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I. SUMMARY UU1~t~t~uUELJ
1 ~I$~1IUflN/5flIugaIn N$D D

_ !~t £VA IL W/W In this annua l summary report a description of the

A theoretical and experimental progress in the investigation

___________ of laser optical biasing effects on the quantum transport

properties on n-InSb is given for the period October 1,

J 1977 — September 30 , 1978.

We have shown that free-carrier absorption-induced

photoconductivity of tuned CO2 laser radiation is a valuable

new tool for the extraction of information on photoheated

hot carriers in degenerate n—InSb . The first measurements

- T that allow extraction of electron temperatures have been

‘I  carried out. A new hybrid technique which uses parallel

photoheating and dc-electrical heating experiments has j
been developed to extract information on free carrier absorp-

tion coefficients in low concentration samples of n-InSb

where no previous information has been available. We had

originally proposed that carrier-carrier scattering trans-

f erred the optically absorbed power of the photoexcited

electrons to the electron gas directly. However , these

experiments and their interpretation have shown that a sub-

stantial fraction of the optically absorbed power is trans-

ferred to the lattice by optical-phonon cascading as the

photoexcited electrons scatter to energies where electron-

electron scattering then predominates in heating the electron

gas. The major di fference being that only a fraction of the

optically absorbed power now is effective in heating the

electron gas.

i t i
, -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

• 1
It was pointed out recently that the origin of the

I absorption tail below the band gap of InSb has not yet

been resolved . The CO laser-induced hot electron effects

I in n-InSb which we are investigating involve impurity-level

I and interband transitions. In fact, these CO laser induced

hot electron studies provide an alternative means of unravel-

I ing the nature of the absorption processes near the band gap

of InSb .

I The Shubnikov-de Haas effect was used to determine the

electron temperature of the electron gas at various CO laser

powers and wavelengths. For the wavelengths used free carrier

absorption processes can be neglected . Photoexcited electrons

are created with an excess energy above the Fermi energy by

impurity level or interband t ransi t ions.  These photoexcited

electrons then heat the electron gas via electron-electron

scattering result ing in a quasi-equil ibrium state with an

increased electron temperature Te• In fact, the proposed

model explains all pertinent heating data obtained with the

CO laser:

( 1) the increase of Te with P1, the peak incident laser power

( 2 )  the increase of Te with increased photon energy

I (3) the saturat ion behavior of Te at the higher values of P 1
( 4 )  the lack of any measurable change in electron concentration

I for the lower photon energ ies

(5) the unusual behavior for A = 5.245 pm , i.e. (a) the increase

I in electron concentration with laser power , but not before

T 3 .3  K and (b)  the saturation behavior .

I 
11.

