdTe is used to manufacture both
photoconductive and photovoltaic devices whilst PbSnTe is

only employed to make photovoltaic detectors.

These detectors normally operate at 77 K; they -

have responsivities in the order of a few hundred V/W and




specific, detectivities in the order of 1010‘ wl ypl/?

with typical responee times of the faster photovoltaxc
devices of 50 ns. Special dev1ces have also been fabricated
. to achieve approxlmately“l ns response times.’ These 1n—
trinsic photodetectbrs hiave sample elements ln the order . of
10"4 cmzé they are presently extremely expensive with prices

in excess of $17,000 for the ultra-fast models.

II 3.2 Pyroelectric Detectors

Pyroelectrlc crystals such as TGS, SBN, and LiTao3

are found to be useful room temperature detectors of chopped -

or pulsed radiation over a wide range of ,the wavelength
gspectrum; they are 1n common use . for the detectlon of pulsed

laser radiation as they are capable of high frequency

response with relatively large respon81v1ty“ The pyroelectrlc

detection of radiation takes place in the follow1ng manner:

a) Radiation is absorbed and is converted into heat,

which increases the temperature of the crystal,

b) The change in temperature alters the lattice oy
spaclngs w1thin the crystal, producing a change in the

existing spontaneous electric polarization.

-

é) If electrodes are applied to the crystal surfaces
‘normal to the axis of this polarization, a current is x

generated, through an external circuit, to balance the

N
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change of the polarization effect, Thls current is pro—

portional to the rate of change of temperature.

‘33‘ Thxs current is aliowed to produce a voltage change
"iacrosa an apgropnate loado resxstor, th. el‘ ctrical band—’

' wxdth isg determlned by thlS 1oad reslstance’and the effective
capacitance of the detector element. Decrea91ng the load
resistance thus increases the bandWidth but also decreaSes
the responsivity which is typically of. the order of \

7 x 1076 v/w for the minimum rise time of 500 ps.  The, NEP

er t'ese con tione is a ‘rokimate 1 - W Z .
Unfler th ai PP tely 10 L owmzl/2,

These pyroelectrlc detectors have, however, two
main drsadVantages which limit thelr u5e in the measurement
of hlgh power short duration 1aser pulses. they ‘are normally

limited to a’ ‘maximum energy of 1 mlllljoule per radlatlon

‘ .pulse in order to prevent»thermal damage of the crystal

L

’element,‘secondly and more importantly, as these pyréelectvlc
crystals also exhibit piezoelectricity, the detectors give

a somewhat distorted reproducf&on of submicroéeeond?pulses
‘as a result of several MHZ’frequency oaciilatory signals
pgoduced by piezoelectfic resonanbes o% the detector elements

‘at, the end of the radiation pulse.

s

II 3.3 The Photon Dray Detector

The photon drag effect, which is being used for

o

) detecting and monitoring hign power CO2 1asere at room

P A L e
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temperature, results from the interaction between photons
and free carriers such as conduction electrons and holes in
a semiconductor. ?his mechanism@ZOnsigts essentially of the
transfer of momentum from the photons to the free charge
carriers consistent with the principle of conservation of
energy and momentum during the interaction process. A laser
beam will, therefore, impart in its direction of propagation
a momentum component to the free carriers, resulting in a
flow of an electric current in a closed electrical circuit

v

or the establishment of a voltage under open circuit con-
ditions; it is clear that the electrical ;ignals generated
through fﬁis mechanism have a fast speed of response with a
fundamental uéper limit determined by the free carrier
momentum scattering time whichlis normally of the order

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

be presented in Chapter VII.

The photon drag effect in germanium has been first
utilized in 1970 {2} for the detection of high power pulsed
C02 laser radiation with a maximum detector responsivit§ of
the order of 1 pyv/W and a corresponding D* of
-103 cm w'l Hzl/z; the pesponse times are better than 0.1 ns
and are limited by the R-C time constants of the electrical
circuit. Appropriately prepared devices exhibit linearity
with respéct to incident power densities up to 20 MW em™?;
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 is

necessary to achieve near total absorption of the incident
radiation with the lowest possible carrier concentration, as
will be shown in Section VII 3.0; in order to°realize this

[N
condition in a material of reasonable length such as a

1 is needed.

centimeter, an absorption coefficient K 2 2 cm
An actual figure of ¢tomparison for different materials in

this respect, is the absorption coeffjicient per carrier B8,
such that materials of highest B are the most Qttractive

for photon drag detectors.

IT 4.0 Conclusions S

\»f

¥

In comparing the different detectors presented in
this chgpter, it is apparent that only the pyroelectric and
photon drag detectors are suitable for thé detection of high
power pulsed CO2 lasers at room temperature. Of the latter
two, the photon drag device is considered superior since jits
otherwise low.responsivity becomes comparable to that of the
pyroelectric Qetectoruwhen the measurement of subnanosecond
radiation pulses is invglved; On the other hand, the photon
drag detector has the advantage of being capable of handling
much higher laser pulse energies. Finally, it gives a true
replica of the laser output without the annoying pqise dig~-
tortions caused by tﬁe‘gﬁéctromeéhanical resonances which
occur in the response of the pyroelectric detectors.

' 2




It was stated in the previous section that

. materials possessing a large absorption cross-section B

are the most attractive for photon drag detectors. Since
tellurium was found to have a B, which 'is the highest, of
all known semiconductors, specifically equal to 90 which is
fifty percent higher than that of germanium, and an absorp-

1

tion coefficient = 5 cm — at 10.6u, it was decided to in-

vestigate the properties of tellurium as a promising and
interesting photon drag material for the purpose of

detecting TEA CO, laser pulses.

2
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CHAPTER 1III

PROPERTIES OF TELLURIUM

p)

IIT 1.0 Introduction

Tellurium, a member of the Group VI A of the

~
']

~§eriodic table of the elements, was discovered in 1782 from -

ores mined in the gold district of Transylvania by F.J.
Mueller von Reichenstein, an Austrian chemisé. Mine;alogi—
cally, native tellurium crystals are only observed’in small
quantities; the largest commercial source of tellurium
mineralization is thus found agsociated with copper, copper-
nickel, lead sulfide ores in the form of tellurides such as .
tetragymite - BizTezs, hessite j Ag,Te, gylvanite - AuAgTe4,

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

Since its discoveryc tellurium has found numerous
commercial application; as an additive element. It is added
to steel and ébpper for improving machinability, to lead as
a strengthening agent, and to iron to increase its malleability.
Tellurium is also used in the formulation of such Semiconductor
co;pound; as bismuth teliuride and lead telluride for pro-
ducing thermoelectric devices.*ASince for the above applica-
tions, crystalline tellﬁrium is not required, good quality:
single pfystals of this material are at present only found
in a few institutions which grow a limited number for their

own research purposes.

r
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IIT 42.0 Crystdlline Structures

Single crystaf tellurium has a hexagonal lattice,

Figure 1, with atams covalently held in helical chains spiraling

" around the [0001] directlon or c-axis. Evéry third atom is

directly above- another atom in the same chain, Figure l, so
that a chain apa\hrs triangular on looklng along the c-axis.
Chains are stacked with hexagonal symmetry, each atom having
four next-nearest neighbours in adjacent chains. The ?indiﬁg
between the chains is weak and conventionally assumed to be
mainly Van der Waals type, thus, tellurium cleaves easily on
any of the six planes equivalent to (1010), Figure 1. The

tellurium single crystal structure is considered to. belong

to the trigonal class with 32 point group symmetry.

IIT 3.0 Mechanical Properties

P

Some important physical constants of tellurium

are shown in Table 1. b

Tellur§um is a relatively soft and brittle

material which qaﬁ be damaged easily. During the study of

the properties of perfect crystals, extreme caution must be

taken in order to avoid dislocations which can be introduced,
particularly on the surface, through the application of even
a small amount of stress; it is for th;s reason that sample

preparation entails great“caré in ordgr to elimingte such




3)Z|C

va, """r

The Atomic Arrangement in Tellurium

From. Blakemore et al., "Progress in Semiconductors,"
Vol, 6. (Wiley, 1962). Each atom makes covalent
bonds with its nearest neighbours up and down the _
spiral chain. Interchain forces_are weak. The
sides of the heﬁggon“are the (1010) equivalent
planes.
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TABLE 1

’

Physical Constants of Tellurium {6}

Property

Atomic number

Atomic weight

Lattice constant A

Lattice constant C

Density

Normal mélting point

Normal boiling point
Latent heat of vaporization
Latent heat of fusion

Linear expansivity at 300°K:

Heat capacity at constant pressure
Mean thermal conductivity

Static dielectric constant
. | \

le, 30 x 107° deg”

Value
o~

52
127.60
4.4572 A '
5.93 &
§.245 gm ~cm > @ 25°C
452°C
990°C
106.7 cal/gm
.20.5 cal/fgm
e, - 2.5 x 1076 deg—l

1
6.160 cal/gm-atom-deg

k & 0,038 watt-cmir

deg”
B“‘ ‘= 38-'6‘

EJ = 22-7

.1
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{
diélocations, cgnsequently sawing, grinding, lapping, and
'

even optical poliéhing are usually prchibited. Chemical

etch cutting and polishing are normally employed to minimize

"bulk and surface damage.

III 4.0 Electrié Cdnduction

(a) "Good" crystals

The electric resistivity for structurally perfect
single crystal highest purity tellurium is about 0.5 Q-cm
at roomatemperaturé; mechagically heavily worked surface
layers exhibit increased Eonductivity as dislocations tend
to act as acceptor type levels, thus increasing the number
of hole free%carriers. In fact, it has been shown {7} that
a lower limit of the hole density, 5 x 10135 1014 cm~3
exists which is related to the thermal breaking of covalent
bonds at dislocdtions 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%° cm™3
{8},‘it automatically becomes p-type at lower iemperatures.
A characteristic feature of extrinsic tellurium is that it

is always found to be p-type regardless of the impurity
dopant present {8}.

The crystalline structure described in Section III
2.0 results in anisotropic physical properties of crystalline

tellurium; the mobility of free carriers which is described
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by a second rank tensor has two independent components
corresponding to different 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 ¢-direction are respectively

2 y1 g1 {45}, ,whereas these

approximately 2430 and 1321 cm? v~
values are reduced by about a factor of 2 in directions

perpendicular to the c-axis.

(b) Effect of imperfections

t

Published values of the hole mobility in pure
tellurium samples are found to vary by as much as an order

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 dislocation centers {9}, {10}, {11}. Experimentally it

ig shown that with the removal of imperfections by the

annealing of tellurium samples, the mobility is increased i

substantially {12}.

¥

(c) Nonlinearify

Tellurium is a piezoelectric semiconductor exhibiting
strong deviations from ohmic behaviour when t@e drift
velocity of -carriers exceeds the velocity of sound {13}.

The onset of the nonohmic behaviour is due to the evolution

of acoustoelectric domains caused by the interaction of

&
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electrons with phonons via the piezoelectric coupling {14},

{15}. .

III 5.0 Optical Properties

This section presents those optical characteristics

of tellurium which are relevant to the present work.

III 5.1 Dielectric Properties

It is known that the electric displacement D in a
given material is related to the electric field E "through

the dielectric tensor [ €], such that

.
s

é=[e]ﬁ SN 6 B

When nonlinearity is taken into account, the dielectric
tensor coefficients are considered to be dependent on the
electric field; expression (2) is then obtained, where the
spatial components of D are re;ated to those of B in

terms Qf ¢ expressed as a power series in E;

D; = ¢, €44 Ej+dijkEjEi<+”' ¢ (2)

where ¢ -~ are the second rank tensor components of the
linear dielectric constant;
€ -:is the dieiectric coefficient of free space,

and ad&ﬂ(f- are the third rank tensor Eomponents of the so
' called nonlinear optical coefficient.
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III 5.1.1 The linear dielectric constant

The trigonal symmetry of tellurium, as described in
Section III 2.0, dictates that the matrix representinq the
lineéar dielectric constant second rank tensor com?ohents,
expressed with respect to the principa{r;¥es, con#ists 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 parallel to the c-axis which
is called the optical axis of tellurium. This particuiar
type of anisotropy characterizes the singie crystal tellurium
as' being uniaxial and birefringent. It is also found that
the diefictric constant is appreciably frequency dependent
in the optical range and, therefore, tellurium is gaid to be

a dispersive medium,

“

The refractive indices , defined as the square .

nii
root of the dielectric constants €44 are relatively large
in tellurjium. At 10.6 u wavelength, in directions pefpen4
dicu1a£ to the c-axis, the valae of Vg =n = 4.79, while,
in a direction parallel to the c-axis V¢, =r\'= 6.25. It
follows that the magnitude of thé'reflection coefficient R

at an air-tellurium interface is\given in terms of the

refractive index as

3 y i | ‘
n-1 . (3)

T,




Figure 2.

i g 1 2 l "a-ﬂ
o | 1 . o |
Eil = 2l . 18
, 3l « [ | @

N .22 33.12 21

elements equal by symmetry

[ o
@ elements opposite in sign by symmetry;

. elements zero by symmetry

Finite tensor elements for tellurium

a)
b)

second rank tensor coefficients
third rank tensor coefficients

8
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which-takes the values of 0. 43 and 0.53 respectively for

the polarizations perpendlcular and parallel to the ¢. or
i 0

optlcal axis.

' ' ] ) Q)'//\ )

IIT 5.1.2 The non-linear dielectric property

~ Crystals of tellurium are of the trigonal plass‘wi£h
32 {Dz) point group symmetry and belong to the 931'22's§ace
group (Hermann - Mangain notation {iﬁ}) which porrespondinély
assures an absence'of’inversion'simmetry nepessary‘for the
nonlinear third rank tensor optiéal phehomené'tb éxist,
Tellurium has the largest nonlinear optiéal coefficient

-6

d,,,= 1.6 x 10 ~ ESU of any known material {17}; thus it is

111
presently of considerable interest as a frequency doubler
{18}, apa for possible parametric amplification {19} in the-

range of infrared wavelengths.

‘III 5.2 Natural Optical Activity

Due to the he1¥¢al nature of the tgllur;ﬁm‘crystal
structure, it is found that lineérly,polarizeﬁ ylght,~in\the
plane perpendicular to the optic axis, is rotated as the-
light beam travels along the c-axis. This effect, called
natural opticai‘activitQ {20}, is characterized by a quantity,
known as the "rotary power" Wthh is deflned as the amount

" of angular rotatian per millimeter of traVel length. The»,

.o
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complete wavelength dependence of the rotary power in tellurium
is shown in Figure 3, noting that at 10.6 u, the electric
field'rotates at a rate of 11 deg/mm. This phenomenon is

-

of particular importance when considering effects which depend

g

on the exact polarization of the :adiationlfield in the

material. "

IIT 5.3 Absorption

The infrared absorption spectrum of tellurium {21}

is shown in Figure 4 and Figure 5 for polarizations parallel

e

and perpendicular to the optical axis. It.,can be noted
generally that for radiation parallel tq the c-axis, there
is a relatively'élrong absorption peak at 1llu, whereas for
E | c, tellurium is essentially tfanspare:t from 5u to ;vave*-
lengths longer tpan 20u. An additional observe? dichroism
is that the'band gap absorption at wavelengths less than 4u,
is faéoured for polarization perpendiculér to the optical
axis {22}; The mgchanishs determining this absorption
spectrum are discussed further in the pext section in terms

of electronic transitions in the energy bands.
”

[°]

IIT 6.0 Tellurium Band Structure

11T 6.1 Introduction
a‘/‘ ‘ ‘ . . ' '
As extrfnsic tellurium is always found to be p-type,

the information obtained from such experiments as the
& : .\
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infrared absorption spectrum, far infrared‘cyclotron re-
- gonances, magneto absorption, and the Shubinov - de Haas
effect, mainly show the charactéristi¢ features and structure
of the ;alence band; consequently, much remains uﬁknown about
the conduction band." In fact, until very recently, it was
only known that the energy gap, obtaineﬁ from fundamental
absorption - measurements, is about 0.34 eV, that this
absorption shows a consp;cuous dichroism {Section III 5.3},
and that the energy gap is direct and ;ocated in the neigh-
bourhood of the point H - of the Brillouin zone {23}, see
Figure 6. The state of the -art of the essentia} details of

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 Figare 7,
cénsiﬁts of a qumber of separate bands which are created by
the gplitting of degeﬁerate states asg a‘result of spin orbit
coupling {24}. A particular feature of the uppermost “valence
?and is its "camel-back" shape in the z or ¢ direction with

a central dip of the order of o.pozhev.

Theorétically the generalized ernergy dispersion
relations for the two uppermost bands, H4 and H5, are found

to be {25}:
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Figure 6. The First Brillouin Zone of Trigonal Tellurium.

Points H and H' are degenerate due to time
reversal symmetry.

o

4




28 -

y E(k)

o
conduction band

Figure 7. Conduction and Valence Bands in Tellurium.




O

J

-> ’ 1/2
my(k) = Ak + D} * (87 k] + (4E/2)%] " - (A€ + 8E/2)

4 2 .2 . 2 2 2 2
+ Bk + Ok k- Cp ke (ky - 3ky) +Cyky K, (K, - 3Ky) (4)

2

2 2
where k, = kx + ky

The k~linear term, i.e. the third term in the above
equation, produces the "camel-back" shape in the H, band.
The experimentally found values for thg various parameters
in the energy dispersion equation are given in Table 2. Thié
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 following genexal formula,

2 <.
myy = (- 3 EX Ezk) it | (5)
n* 2 k] (

For the valence band H4':

at k = 0, m

L

=~ 25 my, 3 ‘atkzlak’“, m =.17m

where m, and m are the effective masses parallel and
perpendicular to the z or c¢ direction respectively, and km
is the position of the peak of the "camel back" on the kz
axis, see Figure 7. e *l

i

For the valence band Hs’
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Values of the parameters for the valence band {26}

Band parameter

Vvalue

A
s
AE/4

AE

0O 0 O W

x

-3.26 x 1071% ev cm?
24.7°x 1072
W

.0315 ev at (20 K)
15

eV cm

- 3.67 x 10°1° ev cm?

0.0023 eV

.06 to .07 x 10727 eV cd

.03 to .04 x 10?7 &v o’
?

.18'x 10727 ev cmt

2 x 106 em™?

e
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a‘t”v k = 0' mu -04 m°

l}‘l = .13 mo‘

III 6.2.2 Electronic transitions

¢ €

The detailed structure of the infrared absorption

spectrum is explained by various transitions between and

within the valence bands.

Direct transitions of holes betwgen the H, and Hy
bands are allowed only for E ||c; the strong absorption peak
at 11y is due to hole transitions at k = 0, while the less
pronounced bulge in the aQsorption curve in the Qicinity of

7u is a result of direct trangitions at k = km.

Excluding the above mentioned peaks at 11 and 7u
for .E || c, the remainder of the absorption for E || ¢ and
essentially the éntire‘absorption spectrum for Ej_c.

between the fund&mental absorption edge, at 4u, and about 25u

'is normally called the ."background absorption" and is

"attributed to intraband tggnsitions. These intraband transi-

tions, shown in Figur; 8,are indirect phonon assis;ed transi-
t§ons of holes within the H, ~ valeﬁce band as well as of
electrons within the qqnduction band, whose relative contri-
butiox(a to the total aﬁaorption for 'E ] ¢ is found' to be
comparable in magnitude. Direct electronic transitions

between the H. and H, valence bands, allowed only for E ] c,

6
contribute the small additional observed absorption near 1l0u

for this radiation polarization {271.

(=3
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the CO2 laser 10.6 yp radiation. According to radiation

32

?

°

III 6.2.3 The temperature variation of the eneréx

separation of the valence bands.

It is found that the 7nergy separation AE of the

two valence bands H, and H5 is temperature depenéent having

a coefficient {241}, o
! 3AE -5 '
T Za=4x 10 - eV/deg

At room temperature AE = .114 eV, on the other hand, at a
temperature of 225 K, AE = .117, the energy equivalent to
absorption éata {24}, below the latter temperature, there is
still considerable absorption of the 10.6 u radiation even
though the energy separation of.the two valence bands becomes
larger than the CO2 laser photon.énergy. Electronic transi-
tions between the bands is still possibie because the energy
levels are unsharp, due to the Heisenberg uncertainty
principle, by at least an amount equal to .004 eV assuming
an energy relaxation time of)lo-lzs. The electro;ic transi-

tions probably occur near or fJat 'k = 0 for radiation wave-

: lengths corresponding to photon energies smaller than the

1’

energy separation of the valence bahds.

*
&

III 6;3 The Conduction Band e

The conduction band structure has recently been dis-

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

o
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"

Figure 8. Intraband Transitions.

‘Eléctrong and holes must interact simultanequsly
with photons of energy hw andgphonona with -
£

momentum #Hg* in order to satidfy conservation

.. of energy and momentum laws.
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v

. above authors have derived theoretically the following E - k

relation for the conduction band up to terms quadratic in k.

i

Eg(k) =B K +B_ kg+A,t /MK e K, (6)

It is seen that again a k-linear term exists which in tﬁis
case produces t&o overlapping conduction bands with their
minima offset from k = 0, The experimentally found B
parameter values of Equation (6). are presegted in Table 3
(28}. . o
. ’ t . g

From these givén energy band parameters, the effective
masses of the conduction eiectrqns in,dipections parallel and
pegpendicular to the c-axis at the band minimums are obtained

P m' = 0.070 mo

ml = 0.104 mg L ’ e

IJT 7.0 Conclusions . .

-
-

This chabtér has preseﬁteq the .essential .information -
on the structure and properties of tellurium from the ébint f )
of Giew of their re}evance to the present work. It is ex-
pected that the analysis and interpretation ;f the laser
induced electric 'signals in the course of the present in;
vestigation will allow the confirmation of some inéyn para-.

meter values as well as the determination of some new properties.

J ’
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CHAPTER Iv

EXPERIMENTAL PROCEDURE FOR THE OB$ERVATION OF

L SIGNALS INDUCED IN TELLURIUM BY A TEA CO

LASER ST
’s i Y ' -

2

L}

Iv. I.O‘ The Experimental Set-Up '

. . ;
* i

IV 1.1 Introduction ' . , ’

The object of the éxperimental set~up i to provide °
“the possibility of measuring the elpctric signals induced in

tellurium samples subjected to the radiation from a TEA €O

N

2
. laser under varying and conitolled configurations of the )

. - . "‘ ”‘,» r T v ,sﬁ

< sample orientation relative to the laser beam propagation '

; . and polarization dlrections, from room down to. approxlmately

' 1iqu1d nitrogen temperatures. " The, main components of this
experimental set-up cqnsiet of a CO, laser, a pyroelectric
detector, different tellurium crybtala, and\electronlc

& - N slgnal measuring apparatus. Provisions are made to cool the

tellurium crystals down to near liquid n1trogen temperatures.

IV 1.2 The SOurce of Radiation

A Lumonics series 101 TEAXCO‘ laser is used as a
‘source of the 10.6 u pulsed high power radiation. The TEA e
lasér operates by the mgthod of transverse excitation of a

lasing gas, in this'céae a l:2:10 ﬁixture cf,N2 e Cozﬁ
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and He 'gesés. The transverse excitation allows a large
amount of energy to be dumped into a gas at relatively high’

presSUre (atmospherlc) while keeping the excitation valtages

w1th1n practlcal 1imits of about 40 kv.

.

The laser output power density is measured to be

approximately 400 kW/cm? with a beam area of about 2.5 cm?

thus giving a total peak power in the V1c1nity of 1 MW.‘~~ -

The radlatlon pulse, Flgure 9, has" a half ‘power width of

180 ns with a rise time of 70 ns. The tail of the- pulse, .

the magﬁitude of which can be controlled by varying the pro-

3

portlon of the N, content in tﬁe laser gas mixtuie, shows a
slow component with mlcrosecond decay times. 1In addition:
due tu random' partlal self-mode locklng of the laser, a fine
structdre is added to the main energy pulse exhibiting’
typlcal rise times of 10 ns with a duration of- about 30 ns;
this structure is especially observed with small area

detectors. The laser is capable of a trouble free operation

with repetition rates up to 5 pulses per second.
2 = .
' . . N . 3 , . N

IV 1.3 The Pyroelectric Detector

The laser output pulse shape and power’is_heasured
with a Molectron model P3 pyroglectric detector, having a
known responSLVLty of O lva/w, w1th a rise time of 5 ns,

and an element'area of 1 mm equare.r This detector is mainly

used to‘monitor the inc;geggw}eser_beam:poweg so that the
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Figure 10.