_____ ~~~~~~~~~ ~~~~~
‘ ~~~~~ ~~_ .



~ - -~ L~ T~ 
~~~~~~~~~~ T~ ~ - -j :~~-~---

I
I

TABLE OF CONTENTS

Page

i. summary i

II. Table of Contents iii

III. Introduction 1

IV. Review of the Shubnikov-de Haas Effect and its 2
Role in Hot Electron Measurements

V. Review of Impurity Absorption in InSb in the 6
5 pm Band Gap Region

VI. Experimental Work
A. cw CO Laser Characterization 10
B. instaliation and Operation of Electro—Optic 28

Switch

VII. CO-Laser Induced Heating of the Electron Gas 29
in lnSb

VIII. C02-Laser Induced Heating of the Electron Gasin InSb
A. Extraction of Mobility Values from Photoconduc- 36

tive Voltage Measurements
B. Photoconductivity 40
C. Shubnikov-de Haas Effect Studies 52

IX. References 54

X. Future Plans
A. CO2 Laser Heating 57
B. CO Laser Heating 57

XI. Technical Personnel 58

XII. Vita 59

XII I .  Reprints or Preprints of Published Work During
Contract Period
A. Electric Field Dependence of the Positions 65

and Amplitudes of Magnetophonon Oscillations
in n-InSb at 77 K (Reprint, Solid State Elec-
tronics 21 , 229 ( 1 9 7 8 ) ) .

B. Observation of Magnetophonon Structure in 70
Degenerate n-InSb (Reprint, Solid State
Communications 25, 61 ( 1 9 7 8) ) .

iii

L  
- -



I C. The Magnetophonon Effect in Nonparabolic Band: 72
n-type InSb (Preprint, to be published in The
Physical Review).

I D. CO Laser-Induced Hot Electron Effects in 107
~, I n-~nSb (Reprint, Solid-State Electronics 21,

247 (1978)).

~ I E. New Hybrid Photoconductivity Technique for
the Investigation of CO.,—Laser-Induced Hot
Carrier and Free—Carrier absorption Effects

t in Degenerate n-InSb at 1.8 K ( Reprint ,
Physical Review Letters 41 , 319 ( 1 9 7 8 ) ) .

F. Photoconductivity of Laser Excited Hot Electrons 115
I in Degenerate n-InSb (Preprint , to be published

in the Proceedings of the 14th International
Conference of Physics of Semiconductors, H
Edinburg , 1978) .

G. Shubnikov-de Haas Effect  Studies on Optically 119
Heated Electrons in n-InSb (Preprint , to be
published in Journal of Magnetism and Magnetic
Materials which will contain Proceedings of
the International Conference on Solids and
Plasmas in High Magnetic Fields, ( 1978) ) .

XVI . Summary of Principle Accomplishments During 140
October 1, 1977 — September 30 , 1978.

I
I

~1
I iv 

-— — ~~~~~~~~ 
- - -.-~-



- :~~~~~~~:

I
I

III . INTRODUCTION

The effect of optical biasing , or optical control , of

electronic properties of semiconductors is an interesting

area of research into the dynamics of electrons in solids.

The overall objective of our research is to measure and

interpret the influence of laser radiation on the electronic

properties of n-InSb. In this regard we have developed and

pioneered in using the Shubnikov—de Haas Effect  as a new

tool in determining electron temperatures at specific CO

and CO2 laser frequencies and intensities. In addition ,

photoconductivity measurements have been also developed into

a quantitative tool for the investigation of the interaction

of laser radiation with semiconductors.

It is well-known that illumination of semiconductors

with intense laser radiation leads to carrier heating .

However , the physics or understanding of the hot carrier

generation processes is in many cases quite obscure . Even

the absorption processes themselves are not entirely known

and need to be studied .

In this annual summary report we review a number of

significant features of the research work that has taken

place during the last year. We also list a number of excit-

ing things we shall be doing in the coming year.

1
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IV. REVIEW OF THE SHUBNIKOV-DE HAAS EFFECT

AND ITS ROLE IN HOT ELECTRON MEASUREMENTS

The Shubnikov—de Haas (SdH) effect is an oscillatory

variation of magnetoresistance with magnetic field which can

occur in a degenerate material at low temperatures. The

conditions necessary for the SdH oscillations to be observed

are w T > > l  and k T <~ w <E , where w = eB/m *c is the cyclotronc B e  C F c

frequency, T is the l i fet ime of a state at the Fermi energy

EF, and Te is the temperature of the electron gas , which may

or may not be equal to the temperature of the lattice TL. As

the magnet ic field B is increased , successive Landau levels

r ise past EF and depopulate. As long as EF remain s con stant ,

the magnetoresistance oscillations are periodic in B ’ with

the period given by

P = lhie/EFm*c . (1)

Provided the magnetic field does not become too large, the

amplitude of the SdH oscillations in the longitudinal magneto-

resistance of the material such as n-InSb can be expressed

1, 2as

,~ ~l/2 6 T m ’ c o sN v )  -6 T m ’/B ( 2 )
~“ / s i n h( 8  Tem ’/B)

where 6 = 2 lT 2kB cm/fle , m ’ = m */m is the rat io of e f fec t ive