Note:

¢

Vertical -scales ambjtrary units
'Horizontal scale: 500 ns/Div.
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Figure 9. Laser Radiation Pulse Power Output

measured with a Te sample.
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Response of the Pyrdeléctric Detector.
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Figures are traclngs from actual oscxllogram
photographs. : 4
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regspongivity correSpondfhg to the various tellurium sample * *
configurations can be determined. A typical output signal

from the pyroelectric detector is shown in Figure 10. ¢

IV 1.4 Signal Measuring Appa}atus
m\ s

The inducé% eledtric signals in the tellurium samples
“are monitored on a 100 hﬂz Tektronix 465 oséilloscope. A
Hewlett-Packard 462 preamplifier with a 40 db gain and a 4 ns
rise time is coupled via a 50 Q- load to the oscilloscope"

enabling the measurement of signals down to 45 uv.

IV 1.5 The Tellurium Crystais

ébod quality tellurium single crystals were grown in
the Department of Electrical EngiTéergng by the Czochralski
method from high purity zone refined pelycrystalline tellurium

4
material. Large ingots with up to 2 cm crosg-sectional

diameters and up to 6 cm in length were grown alongﬂthe
c-axis; the crystals exhibitgd good trigonal sxmmetfy.

While most of the cr&stals were grown to exhibit intrinsic
.properties down to the lowest. posgible temperature by .
attempting to minimize their acceptor impurity Eoncentration,
some antimony dop;d p-type crystals were also grown and used
iy this work.J A typical tellurium crystal ingot is shown in

Pigure 1lla. Samplee‘with the desired crystallographic

#
o>
2,
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. A

orientations and geometries were cut from these large single

crystals by making use of specially constructed acid saws.

-

;V 2,0 Sample Preparation

IV 2.1 _Introduction

o

As previously stated in Section III 2.0, as a result
of the weak binding forces between the atomicQChAins,
tellurium singIg crystals are readily damaged mechgnically;
slip fracéure, deformation, and formation of dislocations
are commonly observed in tellurium single crystals. Thus it
was attempfed to minimize the necessity of excessive mechani-

c?;)handling by eliminating entirely the use of abrisive

cutting-and polishing processes.

IV 2.2 Sample Cutting

| All cutting of the tellurium crystals was accomp-
lished by using a specially constructed acid saw which
essentially consisted of a polyester threéd which continuously
extracts fresh acid from a regervqir and brings it iAto con-
tact with the crystal gﬁrfgce»so that only a chemical action
is Qsed to remove the semiconductor material under the
thread. The acid soiution employed for cutting perpendicular
tor the. c-axis consisted of a mixture of chromic trioxide,

hydrochloric acid, and distilled water in 1l:1:2 .proportions
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3 cm, see
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by weight. It was founq that although this solution could
also be used for cuts parallel to the c-axis, an acid
solution with the HCl acid replaced by nitric acid in a
1:2:4 proportions producéd smoother surfaces in those
directions. A typical surface after acid cutting is shown

in Figure 1l1lb.

Iv 2.3 Sample Polishing

The surface after cutting shows small undulations
which are Femoved by chemically polishing the samples in the
chromic nitric acid mixture mentioned above.. The resulting

surface has a mirror like finish, well suited for the

measurement of 002 laser generated siénals in tellurium.

IV 2.4 Sample Dimensions °

For longitudinal measurements, i.e,, for voltages

meagured. in the direction of light propagation, the crystals

were cut into rectangular rods having typical cross-section
dimensions jof 5 mm square with lengths varying from 1 to

igure 12a.

' F tfansverae signals, i.e. for voltages measured

in a direction“perpendicular to the lightopropagatién, the

samples are 1-2 mm thick and have either the natural hexa-

- gonal cross-section of the ingot “for devices which are cut

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

e ety iy
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of a rectangular 1 x 1.5 cm cross~-section containing the

c-axis; see Figures l2c and 1l2d4.

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:In ~proportions onto the sample surfaces. The melting
point of this solder is approximately 150°C. Fine copper
wire isﬁthen soldered to the alloyed s£rips to complete the

contact fabrication process.

IV 3.0 Preliminary Observations

IV 3.1 Introduction

As stated in Chapter 1, the original aim of tﬁis work
was the search and analysis of the éhoton'drag effect in
tellurium. Initial measurements of the generated electric
signals 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 were normally kept
below one'pulse per second in order to insure good pulse to
pulse reproducibility gnd laser stability over extended
periods of ti@e. The resulting electric voltages were

monitored on the oscilloscope with particular attention
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- Figure 12, Sample Configurations.x\
(a) , (b) used for longitudinal
. -measurements; |

‘ | ‘ (e), (d) used for transverse
measurements.




being'focused on the magnitude, polarity, and shape of the
pulseé«as a function of propag;tion and polarization
directions of the incident radiation. Measurements were
performed first at room temperature, and later at tempera-
tures down to approximately 115‘K with the use of a liquid

-

nitrogen dewar. oy

IV 3.2 1Initial Results

The ﬁreliminary measureménts were performed at room
temperature on the rectangula;'sgmples whose long dimension
Qas“first oriented in an arbitrary direction perpendicular
to the ¢c-axis. The following is.a descriptioﬁ of thé;
ogserved behaviour of the generéteq longitudinal signals in
these samples according to the polarization relative to the
c-axis of the radiation electric field E and with respect
to the reversal in the direction of light propagation. It
is. to.be noted that all situations where the radiation

electric field E is parallel to‘thé crystallographic c

direction will be referred to E H ¢ , while E_Lc corresponds'

to the case of the electric field E being perpendicular to

the claxis.

. ,
(a) With E || ¢, a relatively large fast signal was

- observed, with a magnitude equal to- 10 mV/MW cm—z, which was

considered to be a true reproduction of the laser pulse.

The polarity of this voltage corresponded to a generated
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o

short circuit current in the direction of liéht,propagation.
A reversa} in the iight propagation direction, obtained by
illuminating the opposite end of the sample and keeping the
light polarization unchanged, only resulted in a reversal i;

the polarity of the monitored signal.

(b) With E_LE » a fast emf of generally the same
order of magnitude as for E || ¢ was observed, but it was
interesting that in this case, no polarity inversion occurred

when the propagation direction was reversed.

(c) Thus, as the polarization was rotated from E ||é
to Ej_c, one end of the sample exhibited signals of.conf
tinually varying magnitudes of the same poiarity, whereas
with the illumination from the opposite_end,\tfe signal
decreased in magnitude, passed through zero, and then in-

creased once again, with an inverse polarity.

(a) Furthermore, when attention was begun to be
focused on thg particular crystallographic direction of the
sample's longitudinal orientation conjunctly with the light
propagation direction, it Qas discovered that the magnitude‘
of the E || ¢ signals remained constant, while the magni-
tude of the E | ¢ voltages\were largeat for measurements in
the 1, i.e. [1210] and equivalent directions, and were
essentially zero in the 2, i.e. [1010] and equivalent

directions.
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(e) Some samples were cut into the U-shape shown in

Figure 12b; when the incident beam 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 pointa A

to C, the fast signals decreased reaching a minimum at point
B, then as the a}ea adjacent to the contact C was illuminated,
a much slower, (microsecond decay time), siénal became
dominant. It was also discovered. . that this slow signal was
largest for polarizations perpendicular to the c-axis; the

maghitude of this signal increased nonlinearly with the in-

crease of the incident radiation intensity.

These series of results were consistently observed

in all samples prepared for these preliminary measurements.

v 4.0"Interpretation of Preliminary Results

The following important conclusions were drawn from

the previously stated observations and experiments.

(1) Observation "e", shows that the origin of the fast
signals cannot be attributed to any diffusiop type effeéta |
Eaused by thermal or carrier grﬁdienta, because the fgst
signals decrease as the illuminated area approaches the con-
tacts wh;ch is contrary to the expected bepaviour of diffusion
induced voltages. Also, giﬁce the fast emfs are obtained only
when the radiation 1llumina§es the elongated part of the

samples it is concluded that the measured voltage is a result
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("} of an emf induced along the radiation propagation path.

The slow signals, which become dominant with the
illumination of the contact area, are on the other hand
believed to correspond to a Dember diffusion type voltage
caused by the presence of nonequilibrium electron-hole pairs
generated by the félatively large three-photon absorption
process in tellurium {29} which is preferential with’E_Lc;
the observed decay times are generally consistent with those
found in photoconductivity experiments {30}.

'
i
!
1

{
i

(2) Ha@ing ruled out di%fusibn effects as the source

of the fast sﬁgnals, and the fact that the fast signal with
E || ¢ reverses its polarity with a reversal in the light

(}; propagation direction, (see observation "a"), clearly illus-
trates the basic feature of the 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 agrees very favourably with the generally

accepted theoretical expression for photon drag which is

derived later in Chapter VII.

(3) Qbservations "b" and "c" led to the conclusion

that, as the signal with E_Lc remained unchanged with the

" reversal in the pyopagation direction, implying independence
from the photon momentum, an effect other than photon drag
is involved in this case which, according to observation "d",

(n) exhibits crystallographic orientation dependent characteristics.

i g LAY
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IV 5.0 éonclﬁsions' ' I SR
_ The - previous observations have led to the necessity
of establishing a phenbmenologlcal basis for the interpre—’
tation of the"various‘obtained results. For this purpose
the developmént of the tensorial representation of all
possible types . of generated signals which can be induced in
a semiconductor by the. electric fieldnof the laser beam is
given in the next chapter as the first step toward the o fﬂ

quantitative &haracterization of the different observed fast

»
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CHAPTER V

 PHENOMENOLOGICAL CHARACTERIZATION
" OF RADIATION INDUCED SIGNALS

: - 13
! N 12

L]

V 1.0 Introduction . o

1
.

"y "

We propohe'that the current density vebtof éenerafed'

, in a semlconductor material by the laser radiation can in
)

gendral be considered to be a fubction of the electric field

and the momentum vector of the radiation beam; therefote,

it can be written phenomenologically in terms of the follow-,

5 .
ing Taylor series expansion* , o
- N . ,}’ \\ .
'°1mEm*Bijmqum*‘Xnm%En+Tijmﬁj EmEn* e (D
. -
where o ’
LB e ‘ . .
Jy | ,° is a'component-of.the current density vector.
E - - is a component of the radiation electric
fiéld”vector. ’
ﬁj > is a componeht of the unit photon momentum
R ?‘W;
vector..? .
Uim M is A.secgnd rank ﬁgnso; component. - % P
Biym”xﬁma are third rank tensor componenfs. .
Tlmmq. is a.fourth rank tensor componeht. ‘

. The firat apd fourth term n 'hé\above expfassion'

for Ji correspond to the well establiahed mechaniama of linear

-
s
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;o (} ‘ conductivity and the photon drag effect {31}, respectively.

o ‘ .The third term represents a quadratic response to the

radiation electric field and thus leads to optlcal rectifi—u;':
cation; this latter non-llnearlty may be either due‘to free
carrle%s, in which case it is referred to as non-linear con~ N
ductivity, or it is due to bound charges in which case it |
corresponds to nonflinear-polarization. No kﬁqwn physical‘
mechanism is associated with the séébnd term and is only

' ipc;uded*for the sake of completeness. o

It must be noted that, the first two terms of this
equation are linearly related to‘the radiation“electfic. - c
fleld, and therefore, correspénd tn 51qnals at the optlcal:

frequéncy of the laser radlatlon Whlch areé practxcally un- -

observable; the square law nature of the third arid ‘fourth
‘terms, on the other hand, lead to the rectification of . .the
] excitation, resqlting in measurable signals brdbortional to

the envelope of the pulsed output of the laser. In this

oi chapter, the exact tensorlal characteristlcscxfthese thlrd
cr aﬁd'fourth rank tensors are 1nvest1gated in the specxfic Casé
of the 901nt group 32 symmetry .associated with: the tellurlum

“‘ vcrystal. Lo ‘ . T f. ’

’
o

’“V 2 0 The Third Rank Tensor Gomponents

L The trlgonal symmetry of, tellurlum is descr;bed by

;the‘gene;atxon\dpgratlons conSLSting of a 3-fold-rotation,-fg

S . S .
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around the ceakis, also knowo as the 2z ore3~axis, Figure 1,
and a 2-fold fotation about the x or l-akis; the reeolting
invariance of all tensors gubjected to euch rotatioos, leads
to the exzstence of only two flnlte and 1ndependent third
rank tensor terms a53001ated with the parameter ¥ in

Equation (7) consisting of the tensor components {32},

X111 = 7 X122 ® < X212 (8)
and o |
X123 = " %213 - (9)
In the above componenteh the first subscript repée-

sents the measurement direction,‘and the remaining two sub-

soripts correspond to the electrlc ‘field components wthh

therefore are naturally interchangeable. Thus in gener%}

Xima = Xinm =~ R

o

(10}

It is known that the electric field E 1s-a1ways per-

‘pendicular to the propagation direction; it naturally follows

that if the propagetion directlons are cbﬂeidered only along

" the’ mejor axes, the x122 component can 1n prlnciple ba ex-

perimenfally determined by using both longitudlnal and trans-

" .verse measurements w;th respect to the propagation direction;

x123 and lea «can only be determinedhby

employing a longitudinal measurement with respect to the

T laser beam propagation direction, and xlll ang X212" in
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turn, can only be obtained by measurements transverse to the

direction of propagation.

Vv 3.0 Fourth Rank Tensor Components

Y

The symmetry properties of tellutrium lead to twenty-

five finite elements for the fourth rank tensor I}ymx {see
; - s

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

Table 4a {32}. sSince the radiation electric field E is per-

pendicular to the light propagation direction, it can be

easily seen that when the laser propagation direction is

" confined to those of the major axes, the generated and
measured signals will never involve the tensor components
with j=m n. On the other hand, when an off major axis
/ direction is chosen to propagate the laser beam, the generated

and measured signals always involve several tensor components

rendering the isolation of the contribution from any one
. f

component practically impossible.

The twenty-five tensor components are thus classified

into two distinct groups corresponding to whether or not they

- o appear in measurements confined to the major crystalline

| axes. Those non-zero components, henceforth called "major
( aies“ components, which are measurable along the major axes
9? can be further divided ;ntb subgroups called longitudinal
Ef i- and transverse components according to whether they are
obtainable from longitudinal or transverse measurements

respectively {see Section IV 2.4)}.

~

\
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Table 4a: Fourth Rank Tensor Matrix [32]

m,n - Polarization direction components

n 11 12213312 23] 31
14 b

R 4
| Hﬁ T 4‘\
4

2| 1] L] A\

33

12

j - Propagation direction

. 21

i1 - Measurement direction;
W
N
Fus
[
v
I~

[.4'
[

+
4 4

31
Yl 4

13

o
’ Lll_-'-r lﬁ_ ~ equal fourth rank tensor matrix elements

T -
Ll_l_w [_4_ ~ elements opposite in sign
*

[4* - T121'2' Ta112= 1/2 [T1191~ Ty5,,]

@
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Table 4b: Fourth ;md Third Rank Tensor Matrix
() 0 m,n - Polarization direction components
, 32 1] |22 | 33| 12 | 23| 3]
| D PR S 5.0 R I AR &
* 8 4 (4 |4 4
5221 : :
2| @ l
e ! 1 1
a3 L B
‘é, jl : | |
g IR 14
& 12 ’ L L
9 -
y @ ~+®'~ - 1 1* @ ey
M 2] ’ RN - 4 | N A
ord I + - f
46 [‘ 4 PO [‘ ! , A i
223 || | :
§ 1 N©), <)
g L | 4
£32|! :
4 f \
a + I
£31]] o |\
- ' | ‘
! (. 4
1 . y
e | | B
5 : @ - third rank tensor with the "j" direction
‘ implicitly assumed. :
.
%
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(a) The "major axes" tensor components

The twelve "major éxes" tensor components are
& 5 ¥ )
characterized by indices Jj ¥ m,n; only six of these compo-
nents are independent (see Table 4a) correspondind to the

following sets of equal terms.

' Tr133 * Ta233

Set 1

set 2 1 Ti1122 = T2211

Bet 3 :  T3333 ™ T3322

Set 4 :  Tp3)y =~ Typn = Ti312
set 5 : TBle

Set .6 :  Tyyp3 ™ Ty23)

(b) The longitudinal components

Since for longitudinal measurements, i = j, the
longitudinal components arxre those of Sets 1, 2, 3 and element
. T1123 of Sei 6. These components are determined by using

. longitudinal type samples {see Section IV 2.4}.

(¢) The transverse components

_ The remaining eleménts with i ¥ j found in Sets 4,
"5y and 6 are the transverse components; they“qre obtained

with transverse type of measurements {see Section 1V 2,4},

(d) The components of Set 6 L.

S

‘. . ' It should be noted that when attempting to measure

C“) tﬁa tensor component T;, 54/ the generated signal would

i
52,
. . - S,

o : .

y .

.
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o
”
o
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always include as well the contributions of the elements

Ty122 and Tll33' the component T can, therefore, not be

1123
determined separately. On the other hand, T1231 appears to
be measurable independently from the other fourth rank tensor

components.

In summary, it is apparent that from the originai
ten indepeﬂdent components of the photon drag tensor, there
exists at least one combination of the measurement, propaga-

4]

tion and polarization directions which allows the separate

determination of six independent components, represented by

the ‘six sets defined in the above paragraph (a). On the

other hand, Ti123 and the other finite tensor compornents can
‘only be evaluated by taking differences of at least two

.separate measurements,

r : ‘ IF is pointed out that ﬁhe photon drag effect, as
represent;d py fhgxfourﬁh rank tensor in ﬁquation (7), is
~explicitly a function of the photon momentum, and thus has
the unique feature that the corresponding iﬁduced signal must
reverse its polarity with aiS reversal in the liqht propagation
direction. //

v 4.0 Separation of Signals due to Third and

Fourth Rank Tensors

The measured signal which is ¥nduced in tellurium by

B

<4) the laser electric field is in general,comfoned of contributions
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ifrom a combination of third and fourth rank‘tenéor‘components
as shown in Equation (7). Nevertheless, by caréfully '

selecting an appropriate set. of measurement, propagation, and
polarization diréctions, the resultant signals will be solely

due to only one third or fourth rank tensor component.

In order to facilitate the process of choosing the _
appropriate measurement conditiop which will lead to the
determination of a particular tensor component separately,
the fhird Eank tensor components are incorporated into the
fourth rank tensor component representation matrix of Table

4a using the following procedure: ‘

It is considered that, although the third rank tensor
components are defined indepen@eg;ly fromvthe laser beam
propagation direction {see Section V 2.0}, nevertheless, a
.pfopagation direction necessarily exists in an actual
measurement, Thus, one may attach to each of the third rank
tensor components, a fourth subscript 3j which defines all-
three possible propagation directions. 1In this manner, all
the finite third rank tensor cémponenta which are now
appended with four indices are introduced into Table 4a. For
‘Bxample; in the case of the third rank tensor component
X122°7 three equivalent fourth rank tensor components are
generated when 9 ruhs from 1 to é, namely X1122° X1222°
~X1322’lit is noted that qnlyn X1122 and X132 are "major

axes" coméonents which appear in meagurements where the

e Lt i 4 b T ¥ S e et
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lase; b;am propagation direction is in the 1 or 3 directions
respecéively. Table 4b, which now contains both the third
and fourth rank tehsor components, can conveniently be used
in this form to choose the necessary measurement conditions.

in order to obtain the various tensor components separately.

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

following tensor components can be measured separately:

1) Fourth rank tensor components

I

éft 1t Tya50 Ty

Set 2 :  T,oy, '

Set 3 : rT3311' T3322 ‘

Set 4+ Trannr ~"Taa
T3211

. 2} Third rank tensor components _ 0

X111 28 X3211 OF Xp33p in the equivalent fourth

rank tensor representation

x122 as Xy392 in the equivalent fourth rank

tensor representation

Xp12 @8 x2312 in the equiYalent fourth rank

’// " tensor Fepresantation.

In summary it is seeh that at least one component

from each of the Sets 1 to 5 {see Section V 3.0a) of the
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fourth rank tensor components are separately measurable;
however, no component of Set 6 is separately measurable, as
the induced signal Jq {see Equation (11)} associated with

the measuring conditions corresponding to T1231 always has

the additional contribution from the third-fank tensgor

component x;q:

> ,
Jy = X311 By By + 2 Ty53 G, B3 By (11) %

Similarly it is discovered that only one of the two ipdepgndent
components of the third rank tensor, consisting of:the
equivalent matrix elements X111’ X122 ;nd Xp15 Can be obtained
separately; indeed in a typical measurement {see Equaturm (12)
and (13)} the matrix elements X123 OF Xp317 associated with

the other independent third rank tensor component;, appear

. alw&ys‘in combination with at least one fourth or third rank

tensor component, e.q.,

E,.E, 7T

Ty =2 Xp31 B3 By #Typ13 Gy By By + Typ33 35 B3 Fy (12)

and

T =223 B B3 v X2 By By *Tiigp & B By + T3z Gy By By (13)

Vv 5.0 Conclusion

IS g

A phenomenological tensorial analysis is given in
this chapter which defines the measurable radiation induced

signals as combinations of two effects which are characterized

L T T O S P T
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by thigd and fourth rank tensor components; the latter will
naturally complg with the symmetry properties of'tellurium.
The conditiops of measurement where the digferént tensor
components can be obtained are discussed and specifiéally,
the~particula; combinations of the measurement, propagatioh,

and polarization directions where third and fourth rank’ tensor

components can be measured separately, are deduced.
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CHAPTER VI -

- _
( EXPERIMENTAIL RESULTS

vi 1.0 ‘Int}oduction

The object of the expe;imental programme waé to measure
the expected finite components of both the third and fourth rank
"tensorial coefficients described in the previous chapter. fhe |
results of the analysis of 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 simultaneous measurement of the fast induced
‘open clircuit voltages and the samplg resistance in samples of
geometries given in Section IV 2.4, over the temperature range
115 X to 300 K; the temperature dependence of these measured
éarameters is expected to provide an important basis for the

determination of the physical mechanisms underlying the observed

signals. Experiments were performed on samples cut from undoped

3 - - 2 3. ¢ < S N AR ] s . oy -

tellurium crystals which exhibit intrinsic properties at room

temperature, becoming extrinsic and p-type only below 200 K;

3 4 e e

extrinsic samples from antimony doped ingots with an estimated

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

>0 Xm 2itrl

PETI

Pl

were also used in order to investigate the dependence of the

v

observed signals on the carrier concentration. -

The accuracy in detérmining the values of the tensor
components, taking into account the intrinsic errors in the
measuring apparatus and in the laser power ouﬁput, is estimated

t© be better than 10%.
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VI 2.0 . deneral Remarks on the.Sample Parameters

., . . Affecting the Meagsured Signalg

Vi 2.1 Measurementxof Qpen Ci&cuit Voltages B

'’ AB shown by Equatlon (7), the radiatlon electric

“field E generates locally an electrlc current J in a semi~

conduptér; only the components of 'J which are quadratxc in

E are expected to result in observable signals {see Section

-V 1. 0}.‘"These’latter components“of the cufrent} under opeﬁ

condxtions, clearly manifest themselves as an induced 1oca1

electric fxeld 62 which is related to J through the sample.

“resistivity Pygr i.e.

i

A ; - _ . . ‘ : ‘
‘ ,51‘ Py Ty =X Wey ;en+Tijquw e e, (14)

where we have used the appropriate transformatian to express
the square of the radiatfbn~electric field in terms of the
laser power density W and e’ e the cOmpaneneslof‘thefuniﬁ

polarization vector &; therefore,
.- u : -

Xfon = [ 754 053/0 ] Xy - - as)

where n is,the.appropriate refractive index. *

The measured open circuit voltage is then

~

Ny == ,51 axy . . QA

- ' [ o
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@here the integration (s cqrriea over the illuﬁipated part o
of the measuring contact”séparation; thus the tensor °
coefﬁicient x, T ox x ’ T* can be‘evalﬁated using‘Equations
(14) and (17). When computinq~the tenSOr components from
Equation (l7),ﬂthe effects of the appropriate finite radia-
tion absorption, and multiple ief}ecoions at the saﬁple
suréaoes.must be taken into accoun; as follows: '

o °

[2

(az For longitudinal measurements

It should be noted that for measurements longitudlnal

with respect to the radlaplon propagation, direction, the .
power density W varies along the sample length L as

exp-Kx due to the finite radiation absorption coefficient X.
A

' cOnsequently, for longitudinal measurements, using Equation

'y

(14) and taking into account multlple reflectionsg at the

v

boundaries of the sample, relation (17) becomes

(L-R)W, (1-exp-KL) x¥ T*. § )
Vi - 0 imn 4 _Aijmn ) e e (18)

K 1-Rexp~KL 1+Rexp—-KL 5 -
where Wo is the. incident’ radiation powér density, and R isw

the reflection coefficient at the air-tellurium interface.

.(b) For transverse measurements

L4

In the case of signals meésufed transverse to the

1

’radiatlon ‘propagation direction, short Samples are normally

,used such that the effect of absorpt;on éan be neglected and-

i S SRR .f_\.,_;;v: R S _\;,‘,‘;“j‘_._ T ;,‘_v:_ T L T PTT T,

| 4

'h.t"'o{/ixa‘m

BT ot _g-\.

e AP T,

-

2
B tx.eex( + e

N
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¥ C o . ' the power densxty is essentlally uniform throughout the )
fsample; thus Equation (17) becomes
’ £ ,? ’
: ximn 1 41 *-
» ' =. — . Jmn j "
] *Vi (1 S)W,‘d { R + TR e, e, '(19)
‘ . . g , &

where d is the illuminated distance between the electrical

ﬁ . contactsﬂ

| Thus’one'can see from EquatibRS‘(15).'(16),:(18)1

» and .(19) that even for measuremehté which involve in principle
‘the same X or'T, Ehe aCtuel megnitu&e of the measured voltage

- can vary from sample to sample depending on its particular

res;st1v1ty and contact separatlon.

Vi 2.2 Effect of Natural Optical Activity-

hid

’. Natural optlcal activity s the rotation of the e

rhdlation electric field polarlzatlon direction as the llght
travels through a material, 1ndependent of blrefrlngence

A ) effects 1f the 1atter exist. This effect 1s descrlbed by
« . - i -4 '
B ” the quantlty called the "rotary power" x (in degrees per. mm)

&

which is a function of the light prbpagatlon direction. & For

Ce l1ght propagation parallei to the opt1ca1 axis, where clearly

’ .nQ: blrefrlngence exxsts, the effect oﬁ the rotary power re-
v ' ‘““ sults in the rotation of linearly polarized light in’ the

| plane perpend1cu1ar ‘to the optlcal or c-axis by rg degrees,
SR where z is the dlstance travelled along the c-axis in milll-

i . met;es, on‘the other hand, forAllght propagat;ng tcansverse
i . . " ."T Lo




“~

et N N —— e G G o it ey

[¢] [

A

to .the optical axis, optical anisotropy due to the anisofropid

refractive index in such materials as tellurium dominateé
the optical activity, which does not lead in this case to a
rotatign of the plane of polarization, but produces small
changes in the pianes of polarization of the ordinary and ,

‘extraordinary'réys({20}. ’

Thus the effect of optical activity on the méa;dred
siqﬁals is considered relevant only for experiments where
the'light‘propagation direction is parallel to the c or 3-
axis.‘ p ] ‘ - o

Considering now specifically those meaéuremént;.

" where the light prop ation is in the 3 or ¢ direction, for
ionqitudinél measuremeénts in the 3 direction {see Section
. IV 2.4}, the induced electric field €, using Equations (7),
(14), and Table 4b with i = j = 3.and correspondingly
m, n='1 or 2, is found t; be indépendent.of the polarization

17

f : ~
tL~ aS r
P

. , . )
€= -0 [T331) 8y B} + T33p, 45 B3 , (20)
‘but since ?3;11 = Taa,.5 Ty | |
€=-pT$c}3E2' y | (21)
where E? = E; + Eg is the magnitude of the radiation electric

field. It is clear that in this case, optical activity can

have no effect on the measured induced signal.

<

7
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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 form

€=2aE E, = AE® sin 20 N _ (22)
-1 32
where 6 = tan 5 is the angle of the polarization direction
1 ' )

with respect to the l-axis.’

Thus, if a linearly polarized plane wave is incident

on a tellurium sample of the geometry shown in Figqure 1l2c,

.such that the radiation polarization direction makes an

arbitrary angle 8, with the 1 axis at the samp}e entry face,
then, after propagation through a distance 2 in the crys;al
having a rotary power r, the angle of polarization 6 will
become 6, + rz and the induced electric field given in

Equation (22) is modified to

GRZ)L* A E® sin 2(04+ rz) ' (23)

The average transverse induced electric field over
the thickness L of a sample in the direction of light pro-

pagation, ig
1 F ‘ 4 |
o = T [ &2)az | (24)

Since for polarizations perpendicular to the c-axis, absorp-
tion may in general be neglected {see Figure 5}, i@ follows
that '
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. z gin rlL - N
€;v = A E i sin 2(64+ rL/2) (25)

f

For thin samples, i.e. where rL < 1 which will be the case
in pur measurements, sin rL/rL =« 1 and
€ A E? sin 2(6,+ rL/2) (26)

e

v Thus it is clearly seen that tHe effect of optical
activity is to displace the ' normal dependence of the measured

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

o+

VI 3.0 Measgsurement of the Third Rank Tensor Coefficients

VI 3.1 Measurement of X111’ X122 X212 in Undoped Samples

., (a)’ Magnitude and temperature dependence

The analysis of Section V 4.0 shows that, of the two
independené third rank tensor components, only one, repre-

sented by the equivalent matrix elements X111’ X122; and X212°

-can be measured sepan;%sly. It is clear that aince the ’ v

signals assocliated with the third rank tensor coefficient
{see Equation (7)} are independent of the direction of pro-
pagation, the measured electrical signals are expected to be
indepehdent of the direction of propagation of.the laser
beam and more specifically ghey are expeqted to remain un- .
changed as a result of the reverﬁgl of thé beam gropagation
directioni It follows that‘the sample geometrf‘shown in
Figuré 12¢, with the laser beam set paralleluté ihe 3 or c~-

W
axis, is most suitable for measuring separately all
. ) -

ket 5
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three equivalent components where the measurement and -polari-
zation directions are specified {see Section V 2.0} by the

indiceés of each particular tenéor component.

Figure 13 shows a typical variation of the voltage
and resistance, obtained in undppéd crystals, measured across

the shown sample contacts as a function of temperature. For

' the case when E || 1, the signal is clearly proportional to

the tensor component XIllf the polarity of the signal is
found to be, as expected, invariant with respect to the re-

versal of the beam propagation direction.

Figure (13) for E || 2 and Figure (14) show respecti-
vely the corresponding results obtained{in measuring the
* . * ,
matrixuelemengs X122 and X3127 it is cleqxly seen that the

temperature variation of the magnitude of the signals in all

. these cases are similar as expected from equivalent third

rank tensor components. Also, the‘bolarities of the signals '
corresponding respectively to X111 and X129 are observed to
be opposite in sign, as expected {refer to.Se&xion vV 2.0}.

It is understood that the actual magnitudes of the measured

voltages in each experiment depend on such parameters as

sample and eleétric contact geometries, sgméle resistivity,
and incident’radiation power density {see séction VI 2.0}.
When all ﬁhetfesults are normalized to the same coﬁditions
of meaguremeﬂt they yield, from Equation (19),. gssenﬁiaily
equal mpgnitudeé of Xill' Xizz' and xglz correspondiné to a

7 cm/A.

&
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_polarization direction of the radiation electric field is

ey m % e e e s o 19 S

(b) variation of the induced voltages with variation

of the incident polarization direction 6o
AY

When the laser beam is linearly polarized in the plane
perpendicul&r to the c-axis and thus is propagating parallel
to the 3.0r c-axis in a sample with the contact geometry

shown in Figure l2¢; Equation (7), fof the rectified measured .

signal in the 1 direction, becomes,

o

J E E,E, +2T

17 X122 B2 Bt 2T B B (27)

1% X1 By
= Xypp E° ©08% 0+ xpp0 E* sin® 6 + 2T ;. E* cos 0 sin 0 (28) -

Since from symmetry {refer to Section V 2.0} X111 = X122 ®
N
= Xp12 £ X ad Tyqy,5 = Toayy = = Tyy,n 2T, Equation (28)

reduces to < i
J, = X E? cos 20 + TE? sin 20 ‘ (29)
Similarly for measurements in the 2 direction

Jp ™ X E? sin 20 + TE? cos 260 ' . (30)

|
‘Figure 15 shows a typical variation of the hpasured

signals on the same pémple corresponding to J1 and J2 as the

rotated about the c-axis. This measured polarization
dependence of the induced signals cleaily follows closely the

angular dependence of the y terms in Equations (2Qf and (30);




)

VOLTAGE (mV)

+
' Figure 15,

Variation of ti’se"rhird Rank Tensorial Signal
with Angle of Polarization 6. .
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“this implies that the contributions to the measured signals’
from the terms proportional to the fourth rank tensor com-

ponent T are relatively small. In fact, it is found that for

the angles 8= (2n+1) T and nZ, n =0, 1, 2...

Egquations (29) and (30) predict reépectively that the con-
tribution of the fourth rank tensor terms, if finite,

would be maximum and correspondingly the third rank tensor

£

terms zero; since the measured induced signals at these ’
angles are found not to reverse their polarity with a re-

versal in the light beam propagation direction, it is con-

a

cluded that within experimental accuracy, the equivalent

fourth rank tensor components T which correspond

\ 2311" T2322
to the transverse photon drag effect for thexmeasurement

conditions sbecified by their indices, are essentially zero.

el i

on the other hand, the shifting of. the observed
maxima and minima points from the angles of 0 equaling the
expected‘valu;é njvﬁ where n = 0, 1, 2.... is readily
'e;plained by considering the effect of optical activity on
the measured sighal as deacribéd in Section VI 2.0. Using
the ;esults’of the latter section, Equations (29) and (30),
when modified to include the rotary power and eliminating

the negligible term T, yield the following expreésions:

- Ty = x B cds 2(8 + rL/2) (31) g

Al o P

and I, = x E' sin 2(8, # rL/2) .. (32,
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The shifting in the angular depéndence, obtained

from Figure 15, is about 15° which yields, for the sample
thickness L = 2.5 mm, a rotary power of - 12°/mm which agrees
favourably witg the optical activity data obtained in

tellurjium from independent measurements presente& in

Section IIXI 5.2,

VI’ 3.2 Measurement of X111r X122° X531 in Poped Samples

‘A typical temperature variation of the resistance
and induced voltage in doped samples corresponding to the equiva-
- ; * * * : : :
lent matrix elements x¥,;, X1pp @d X3,, is shown in flgure 16. It i?
clearly 'seen that the temperature characteristics of the
measurements are vastly different from those obtained in the

undoped samples {Figure 15}. " Furthermore the magnitﬁde of

this coefficient x* in doped crystals at room temperature is 3
evaluated to be 0.7 x~10_7 cm/A, which is approximately

three times larger than that measured in undoped samples.
|

a
NP

Vi 3.3 Measurement of X123 and X237 .

The other independent third rank tensor cqmponedf,
gepresented'by tﬁe equivalent matrix elements x123,and X231/
will be evaluated foilowinq the presentation of the fourth
rang ténsor cogfficieﬁt measurement, since as shown by
Equations (12) and (13), these elements always appear in

combination with at least one fourth rank tensor component.
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Figure 16. Voltage and Sainple Resistance in Extrinsic
Samples for the Measurement of x.
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in this section, cleéarly indicate the existerice of radiation
induced electric signals which are generated by an effect

characterized by a third rank tensor coefficient; one qf-thé‘
two independent components has been meaeured~qnd'found to be

consistent with ﬁhe symmetfy properties of £éllurium. In the

process, it has also been established that the transverse

: photon drag effect in tellurium for light propagation parallel

to the ¢c-axis is, within expepihental acquraé&, essentially :

zero.

[

‘Vi 4,0  Measurement 6f the Fourth Rank Tensor Coefficients:

s A YA i e 3

)

( VI 3.4 Conclusions

- In summary, the results of the measurémenta presented
‘ The Photon Drag Effect

[ N

VI 4.1 Intxodudtionf

i/

In the follbwing'section the mdqsurement of the . fourth

rank, tensor - coefficienfs which describe the Photdn Drag

effect will be preaented; in particular the magnitude and the
temperature variatibn of the induced voltages arising from
the coefficients,which were previously {see Section V 3. 0}
olassified into Sets 1 to 6, will .bg investigated, '

® < It was found that in the courée of theaéﬁmeasure-
ments, fast signals from a source other than the photon drag

effect and that charaugerized by the coefficient ¥ may also

i . [Py i : .
Con il o i 4 T T A AT e b
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appear; in the following sections auch eignale; wheén present,
will be identified, but their detailed diecueaion will be

undertaken in Section VI 8.0.

° o
VI 4.i The Fourtn Rank Tensor ComponEnts of Set 1,1&235=11133£ .
The Longitudinal Photon Drag Signals with E || c ’ . (
0 re ’ /
VI 4.2.1 Meaeurement in undoped samp;es‘ -

The induced VOltages were obtained ontrectangular
samples {see Figure 12a} in which the long dimension was
appropriately oriented either parallel to the 2 direction
for measuring T2233, or’patallel to the 1 direction to obtain

1133‘ A typical‘temperatu:e variation of tne measured
voltage, corresponding to the induqed“aigng; associated’with . :
the‘longitudinal fourth rank tenspr component T;233 or o
equivalently Tll33‘ and the sample resistance in undoPed

. téllurium, is shown :Ln P\%gure 17, - °

“The polarity of these signala corresponds to a

D WA

,©  generated short circuit current in the direction of light

propagation, thus a reversal An the laserhbeam propaqation‘ ‘ N
direction results in a reversal in the pqlarity|of the

monitored voltage esnsistent with the expected behaviour of
the,photon drag ef;bot. It may, be. noted that the variation o
of both the photon drag signal and the sample reeistance b

74 ‘ " with temperature are initially ide&tical as the temperature

’
a8 )
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-

is lowered below 300 K. At room temperature, these measure-
ments are clearly equivalent, with identical results, to the
preliminary observations presented in Section IV 3.2a with

E || c . For samples of more than 5 mm in length, the longi-
tudinal open circuit voltage with E || ¢ at {oom temperature
is consgistently found  to be 10 mv for an incident power
density of 1 MW cm_2; this responsivity, using Equation (18),

leads to a value of TX = 0.85 x 10-7 cm/A.

- *
2233 = T11133

VI 4.2.2 Measurement in doped samples f

The variation with temperature of the generated
longitudinal photon drag signal and of the corresponding
sample resistance with E || ¢ in extrinsically doped p-type

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

<

in comparisen with the corresponding signals indgﬁgd in
doped intrinsic samples, the generated voltage %? extringsi-
cally doped samples is relatively constant over the entixe
temperature range. It should be noted, however, that fo
both undop?d and doped samples: Figure 17a and 17c respect-
ively, show a noticeable increase in the measured voltages

at the same temperature of about 220 K. The magnitude of the
generated longitudinal voltage for E Il e invour extrinsi-
cally doped tellurium crystals is found, at room temperature
to be slightly lowex than the corresponding measured signal

is evaluated in this case

v

in undoped samples;
7

*x - *
T5233 = T1133

to be 1.1 x 10~/ cm/A.

-~ - B - % T .
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VI 5.0 The Observation of an Additional and

Unexpected Generating Mechariism

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 ih this chapter.
The various characteristics of this unexpected signal are
observed best in transverse measurements with the light pro-
pagation direction being parallel to the 2-direction. Thus
in the following paragraph a series of measurements are
prescribed which establish definitely that in the observed
signals there exists a cgntribution from a mechanism other
than the fourth rank and third rank tensorial effects. This

mechanism will be further investigated in Section VI 8.0.

vl 5.2 Measurements With the Light Propagation

in the 2-direction

VI 5.2.1 Measurements in undoped samples

(a) Measurement in the 3-direction;

polarization in the l-direction

The attempt to obtain in undoped samples the induced

signal ‘corresponding to the transverse fourth rank tensor

B, R

Cusn Rt
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T3211 of Set 5, using the sample geometry shown in Figure 124,
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 reversal in the

laser beam propagétion 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 magnitude as the. temperature is
decreased from room temperature to approximately 125 K, after
which the magnitude becomes relatively constant dowﬁ/to the
lower temperature limit of the cooling apparatus. The
general temperature characteristics of this induced signal
is distinctly different from the third rank tensorial and
longitudinal photon drag signals described in Sections VI
3.1a 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

samﬁle geometry.

(b) Measurements in the 3 and l-directions

with polarization in the 3-direction

The measurements which were performed on the same

1S

/
and other identically cut samples for the conditions des-

" eribed by the fourth rank tensor component index combination

3233 and 1233 {see Section V 2.0}, revealed similar signals
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of the same polarity; in these measurements where the light
is polarized parallel to the c-axis, the induced signals at
low temperatures are found to be four or five times larger

than those generated with E_Lc, see Figures 18 and 19.

It is noted that these signals appear in conditions
where the combination of measurement, propagation, and
polarization directions require that) from symmetry con-
sideratiohs, both the corresponding third and fourth rank
and T be

32337 X133 1233
identically zero {refer to Table 4b}; therefore, it can be

tensor components such as X333 T

-

definitely concluded that the presence of this signal is due
to an entirely different and additional mechanism which cannot

be simplf characterized by either third or fourth rank.

Ed

tensorial behaviour.

&

() Measurement and polarization in.the 1 direction

-

. This combination of measurement and pélarization
directions is expected to produce signals proportional té

the tgird rank tensor coefficient X111 while the corresponding
fourth rank tensor coefficient.T1211 is identically zero, —
{see Table 4b}. In'the results of this‘measurement shown in

Figure 19 for E || 1 , one observes, a finite signgigat room

temperature which remains at first essentially constant as .

the temperature is lowered, then, decreases in magnitude,

eventually passes through zero, reverses its polarity and

subsequently increases once again to a relatively large magn;tpde.'

[y
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It can be easily surmised that, originally near'room
temperature, the observed signal is the one“which is associa-
7ted with &he effect described by the third rank tensor com=
peﬁent X111+ as expected from Table 4b; but as 'the tempera-
ture is further decreased, R different siénal of opposite
poﬁariey dominates the total response. In fact, a careful
examipatibﬁ of the results, shows that the observed signal,
in this cése}“is the algebraic sum of two differer@ signals,
‘ene of which cérresponds to the mechanism described by the
'tﬂird rank tensqriél coefficients. When the temperature
behav10ur of the magnltude of the signal assoc1ated with, the
expected component xlll’ erginally estabilshed in the

3

measurements with the laser ‘beam propagat;on\ém:the 3—d1rectaon

> 5

{see Sectlon VI 3. 0},‘15 subtracted from thls present.compLex,
signal, the resultlng 51gnal s temperature characterlstiﬂ is
clearly identical toqthe-one,descrlbed ;ﬁ the previous para-

graphs and Figure 18, or Figura 19 to¥ E || 3. o =

5,2.2 Measureme t ih dyped samples

< .

For the transverse measurements w1th the laser beam
<
ropa g in the 2-direction in doped sampﬁqs o evidence
propagartiq e ‘ C r?
of the large ad@&é&onal and unexpected signal is observed at
aﬁy temperature for 'all the combinations of'measurement'and

polarization directions. The only finite signal is ohserved

under the condition associated with the compbnent X111} its

B N P o ¥ ¢ - - A
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magnitude and teémperature behaviour is identical as expected

}the cqrrespo*ding measurement‘bith the light propagation
lection in this case in the 3-direction, described for
d samples i Section VI 3.2; this confirms that the third

tensors components are independent of the actual light
pro agation dlréctlon

b

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 Componénts of Set 2

VI. 6.1 The Longltudlnal Photon Drag Component T ll ,

Ew
This longitudinal measurement was performed on'samples

with the geometry shown in Figure 12a in which the long

dimension is up 'to 1.7 am iniiéngfh and is parallel to the

{ N . R Yo
.
’ .

2-direction. \ ' 4

&
B

With an incidenty power density of 300 KW cm“l, the

( o
magnitude of the induced voltage correspondingtto TZle’ the’

only fourth rank tensor component of Set 2 wh1ch~1s measurable
separately {Section Vv 4. 0}, is found at‘room tempefature to
“be below 50 uv, the lower limit of the experimental measure-
menﬁ capébility. At temperatures belowhapproximately 250 K,

only spurious signals were observed; they are considered to

’
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origiqate in part from fractional contributions from éﬁe
large signals assoc1ated‘w1th the components T2233, X2L2'

and, in undoped samples, particularly from the aéditional

signal described in Section VI 5.0, all of whi¢h may appear
due to the unavoidable sample, measuremenf, propagation, and p
polarization dirgktions misaligﬂment, in an actual experihent,.

with respect to tﬁe true crystallographic axes of the

tellurium crystal. 1Is is thus evaluated that, at room

temperature where K = 0.27em L, Tyyyy 1Spless than 1.5% 107°

)

A
cm/A for botH intrinsic and extrinsic samples.

VI 6.2 The Longitudinal Component T1122

VI 6.2.1 Measurement in undoped samples

When‘usingfthe ﬁeasurement con itionS'épplicéble for
obtaining the oth;r equivalent compongnt Ti122 of set 2,
Equat;ion '(7) and Table 4b predict thit the induced signal
has an additional contribgtion from the third rank tensor
component X122’ In fact, one ébservbs a‘relativelyplarge
signal which does not reverse in poharity with a reversal in

.the light propagation direction; fjféhermore, its magnitude

is congistent with the measurementd of: the X122 component

B Y e SAD: S SRR P S SN,

described in Section VI 3.1 where the measurement of this’

component was obtained with the laser beam propagating in

ot <a? s

the 3-direction. Consequently this agreement confirms that
R - : ", ',ri'zq 7= ¢ ) N
within qxpe;imeﬁtal accuracy, the longitudinal photon dggg

&

~
f
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effect in the 1 and 2 directions with polari%ations E]c
is negligible. In additiohn,, this measurement further °‘confirms
the fact that the induced signal due to the third rank tensor
coefficients is independent of the 1light propagatioﬁldirection
and depends 5nly on the méasu:ement and polarization directions.

Ead

VI 6.2.2 Measurement in dopéd samples

The longitudinal photon diag signal corresponding to

®

1122
completely masked by the large signal generated by the effect

the tensor component T in doped samples is found to be

characterized by the third rank tensor coefficient X1227
o)

‘this fact prohibited the determination of the maghitude of
. t

Ty122°

H

: g - .
VI 6.3 The Fourth Rank Tensor Components of Set 3, T3311= '1‘3322

VI 6.3.1 Measurements in undoped samples

The equivalent fourth tensor components Tg444 and

T3322 of Set 3 correspond ‘to longitu&?nal si?nals measured ';

along the 3- or c-axis .with the radiation polarized perpén~

dicular to the ¢-axis. Experimentally, no signals which’

could be attributed to the phéton draqg effect were obsgrved
iipéd crystals over the entire témperaturé range: \

Howe&%r, spurious signals were observed which were sensi-

tively dependent on the exact alignment of the sample relative

to the incident laser beam and thus weré c@nsidered as

v .
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remnants of the other larger signals prevzously descrlbed
Thus w1th1n experimerital accuracy and for undoped crystals
the components T33ll and T3322 dre estimated to be below :
1.5 x 107 cm/A

[~

) [ - o B .