mass to be free electron mass , TD is the Dingle or nonthermal

broadening temperature , and v is the spin sp l i t t ing  factor

related to the effective g factor g* by v =

2

____ ~~~ -
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Although the SdH oscillations can be observed with

straightforward dc techniques , magnetic field modulation and

a lock—in amplifier are often used to improve the signal

to noise ratio and to observe a larger number of oscillations.

When the lock-in amplifier is tuned to the modulation fre-

quency , it measures an oscillatory signal with an envelope-

to-envelope amplitude of

V = 4AJ 1 
(ci ) (3)

at a particular value of B. The argument of Bessel

function J1 is given by a = 2
~~

BM/PB
2, where BM is the

amplitude of the modulation field.

The first hot electron SdH experiment in r-InSb was

performed by Komatsubara who applied large electric

fields (>0.1 V/cm) to a 1.5 x 1015 cm 3 sample and observed

a decrease in the SdH amplitude for the transverse config-

uration and a shift of the SdH extrerrta to higher B v’~lues

as the electric field was increased . Later Isaacson and

Bridges 6 studied a 1.7 x io15 cm 3 sample of n—InSb and

found that either an increase in the lattice temperature

or an increase in the large electric field would decrease

the transverse SdH amplitude and shift the extrema to

higher B values. By matching the SdH curves for various

lattice temperatures at a fixed low electric field with the

curves for various high electric fields at a fixed low

lattice temperature, Isaacson and Bridges determined the

electron temperatures corresponding to given values of the

electric field .

- ‘ 
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Bauer and Kahlert  have investiga ted the hot electron
7,8 9Sd}I effect in n-InSb (as well as in n—InAs and

n-GaSb 10) using a pulsed elec tr ic field technique to

avo id latt ice heating ll
• For 5 .9  X 1015 and 1 x io 16 cn(3

samples , TD va ried with TL , so the Te values for various

electric fields were determined from the longitudinal

oscillations by the direct comparison method used by

Isaacson and Bridges 6. For a 6.9 io16 cm 3 (more highly

degenerate) sample, TD was independent of TL, so Te values

were obtained using

A(T ) T 1sinh (~ T 0m ’/B)e,1 
= 

e, e, (4)
A(Te o ) Te 0 sinh (6 Te i ffl ’/B)

from the amplitudes of longitudinal SdH oscillations. Little

or no shift in the longitudinal SdH extremal positons was

observed for these high concentration samples .

In the present studies the conduction electrons are

heated , not by a large electric field , but by optical exci-

tation. For photon energies much less than the band gap

energy Eg i carrier heating should take place due to free

carrier absorption and thermalization by electron—electron

collisions. For larger photon energies, carriers should

also be excited from impurity levels and from the valence

band into the conduction band . A radiation induced increase

in the steady state concentration should raise EF and decrease

the SdH period . This would shift the SdH extrema to higher

B values. Also , according to the work of Kalushkin et al. 12

________________________________  - ~
- -
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• even if the concentration remains constant , the B and Te depen—

dence of EF caused by incomplete degeneracy should cause P to

decrease and the extrema to move to higher B values as Te is

increased . To take period changes into account , we define

the function

F e,l’ 1 0 1 0 (5)
V ( T

e,oi
P
o

)P
1 J1

(a
1
)

where V is given by Eq. ( 3 ) .  If P , TD I m ’ , and v are all

constant, F is equal to Eq. (4).

The fact  that ionized impurity scattering, which depends only

upon carrier energy , dominates the momentum relaxation in InSb

below 40 K insures that the SdH amplitudes will be functions

of electron temperature Te and not lattice temperature. Thus

a decrease in the SdH amplitudes with increasing values of

lattice temperature TL reflects an increase in Te since the

electrons are in equilibrium with the lattice. during these

measurements.

Plots of the function F, defined in Eq. (5) or the

amplitude ratios in Eq. (4) versus TL and P1 can be used to

determine the value of Te for each laser , along with the

parcticular wavelength and value of P1 by making a one-to-one

correspondence between the two curves. An electron temperature

can be extracted by the direct compc.~rison method since the

quantities compared are not explicit functions of the lattice

temperature . 11 As noted earlier , this comparison method was

first used by Isaacson and Bridges 6 in high electric field

measurements to extract electron temperatures from SdH data

and has since been used extensively.