VI 6.3.2 Measurement in doped samples

In a doped sample, a finite signal was cbtained whose .
magnitude variation with temperature is shown in Figure 20.
It is -seen that the macnitude of the signal is fairly constant

over the entire temperature range. At room temperature with

“2, the induced voltage is found;fo be 0.7 mV; -
# J 3 )

in this case K = 0,27 an-l, R = 0.43, theréfore Equation (18) gives

8 S : ‘ :

= 0.4 x 10" cm/A 3322.

*
T3313

' r . 2

i

IV 6.4 The Fourth Rank Tensor Comﬁonents of Set | 1o
« ¥ .

' . \ ' . -

In both undoped and doped samples, the three-equiva-
lent,transverse fourth rank tensor elements cf Set 4, T23ll"
T2322, T1312, were found in the process of measuring the
third rank tensor components X212: X111 x122' as described

in Section VI 3.1b, to be, W1th1n experlmentai accuracy,

S
essentjially zero. : o s L

’ ' © K]

| e

VI 6.5 The Fourth~Rahk iensor components of Set 6

As stated 1n Sections V 3. Od and V 4. 0, the two
her ‘ 14 near
ponerits of Set.6, ’1‘1123 ard T1231 always appear in a 1li ,

1 9

*
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. b
combination with either another fourth or third rank tensor
component and thus cannot be meagured separately, but can
only be obtained, in principle, by taking differences of at

least two sets of measurements.

In the case of the element T the simultaneous

1123
presence of the signals originating from both the large com-
ponents T1133 and X129 account completely for the obtained
response; on the other hand, one observes only the expected
contribution of the Xlll component when attempting to measure
T1231. Thus within experimental accuracy, the two components
of Set 6, T1123 and Ty231+ are estimated to be zero in both

undoped and doped crystals.

VI 7.0 The Third Rank Tensor Components X1237 X231

As shown by Equations (12) and (13) in Section V 4.0,
both the equivalenf matrix elements X123/ X231 of the second’
of only two independent third rank tensor'cémponents, always
appear, in appropriate measurements, in linear combination
with signals originating from at least one fourth or the
other third rank tensor component. When’attempting to
measure signals‘dug to X231" it is found that the contribu-~
tion from the fourth rank tensor component Tha33 dominates
entirely the response; while in the case of X123° both .the
Tl&@@ and xj,, components ;ffect'the total measured voltage.

Within experimental accuracy, the X123 and X231 eguivalent

7

/
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components are evaluated to be of zero magnitude for both

doped and undoped tellurium crystals. ,

VI 8.0 The Spurious Low Temperature Signal

a

VI 8.1 1Introduction

The experimental results presented in Section VI 5.0
clearlf indicate thé existence of a third mechanism by which
the radiation generatés a fast emf in tellurium. We no&
present the observed characteristics and hehaviour of this

p
additional and originally unexpected effect, called from now

°. on the spurious signal, as a function of the direction of

!
measurement, radiation'polarization and propagation; the

magnitude variation with temperature will also be presented.

VI 8.2 General Characteristics

1) The emf induced by this third mechanism is within ex-
perimental accuracy instantaneously and linearly related

to the laser radiation pulsed output powex.

2) It must be emphasized that the magnitude of the spurious
signal differs from sample to sample; the magnitude at
low temperature ranges from essentially zero to in excess
of 3V/MW cm—2 depending on the sample used. This
variation in magnitude is in sharp contrast to the case

of the photon drag effect and the third rank tensorial

P
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3)

4)

5)

6)

&
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effect both of which give consistent results in all

samples.

It is always found, on the other hand; that the magni-
tude of the spurious signal is larges? at low tempera-
tures and has always the temperature dependence sﬁbwn
in Figure 18,'i.e. its magnitude starts from essentia-
lly zero and increases rapidly by several orders of
magnityde from room temperature down to approximately
1;5 K, below wQ}ch temperature it becomes relatively

>

constant. ]

v

The polarity of the induced signal does not invert with

a reversal in the direction of light gropagation.

L]
A Y

For a given measurement and propagation direction,. the

measured voltage for radiation polarized parallel to

N

the c-~axis is élways 4 to 5 timesvlarger than for EJ_c;'

the polarities of the generated emfs are identical for

both-polarizatﬁons.

In doped crystals, the signal has essentially not been

observed.

8.3 Variation with the Crystal Orientatdon

w

Relative to the Incident Beam

The results from the completé set of measurements,

congisting of all the combinations of direczions of measure-

(T} ’ ment, polarf}ation, and propagation along the major axes of

R s s gl it s 4
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the crystal indicate that the behaviour of the spurious

signal cannot be characterized by a tensor of any rank con- 1
sistent with the symmetry properties of tellurium. 1In

addition, experiments performed on different samples of‘

identical géometry and orientation with respect to the laser

beam, do not necessarily produce similar results.

We report in the following paragrapﬁé the observa-

tions recorded concerning the dependence o% this spurious

low temperature induced signal on the orientation of the

crystal sample relative to the incident beam.

1) With the sample geometry shown in Figure 124, in which
the laser beam is propagating parallel to the 2

direction, a substantial induced transverse emf has

] always been observed in all samples for ﬁeasurements
made along the 1 or 3 directions. The signal, as

stated earilier, is preferentiai for polarizations 3
parallel to the c-axis$., For a usual contact separation

of 5 mm and with an incident power density of 120 KW am ™2

the transverse measurements with E || ¢ at temperatures
lower than 150 K resulted in a voltage signal varying
from 40 to in excess of 300 mV depending on the sample

used. t

%

2) On the other hand, using a similar sample geometry in

which, in this case, the radiation is propagating along

2]

("5 the 1 axis and the transverse emfs are measured in

B -~ [ e .n - - - < D e W DU I v AN - -~
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4)
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either the 2 or 3 directions, some gsamples have exhi-

.bited signals while others have not. The measured

voltage on the different samples have ranged from
essentially zero to approximately 50 #V. In a number of
these cases where finite emfs have been observed, thg
magnitudes are found not to be linear functions of tﬁe
incident power and furthermore, in some 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.

This spuriousg signal has not been observed when the
radiation propagation direction is in the 3 direction,
i.e. parallel to the c-axis: for this propagation
direction, in the case of transverse measurements, onlf
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 Figure ‘13; on the other
hand, in longitudinal measurements, at low temperatures,
signals that do not exceed a few millivolts and which
cannot be identified with this spurious‘effect, are
monitored; therefore, it is considered that the spurious
gignal is essentially not induced when the radiation is

propagating parallel to the c-axis.

I
This spurious signal appears also in conjunction with
i

other signals found in longitudinal measurements along
Y

0 s Wy
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the 1 or 2 directions with the radiation polarized both
parallel and perpendicular to the c-axis. The abave !

conclusion has been arrived at due to the following

observations:

a) In the case E || ¢, occasionally the temperature
dependence of the measured induced voltage across
the sample is observed to be as shown in Figure 21;
" the two.shown\curves from’experimentai.points are
obtained by illuminating in turn each of the two
ends of the samplg., It is seen that the two sets of
results, correspénding respectively to radiation
propagation in opposite directions, demonstrate that
within approximatgly'soO of room temperature, the
measured voltages are of equal magnitude but of
opposite polarity; then as the temperature is furthey
lowered, one signal continuously indregges»in magni-
tude, whilst the fOther decre¢ases in magnitude passirng
through zero, ahd finally iricreases once again, but

with a'reversed polarity.

The temperature at which one Sf the signals
revérses its polarity varies from sample to samplé }
"from as high as 250 K to lower than our lowest .
temperatu;e of measuremeni where no édch assymetry inl
the~measur§d signal for the two ends of sample is

observed as is seen in Figure 17a. ‘ o / :
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Figure 21. Temperature Dependence of the Combined Photon
’ Drag and Spurious Signal. .

a -~ corrpsponds to light prdpagating in a
"given direction, and ; .

b -~ corresponds- to the réverse dzrectlon-
_arrow indicates signal polarity inversion
“for this light prcpagatxon direction,

('% o - algebrazc sum of curves & and b.
d - algebraic difference of curVeg a and b.
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In order to facilitate the interpretation of
these results, the sum and difference of the two sets
of experimental points in Figure 21 are taken and the
corresponding results are represented respectively Sy
the two line curves in the same figﬁre; By inspection
it is ‘clear that Lhe measured signals are-composed of
two separate signals, one reverses its polarity with

a reversal in the propagation direction and is the

' "expected photon drag signal characterized by the

equivalent fourth rank tensor components T}, ..,

T the other signal is independent of radiation

* Ld
2233
propagation direction reversal and furthermore has a
temperature dependence identical with that of the low
temperature spurious signal (see Figure 18) reported

in Section VI 5,

In the case of longitudinal measurements with'E_Lc ’
the spurious signil is observed at the low tempera-
tures, with amplitudes that vary from essentially

zero to approximately 40 millivoi%s depending on the
sample measured. When tbe longitudinal measurement

is madé in the 1 direction, the spurious signa

appears in combination with the expected emf generated
by the mechanism characterized by the third rank

tensor component X;,,.
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Vi 8.4 Dependence of the Signal on Sample "aging"

/f(@ﬁ‘
In many cases, i§ris important to note that the

spurious signal is observed to increase in magnitude after
the tellurium sample under test has gone through repetitive
cooling cycles, called herewith "aging".! The "aging" pro-
cess is characterized in our experiments by a noticeable
increase in the sample resistance, normally in the order of
a ten percent éhang: for each cooling cycle. ‘This effect
has been also previously reporteé by Caldwell {33}. During
"aging", it is believed that non-uniform thermal expansion
or contraction of the Qample probably introduces internal
stresses of sufficient 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

r
experimental observations and hence the characteristics of
the unexpected signal which is considered to be spurious in
nature since its occurrence and magnitude for the same

sample measurement geometry, vary substantially from sample

to sanple.
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The main features of this spurious signal afe that
it has been observed only in undoped tellurium samples; its
magnitude is largest at temperatures below 150 K being d
essentially zero at room temperature; the signal is bre-
ferential for polarization E || c. This sigﬁal 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.

Le

Attempts to characterize or associate phenoﬁenologi-
cally this signal with a third or fourth rank tensorial
effect fails since it appears in many situations where the
latter effects are expected to be identically zero due to
cygystal symmetry conditions. Furthermore, this signal cannot

e related to any of our%measured third and fourth rank
tensorial effects, since‘its témperature dependence is dis-
tinctly different from the latter. AIn fact, in some §n~
stances, as shown by Figures (19) and'éél), it has been shown
that this spurious signal appears in'%ombination with the
expected third and fourth rank tensérial emfs. Also, our
results for this emf do not fit phénomenologically the
tensorial behaviour of fifth rank tensor coefficienés, nor
the two and three step processes involving third and fourth

rank tensor coefficients, such as woluld be associated with

the physical mechanisms dealt with in References {34} and {35}.
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characteristics described.
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It is important to notg that this 1oﬁ'temperat§re
spurious signal was.often oﬁserved to appear in samples,
which originallxvdid not exhibit such a signal, after they%
were subjected to a damage mechanism sucﬁ.aé cooling and
heating cycles; the latter aégign0wn to introduce in the
relatively weak tellurium single crystél structure, internal
stresses and conseduently dlslocatlons and defects which
manifested themselves by an obsefved sample resistivity in-
crease as well as by the appearance of microcracks in extrewe
cases. It is therefore concluded that it is most likely that
the signal results from cfystalline imperfections in the

tellurium single crystal structure.

Vvl 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 describing

respectively the optical rectification and photon‘%fag emfs

induced in tellurium by TEA CO, laser pulsed radiation. In

e

the process, the existence of an unexpected low temperature )

spurious signal has clearly been established and its

Specifidally it has been found, that for the photon '
drag effect, the only tensor components of significance are

* o omk . :
T1133\ T2233 w§1ch in undqped and doped crystals, at room
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temperature, are respectively equal to (.85 x 10—7

‘em/A and
'

1.1 x 10”7 cm/A. ~In the cdse of the third rank tensor
coefficient, on;y\EXe equivalent components XIzz = X;12 =
—-xill are large and, at room temperature, have the magni--

aad - - . -
ed tude of 0,25 x 10 7 cm/A and 0.7 x 10 7 cn/A in undoped and
Y doped tellurium crystals respectively.

4
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CHAPTER"VII
THE SIGNAL WITH THE FOURTH RANK TENSOR BEHAVIOUR

'THE PHOTON DRAG EFFECT IN TELLURIUM

g !

‘VII 1.0 #ntroduction

When radiation is absorbed by free carriers in,a
semiconducting material, photon momentum as well as energy is
transferred to the free electrons and holes consistent with

the princ¢iple of conservation of energy and momentum during
. A ,

he interaction process. Consequently the directionality of

he photon,beam from'a laser séurce causes the syétem of °
electrons of the radiation absorbing semiconductor to acquire
translational motion re},a:tive to the crystal rlattice which
Eesults in the so called "pﬁoton drag" signal in the form of
a flow of electric current or the generation ‘of a vditage
under short or open circuit‘condition respectively. As this
effect iéfdirectly proportional to the photon momentum, the
- photon drag signal inverts its polarity‘with a reversal in the
and this unique

direction of propagation of the laser beam,

-

feature is used to distinguish it from other possible competing

3,

signals generated concurrently in the material {see Chapter V}.

The phenomenological behavfpur of the photon drag
effect as a fourth rank tensor was presented in Chapter V; in .
Chapter VI a series of carefully performéd exéerimental

- observations have allowed.the measurement of the actual

. : :
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({) magnitude of this signdl in tellurlum, as well as lts varia—

.

s
\
¥
3

tion w1th different physical parameters associated with the

-
A +

- samples under 1nvestmgat10n.‘

In tﬁ? present chapter a detailé! ana1y31s of the
different physxcal processes 1nvolved in the generatlon of

the photon drag slgnals in tellurlum will. be presented thls\

w111 allow the dlSCUSSLon later of the experlmentally observed
© results and‘to derlve, from the latter, lnformatxcn on certain’

relevant physical pqrameteisﬂin tellurium.
® 3 ' A

VIT 2.0 General Remarks: °
The phgton-drag effect results from an interaction

between‘the photons 1n the' laser beam and the free carriers S
in the semlconductor correspondlng to a photon absorptlon

process; thus the exact nature and type of absorption is ex-

”

pected to %e impqrtanﬁ iﬁ deterhining‘thé magnitude and 3
beHaQiour‘of'the'photpn drag signal. Absorption of photons,
in general, occurs asAa'result of pheton enerqgy inaqced
electronic di£e0£ interband transitions)as well as indirect’ ' -
iﬁt;abend tiaqsitiens; in genetai, it has been'showﬁlﬁhat a,"‘ “ o
’photon d;ag signgl can arise fromlany £ype.of'photon induced
eleotron transiﬁioﬁs sqcﬁ as, eithef electron {36} iransitions
across the‘energy band gap of . a semiéonauctor, or,; .

i

°absorpt10n due to ‘the 1onlzat10n of deep 1mpur1ty centers {37};

i1 bl -

however, the photon drag effect is only ‘attractive as alf

-

detection mechanlsm for relatively long wavelength, short

[
ot . ’
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gﬂ
:
i ~
% ( . duration laser radiation pulses, this 1s why this work in-
v vestigates the conseguences of absorption of sub~bénd gap

energy photons by free carriers where only intervalence band

or intraband transitions are dominant {&ee Section III 6.2.2}.

The development of the theory of the photon drag
effect in a semiconductor such as tellurium under excitation

by @ sub-enerqgy gap photon beam will be presented in this

g P PR ARG e R e S g v,

chapter by three consecutive steps: The  macroscopic description
of this effect will first be summarized 1n order to specify
the important parameters governing the magnitude and behawviour

of this effect; then a simple microscopic treatment- is given .

where the basic eygoxronic transitions are described in

detail. We note, that treatments, equivalent to the level of

¥
(: - our simple microscopic theory, have been developed concurrently

with our work by other investigators {38}, {39}, {40} whose

s T

derived expressions depend on often conflicting assumptions
such as equal light and heavy hole momentum scattering times ¢

{38}, or vastly different scattering times {39}, as well as

Tie A e

Ty
!
o
L
3%
1
3
o
3
A

restricting the photon enerqgy to an exact equality with the

BT

B energy separation of the valence bands {40}. Our analysis,

however, is general with respect to radiation wavelength,

carrier scattering time, and band energy separation. Finally, E

a rigorous mathematical @erivation of the photon drag currént, %
applicaBble to tellurium, is presented for the first time i
based on the solution 6f Boltzmann's transport equétions.
( ) Qheﬁé the exactlformulatién of the absorption and carrier .
<
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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-

bl

ment of t?e theory of the photon drag effect in tellurium.

VII 3.0 A Macroscopic Abproach

: ~
The photon drag voltage, which is induced in a semi-

conductor due to the transfer of photon momentum to the

electrons and holes, has been derived by, Moss {4} from a

macroscopic point of view without considering the exact details.

of the interaction process between the photons and free charged
carriers. This analysis takes into account the effects of

g
diffusion and the generatjon and recpmbination of carriers.

' 4
For laser pulses shorter than the carrier recombination’ time
(a few microseconds), the carrier generation and recombination
effects are shown to be negligible and the resulting expression

for the photon drag voltage, generated in a sample length L,

is

1-R) W, (P~-aN
( ) ¢ ( aN) {‘l—exE—KL } (33)

T+ R exp-KL
ec (P+aN)-(P%,,@Ij) .

where W, is the incident power density

P,N are the hole and electron concentrations, respectively.

a is the ratio of the radiation absorption coefficients

for electrons and holes respectively.

K is the total absorption coefficient.

" L

——r e

R N
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\ ; R is the reflection coefficient 9t the material surface.
e is the electronic charge.
c is the speed bf light.
Relation (33) can be interpreted as folldws:
(a) The term (P - aN) shows that electrons and holes pro-

duce signals of opposite polarity; this fact is easily seen
‘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 result naturally leads to the conclusion that to increase
t he induced Eignal only one type of cagfier should be
dominant in thé absorption process; this may be accomplished
(} ’ by either using doped'semiconductors possessing a larger con-
centration of one type of carrier, or by utilizing materials

a

where the absorption cross-sections are vastly different for

-

the two types of carriers, i.e. a >»>> 1 or a << 1l.

L]

(b) The magnitude of.the induced voltage is inversely
proportional tp the total number of carriers. Therefore, it °
appears-sthat low carrier concentrations are desirable for

greatest voltage responsivity. . -

(c) The exponential terms in Eguation (33) imply that a
‘maximum voltage signal is obtained when total absorption is

achieved,-i.e. when KL > 2, so that the exponential terms

become negligible.

() v . oo,
v ' '
.
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(d) It is known, however, that the absorption coefficient
K is directly proportional to the concentration of carriers
{8}, {33}. Thus, if one lowers the carrier concentration to
maximize the induced Vo?tage according to paragraph (b), then

K ig correspondingly reduced and L. must be made proportionally
larger to satisfy the conditions of total absorption of the
previous paragraph. It follows then, that if L is limited by
practical considerations, materials with large absorption
cross-sections R would in general, be more attractive as photon

drag detectors.

In the case of tellurium, the magnitude for the
photon drag signal is obtained by usin§ thg appropriate values
for the parameters in Equation (33). Por undoped intrinsic
tellurium c%ystals at room temperature, in which N = P =
4.8 x 1072 em™3, and for CO, laser radiation polarized parallel
to the c~axis R = 0.53, K = 4,cm“l, and a << 1 {see Figures
4 and 5}, then an incident laser beam with a peak power

density of 1 KW em™? is expected to generate in a tellurium

sample of length greater than 0.5 cm, a peak voltage of 1075V;

it is thus implied that for a sample with a 1 mm2 cross- .
} 4 ' LY
Bectional area, the responsivaty of this detector would be.

1 mV/KW.

4
g
s |
5
P |
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s
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VII 4.0 A Simple Microscopic Analysis

VII 4.1 Introduction ~

\

In this analysis the photon drag signal is derived
by considering the possible direct electronic transitions in
k-space that occur when photons with energy hHhw and/with
momentum ha are absorbed by holes in the valence bands of a
semiconductor. The Sllowedzdirect 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.

]
=3

E, + hw . | , (34)

?

. \
and kP + g o= K (35)

where Eh' Ey in tellurium are associated with bands H4 ané Hs
respectively. The eﬂergy 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
approximation to the band stfucture is obtained by considering

only the terms up‘to’kz, i.e. '

By = AGG+KD) +DK) 2 /ST + (AB/2) - (AE + GE/2)  (36)
h .

As stated inﬁSection ITT 6.2.2, direct transitions between
the va}ence bands in tellurium,H4 and HsbareAalldwe& only for
radiation polarized paraliel to the z or ¢-axis. Thus,
the correspond;ng radiation propagation direction, character-

ized by a, is confined to a plane perpendicular to the z~axis,
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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 kg, kg, and for tHe values of
[4
k? given by
—7 2.2
AE + 45 k_ - hw q
k$=/ —Z - —az’i (37)

2Aqy
Thus, it is important to. see that the allowed transitions are
scattered throughout all of k-space. It should be noted,
however, that since the egergy dispergion curve is anisotropic
in k-space, the effective mass is also anisotropic and con-
sequently, the hwle mass associqted Qith each possible transi-

k

tion depends entirely on the' particular set of kx"ky’ o

chosen.

In ordet to eliminate the co~ordinate dependence of

[

such parameters as the hole effective mass, so as to render

the subsequent calculations for the -photon drag 'signal

-,

analytically possible, both energy .bands are assumed to be
parabolic and isotropic characterized respectively by effect-

ive masses m, and m,. which'are given by the commonly used
h Y

.
average of the longitudinal (parallel to the c-axis) and

transverse effective masses m, and m , i.e.
. -1 1 1. l2. ' . '
) _ + 2 (38
(mh,&) 3 <( - L)gi o | . .(38).

[

1
j o [
. ; v
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to all transitions, an effective mass which corresponds to the
average of the anisotropic effective mass over all directions,
is justified by recognizing that the overall photon drag
effect results from the total sum of transitiéns which in-
dividually are affected by effective masses corresponding to
the entire range of values of the latter derivable £rom the

)
combination of Equations (36) and (37).

VII 4.2 Evaluation of the Photon Drag Current

The conservation laws for both energy and momgnﬁum
for parabolic and isotropic valence bands result in

Equations (39)

ﬁzk; ﬁ?k; '
‘th + hw = AE + “752 ‘ . (39a)4

(39b)

. where AE is the energy separation between the valence sub-

bands aﬁwk = 0; AE can vary from zero in materials such as’

germanium to a finite value which is the cage of telluriun.

Figure 22 shows the general schematic structure of a

valence bang consisting of two sub-bands in a piane passing

" through a local maximum which is cﬁbsen as the shifted origin .

- ‘ ~ )
"k = 0;'in this figure, the allowed direct optical transitions

of holes between the heavy and Iighf hole bands, Vi and VE
respectively, which satisfy the conditions of the.copae;vation
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Figure 22. The Transitions of Holes Interacﬁing with Photons
of Energy hw and of Wave Vector (. '
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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 holes originating in band Vh_with momentum
k-vectors,
) [ 2m, (hw ~ AE) » Y12
Kip = Top - - oA (40a)
s ho(l-2) (l-z) )
and
- ‘ -
_ 2m, (hw ~ AE) 2 1/2 .
Kon = Top * o + = ' (40b)
L KT (1-2) (1-2z)° |
which upon transfer imto band v, have the corresponding
momentum vgctors,
_ 2m, (hw - AE) 2 172 o
§ ke i‘—g'z‘q”{ . + =L (41a)
. h*(1-z) (1-2)" :
, 2m, (hw ~ AE) : iz
ku=—;—§~;q+[ k. PR G (41b)
1" (1-2) ;o (l=z) ]
where z £ ml/mh. |
i & \ © If hw>> AE, the second term in the brackets can be neglected. i
‘ compared to the first, and Equations (40) and (41) can be , ‘
1 approximated by | |
‘ kip = - ko = A/1-z : ' (42a) | :
. C kg = kg - q/i-z | | - (42b)
,"s},. ' ) ) . ) . ) ‘;
‘f' . and k,, = -k, ~ 2q/l~2 o fJ ,.: Uﬁ (43aj J

-
Ty ' . - . 2 M

. v, . s : .o ) ‘ . . PN y

. . , . ) . ;

L]
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where k = >
R°(1-2)

: 2m, (Ao - AE) 172
° ‘ (43)

The special case where hw < AE will be dealt with later in

Section VII 4.3.

H

As a result of these two transitions which occur at '
different k-values, the net momentum distribution of the
holes in each of the bands is no longer symmetricgl about
k = 0. This unbalance of momenta in the heavy and light holes

are respectively given by

Ak

i

+ Ky, = - 2g/1-2 - (45a)

h =~ Xon 1h

. Aky =k o+ Ky == 2zq/1-z (45b)

It is this asymmetry in momentum between the "left" and
“right‘ holes, with respect to k = 0, that, as will be shown

later, produces the measured signal.

The group velqgity of each carrier with a perturbed 4

momentum in bands Vh and V2 is defined éé

. h Ak _ : , ‘
Vh T T2 nttl = f’-lqm ° . (46a)
' h mp= My
f Ak ' ‘ . ' _
2 - hq , :
v, = = : o (46b)
% 2m, My~ My | | ﬁ

The factor 1/2 arises from the fact that we considered two

holes simultaheously to obtain the momenta unbalance Ak ;n

Y

{

~ t

—
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Now tpe generation rate equations for the holes with

perturbed momentum are as follows:

d(Aph)

Ap
. - gHy o ooh .
rraplili L , L4(47&)
a(dpy) W Ap,
3t = Kig=) - 73— (47b)

where W is the laser power density within the material, and
Aph, Apl are the concentrations of holes with momentum
different from that at thermal equilibrium in the heavy and
1ight hole valence bands respectively. It is important tg
note that

and T, are the times necessary to achieve .

*h
momentum equilibrium in the two systems of holes and not the
energy relaxation time for recombination transitions between
{

the two bands. A detailed discussion of the effective values

) .
of T and T, is given in Section VII 7.3.

The solution of Equation (47) under steady state

condition is

APy - KWt /B | (48a)

Ap, = KW, /Bu C o {48b)

( [

It follows that the directional flux of hgles or equivalently
the totalaphoton drag current J, consisting of current con-
tributions from both heavy and light holes in the sample under

short circuit conditions, is obtained as

\
\
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- s
J=J, +J, = eAphvh + edp,v, (49)
Using Equations (45) and (48)
{
eKWhq 'h~ ‘% | ' \
J = __mﬂ—ﬁ (50a) -
ekW "h ~ Ty \ . :
ar J = — : (50b
(o l‘l\h - m£ S )

where 1. il are respectively evaluated at an energy
A

ﬁzk; ,
Eh(ko) = —53; . {(51a)
DL |
and Ez(ko) = 2m2 + AE R (51b)

.where ko is given by Egquation (44).

Thus it is seen that the net induced current is the
sum of two opéositely-flowing currents with the héavy hole
current being in the direction of light propagatien. Since
the light holes are at a higher energy, therefore,usua;ly it

is expected that T, > v 'and congequently the photon drag
h” g onseq - Lon

current is dominated by the heavy holes and is in the |/direction

|

| ;

of light propagation. |

The induced electric field € if the sample under

operi circuit conditions is ' SR
: L LR |

- 2 .. eKW ' _h L

€= pI = ="p e m -m

’ .

(52), -

\
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where the resistivityy
p = Pe’t*/m* S L o (53)
* * ) : . ¢ | R . :
and 1% and m* are the momentum scattering time abd\gﬁfectlve

mass of the holes used in determining the resistivity of the

mgterial. Thus Equation (52) becomes Y
’ ! . /
. - . ‘ ™
ecP mh(l-z) To* .

B

Due to.the Fermi distribution function, the resistivity is
mainly governed by the IargEr“nuﬁber of heav§ holes with
g?ergies within‘kBT*of the" band éxtremumﬁ Thérefoxé,
t* = Ty s m* = m,, and thus the above equation can be written
ae% , | ) .
3 (é‘=-._KI’L [1'.%7%] ’
ecP 1-2

N

. (55)

It follows that the factor in the brackets is in the
order of unity if Th—> T, and z:< 1 and the‘expression of

relation (55) reduces to ,
= - SW_ . : '
€= ecP , | . (56)

At any point x within the sample

: T . .
W = (1-R)W, exp - Kx ' oo " . 457)

.' . (1-R)W K exp - Kx ' ; ’
VL8 s e -.w S 158)

ecP . e o .




(;) the open circuit voltage across the sample is' given
: by . L |
. L ( .
© v=- [ flx) dx . , ‘ (59a)
) o _ : . o
- v = (1-R) W, 1 -'exp - KL . - (59b)
o ecP 1 + R exp -KL- - . , g

and thus

- .
” ’ - . i

where multiple reflections at the eﬁdsloffthe sample have also -
been taken into account. ‘It is noted that- the aboVe ex-

press;on is identical to that,of the 1nduced voltage in the sxmple

formulation of
when holes are

correspondence

the problem in. Section V1T, 3. 0 in the Case ‘
con51dered to be the domlnant carrlers. ‘The ,

of the-two expressions is only accidentai due

to the ®ssumed relative values of the- parameters involved in

the microscopic treatment.

~ol ~ . . ' -

VII 4.3 The Special Case where hw < AE , C .

In the'mibrosédpic\de;;vation for the photon drag
current due td’airect interband transitions, it has been
assumed that the photon energy is greater than the valence

band energy separatlon in Wh1Ch case the p0531b1e transxtlons

!
where kﬂ

are shown to oc
Values are appr

in the form '

-

ok =2k

'

. is con

cur at two values in kdspace about k =0 whose

oxlmated by Equatlons (42) to (44) whlch are

.

o + 8k o »‘»:, ______

sidered to be gfeater~ihan Sk.. ‘Bﬁt'ﬁﬁen .
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hw = AE, k_ = 0 from ﬁﬁuation (44) , and thus in order to

determine the k-values at which the transitions occur, the
I .

exact Equations (40) and (41) must be used. With hw = AE,

the latter equations yield that

klh = - 2q/1-z . (60a)
k2h =0 (60b)
‘
= - l4z
klﬂ = iz g L (61a)
kZQ = q . n | (61b)

However, the unbalance of.the momenta in the heavy
and light hole bands which agtually produce the photon drag

current are respectively given by

bky = kyp + kyy = = 2q/1-z

and lsk2 = kzu +'k12 = - 2zq/1-z

wbich are still identical to Equations (45a,b) which were
Qerivéd for the case when hw > AE. Tée photon drag current
expression thgﬁ, remains unaltered even for Hhw = AE. Finally,
due to the bandtmnaiaﬁng effects discussed in Section III
6.2.3. the case where “hw < AE can be assumed to be identical

to that of how.= AE.”

'

vt e e85 8 el e e e A e vt <o e s e o 22 -1 o e ottt e e e e T
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VII 5.0 Exact Formulation

VII 5.1 Introduction o

In the above analysis it has been assumed that the
rate of radiation induced t;ansitions of both the "left" and
"right" holes are equal. In actuality, as seen from Equation
(40) , the transitions of the holes on the left side of k = 0,
occur at slightly higher k-values, and thus energies, than
their counterparts oﬂ the right side. This fact causes a
difference in the conceritrations of the "working" holes on
the left and right. The difference in the concentration

arises from the following considerations:

a) Since the transitions on the left side occur at a
higher energy, the density of available states for such

'

holes is higher than on the right sidé.

b) On the other hand, the probability of a hole actually
occupying the corresponding state is lower than on the

right.

c) The momentum scattering times arxe a function of energy,
and thus, are different for the two sets of "working"

holes.

d) For crystals such as germanium, where the transition
matrix M between the two valence bands is a function of
the quasi-momentum k, e.ag.~lM|2 = k2 ]Alé {41}, the
transition matrix element for the left hplgé is highenr

than for those on the right side.
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Since we were dealing with small aéymmetries in the

~

first place, these above mentioned additional»perturbations,
which affect the final concentrations(xfﬁqnequilibriﬁm holes,
¢can play an important role in forecasgting the exact behaviour
of the photon drag signalhespecialiy as thg temperature is
varied. In this section a rigorous treatment will fe presentéd
where the generated current density is obtained bﬁ-solving
BOltzmannHStransportﬁequation where the explicit forms of the

transition probabilities and hole scattering mechanisms are

incorporated.

W

VII 5.2 Solution of Boltzman's Equation

(} . In terms of £(k), the solution of Boltzman's transport

.equation, the current density is glven as {32}

. -~ > , . ’ N
Jo= =2 1S 2w v ak ' (62)
. 4v° o 1 -
where f(k) = £- £ is the non-equilibrium part of the
distribution function for holes, and - .
' 9EY g \ 2
PR R
Vi ﬁ 'a—rj:' . , B * ) (63)

is the group velocity of holes with an enerqgy E“

= h for heavy holes and é = for l;ght holes.

°

Now in the steady state, the rate of change of ﬁ'
due to generatlon by photon excltatlon §“)phot lS ‘set equal
i (T)w . to £/T(E )  in the standard relaxatlon ‘time apprqxlmatlon

4
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where r(Ek) is the total scattering time of holes including
collisions with acoustic and optical phonons, if we restrict
ourselves to a linear apprOximation with respéct‘tc the in-
tensity of light. Therefore,

3£ T ma e ,' (64)
ﬁ—)pm - £2 00 /1% (],

and thus- using Eqdations‘(GB) and (64),~Equatioﬁ,(62) becomes

o .
A ) 3E
a < af“) a K
J. = 8 1% (B, ) —8 dak (65)
T ; 4,,%4;/‘55'” L

It is now assumed that the rate of change w;éh time

of the distribution functions f£® due to the absorptioh of

photons with frequency , unit polarizétion vector e, ‘and

wave vector ¢, have the following form {42}:

h - .
%—E—- t:,_m’ [ (E)-f"(gh+m)]a(z*‘+m BY ) (66a)
. | k+q

4 e e s b

2 z ‘ T ‘
gi ) = |M] [ @8 -y - £ Eh ] S(ED + hw - ED) (66D)
S ST S B - K

where in géneral the transition probability matrix element {41}

ol o= fEei] o+ @K A+ .. a C o (67)
and H, A are propoftional to the intensity of light and the
magnitude of the intefband,dipole'moment., ‘

The calculation of the photon drag.current will now

» ' ~

o e bemfair aNme ke A gt ogwer.
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be continued for crystals like Te in which |H]| > 0 {43}
due té tge finite separation AE between the valence bands;
in this case the second term in Equation (67) can normally
be neglected compared to the first., For materials such as
Ge where AE = 0, i.e., where the valence bands are degenerate:~
at k=0, |[H = 0 and the second term is dominant in the
absorption process. This case has been dealt with by other
authors {42}; {44krand their results will be presented at the

end of this section for the sake of comparison. .

Substitﬁting-Eguations (66)ointo Equation (65), we

get

i ’ 1 kg

a ’ N
g, =~ 2 [@) ;é:- (2-d1 [fh(Eh) £ (Eh +m>] §ED + 't - BY )k
4n h k i _

- a/é “+ 2 ’ ' ,
42 [le) 3-H [ e -y - f“(sz')] G(Eh o i - EX )ik
"ar'h Y, (& 2 2 i

a

LIRS (68)

In order to evaluate the above intedrals, it is first

necessary to find the values of k which will set the drqu-

ments of the delta funétibns equal to zero, i.e.

. \ . B ! ) . - ' ?
: BN+ ae - Ef L= 0 o S (69a)
k k+q ) : ‘ , "
" and E}  +he -~ EY = 0. \ (69b)
o © k-q k )

_For parabollc and lsotropic valence bands in whxch it is once .

(?) . again assumed that the energy dlaxmsuxxrebﬂdgns are 1n the form

~
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n?k?
a a : e
E, = 5= . \ : (70)
k. 2mu ‘
Equations (69) become o .
2,.2 . 2 2 + > ' .
h'k o) + 2(k.* q) +q) ,
zmh, + ho - AE - " 2% = 0 (71a)
- T
: h . 2m '
I
TR -2 - Q) + ) T
and —  + hws ~ AE, - 5 = 0 (71b)
2m me ,
h

For the case when Hhw > AE, the roots o; the two equations
up to terms linear in the photon wave vector q can be shown

to be respectively

ky = % kg + §kh anq ky = £ k, + §k£ | ‘ (72)

' 2m, (hw - AE) |1/2 .
where ko z 5 (73)
£% (1-2) ‘
3
+¢+ L : .
L e
> .
and . 3 = TET (75)

‘ For small perturbations the distribution functions
fa(E+) in Bguation (68) are considered to have the form of
R ’ ‘ x

the equilibrium functions £ (E,).
- ‘ k

‘Next a Taylor series expansion of all functions under

the integral sign is performed around tHe wave vector K, up

to terms. linear in 6k. The results of these expansions are

2

B .- )

'
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listed below: (See Appendix I for detailed derivations)
9T

‘ _ o
To(Ep) = T (B ) + 5= 6k, (76)
[e] (s}
33; hzal ‘ o
—= - — [ k, + 6k ] , an
aki o

. ¥ | 28 |
, h
[ fO(E_z) .h'f"(EhiZ + Buw) ] [f (é,: ) - £ (E}: + o). ] [l+6kh( ka'”‘o)] (78)

‘ n? k (1-2)
6D 4 nw - B ) =6(k-—k - ok / (79)
k o ktyg g ‘
n : o . ka (1-2) . o 8‘) .
S(ED + hw - E)) = 6(k, - k_ - 6k,) / —S— ~.180)
k-4 ¥t My :

4

- ;
282,

| 2 L. 2 . a1y
f(z'°“~hw)~f.(z)]=['f( - fw) - £ ( )][l+6k (- -'———--)] (81)
[ oy ™ o' o 0Pk EEANR g I

After substituting Equations (72)- to (75) into

Equations (76) to (8l), then these results into Equation (68),

and shbsequently rétéining‘onlyfthe terms linear in q, we get

) Wt (82)
where 5 . .
. ' k ! . .. ' N ' 2 21‘
Caym SR o [ e @ e @ v a | B {ar,- o
B 4’ geg)® [3° ° . | A
I ':' aTh - < . l T ‘ ’.
- +lk°§§-.-}qj'flaiajdﬂk‘ R (B
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O S

k ’ 2 , 21,€
‘ Je-t _ % O [ E% £y - £ (£ PO T SR X5
it SELSL RS CSRNCES { o =
' k 9T - .
+ e } 9y f aiaj Qe ' | : ‘(§4)

All guantities are evaluated at k = ko; Qk

angle in k=space introduced bf the change inho“épheriqal co-

is the solid

ordinates. It is noted thét
h ) ‘
' 4w =E . (85)
kO kO R ' \
‘ Thus ) : _
- ;. _z_ 5% f(Eh)-f(E)l[en { (3- )'r(3—--k—-i.-)»
i7 4%® (1-zf ™ T‘;f
(T Tz) . . : ’
* Ky } a;/ ;2,00 (86)

Equation (86) is put into'a form easier to interpret
and use by ndting that the radiation absorption coefficient

K is defined as {43},

K = ;3 (w ) f f(Eh)-f(E)] {e-n] 5 (B~ B mm’x (87)
L { - 2 , ~‘ ’
where [e<H] emgmenun = #nenCn : (88)
0 therefofe K= A1 ( ho ) ﬂz f(E )

4“3 ' W .mn

Thué'substitutipg Equation'(aé)‘iqto‘Equhtion (86), the éx—

,(;y, : ~ ' pression for thé éthQn drag current density—bécomeé, - '

- £5Y. J\rﬁ i~ (89

v
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- tensorial coeff1c1ent- T

‘which obviously confirms the fourth rank tensorial nature of

it is generally 1dent1cal to Equation (50b) in Sectlon VI 4. 2,

2¢ 26 (T~ T,)
ekKW . h h g - .
3 ~{vamesy) [neo- o AREACES =~ LR S ]} 93 &n (90)

Y

where y = 3% J aiajdﬂk, a factor less than unity since any

3, < 1.
al___

* Since K is a function of the'poiarization directions

m and n through the tran31tlon fatrix element ﬁz

an and vy

is a functlon of the directlons i and j through thé
directional cosines a éj' it clearly follows that the
factor in the curly brackets of Equation (90) is dependent on

all four directions; consequently it can be written as a

ijmn’ ?hus tﬁe current §en51ty is in

+

the form

qi'= Tijmn qjem.en o , ’ (91?

the photon drag effect.’

VII 6.0 Comparison with the Simple Microscopic Expression

When any current component df,Equdpion:(QO) is written
in the following form, .

Zeh 2e2 . 3

_ . eKW, .
J= WY[% 9,)'"‘2 e * ko T’T 2o mrtRem) ™ J 02

)

derlved utilizing. the 31mple mlcroscoplc viewpolnt, w1th a

number of additional terms. It is to be noted-that the extra
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terms in Equation (92) are the result of the detailed con-
siderations, mentioned in the introduction of Section VII 5.0,
concerning the difference in the ,transition processes

characterizing the "left" and “"right" holes; thus,

a) the two 27, additional terms arise from the difference’

in the available éensity of states -between the "left"
/
and "right" holes.

b) the two temms 2e /kgT arise from distribution function

asymmetry for "left” and "right" holes.
3T, ' ‘ '

c) the ko 3?7' terms arise’ from the difference in the

' scattering times between the "left" and "right! holes.
ld) the factor y occurs because only those holes, which
have components of their initial momenta parallel to
both the photon momentum #%g and the measurement

direction, contribute to the photon drag current.

The importance of these -additional terms will depend

on the partlcular material and radmatlon wavelength under

'~

consideration. In the followlng sectlon the special case of

". tellurium exposed to the 10.6 yu, C02 laser radiation is

) f . . ~

discussed. " . \ {
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VII 7.0 Special Case of Tellurium

VII 7.1 Introductipn

Y
©

Recalling that in tellurium,‘dirgct transitidﬂs |
between the,H4 and HS_{see Figure 7} valence sub-bands are
allowed only for radiation polarized paréllel“to the 3 axis,
i.e. m=n=3, it is fouqd that for longitudinal measﬁfgments
of electric signals along the 1,.2 or 3 directions, e.é.
i=3j ='i,2, or 3, y = 173; therefore this combination of
measurement and propagation directions correspond to the'
photon drag tensor céefficients Ti133 = T;,233 amiﬂh333;in
this case, ' '

) ? e "k 3 T
- ekKW {( ] ) ( o } ,
J = 1 3-8 4k 1, -3~ ta )b o (93)
3Tm, - kBT o"E" h kBT |

It is interesting to note that when i # j, y = 0
and consequently fhe photon drag signal in. transverse measure-
ments is zero, ThlS is consistent thh the fact that trans—’
verse signals are not expected when the energy hands are iso-
tropic“as has been’assumed in our treatment fotr the theoretical

derivation of the photon drag currept.'

In order to evaluate the reiative contriﬁutions of
theé Qarious terms in the curly brackets of Equation (93) to
the bhoton drag current in tellurium, one mustprtain the

magnitudes of the correSponding parameters. In.the following

. sectlons the magnltude and the relatlve 1mportan0e of the”

latter quantxtles ‘are estimated.
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“

V11 7.2 Evaluation of 2¢ /KT

?he first terms to be evaluated in expression (93) are -
Zea/kBT which éharaqeerize @he asymmetry of the distribution
function about k = 0. From infrared absorption data of
tellurium {24}, it is known that the energy separation AE of -

the valence. sub-bands is equal to 0.114 eV at room tempera~

_ture, whilst the Coz laser photon energy Hhuw = 0.117 ev;

correspondingly the photon momentum vector ¢ = hw/hc =

6 x 10° m“l. on the other hand for the -13tter values of AE,

hw, and for n‘12 = ,07 ﬁo' m, é..23'mo, z = .3, Equation’(73)
yields k = 9 3 x lO7 "1; this shows that the assumptxon

that k >> q is 'generally valld prOV1ded hw is not

|
. identically equal to "AE. Furthermore, for the.above value

= 1.5 méV and £, = 5 meV

of, k,sxnce mshk/Zm,s 2

h

which implies that, at room temperature, 2s /k T < 1; this

factor will approach zero. as k and therefore ed tend

ol
toward zero as AE '+ hw at lower temperatures {refer to

»

Section III 6.2.3}; thus the terms, Zea/kBT ‘can generally be '

1

negleoteé in Equation (93).

Vit i, ”3 .1 Iﬁtrodu‘cticn

@s stated 1n Section VII 4. 2, T is timevnecessaiy to

achieve hole momentum equxllbr1um in each valence sub-band

This equzllbrium is achieved via scatterlng processes whxch

s
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redistribute isotrobically the~directional momentum which was
originally produeed by the transfer of photon momen;ﬁm to
holes in the valence Eands. The total momentum scettering
time generally éons%gﬁs of the contributions frem the common
intraband type equcattering mechenisms as well ae by .inter~

band scattering charactetized by scattering times L and

To h {see Eigufe 23} respectiVely. Thus the total momentum
14 N

scattering time t  is commonly written as

2

TR S

a aa * Te,n (94)

VII 7.3.2 Evaluation of Th

In the temperature range below 300 K} the Fermi dis~

tribution function dictates that:the population of holes,
s 4 .

Py« in the valenqe eub-band Hs is negligihle compared ﬁq the

populatign ph_in bqn@ H4,,indeed,,pz/ph = exé‘—‘AE/kBT < 10“2}

thus the total momentum‘scattering time derived froﬁ avail-
able data on hole mcbilrty M, in tellurium is that of the

upper or heavy hole valence band, i e. ‘ , o +

-

muse =m0,

| ' o
¢

Before Ty can be evaluated, the magnltude of the
effevtive mass m* ‘must be known. Sihce the' band structure
in tellurlum is actuallyfnon—parabollc, the effect;ve mass is

not constant’ over all of k—space and thus an average effectlve

¢

mass“ m* = 0,23 m6 is used whlch best fits experiment%l o

~ . . a —




Figure 23., Scattering

: " of Tellurium. - : B
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mobility data {9}. This value’'is in aéreement with the value
m, . obtained by using Equation (38) and the values of m,
and m which were evdluated in Section III 6.2.1 from the

actual energy dispersion relations of the valence bands.

At 297 K, lit is found that u_ = 700 em? vel {45}

which yields 71, = 10713s. since the mobility is found ‘to
have approximately a T'B/zﬂtemperature dependence {11}, it
is estimated that at 100 K, Ty, = 5 % 10“135.
, a'rh'
VII 7.3.3 Evaluation of Xk _ =
o J °

It 1s considered that, at room temperature, LN is
mainly determined by the acoustic phonon scattering mechanisms

{46}, {47}. fhe acoustic scattering time varies as the

ac
{48}. Thus N

2

half power of the hole kinetic energy ‘sh’

= © - Ale-l/z A (gsa)

Th Tac h

and to the extent of parabolic energy dispersion characteris-

tic validity,

_ -1
T = A kST (96b)
31h
It is found that the tenh ko P is of the order of Th

and actuélly using Equation (96b)

ko % % T Th . ’ (97)
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However, at temperatures below 150 K, the magnitude
of Ty in tellurium is largely governed by thelboihf optiéal‘
scattering mechanism {9}. In this type of hole-phonon inter-
action, the‘séattering time for hole energies €,* 0, as is
our case at low temperatures {refer to Section VII 7.2},
becomes indepgndent of the carrier énergy {48}; consequently,

it follows 'that

.
k ~3EF + 0 for T*< 150 K .