~~~~~~~ -~~~ ~~~~~~~ - ~- - ~~~~- - - -
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V . REVIEW OF IMPURITY ABSORPTION IN InSb IN THE

5 pm BAND GAP REGION

In any real semiconductor both donors and acceptor s

are present to some degree. The normal case in one of

partial compensation of the impurities. If N
D is the

number of donor impurity atoms per unit volume and N
A ~~

the number of acceptor impurity atoms then partial compensa-

tion occurs il N
D -+ NA

. If N
d 

> N
A 

we talk ~ibout an n-type

semiconductor and if N
A 

> Nd a p-type semiconductor .

The highest mobility samples of n-Inbh are usually dopo~

with tellurium impurity atoms which have essentially zero

act ivat ion energy , i.e. the donor levels are merged w ith

the conduction band . Since there are always some acceptor

level impu ri t ies  presen t , these acceptor levels acquire an

electron resulting in N
A 

electrons occupying these compen-

sat ing sta tes .  Consequent ly, there is only an electron

density n N . - N
A 

occupying the conduction band at low

temperatures. If << Nd, then n N
d
.

For review pu rp c~ses we reproduce several publb~
t
~ed

fi~ ures dealing with the absorption edge reg ion of Ir~Sb.

Fi gure 1 shows how the absorption coefficient ci varies as a

15func tion of photon energy for a relatively pu re semp~~e.

i~L ~ow temperdtures there is a sharp transition which is due

tn direct interband transitions. At higher temperatures there

is some contr ib u t i o n  to ci on th~ low energy side because of

toe presence of phonons. The way that impurities effect the

absorption near the band edge can be seen in Fiqure 2. 
16

1)
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Curve No. 1 represents the variation of ~ of a p-type

sample of InSb of hole concen tration ~3 x 10
15 cm 3 at 80 K.

I The other two curves were taken on n-type , degenerate samples

on InSb with differen t ionize d acceptor conc entrations , with

I curve No. 3 taken from the sample with the lowest acceptor

-
: 

concentration . The results suggest that the absorption corres-

ponds to electron transitions to the conduction band from

an impurity level close to the valence band.

At low densities, the shallow impurities form discrete

localized energy levels in the forbidden gap . If the impurity

- I concentration is increased suff ic ient ly ,  the impurity wave

functions can overlap , forming an impurity band in which

electrons and holes are free to move . If the concentration

is still further increased , the impurity band s broaden and

overlap the main band edge. Thu s a density-of-states tail

is formed which extends into the forbidden gap . Realistic

calcula tions of the doping level at which overla p occurs
— are d i f f i c u l t .  Fur thermore , in absorption experiments, the

effect of a band tail is usually masked by the Burstein-Moss

shift of the absorption edge to lar ger energies. Figure 3

schematically shows this situation. 17
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VI. EXPERIMENTAL WORK

A. cw CO2 Laser Characterization

The operating parameters of a CO2 laser must be character-

ized for the laser to be a useful laboratory research device.

It is useful to know the working ranges of output power , wave-

length , discharge current , gas pressure, and temperature. The

effect on other parameters as one parameter is changed should

be known . Repeatability of measurements and changing of output

power and parameters as a function of time would be useful

information also . Attempts were made when possible to study

these parameters and their effects on the laser.

Spectral Measurements

The wavelength of the output is controlled by a rotating

grating which is driven by a micrometer. The experimenta l

arrangement for the spectral measurements is shown in Fie . 4 .

For a set current , mirror reflectivity, and pressure , the power

of each line was recorded using a beam spli t ter and a Scien—

tech Calorimeter as seen in Fig. 4. The micrometer reading was

recorded and the wavelength of the line was ascertained from

viewing the line using an Optical Engineering CO2 Laser Spectrum

Analyzer. For the laser operating in the TEM00 mode , the micro-

meter was set on a line by using the Spectrum Analyzer and the

Calorimeter to maximize the power . Using the beam sp l i t te r ,

onl y relat ive powers were obtained but could be d i rec t l y corn -
pared to f u l l  power readings.  More than 90 l ines wi th  power

greater  than one watt  were obtained between wavelengths  of

10
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- I Fig. 4——Experimental Arrangement for Optical
Ali gnmen t and Spectral Measu remen ts .
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9.192 and 10.885 im. Seventy lines are available over two