’ * 31’.".
VII -7.3.4 Evaluation of Tor k —
L : o 9 o

For the holes in the light hole valence band ﬂs, the
momentum scattering time Ty is not precisely known from any
experimental data. Intuitively, it can be. assumed that since

the light holes are at a higher energy, their momentum

scattering time T, is shorter than the scattering time
associated with.the heavy holes. An estimatation for the value
of T,

ions.

is now attempted by\employing the following considera-

While the scattéring of the heavy holes is considered

to be governed to a large part by intraband phonon scattering,

A

it ié believed that for the non-equilibrium or excess light

holes, the dominant!procésé'is the H5 *,Hé interband

" scattering by ‘I, polar optical phonons with an energy

due to polar -

o 8= 0.012 ev {43}. . Thé scattering time ?go

- %




) ) thﬂat oot _ka "E'E-— = 0‘.

i o
136
optical phonons: is given as {48}.
. 2eF. o YE \1/2 E . \1/2
-1 _ o 1 \ -1{ "o . ¥
Tpo (I E)1/2  exp(x)) -1 sinh (9) +explxy) S\ l)‘
L. (98)
R . .
m e © i
- - o 1 1
where eF  E e ( AT 3737')3 -
‘ 1‘ v
o X, = @/kBT ) : P
e ' " °
E, ~ is the proper hole energy.

3

€(»),e(0) are the high and low frequency dielectric.

constants respectively.

My is thefappropriate effective mass.

The evaluation of Equation (98) for the case.of ligﬁt holes .

q

in tellurium, in which

- E !
E, = hw = .117 eV (10.6 p radiation)
 e(w) =36 , €(0) = 54

m, ‘= .07m (from Equation (38) and-Section III 6.2.1),

‘

gives a value . of Tz'z'T ;»loﬁlés' .at frOQm.-temperh— ~,

ture ‘and 'equals - 2.7 x 10 ~°s at 100 K. Since the

- light hole energy E, = fu . and thus is indépendénti of .

k,o this implies -that 'rpo, . is Also ilndgpeéidént-. _

of . k {[refer to Equation (98)1, and consequently it follows
9%, ~ ‘ S A o

R

e ‘o h ‘ ! L

o
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VII 7.4 Simplification of ﬁheiExpression for"

the Photon Drag Signal in Tellurium

In comparing the estimated numerical values of the
momentum scattering times in the two valence sub-bands of
éelihrium it  is seen from Section VII 7.3.2 andXVII 7.3.4
that 1, is estimated to be an order of magnitude larger

thHan T, which implies that the terms involving t cah be

'
feglected in Equation (93); consqqueﬁtly the photon drag

currenty, according'to tﬁe present treatmen%, is mainly

fgoverned by the heavy holes in band Hq, Furthermore, re-

Tt
calling that k gfh = {Section VI 7.3. 3}
o :
25h/k T + 0 {Section VII 7. 2}, the exact expressxon for the

photan drag effect given by’ Equatlon (93) reduces simply to

N\

. 2 ey 2 "M o (99)
J ~2) omy KW = 3. {I=z)c

]

where My is the observable hole mobility.’ Tﬁis expression
gives the expected lcngitudinal‘phétoﬂ drag current density -
in tellurium with E [] ¢. as a functlon of the radiation

power den91ty within the sample.

‘ ) ' l AJ"I ’ ' >
V;I 7.5 Comparison with the Macroscopic Result

¥

Ii\is now possible tofcbmﬁarg expression (99)r .

obtained from detailed considerétions of the microscopic pro=-

o

.cesses involved' in the photon drag efgﬁct with expre991on (33)

which 18 . obtained from a simple con51deratmon of radiation




[ v U S

0

Consequently, Equation (99) becomes

sanple 'is given by

138

momentum exchange with the charge.éar:iers in the giyen

material.

From the ‘values of the effective masses evaluated in
Section III 6. 2 1 and thh the application of Equation (38),

we get that m, = .23 m m, = .02 M and 2z £ z/mh = ,3 .

. ’uhxw "o
J = S ’ ’ " . " (100)

Under open cxrcuxt condltions and neglecting diffusion

effects, a local electric field

°

£= - pd . : , {101)

must exist,&ighin the sample to inhibit the current $low.

N (‘k’ ) ! ’ '\‘ ! s 'l
Now Vi : . ‘ ' .

o™l =" e uy (B + bN) ' A (102)

|

'where b is the ratio of electron to holé mobilities and

thus
. €= om0 . oo e

Now, the power1den§ity 'W ' at each poinp % - within the

?
1

W =" W (1-R) exp - KX | " (104)
where W, is the inéidept power density and R . is the re-
flectiozjcoefficieﬁt‘ef.the air = Te interface. Therefore,

LS
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A g ( ‘
< ) P {1-R) W,K exp -~ Kx
(x) = ec (P+bN) - oy (105)
i ‘and consequently the measured voltage acfoss a sample of
length L is

. L \ u , ,
v = - €x) ax ' (10%)

o , il

- (l-R)WO ‘ *

- 1l ~exp - KL

t v ec (P+bN) 1+R exp - KL (107)

where multireflection at the two endé of the sample have been

taken into account.

It must be noted that, only as a result of the
specific numerical values assigned to the various paraheters
A (}‘ h such as m,, my,, Ty, and 1, -in tellurium, the results of our

exact microscopic treatment for the determination of the
photon drag voltage in tellurium are essentially identical to

the macroscopically derived expression, Equation (33) for the

case when holes are considered to be the dominant free carrief
in the absorption propess;\i.e. a < < 1; this is the case
in tellurium when thé'radiapion is polarized parallel to the
c~axis and only holes are'involved in direct transitions
between energy baﬁés.' A‘faétor b ~appears in Equation (1Q7)
and not in Equation k335 because in the present derivation |of
the induced yoitage’from‘the photon drag cﬁgrent,.the effects
“Bf carrier diffusioﬂ have,beeé neglected. When this macro
écgpic'efféct‘ié consi&ered according to the treatmeﬂt of~

« (:) ' Moss f4}, the factor b no longer appears in the final

e

o ek g e s e ks
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expression fér the induced photon drag voltage.

VII 8.0 Corgparison with the Photon Drag Signal in Germanium

For the calculation of the photon drag current in

Ge, the same procedure is used as in Sectlon VII 5.2 for Te '

"but in this case since AE = 0, [M|* = (&%) %A’ . The final

result is {42} that in germanium

 yherw 2, ‘
Ji—c%w { h(5 E;-)-T(S-k;-)*'k ( }‘-Ijee (108)

o L2234 G
S 80y 4 B

where Yy

In' the case of germanium, the ukz,dependénce of the transition
probability matrix [M]* yiélds that the above expression.
differs from Equatlon (90) by the extra terms ZTa. In:

addition, the factor Y is somewhat modified as only those

-holes with momentumxcomponents parallel to the polarization

- . .o

vector, as well as the measurement and light propagation

directions contribute to the photon drag current. .

In.germanium, the dominant mechanism determining Ty
; AT ,

is non polar scattering, thus k_ x> = = T

and T o Bko o

L

 {refer to Section VII 7.3.3} Since the energy of the light

. holes is greater than the energy of the heavy holes, T, is

again substantially larger than t,. Thus Equation (108) is
: Y] q

reduced to the form:

%

-

e Ay e et .
. - ST MR R ITRGE T gt L K
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eKWw T (4422 /k.T)
I = h h’ B (109)
5c(mh- mz)

i

for the currents corresponding to the components T. ii3j with
i # j ‘A complete derlvatxon of the photon drag effect in
germanium is given in {42}, where band anisotropy is also

taken into account.

The most important difference between the photon drag
currents of Te and Ge . is the'hagnitude of the factor
2eh/ka., Recalling that {see Eéﬁations (A9) and (73)}

Eh = (hw - AE)z/{(1-2) and since AE = 0 for Ge, it is seen

that € for Te. . In

h h \
particular, in the case of CQ, laser radiation, in Té

I

for Ge is much greater than ¢

hw = AE and thus ¢€,.= 0, while in the case of Ge with.

h
{49}, €, = huz/(1+z) = .02 eV. Thus for Ge, zeh'/kBri' > 1.6

i

z
at 300 K, but more crltically, at 100 K Zeh/k T 5,
Consequently, it is seen from Equation (109), that as the
temperature is 1owered,,€he photon drag cgurrent in\germanium
decreases and in fact eventuelly‘reversee iﬁs polarity,

whereas no such behaviour is expected to occur inZtellurium.

VII 9.0 The Photon Drag Signal due to Inﬁrabend Transitionsg

The precedihg'analysis derived éhe photon drag current
for the case when direct intervalence band hole transitlons
are the dominant process by whlch the radlat1on ls absorbed

as is the case.in tellurxum fcr radlation polarized parallel

, - b3

B
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to the c+~axis. In addition ta'direct hole transitions, all semi-
conducﬁers, including tellurium for any‘radiation polarization,
also absorb infrared radiation via free catrierhintréband
transitions, i.eé., electrons and holes are'excited bylradia-
tion photons to a higher energy within the same band {see

Fiéuré 8}. . In the case of tellurium: for radiati&n polarized

s

. . .
parallel to the 'c-axis, in the radiation wavelengths of in-

:

terest, the direct transitions dominate, and thus the con-
tribution due to'ihtraband transitions can bhe neglected; on.
the other hand, for radiation polarized perpendicular to the

<

c-axis, the direct transitionslbeﬁween the H4 and HS

valence bands are forbidden, and consequently, the ingraband

AT

type of transitions must be considered in the evaluation of

the radiation induced photon draé‘signpl.

The excitation of a‘free charged car?ie .%o a higher
energy level within the 'same band must be accompanied by a
change in the k-value of the hole or electron; thus in ondeg
to acquire .this additional momentum, the free éharged pafti—

cles must be simultaneously scattered'R9 a phonon during the

.photon absorption process. Since in this type of abSofption

process the f;imultaneous‘ipteraction of three particles is
necesgsary, namely, a photon, a free carrier, and a phonon,
the ‘absorption coefficient for intraband trénsitions is
generally smaller in magnitu¢e»th§n for diregt interband '
transitions. Indeed, it is foundythét in the partiqulaf case

of Te at 10,6 p, the absorption'coeffiéient due -to

“
£
P
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intraband ‘transitions is a, factor of 30 smaller than that

corresponding to intervalence bend transitiong {see Figures

'4 and 5}.

Several authors have deri;ea the generated photon
drag signal oue to intraband transitions {44}, {50}, where
the de;ails of the interaction mechanisms, ihcluding"carrier
scattering, by acoustic and optical phonons {51}, byqular'
optical phonons {52}, by charged'impuriﬁies f51}. and by

piezoelectric scattering {53}, have been considered, The -

mathematical formulae for the induced photon drag current

) resulting from these derivations are ,generally complex and

depend greatly on the type of scatterlng mechanlsms considered
These expressions can be summarized by expressing the photoq

drag current due to one type of charged carrier in an‘analogous

form to Equation (99), as

KeW a
J = + o 99ty >» . (11

.where << 1, >> has dimensions of an effective momentum

-

scatterinq time for the charged carr1ers~«the sxgn is taken

to be + for holes and =~ for eléctrons con51stent thh the
' , A
charge of the carrier. It is 1mportant to note that

<< T, >x can itself be a positlve or negat;ve quantlty. The .

.. total photon drag current in the sample is the algebraic sum

of the cohtributiohs from the holes‘and electrons.

~i‘ollo‘wing‘the,same‘:procedure as présenﬁed‘in,Section_

VII 7.5, ylelds an open circuit photon drag voltage for ~

L
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|
intraband transitions which can be written in the fql
¢ = (1-R) Wo(f‘aYN) 1 - ekp - KL 11y
éc (P+aN) (P+N) l1+Rexp - KL, e

TR

where y = << T_  >>/<< LIRS andu n 1s'proportiOnal to

<< T, >>/Tpe whiich can be considered as an efficiency factor

A

determlnlng the fraction of the photbn s momentum collected

by a hole in the radiation induced indlrect transition. The

L}

factor n can be evaluated from experimental data; it has
3

been found that in germanium n is less than 50% for' a

. * A

electrons in samples with carrier concentrations belaw 2

101® o3 (54}, The factor 'n' in tellurium is expected to

'be evaluated from the experimental results of this work.

L

VII 10.0 Speed of .Response of Photon Drag Detectors

The previous discussion of the photon drag effect ]
shows that thé speed of response 'in a practical photon drag

detector will be limited by ‘thetfollowing factors:

4 -

a) Momentum relaxation time

As the photon drag effect is a mqnifesfation of the

radiation induced disturbance of the carrier momenta, fhe

.time necessary to re-establlsh momentum equlllbrlum, i.e. the

-13

‘Momentum relaxation or scatterxng time Ty, = 10 "7s {Section

S VIT 7.3.2}, is a fundamental'speed limitation of this effect..

PR

": ¥
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" b) Dielectric¢ relaxatian time

~ Under open circuit conditions the photon drag effect,

1ike,aﬁy other ﬁhotbcuf;eht generéting:hechanism, manifests
itself by setting up an electric polarization field in the

.+ . Vvolume between the contacts; this then na£urally %eads to an
‘induced internal electric field and corfespondin§1§, a ~ 0
measured voltage. The time necesséryJto~redistribute the
excess polarization charge assoéiatéd with the dipole, called

-12

‘the dielectric relaxation time ‘= ep = 10 s, is another

fundamental limitation to the speed of respoﬁse.

"
-

c) Light propagation time

The transit time of light through the sample, givéﬁ

by- nL/é is clearly also a limitation for the speéd of

response; this time is typicaliy = 10”103 for a detector

"~ length of 1 cm,

e

In summary, the fundamental response time is limited
aﬁd'déterminedlby the longest bf the three above mentioned i
characteristic times, namély the momentum relaxation time,
the dielectric relaﬁat;on time, and‘the'transit time. n
However, in normal practical measuremehﬁs; thg RC time con-
stants of the.external.electfic circuitiy are usually even

‘longer and, thérgfofg, constitute the limit to the overall

' detection system's response time. C o ) Sy

R g ey, gt v e i a3 B L w e i wmvem m o w w b me ae—e —
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VII 11.0 Conclusion

A theoretical treatment of the photon‘drag effect has

~ o

been presented in this chapter in three stages: First a macro-
scopic description was given to introduce such important

°

parameters as the free carrier concentrationeland the
absorption coefficient ehich are shown to gﬁm&njbf@ﬁar;ly the
magnitude of the photon drag effect; negt;fe_simple,mieto;
scopic treetﬁent shows tte actual physical process.by which
the photon momentum producee ; nomentum dnbalance in. the hoie
ensemble, thus resultlng 1n ‘the photon drag current‘ flnally,
a rigorous mathematzcal derxvatlon is. presented where the

3

exact formulation of the absorption and momentum scetteplng

*  processes are taken into account. -

. | s
It is shown that in the gpécial case of C02 laser

radiation in tellurium, ‘the expre531on obtained from the
rigorous mxcroscOple thebretical treatment predlcts 91gnal

magnltudes similar to those obtained from the 91mple nacro-

»
-

scopic treatment, only as a result of the numerlcal values of
the different parameters lnvolved‘ The longltudlnal photon

drag 91gna1 in undoped samples at room temperature is exr, -
pected to be 10 mv for an lncident power densxty of 1MW om™?.

1

The fundamental speed of ' response of the photon drag
effect is shown to be limited by the longesgt of elther ‘of the

,momentum scattering, d;electric relaxation, and 11ght tran51t

N "
w s

tlmes within. the sample.

+
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' CHAPTER VIII

INTERPRETATION OF THE PHOTON DRAG .RESULTS

[
K

V;If 1.0 Intfodnqtion " - ‘ ;'

-
£

The expetimentai resultedfof the ﬁheton drag effect
in teliu;ium, under various combinations of diiectiqnslef,'

4 - : petential measurement, radiation propagation and polarizatibn,
. : .were glven in Chapter VI, whereas Cg;pter VII presented the

" - theory and the derlvathn of the mathematical expre981ons for

the radlation 1nduced electric signals. The experimental
"~data is now 1nterpreted and compared w1th the expecteJ

behaq;our of the photon drag 51gnal as predicted by ‘the

proposed theory. : R ) . .-
Yo ! : i .

[} ':?J ' °
VIII 2.0. Longitudinal Measurement with' E || ¢

As, shown in‘ChapteroVII; the. radiation induced longi- .
tudinal photon drag current in tellurium with .E || ¢ con-

flguration is’ expected to follow eesentlally relatlon (112)

" {see- Sectlon VIiI 7 4}

¥
a

Dl e PR “Eﬁ%%E‘T (1y = rz) A CL 2

. In addltxon,,it was shown that, employing the estimated value
'of nz' and partlcularly ‘the fact‘that Th is evaluated to be

. much greater than 52' Equation (112) leadS\to an open circuit

G:y o voltage described by’ Equatlon‘(llB) {see Section VII 7.5}:

-

f N K
v oo P B

. . . f )
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above expression reduces to the form:

. VII Z;lj Undoped Samples

VIII 2;@.1 Room teﬁperathre‘behaviouf_

fPVIII 2 1.2 Variation withetemperature

- i
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0 .
(1-R) (P-aN) W, 1- ex - '
c o f 1~ exp (-KL o .
v ec (P+aN) (P+N) { 1+R exp (~?%T'} (113)

In the case of tellurium when E || ¢, the radiation
absorption by holes is much greater than by electrons {refer
to Sectien III 6.2.2}; conseguently, a << 1 and thus the

C (L-R)} W,

e . 1= exp (~KL) ) - \
Vf ec (P+N} { I+R exp Z-RLS‘} . . - (114)

i
i
'
i
i
[}

‘
i

6sing the barameter yalues for undoped intrihsic'

) tellurihm crystals at rgom temperature given. in Section VII

‘3.0, tha expected signal magnitude from Equation (114) 1is. ,
10 mv/uw cm ?, this value is very closely confirmed by #he |

experiﬁéntal results described in Section‘VI 4.2.1;

The polarity of the measured eléctric signal correa~

ponds to a short circuit current flow in the. direction of

light propagationy thia result confirms, referr;ng to L

-Equetion (1123 that T > tz as d;scussed in Sectxon VII 7 3.

|

The expected variation of the‘photqn drag voltage %

-.with temperature, .ag depicted by Equation (114), depends on,'

the carrier concehtration explxcitly through the '(P+N) term,

AR
[ -

- » e
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‘a) Variation of the reéistivity

sistance as a functzon of temperature.

.has approximately a T
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and impllcitly through the expOnential terms involving the
absorptlon coeffzcxent K; it should be noted that,both P, N,
and K are functions of temperature; also, since the radia-

tion absorption is due to free holes for E || ¢, the

absorption coefficient' K .ig directly related to the hole

concentration P,

i

Curve b. 1n Figure 17" shows the measured sample re-
The sample- resxstance

is theoretiCally*inversely prqportlonal to both the _carriex

'concentratlons, whxch in intrinsic. semlconductors varies

eXponentially wmth temperature, and to the mobility which

3/2 -dependence; clearly the expo-

‘ nentlal dependence on temperature of the intrinsic carrier E

concentratibn is expected to domlnate, thus, from 300 K to

180 K, the resxstance in Figure 17 is seen tov have an _expo-

- nential dependence.and is esaentially propo:tional to

(P+N) * (2ng )T eXp.EG/Qk T. From the slope of this

curve, a valence - conductibn band energy separation of .
approximately 0.35 eV is obtained which agrees favourably
Below 180 K the

with the accepted value of ' Q.34 eV.

\ . e )
- material becomes extrinsic as shown by the essentially

constant measured resistance. R




AT

o~

1) The tegperature range 300 250 K

(P+N): this is consistent with Equation (114) where KL > 2

‘Sample. ‘ ‘ . ' . ‘e :

ii) The temperature‘range 250-180 k

below 250 K, KL is expected to gradually diminish below the
”uvalue of 2 and'gonaequently,'the exponentials in Equation (114)

) ',begin to approach unity which causes the faetor*ln Equatlon :

, ConsaquentlYL,the;voltage 1a no longer expected to he\solely

+
e et s 1 M s ea o
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b) * Variation of the.photonidrag;signal
The temperature dependence‘of the measured voltage;id‘

undoped samples 1s shown in Flgure l7a. For sxmplicxty of -

interpretation, it ia noted that the curve can be divided i

into three temperature regions. accordang to the rate at which !

the signal changes w1th temperature, namely A3po-250 K,

250-180 K, and finally below 180 K. .

Between 300 and 250 'K, the measured open circu;t
voltaée, curve a, is found\to increase and is proportional to.
the sample resistance: it follows from the: above arguments

that the photon drag signal is 1nversely proportional to

and the expohential terms in this eqhatiom are, therefore,
much smaller than unlty; spec1f1cally, ‘at room temperature

KL = 7, i.e, tot 1 radiation absorptlon takes place w;thin ‘the-

o

Since K is a linear function of the hole cohcentration,

(114) involving the exponentlals to become less than unity.,,

f
' . ,
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proportional to (p+N) "1 . and thus the rate of increase of

‘the voltage with temperature is decreased as is verified by

the measurements,

N

iii) The temperature raﬁge below 180 K

Beléw 180K, as éeen‘from the nearly conspﬁnt'portion a
of thelresiétanCelcurve, the material becémeé extrinsic .
iyélying that P >> N “and thaiuﬁbe hale cbncgntraéion
beéQmés egsenﬁially‘constapt,and équal £o ghe acceptor con-
Eentfaéibd.' Consequently,’the photén a}ag voltaée is also
expected to be essentially constant in this range of. tempera— .

ture. The slight decrease in the actual obsexved s1gna1 is

due to the further decrease 1n K with decrea91ng temperature

due to tﬁe increase in the energy separation between the

E . .
valence sub-bands {24}; the latter is in fact larger than the

incident photon energy of the Cdz laser radiation. Note that

the slight decrease in resistance observed in the same

. temperature range is a result of a hole mobilityﬂincieaéé .

. with decreasing temperature {12}.

VIII 2,2 DoPed Samples

'In the doped. samples,,the responszv1ty was measured

at rOOm tempé%ature to be "7 mV/MW cm 2. ?o ‘obtain the

theoretically expectea magnitude Oflthls signal, the hole

égnceﬁfration in the_sample must be known. ' The hole concen- '

tration in Eﬁé.exiriﬁsiq ciyétals was determined indirectly

s ) ' - , L
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by taking an average of- the ratios of the measured absorption

) coefficlents for doped and undoped crystals wlth ‘E || ¢ for

all wavelengths,between 7 and 14 u. It was found that the
absorption coefficient in the doped sample was 2.1 times that
in the undoped sample. Slnce for B H‘c « the absorption is

entirely domlnated by holes, 1t is coneluded that in the

doped crystal P = 2. lrn = lOlscm -3

X 1015cm 33 substltution of these values into Equation (114)

-2

and N = nf /P = 2.35
leads to a responsivity of 8 mV/MW em which is in a good
agreement with the measured result 'considering the indirect

method used in.evaluating the carrier coneentratidnq.

The temperature dependence of the measured photon drag
signal in our extrlnsic samples is shown in Figure l7c where
it is seen that the 31gna1 is essentlally constant with
temperature, as' expected, since the ﬁole concentr&tion, being.
equal to the acceptor concentration, remains unchanged:with'
temperature. The observed slight increase of the ;oltage at
loQ temperatures is. not predicted by Equation (ll3)isince it
was derived from Equation (93) using the approximation that

the magnitude of the factor within the curly brackets could

- be raken,-for all tempérdtures, as being equal to 2rh

{refer to Section VII 7.4}. In fact, however, when the
specific numerical values of the various parameters, as
'gvaluated in Section VII 7.2 to VII 7.3.4 inclusive, are
empfbyed, it is found that this factor Qaries more eractly

from a value of 1.61h at room temﬁerature to 2.91h at 100 K;

3
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therefore the induced signal is expected to increase by
almost a factor of two over this temperature range which agrees
favourably with the observed increase in thevmeasured pHoton

drag signal {see Figure 17c}.

It was noted {see Section VI 4.2.2} that a similar
increase in the measufed photon drag voltage is also evident
in undoped samples, this observable increase 1n the 51gna1

‘commences at a temperature of about 220 K {see Figure l1l7a}

which is essentially identical to that seen in cur doped

crystal measurements.

Thus our rigorous mathematical solution of Boltzman's

transport equation for the photon drag effect, based on direct

A(hole transitions between parabolic valence bands, is verifiéd

in tellurium and the derived expressions explain fully all

‘aspects of the experimental results.

1

VIII 3.0 Llongitudinal Measurements with E | ¢

For polarizations perpendicuiar to the c-axis, the

measured induced photon drag voltages, as presented in Section.

’VI 6.0, were generally found to be small or below:the measura-

0

f&lty level of the experimental 1nstrumentatlon.' These low

values for the generated voltages are explained with the help
of the theo}y By examining the eXpressibn'derived for the
10ngitud1nal photon drag 31gna1 when E]c (see Section VII

9.0} where, in this case, the radiation is absorbed 'in

1
s
-
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tellurium by electron and hole intraband transitioné;'such

that

AN

1- exp - KL }

L%F exp - KL
&

It is clear from the above“expression that the con-

D V=7

(l“R)Wo (P-aYN) {

ec (P+aN) (P+N) . (115)

tributions ofholes and électrohs,.to‘the induced signal, tends
to cancel each other. In addition, since for E | ¢ it is known
that tellurium is relatively transparent at  10.6 i, total
absorption is not achieved, and theréfore the exﬁonentials in
ﬁquation (115) are near unity in magnitude. Thus, it is
expecied'a priori that the photon drag effect for radiation

polarized perpendicular to the c-axis is small.

' In order to evaluate the magnitude of the photon drag

signal for E | ¢ , the values of a, Yy and n in tellurium

-4

_are required. Since no direct information on the latter

parameters was found in the literature, we, therefore,, now
attempt to evaluate these parameters from our experimental
results for the two independent longitudinal components con-

siéting of the two pairs of equal jmatrix elements,

T5311 = T3322 and T2211 = T1122' respectlveli/

o

VIII }.; The Equal Components T3311, T3322

It is more convenient to start this discussion in
terms of the results obtained from doped samples where larger

signals were measured.




o~

&

~room temperature an induced voltage of .8n mV; when this

"is now estimated by using‘the absorption data given in Figure 5.

155

4

VIII 3f1‘1 Doge& samples

In our extrihsically .doped érystals where: K Waé

measured to be' 0,27 cm71 {21},. P ---“1‘016cm-3

2

» R = 0.43,
L =1.2 cm, and‘wa = 330 KW cm “, and if it is assumed that

P >> N, (P—éyN)ﬂ?+aN) # 1, 'then Equation (115) predicts at .

value is compared'with the ﬁeasured voltage of 0.7 mﬁ, it

implies that for longitudina; meésureménts parallel‘to the

c-axis, n = 0.85. With decreasing temperature, sinqe P and’

K are eipected to remain unchanéed, the induced signal’

acqording to Equation (115) is also expected to remain con-
2

stant; this is consistent with the experimental results shéwn

in Figure 20. ‘

VIII - 3.1.2 Undoped samples

In intrinsic samples no measurable induced emfs were
observed in our:samples; thus in Equation (115) if ﬁ is
assumgd to remain of the same ordér of magnitude as‘in‘dopgd
samples,‘it is concluded that the groduct ay is very close

to unit&.

a) Determination of the parameter "a" and "y".

 from room temperature measurements

The parameter "a", which is the ratio of the radia-

tion.ébsorption cross-sections of the electrons and hoies,
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The total absorption coefficient: K due to free

carriers can be put in the form .y

- \, v

K = BN+ B8P | , e

|
i

and a = Bn/Bp where .8, B are the absorption cross-

P
sections for electrons and holes respectively. .

Congidering intrinsic materials first, where

‘N =P = n,, the absorption cbefficient

% . . . K, = Bp ni{l+a) B . (117)

‘In our doped material, on the other hand, P = 2.1/ni,
N = ni/z.l '{refer to Section VIII 2.2}; thus, the absorption

" coefficient' Kd' in th;s casé, is given by

Ky =' Bp ni(z.l + a/2.1) , . glls)n
thes & o Ll a2l , ©T (119)
! Ki N 1 + a ‘ , .
~ M % - " ' . '

ii From Figure 5, the ratio of absorption coefficients for E {e.
& _— ofwour doped and undoped samﬁles at 10,6 u, is seen to be
z. Y |
' 4 _ .270 _ CL 2.1 + af2.1 ' \
f\ . £ = - v a4 - a20).

and thus it f:i}ows that a'= 0.65. However,; it should be
noted that a few percent uncertainty‘in both the ratio Kd/Ki

O ' " and P/n; can result in an up to 50% uncertainty in the

A




indicates that at approximately 100 K, P = 10 em” ° " and .
#ince {56} ‘ [ ] | e
‘K 4 (P 4+ N)T . . L (122) "
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evaluated value of "a". With "a" taken to be 0.65, it clearly

follows that y = 1,5.

The,value of vy, 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 compared with /T, the ratio of electron and hole

T

momentum scattering times associated with mobility, i.e.

T u m o : ' o
¥E = ai . _ : (121)
h h ™n S
From the literature {45}, {55}, in tellurium’ PATHC R
and since mé/mh = 5 {refer to Section IIT 6.3} it follows
from Equation (121) that t_/t, * 1' which is consistent with L

our derived value of v,

a &

" b) Expected magnitude at low témperatuggs

At low temperatures where the undoped material
becomes extrinsically p—tybe, the cancellation effect of the

electrons is no longer important; however, the induced signal

is expected to remain small since the absorption coefficient
K decreases substantially with a decrease in total carrier’

concentration ‘and temperature; our resistance measurement
' a14 =3

©




)

-is comparable to that found in similar experiments in n-type

]

‘separately namelg T2311, T2322; T3211’ all %nvolve
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14 : :
K(100 K) = 12 x 332 k(300) = 0.5 x 107em ™" ;
10t |

thus from Equation (115), the expected open circuit voltage

{

V = 0.1 mV' results in a measurable voltage lo&er than the
lower limit of measurability of 50 uV of our apparatus due
particularly to the samplévresistance becoming greater than

the 50 2 input resistance of the preamplifier.

VIII 3.2 The Equal Components T2211' ¢1122

. In this case, since for both intrinsic and doped
samples any;possiblé’induced signal was fouﬁd to be below the
lower limi; of measurability of . 50 uV} it is; assumed that

n for these tensor components is less than 0.2. This value

germanium by Gibson {54} | 3

'Ou; regults, therefore, indicate'gn anisotropy in the
value of n with different values for directions’ perpendicular
and p#rallei to the c-axis; such behaviour is ?enérally true '
for all properties of tellurium. ' | :

+

VIII 4.0 Transverse Measurements

As seen from Section V 4.0, the only finite transverse

fourth rank tensorial components which may be measured

+




O

159

polarizations. perpendicular to the c-axis. Since transverse
photon drag voltaées appear only as a result of anigotropies
in the'ehergy band, the correspdnding geher;ted signals are
éeneraily expected to be'only“a fraction (= 16% in Ge {57})
of the longitudinal dompogents corresponding to the same
radiation polarization. Thus, coupled with the arquments of
the previous section which predict generally small longitudi-
nal voltages with E | ¢, it is well expected that for both

undoped'and doped tellurium crystals, the transverse induced

voltages due to the photon drag effect be very small as con-

firmed by our experimental results, presented in Chapter VI.
' ‘

VIII 5.0 The Other Fourth Rank Tensor Components

The remaining four sets of independent tensor com-
ponents ére nﬁt separately measurable; their determination
réqu;res oblique and complex sample geometries where the in-
ducedvsignals are always the result of contributions from a |
combination of several independent tensor components, and

are, consequently, extremely difficult to intérpret.

Since for both electric transport and radiation pro-

‘pagation properties, the tellurium crystal directions 1 and 2

are known to be equivalent, it is expected that the equal
matrix elements Tllll and T2222 are of the sa@e magnitude as
T1122 ’2211; since the latter were measured and f?und to
be small, the same is assumed to be the case for the forme;.

- D U Ay S AT s ae e ey e e re et M~ s empn e % e
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Also since the two sets of equivalent matrix elements

T2323 = T1312, and T3232 = T313l cgrrgqund'to‘transverse

measurements with, in addition, a component of radiation

polarized perpendicular to the c-axis,,tﬁey are a150‘exbected
to be of small magnitude. \ : ,
"The last independent fourth rank tensor tomponent ‘ '

'T3333, however, is expected to be of similar magnitude as the. . ;

matrix elgments ?1133 =\T2233 as al} three correspond to

vy

el e ily

longitudinal measurements with polarization parallel to the
c-axis. Since the induced vbltages corresponding to the
latter tensor coefficients are relatively large, an attempt ~

was made to measure also T,;,,; the sample geometry used is

Part S TR DS FEPRIRT Y

shown in Figure 24; this sample configuration is necessary so
' y

wa
k>3

Fe

that we haQe a cOmpoﬁQat of the radiation eleétric field as
well as a\component_of the propagatiqn difection simultapeously
parallel to the 3-axis. No signal which could be' attributed
to the photon drag-effect was monitored; this fact, is
expléinéd‘by noting that since E3, the compOngnt of the
electric field parallel to the c-axis, is strongly aBsorbed
and thus is of significant magnituée only near the surface of

K incidence,”consequeﬁtly, E, is negligibly, small in the area

of the sample falling directly'between.fhe‘ electricél gon~l

\ , foe

tacts across whichlthe.desired voltage gorrespohding to .

»

T3333 is expected to be mgaéured.

Pt - ' ® . -
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VYII' 6.0 Conclusions.

Iq‘this cthter Qe have shown that, ﬁgr thé’photon f
araé eXfect, a very favourable_aéreement, between the'expéri-
: meqﬁal by sultS»preqenteq in Chapter VI and #hg'theofy
' formulate in Chapter VIi,néxistS for all tensor components
’ charédtériz g the’vhrious}combinations of directions of
radiation pro’agatidn,‘poléfizatibn, and voltage‘meagurementQ‘

In particular,\the theo:etigally predicted dependence of the

épenﬂcfrcuit phgton drag voltage on such parameters as éarrier‘ v
vtyée‘and congentxation, apsqrption coefficient, temperature,

A And momehtum;scaf ering‘times has been verified by careful
analysis pfhthe exjerimental resﬁlts; In the process of .
inté;preéing our r ﬁl;s,,the values of sdqh”quantitieSrgs
the ratio of aﬁsbrp ion‘cross-sectioﬁs for électropg and

l-holqs, ;he'ratib of |the photon drag effective momentum
ééattering times for electrons éﬁd holes, and the efficiency

of the.phbton‘momqpt transfer to hole%, have been evéluated.

dfag éignals are successfilly interpreted by the theoretical .
. e . ~ . .
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' CHAPTER IX

THE SIGNAL WITH THE THIRD RANK TENSORIAL BEHAVIOUR

1¥ 1.0 Introduction t L -

Optical rectificatioh. as described by third rank

tensorial coefficlents Wthh relate the measured rectlfied )

signal to the square of the radiation electric field, has
been attributed to the interactlon of llght with either free
{58} or bound charges {59}, {60}. In order to determine the | (‘5
nature of the generating mechanism for the présently'observed o
signal that follows a third- rank tensorial behaviour, an
analysis of the expected ¢haracteristics of the induced elgnal
is carried out for each of the two above ment;oned inter- . ;

actions acting as the source.

IX 2.0 Light Interaction with Bound Charge

IX 2{1 Effect Due to'Non-Linear Polarization

- ‘ The square law response of bound charge to an in-
cident radiation is deecribed by non—linear polarization {el}.
In general, the induced gon-linear polarization P is
related to thelradiafion,electric field E at frequency 'w

by the rélaﬁion

Pi(2m, ) ™ Byrg Epfw gg(w) o “ (123

-

e e sttt ke aios35 Tt 3 3 . 3.
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‘'whére naturally the resulting induced polarizétibn is com-
posed of, first, a d.c or, in the case of a pulsed laser, a
ré}atively slow time varying compornent proportional to‘the

" power pulse en&elope,land in aéaition, a cbmponenﬁ varying at

twice the radiation frequency w. -

The d-c;or slowly varying. component Pgn9f thg_pqlar§7
-zation P(2w,0) corresponds to optic;lﬂfectificatioﬁ; it is
| oniy thi# compohent which is ﬁeasurable in our case,Land
cbnsequently of interestlinbﬁhe following anglysls. ‘It
follows that

P, = B E? = pW - ' o (124)

where W is the slow time varying amplitude of the lasqf pdwer
‘denéity and is directly related to E?, the square of the

radiation electric field amplitude.

From Maxwell's equations; the rectified current J
in a material is given by

°

g o= 32 4 o7l L (125)
with D = P +cf T (126

where J,D,€"are the locally indpced d.¢ ox, for thé pulsed
Yaser, the slowly varying components of the current density, -
dielectric displacemént, and electric field respectivély.

Q e

Sﬁbstitutinq'zquations (124) and’(iZS) into Equation (125)
yields - ' e '

PR
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g = %_ (BW + & '+ o€ (127)

Agsuming now that W, and consequently € and J can

be written in a Fourier series ekpansioﬁ with frequency com-

ponents wn} Equation (127) written for a particular Fourier

component mny becomes,
« .

Ty lwp) "l_j‘”ann‘(wn) + [ jwne + p-l.Q] Gn(wn) . {(128)

In conductors’, i.e. for materials such as tellurium where’

p"l >>lwm;, o being the maximum frequencyﬂcomponent.of W,

‘it clearly follows that under opentcircuft;oonditiohs where

Jd =0,

&, () = = eBIu W, ' . . (129)
and upon transformation back into the time domain,

. I | o a -
&(t) B 2 | | | (130)
' Thus the measured signal, if due"toubound charée is

expected to follow expression (130) which shows that the
observed generated signal should, be proportional to the time
derlvatlve of the incident amplltude of the radiation power;
this clearly disagrées with the experimental ‘results where a

true reproduction of the laser power 1s observed It is

therefore concluded that optical rectiflcation in semiconductors

'via a non~1inear polarization effectAdue to botind charge

cannot be thg source of the observed signals characterized by

P L]

e
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‘the third rank tensorial coefficient X contrary to the :

suggestion made in Reference {59}.

J

? '

IX 2.2 Induced Signals Due to the Contribution of Electro-

strictive Stress and Piezoelectric Polarization -

Another mechanlsm that can be invoked to explain the
induced emf characterized by the thlrd rank coefficient x. .

is the combination of electrostrictlve stress and the result-~

ant piezoelectric polarization.

It is known that a radiation electric field induces

" in all materials an electrostrictive stress which is a quad-

ratic function of the electric field {62}« ~This stress dis-

placee'the atoms of a solid‘and also the electrons within 'the

4,

atoms themselves; when the material is also piezoelectric,

these displacements produce microscopic dipoles which combine
. P

to give an average measurable macrascopic moment known as

electrical polarization {63}.

Mathematically, this electrostrictive effect is

described as follows:

Trs(2w,0) = YrsmnEm(w) E (w) (1?1)

where !T(Zw 0).uis the induced electrostrictive strese com-

pased of a d.c Or & relatlvely slow time varying component
: ( _
T,.g(0) as well as ‘a- component varying at twice the radlatlon ‘

ermn

frequency . w;
efficieﬁt. ‘ o R 'if -

is the fourth rank electrostriction co-
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Now the stress TrS(O), through the piezoelectric

. coefficient dirs , yYlelds the polarization

P,(0) = d,__ T (0) (132)

Substitﬁting Equation (131) into Equation (132) and using ‘the
appropriate transformation to express the induced stress in
terms of the power density W,:and combininé‘all the co-
efflciénts into the parametéf C, we get an expression for
the polarization P of the form:
P = cw (133)

This relation is identical to Equation (124), derived for the

ordinary non-linear polarization effect discussed in Sec¢tion
. Rt

IX 2.0, which would lead, in this case as well, to the con-

clusion that the generated signal resulting‘from induced

~polarization in a highly conductive material, such as

tellurium, would manifest itself ag'an induced emf proportional

to the time derivative of the laser power density which is

clearlyvcontrary to experimental observatiogs. o

S

IX 3.0 Light Interaction with Free Charged Carriers

A square-law current response, resulting from the

“

interaction of the radiation electric field with the free

charged carriers in a semiconductor, can be described as non-

linear conductivipy.‘ The conduciion‘gurrent J in a material,

1

o -

o

C—
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‘ized by a non-parabolic energy band, under the influence of

carrier momentum scatteringltime.

'where E(k) is the gquantum mechanical enérdy of a carrier

' obtained from the appropriate soldtion of Scﬁrodingers

bt 4
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arising from the motion of N carriers with a velocity v

is generally given as

J = eN(F)v(F) (134)

The current J becomes non-linear with respect to the

electric field F when v is nor-linear in 'F or when N
- AN

depends on F. These two cases are now considered - in turn.

{

IX 3.1 Non~Linear Carrier Velocity

We first consider the case when the velociéy depends

non-linearly on the incident radiation electric fieid F(w); \

particularly the motion of free charged carriers, character-

s

the radiation field will be discussed.

For this situation Butcher {64} has shown that the
current is given by Equation (135), where the radiation fre-

guency w is much larger than T-l% the reciprocal of the

1 . ; /

2R %0

» 2 T 3
=NF e S e 3 E(k T
Iy Zk £tk '[m* Fr o) 3 kiakral)cs Fr (W) Fg (W ] . 133

-~

o
£

equation in the'given mate&ial.
\
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It is clearly seen that the first term corresponds

to the well-known linear complex conductivity for u1>>r_l;

the second term, being qqadratic in F(w), yields a rectified .

current component proportional to the third order derivative
of the carrier energy and consequently to a cubilc term in the

Y

momentum vector k in the energy dispersion relatlon.

For the case of the valence -band in téllurium such
o cubic term is known to exist, namely 1kk(k - 32 ) {see_
Equation (4)}, which then seems at first glance and as
assuﬁed by Herrmann {58} to imply thot a quadratic response
is possible due to nonrpafabolic energ& bands. HowevéE, the
appllcatlon of the fundamental principle of time reversal
symmetry which requires that E(k) = E(-k); 1ndicates that
for every valenco band maximum having a third order term with

the coefficient C there must exist another equlvalent band

ll
extremum ‘in which the third order term has a coefflclent w;th

the value -Cl. In fact, the two valleys involved correspond

to the H and H' points of the tellurium Bruilloin zone

. v
' )

{23}1 ‘ " ’ ' . -
Thus the iequifed summation of the second term in

Equatian {135) over all of k~space will resiilt in an identi-

cally tero contrlbution to the total current. Therefore, it

-

15 concluded that time reversal symmetry prevents second order

‘non—linear effects due to a non—llnear velocity of charged
‘ F'Cl .

carriers, from taking any finite magnitude in homogeneous

materials {60}.

Vi
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The above discussion shows cleariy that the interpre-.

tation giVen by Herrmann, to the observation in tellurium of
an induced signal with a third rank tensorlal behav1our, as
resulting from non-linear conduct1v1ty in that material is

not acceptable.

IX 3.2 Effects Describable by an Electric Field

Induced Variation of the Free'Carrier Density

As. stated previously, non-linear cﬁrrents are also

produced when the carrier concentration is itself a function.
of the electric field. b

y

P

This type of non-linedrity is known to occur iﬂ
piezoelectric. semiconductors when an acoustic wave of fre- -
quency w, is propagating in such matéria}s‘{GS}:'{SG}.

Sudh an acoustic wave, due to the p{ezoelectric effect, pro-
duces strongly coupled eiectiic fiéid and space charge waves,
wheré electron-electric field non-linear interacﬁions result
in the simultaneous generation of new elecérical and acousti-

cal signals at the sum and difference‘values of the original

frequencies.

it

5 ' )‘A theoreﬁigal analysis offthis interaction mechanism,"

initiated from the non-linear part of _the cross~term n(F) uF
in the current density Equation (134), yields Equation {136)
{66} which desc¢ribes the d.c acoustoelectrlc field S

arising from the original acoustic wave of frequency u,

o

S o RE L rdn e Al
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interacting with the free carrier electrons;
‘é‘ : ue; §? .
= - ‘ ‘ . (136)
ac 2 2 : :
2¢ vs[l+ mc/m ‘+ w,/wD]

where:

§ is the magnitude of the strain in the material associated

with the acoustic wave of frequency w,;

e is the appropriate c¢omponent of the biezoelectric T~

constant;

v, 1is the phase velocity of the sound in the material at
L
frequency w,;

i

u%==(pe)‘l \\\Q is the dielectric relaxation frequency;

)

uy = v; e/kyTu * is the diffusion frequency.

It is to be noted that in acoustoelectric effects, electrons

and holes produce signals of opposite polarity {67}; conse-

. quently the minus sigﬁ in Equatibn (136)’g;comes plus when

evaluating the con;ributioﬁAto the induced field from free .

carrier hole-acoustic wave interactions.

Although in our present ékpériments no acoustic

waves are introduced in a converitional way.into the tellurium

1 : “ ,
‘ samples, the radiation electric field transmitted through the

material can generate, via piézoelectfic coupling, a strain

L & . ‘
correapond;pg to a strain wave of frequency equal to that of

the incident radiation {68}, described by a strain component

ek st ot anarnr b A
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‘ To our knowledge, acoustic waves, at the high fre—'”

|¥]
quencies involved in this discussion, have previously not been
considered and dealt with in the acoustoelectric effeLt.\ In
view of this fact, we now aeveloﬁ a description of the likely

behaviour and propagation characteristics of such high fre-

guency generated strain waves in a material.
14 -

Ataany particular inétant 6f fi@e ti, a stgain is -
eipected to be induced ét each point w;thin the illuminated
part of the sample with an instantaneous amplitudé which'is
directly proportional to the. amplitude of the r%diaﬁién
e}ectric field as %@gcribeduin Equation (137)i“¥hus this
strain has the spatial pattern aﬁd correspondingly an apparént

wavelength equal to that of the radiation  {see Fig&ré;25}.‘ '

Subsequently, aé time progresses, such as at t2> tl'
the mechanical disturbance in. the material is expected to be
the reeuitant of the two following effects: .

»

a) the radiation[ which has propdgated in the material
at the speed of light, correspondingly induces

instantaneously and at each point, a strain

which at; t, results in a strain pattern .

similar to that existing at tyo but displaced
synchronously with thée radiation field as shown

in the Figure 25.
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Figure 25,

,'T‘,,
=g

electric field

Amplitide of radiation

173

n

Amplitude
of strain -

Radiation Electric Field and Corresponding
Induced Strains at Two Instances of Time t
- and tz Within the Material.

v

L0

1




al

&

174

. the strains induced previously at each point

at the instant tli will naturally tend them—'
selves to lnltlate, ‘from each point, strain

waves at frequency w of the radlatlon field

- which would: tend to propagate through the

sample; howevar. at these-high frequencies, -
thesge latter straln waves, orig;nating at -
each point, are e&pected at best to be highlyu
attenuated, and not to propagate any appre— '
ciable ‘distance, compared to the radlatlon
anelength. In fact, 1nformat10n avallable

on phonon frequencies in tellurium {69}, in-
dicate that no phonons-are known to be

sustained in this materiai at frequencies

" above 3-x 1013s71, o 1

Therefore, at any time, the total strain within the -

sample consists solely of that which is ‘instantaneously

generated by the radiation. Thus the net effect within the

‘ material, is that an acoustic disturbance exists which

appears to be directly coupled or lockeqito the applied

electromagnetic radiation, having an identical amﬁlitude

variation in time and, therefore, the same wavelength and

phase Welocity.

Haviné thus established the characteristics of the

acoustic wabe:like disturbance present in tellurium exposed

T ) SR
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to the laser radiation, we are now in a position to ewvaluate
the induced measurable acoustoelectric signal b} using the
appropriate values of the parameters in Equation (136) Thus,
°for @ radiation power density of 165 KW ¢cm 2, the amplitude
of the radiation electriq field in tellurium is calculated to

be 5.1 x 10° V/m; it follows that, with ¢ = 23 éo' and -
e, = .6c/m® {13}, Equation (137) yields that § = 1.7 x 107 %.

Now for this magnitude ofvstrain at frequency m._= w= 1,9

14 -1 -1 1

X 10 » with vy = I x lOBms and u = l/m ,

quation (136) predicts, for the'ecoustoelectric induced

‘eleccric‘fiela, a valde'of €;¢ = 0.4 V/cm,

It is to be noted, however, that Equation (136) “was
derived with trappiﬁg effects neglecteéé in fact some of the

space charge produced by the strain wave may*be trapped at .- . -

R

states within the forbidden energy gap., These immobile

IRy,

charges do not participate 1n cdnduction and thus the result-‘ ﬁ

ant induced signal may be appregiably reduced from-the value

T

evaluated above: Also, it must: be noted that the value

asbigned to the piezoelectric effect in the previous numerical

—

evaluation was that associated with microwave frequencies; it
Ay .

a,is expected that at the optical frequencies involved, the

. effective piezoelecttic coefficient e/e will be s%aller in

T P -
magnitude. - - o

2

9

As stated previousiy, electrons and holes- produce

acoﬁstoelectric aignals of OppOSlte polarity, and therefore,

]
Ry
4 . ! , o ) i
E - + 0 N 4
S e e e s e e o e By BRTERSIRS
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the net induced emf is expect$d to be the algebraic sum of

contributions from both types of carriérs.

P

)

IX 4.0 Interpretation of the Present Experimental Results

In the previous sections, we have presented the
theories of four diff?rent types of mechaniéms'by which
radiation induced emfs may occur in tellurium. Before we may
relate the observed signal, that follows a third raﬁk tensorial
behaviour, to one of the latter mechanisms, our experimental
results, presented in Secdtion VI 3.0, must be analyzed,
interprefed, and summdrized. It may Ee deduced from Figure
13 that in undoped crystals the signal with the third rank
tensorial behavzza}’remains constant;from'room temperature
down to 220 K, then increasgs in magnitude down to‘180 K and

L Y

remains essentially cbnstantﬂaﬁ lower temperatures; it is
nsted that in these thfee éemperature ranges tﬁé relative

gonlentrations of holes and electrons are as folist: in the
upper tempetature range.the\material is ifAgrinsic/with equal

S .
hole' and electron concentrations; in the jihterm iat% tempera-

tures the electron minority carrier concentrat on 'decreases

~—

more rapidly compared to the majority carrier concentration

of holes; and at the lowest température range the materiad

3

becdomes extrinsic with a constant concentration of holes
which is: several orders of magnitude above that of the further

decreasing concentration of electrons. / .

.
C’ ‘ -
.
.
.
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Considering now the results in a doped saméle shown
in Figure 16, the coefficient x* at room temperature in
doped samples is evaluated to be three times its value in the
undoped material; also, in this case, the‘inducéd voltage is
found to be Tairly constant with temperature; the slight
decrease4yith lower‘températures is noted to be essentia%ly
pfoportional to the corresponding decreﬁse in résistivity of

A

the material.

Thus our experimental results seem to indicate that

the induced signal depends on the carrier type and concéntra-
. /
tion, with holes and electrons producing emfs of opposite

polarity. These observagioqs lead us to believe that the

source of the generated emfs is most closely related to a non-
linear- conductive effect. v .

<

IX 5.0 Conclusions ° .

[

In this chapter, four different mechanisms have been

considered and critically discussed as the possible sources
. & B ,
for the observed signal d&hibiting third rank tensorial

behaviour.

The first two mechanisms, known respectively as non-
lineér poldrization and electrostrictive-piezoelectric effects,
Jinvolve the interaction of: the laser radiation,witp bound
éharges;'it has been concluded that these mechanisms could

not be the source of the measuréd emfs since they are clearly
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independent from the type of free carr}er?present; furthermore,
bound charge dependent signals have been shown to resuLt in
signals’ proportional to the time. derivative of the laser

power density which is contrary to our experimental
obsegvations. : | ' ) !

" The remaining two mechanisms involve int action

3

with free charged carriers. In the first of the effects,

the application of‘the'fundamentai principle of|.time reversal
symmetry, resulted in the conclusion that th; gxistence of
non-linear velociéz_of free charged carriers, due to non-
parabolic energy bands in a méterial, cannot manifest itself

in.any second order non-linear conductive effects.

The non-linear acousioel?ctric effect involving the
presence of radiation generated high frequency acoustic dis-
turbances via piezgélectric coupling, has the necessary
features leading to an induced emf which is linearly related
to the laser power density and such that holes and electrons

produce signals of opposite polarity.

However, the following discrepancies,afe noted in

this proposed mechanism: the calculated magnitude of the .ex-

- pected signal is about forty times larger than observed in

our extrinsic samples where the electron-hole cancellation
effects are negligible, furthermore, Equation (136) predicts
that the generated signal is directly proportlonal to the

mobility and thus, in extrinsic matéxial, the measured signal
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is‘ekpectgd to increase with the mobility as the temperature

is lowered, which is contrary to our observations. Both dis-~
crepancies in magnitude, and temperature dependence, however,
between theory and experimental results, may bo explained by
invoking the idea of trapping effects; the presenoe of
trapping would indeed reduce the expecteq signal magnitude,
also, its effect is known to generally increase strongly with
decreasing temperature, thereby: gveé-rldlng the temperature
dependence of the mobility. Furthermore, it was noted in

i o
Section IX 3.2 .that the effective piezoelectric coefficien(’

at the very high frequency involved, in this phenomenon, is /////’/

. expected to be reduced below -its low frequency value given by

Reference {13}. It seems thus possible to propose that the
acoustoelectric effect is responsible for the observed emf

characterized by the coefficient yx .
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PRAGTICAL DETECTOR CONFIGURATIONS
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. X 1:0 Introduction ) .

4

4

- From the éxperimental results presented in Chapter
VI, it follows that the photoh drag effect and the mechanism
< . _characterized by third rank tensorial behaviour are

sufficiently intense and fast in a tellurium sample to be -

used as mechanisms for the detection of pulsed co, laser
radiation. ‘In this chapter, various practical detector con-
figurations are discussed\so that optimum device performance

is achieved. In general, dévices used to measure

. laser output power fall in two classes:

\

' ' |
allow most of the incident radi on to be trans-

mitted.

4 ¢

The performance of tellurium in such devices,
utilized for co, lager rddiatior,\ys n presented in both
detector or monitor configurations, and compared with other .

?

N 4 existing devices.

s
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X 2.0 Tellurium CO2 Laser Detectors

The radiation induced electric field € within the

sample can be written from Equation (14) in the form:
- * * ’ )
& = | Ti4mn 93 T Ximn 1Weqe, ) ,(138)

It has' been shown {Section VI 2.1} that the longitudinal
voltage across a sample of length L, neglecting mu}tiplevre-
‘ %

flections is given by

~ W (14R) :
Vi = [ ™ym @ * X ] =g — (1-exp-KL)ge ~ (139)

where K, R are the radiation polarizationtdependent

absorption and reflection coéfficiegts, réspectively.

From experimental results, it is found ygat,only

‘mk Tk * * * : : .
T1133, T3233 and Xlllf X312+ X]py are of significant magni

tude to be of practical interest for radiétidh detecting
deviées.‘ By inspection of the subscripts associated with
each of above tensor coefficients, it is seen that the .T's
are non-zero for E || 3 or ¢ whereas the third rank tensors
involve. polarization cémponents of E] c . Thus Equation

(139) can clearly be rewritten in the form: ‘

S x* ' P
v, = —--»K' (1-R)W, (1- exp- K; L)+Iq— (1-R, ) W, (l-exp-K, L) (140)

P .
where the values of all parameters are finite only for the

radiation polarization indicated by their subscriptst
Ly

&

'
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Since it.was found that in tellurium at *10.6 u, the

magnitudes of ‘I',f and )SL* ’ m',, and R, are approximately
£ N '
equal, but K, >> K , it caff easily be estimated'that the
8 B
third, rank tensorial effect/induces larger voltages for
!

sample lengths L { 0.5 em, Therefore it‘is more qppropriate
to use the eﬁf generatinqgmechanism characterized by x than
the photon drag effect-wﬁen high respomnsivity is desired.
However, when ultra-fadé\hetectors are required, the photon
drag effect becomes of interest, as will be discussed in
Section X 2.2. / ' »

X 2.1 Detection}Using EhQ,Third Rank Tensorial Effect

{

’

a) ;Responsivigy

Considering now, detectors using the third rank
tensorialLeffect, it was found from experimental results
{Ssection VI 3.2} that at room temperature, for extrinsic

‘ﬁaterialf{ x* is threefold larger than in an intrinsic 4
material. Thus a longitudinal detector cut from such a

material to a typical length of 2 cm, as is commonly used for
. b t

N

ger?énium photon drgg detectors, and qriented with the long
dimension in the directi;n of the 1 axis, with thedincident
light beam polarized parallel to the 2 direétidn, genérates
a voltage given by 1 ‘

Tk

. % j X (1- exp- K,L) -
- LT R (1-R )W, TR exp- KL (141)




=

the absorption coeffiéient employing more highly doped -
1

v

N\

where the efféct of multiple reflectjons has .Been included.

7 1

With x* = 0w7 x 10 'cm/A,” R = 0.43, and K;*= 0.27 cm ?,

Equatioﬁ (145) yields that B -

Vi/W, = 80 uV/KW cm 2 . -
« » ) '

1

2 cross-section hasfagréEponsivity

Thus, a detector of 4 x 4 mm

of 0.5 mV/KW which is almost fqur times better than for o '
commercially available germanium photon drag detectors of the

»

same dimensions, for example Oriel Model 741l (imported from

N

Rofin Ltd., England).’

]

It must be noted that the tellurium detector just

_ described absorbs, only half of the incident radiation; i

total absorption was allowed either by increasing fourféld

4

material, or by increasing the length of the sgmﬁle fourfold,

the responsivity would have been increased almost twofold. (

3

Antireflection codtings on the incident sirface will, increase

the magnitude of the signal by an additional factor Yf two.

Finally, it must be noted that the quoted respénsi--

vities are for linearly polarized light; thequd“qf unpolarized .

radiation would reduce the signaf induced in this detector by

a factor of two. ' .
N » .

{/ b) Noise and detectivity
: o - ' . »
Since the described detector is a photo-voltaic

.device-ugsed without any electric current being applfed(-the

e
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only souqu of noise within the ﬂiﬁerial is thermal or
Johnson's noise; the magnitude of the noise fms Qoltage v

o

per unit bandwidth is given by

¢ . 1/2 - .
v = [ 4 kTR ] _(142)

. , ) R N
- -
where kBT is the thermal energy and Ry is the sample

* resistance. The resistance R_ of the sample, with the pre-

8
N
viously stated dimensions and cut from our extrin cgﬁaterial

voltage N <.

10

¥ = 4 x.100°7°v

LY

Using the previously calculated detector responsivity

of 0.5 mV/KW, an NEP {see Section II 2.0} of 8 x 10~ % w/uz1/2

is evaluated, which then coxresponds, for the detector area

of 16 mmz, to a detectivity D" {see Section 1I 2.0} of

500 cm Hzl/ 2. . L :
It is noted that the above performance parameters

n

are appreciably better than for the Mqlectron Model P5, 500

ps rise time pyf Blectric detector, which has a given NEP of

. e - - - - —® . v

@

¢) Speead of response !

As discussed in Section VII 9.0 for the case of the

~
Ll

photon drag effect, ﬁhg_speed of response of any photodetector ]




than the dielectric relaxation time of 1.2 x 10 "~
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is generally limited by the following three fundamental times:

! the dielectric relaxation time, the light transit time through

Ehe sample, and a characteristic response time of the.emf

'generating mechanism.

If the acougfce;ectric effect if‘paken to be the

mechanism responsible for broducing the 'signal characterized

by the third rank tensor coefficient ¥, the fundamental res-

ponse time for this effect would involve the decay rate of

the” radiation induced strains. ' On the basis of the previously

discussed assumption, that the acoustoelectric strains decay
within a distance much smaller than the wavelength of 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'transg% time in

10

tellurium for E | c is 3.3 x ‘1070, which 'is much longer

12 It thus -
follows that the light transit time through the sample is the
fundamental limitation in the speed of response for the

I

described tellurium detector. If faster response speeds are
desired, shorter sample lengths must: be 'used which then. re-

sult in a loss in the responsivity {refer to Equaﬁiqni}&Al)}.

Comparison of Tellurium Photon Drag and

X 2.2 ~
- $~
) Third Rank Terisorial Effect Detectors . oo
e From our experimental results, it was found thaﬁﬂf;e

n
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‘regponsivity at room temperature of the tellurium photon drag

[

deétector with a sample length greater than 5 mm is 10 uV/KW~2,

~ ' \

which, although eight times smaller than in a device of 2 cm
length employing the third rank tensorial effect, is sufficient
to detect high power pulsed CO2 laser radiation. Furthermore,

when response times of less than 10710

s are requ&red, sample
lengthsiof less than 5 mm are’'necessary; in this case, the

emf induced by thé photon drag effect becomes comparable to
that associated with the third rank coefficient yx. In
addition, sincéﬁthe bhoton drag effect was found important
only for radiation polarized parallel to the c-axis, and re=-
calling that x involves polarizations only perpendicular to
the c—-axis, it can be seen that when such shsrt devices "are
used to detect unpolarized Fadiation, both the photon drag

and third rank tensoriﬁl effects will contribute to the output
voi;age of the device; consequently, the respgnsivity éf these

detectors can be made to be practically independent of the

incident rédiation polarizatiqn. €

X 3.0 Tellurium CO2 Laser Monitors

X 3.1 8Single Element Monitors

In certain gpplications, where it is necessary to -
détect the laser beam without affecting its intensity or

geometry, a device must be used which transmits undisturbed

essentially all the incident radiation power. Samples with

)

R
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the geometries shown in Figu%e 26 can be used for such
devicgé which are normally of 1a£qe area and are. called "beam
monitofs". fhese sample .configurations require the voltage
to be measured transverse to the laser beam propagation
directiont since tHe transverse photon drag effect was found
to be negligible in tellurium, only the third rank tensorial
effect is applicable for such devices. Furthermore, as thisﬁ
mechanism generates finite emfs only for radiation polarized
berpendigular to the c~axis, the amount -of radiation lost due
to absorption w%thin £hese samples is negligible; in addition
by employing anéireflection coatings on the suffaces, the

-,
samples, should transmit essentially all the laser power.

From Equation (19), when R = 0 due to the anti~
reflection coatings, the voltage induced by the third‘?ank

tensorial effect is given by
v = x* W d (143)

where . d is the illuminated distance between the contacts.

Thus for an extrinsic tellurium monitor having a
23 mm diameter clear aperture a responsivity Jf 39 mV/MW is

expected to be achieved which is a factor of 7 larger than

’

ﬁhe commercially available germanium transverse photon drég

beam monitor, Oriel Model 7412, known to transmit 95% of

the radiation.
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' Figure 26.

Practical Tellurlum “Laser Beam Mon;to;"%
Device Conflgurations. .

a) Maxlmum sighals obtained with E Il 1 or
2 directions; :

b) Maximum signal obtained with E H 1
direction. . \

. ) \
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X 3.2 Multi-Element Monit%rs <

(}It is noticed in Equation (143) that only the illu~
ﬁinated distance, d, between the contacts {see Figure 26}
affects the magnitude of the induced voltage and the width of
the sample is immaterial. 1In other words, a sample with a
decreasing width w + 0 producés an identical signal to a’
sample with w + o,
large area monitors can be inqxéased by cutting the origina;
area into multi-element strips(and electrically connecting
them in series as shown in Figure 27a. Thus if we cut n
such strips of length d and of width w/n,\the induced open
circuit voltage and correspondingly'tﬂe respdnsivityubecome;
n times larger thah that of a siﬁgle sample of the same

overall dimensions.

Experimentally, this expected increase in responsi-

vity has been verified by constructing a three element device

¢]

’

{see Figure 27b}.

v

X 4.0 Conclusions .

¢ . ,

It has been-shown that tellurium is: an attractive

\

material to use for the detection and monitoring of pufigg‘)
coé laser radiation, Altﬁough the phoéoQ drag effect in
tellufium is of sufficient magnitude to be used as the's;urce
for the ‘detection of hlgh power pulsed C02 laser radiation,

it is found that the mechanism characterizad by the tgird jf

¥

yr;f , . i .
. \
R
.

It follows that the responsivity of @
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Figure 27. Multi-e‘léme t Monitors.
. -
o a) a proppse n-element device. P
b) an actually constructed 3-element device.
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rank tensorial coefficient induces larger emfs. 1In fact,

. s ‘the resbonsivities of the tellurium devices employing the

' latter effect are superior to those of commercially available -
+ ..
germanium photon drag devices.
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l
CHAPTER XI

CONCLUSION

This thesis has presented the first comprehensive
» set of measurements and interpretation of the fast emfs
generated in single crystal tellurium by pulsed Co2 laser

radiation.

Three Qistinct mechanisms have been identified as
the sources £esponsib1e for inducing the fast signals in
tellurium; these mechaﬁisms are characterized résgectively by
a fourth. rank tensor coefficient corfesponding to the photon
drag foect, a third rank tensoriql coefficient that can he
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 ;glated in general

%
to imperfections in the tellurium single crystal structure.

a

A phenomenological temsorial analysis was first

given which defined the particular combinations of the
measurement, radiation propagation and polarization directions
so that the third and fourth rank tensor components could be

identified and measured separately. Using the aboye analysis,

the magnitudes of the induced open circuit voltages associated
with the various third and fourth rank tensor matrix e}ementé ' |

’ + in both undoped and doped tellurium samples have been °
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determined in the temperature range between 115 and 300 K.

The experimental results showed that for the photon
drag effectf the only teﬁgor components of significance are
those corresponding to longitudinal measurements with

N —md : * *
radiation polarized parallel to the c-~axis, i.e. T1133= T2233
which in undoped and doped crystals are respectively equal to

7cm/A at room temperature. In

0.85 x 10" om/A and 1.1 x 10°
the case of the third rank tensor coefficient, only the

equivalent components szz ="X§12 = =~ Xill are large with
room temperature magnitudes of 0.25 x 10'7cm/A and 0.7 x

10h7cm/A in undoped and doped tellurium crystals respectively.

In ofﬁer to acquire a thorough understanding of the
photon drag effect in tellurium such that an interpretation
of the experimental results could be given, a theoretical ,
analysis of this effect has been carr%ed out: the analysis
was developed in three stages leading from a macrosqppic’to"
a detailed microscopic discussion of the generating mgéhanism
and its dependence on the various physicai parameters of
tellurium. A very favourable agreement between the expefi-
mental results and theory has been found to exist for all the
photon drag tensor ‘components. Furthermore, in the process
of interpreting the results, information onlthe electron and

hole absorption cross-sections and momentum scattering times

were obtained.

In the case of the signal exgibiting third rank




tensorial behaviour, four different mechanisms were critically
)

discusséd as possiblg sources: non-linear polarization, the
combination of electrostriction and piezoelectricity, non-
linear carrier velocity, and pon—linear“acoustoelect;ic a8
effects, ha@e beén inveétigated; it has been shown‘}hat only
the latter effect can be proposed as the p;ssible source

regponsible for the observeé emf characterized by the third -

rank coefficient.:

The third of the emf generating mechanisms is déemed
spurious”in nature as the magnitudes of the corresponding in-
duced signals vary substantially from sgmple to sample. Aléo,
it cannot be described by a tensor coefficient of any specif%c
rank. However, a correlation between the presence and
magnitude of this signal, and crystaL~impe£fections 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 002 lager radiéﬁioﬂ. The }erformance
of tellurium devices, in various sample configurations, and
using particularlé the third rank tensorial effect, are found
to be superior in general to commercially available germanium

photon drag devices, and even to pyroelectric detectors when «

ultrafast response times are desired.
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/ APPENDIX I .
. 3

Taylor Series Expansions

In general, the first two termg of the Taylor

series expansion for a function V¥(x) around the point X,

is given by
& j/
/
= Ay
Y (x) Yix;) + F §(x) . ‘ (Al)
_ ¢
where ,W(xo) S W(X)lx = xg ' | .
S \ /
< - 3“!2 a . /
3x° F!% x==xo ” .
- . * /'
and §(x) = x - x ’

) /

*

a) Expansion of Tu(Ek)

' Using Equation (Al), the Taylor series expansion of

' - /
Ta(Ek) about ko becomes, /
i - /
R ot
TG(Ek) = TG(EkO) + 5"“1';" /&ka (Az)
anl‘:
b) Expansion of %, e
. i
L//
Since it is assumed that :
. ® o o %y 2 4
( Fj:k =N k/a/zma
-]

it follows that ’
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O

E
k

N R
Q
'™

1k . '
(a3)

il
a8

Q>
e
o

¥ where kaib ils the component of °ka in the ith direction.

From Equation (75) we now get that

D =
kai aiku (24)
g ) o 2 2
3E H%ak ha,
ko i’a i
Thus . 5, — - — [ kg, + Sk, ] (A5)
o o \ ‘
) c) Expansion of f (Ek) §
: f
From Equation (Al) ¥
. ! . : I (Ek ) ,
Assuming now that Boltzman's statistics are applicable (\
a - ad ,
£ (E ) = exp -(E} - Ep)/k,T (A7)
o ’ o '
\ . o a . e
.‘.. 3f (Ek ) exp - (Eko- EF) aEko .
. : = - — : .
| r 5Eo ‘ kaT 350
o
) f ‘Ek a2k
’ EBT‘ 'Tna
. ‘af (Ek ) 25 ‘
‘P . a -—ir———-— -——1;- f (Ek ) co N (A8)
nzk? b
- o ‘
where €, i?n';" (29)
£
, v
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Substituting Equation (A8) into (A%), yieléﬁmﬁhat “ &“
(‘f; B , ' :
™ o o e 25a ‘
. fo(Ek) = fo(Ek ) [1 - PR Gka ] (Al0)
o B "o -
d) “Expansion of the Dirac aelta functions *

From the properties of the 6 function given in

Reference {71}, it is fousd that

Y

: L s(r(t)) =“§: Tal?;—,——ms(t-ti) : ©(All)
, , | "

where ti are the zeroes of r(t).

)

The zeroes of EB + hw - Ef » + from Equation (71) are
k : k+q
kh o= ko + Gkh .
Since
d (EE + ﬁw - E-% +) ‘ 3
k kg | | n%k [..1___-&]\ .
dk ol m m
.o h L
L S -
= (1-z) for z <1 °© (A12)
N . mg‘ . \
!
' h ) TR i A AT
e (B, + ho - E ) = 8(k,- k_ - 8k b/' — A .
. i C % : pfies *"h "o h m, C .
| similarly- : | ,,
& - ‘ h'k (1-z) a1d)
5 +hw-E)\=6(k-k-6k)/ A
gt TR T TR T Y ey

>

P




2 4t N - - o TR h, H . * - 3 AR ag,-
.. . A e .y s . PN -AA e S P R LI L TR T T g e
s I H AR .- . . [N o b . :)\ HawTe 00, Ve . R ek "\: Hpee
. v, 3 i . ; bt 5
g T 0 N
s .
« '
i
< - « ~ f N
198 -
!
o B
- [
. » ~

2 / e) Expansion of k?

‘ The use of ﬁquation (Al) yields that .

. 3 _ 13 2
X kS + 3k2 6k

o
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