wa t t s , 59 l ines over 5 watts , and 25 lines over 10 wat ts .  This

compares well with Molectron ’s IR 250 laser which produces 90

lines over one wat t .  Table I lists the observed laser lines

wi th their respective micrometer set t ings.  The gra t ing was

tuned through the full range of wavelengths many times to check

repeatability of the grating settings and to see what difference

using the 62 or 70% output coupler would make . Also the

pressure was varied from 12 to 18, finally to 23 torr , and the

time the laser had been operating was varied from between 10

minutes to 3 hours. It is noted that repeatabil~ tv of aratinr~

sett ings varied as much as ±0.04 mm . Some sets of data have

lines listed at settings that corresponded to different lines

in other data .

It is noted that stability and repeatability o~ power

out pu t vari es con siderable fo r the f i r s t  t h i r ty m i n u t e s  to

an hour after turning on the laser. Heating effects in the

solid aluminum grating block might very easily account for

this instability . Taking into consideration that the power

incident on the grating varied while tuning from l ine to l ine ,

an~ that the laser was on for varying amounts of time , variance

in the micrometer setting can be accounted for. When t un i n q

from l ine to line , the laser should be allowed to run at least
e

30 minutes on one line for reliable results. For best accuracy

in line selection , the Spectrum Analyzer should be used to view

the line . It is also noted that at several places in the

spectrum it is possible to lase on two and sometimes three

I I
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TABLE I

IDENTIFICATION OF SPECTRAL LINES AND

CALIBRATION OF MICROMETER

- 

I
Grating Microme ter Wavelength Wavelen~ th Transi t ionReading in 0.001 mm in pm in cm 1

8187 9.149 1092.93 020 R(46)
821 8 9.157 1091.98 R(44)

J 8253 9.166 1091.01 R ( 4 2 )
8291 9 .174  1090.01 R ( 4 0 )
8325 9. 183 1088.98 R t 3 8 )
83 62 9 .192  1087.93 R ( 3 6 )
8403 9 . 201 1086.86 R ( 3 4 )
8434 9. 210 1085.75 R ( 3 2 )
8481 9 .219  1084 .62  R ( 3 0 )
8516 9 . 2 2 9  1083 .47  R ( 2 8 )
8550 9 . 2 3 9  1082 .29  R ( 2 6 )
860 0 9 .2 5 0  1081.08 R ( 2 4 )
8647 9 . 2 60 1079 .85  R ( 2 2 )
8690 9 .271 1078.58 R ( 2 0 )
8743 9.282 1077.30 R(18)
87 91 9 . 2 9 3  1075.98 R ( l 6 )
884 0 9 .305  1074 .64  R ( 1 4 )
98 90 9 .317 1073.27 R ( l 2 )
8940 9.329 1071.88 R(10)
9001 9.342 1070.46 R(8)
9060 9.355 1069.01 R (6)
910 4 9 .367  1067.53 R ( 4 )

9362 9 .4 2 8  1060.57 020 P ( 4 )
9415 9.442 1058.94 P(6)
9 490 9 . 4 5 8  1057.30 P ( 8 )
9553 9 . 4 7 3  1055.62 P( 10)
9617 9 . 4 8 8  1053 .92  P ( l 2 )
9686 9 . 5 0 4  1052.19 P ( 14 )
9752 9.519 1050.44  P ( 1 6 )
9819 9 .536  1048 .66  P ( 18 )
9885 9.552 1046.85 P(20)

- .  9971 9.569 1045.02 P(22)
10027 9 .586  1043.16 P ( 2 4 )
10105 9 . 6 0 3  1041.27 P ( 2 6 )

~~ - - =~~~~~ - - 
- 
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TABLE I (CONTD.)

Gra ting Micrometer Wavelength Wavelenqth
Reading in 0.001 mm in ~im in cm 1 Transiti:- n

10171 9.621 1039.36
10258 9.639 1037 .43 P (30)
10323 9.657 1035.46 P (32)
10417 9.676 1033. 4~ P(34)
10495 9.694 1031.46 P(36~10573 9.714 1029.43 P ( 3 2 )
10651 9.733 1027 .36 P (40)
10745 9.753 1025.28 P(42)
10828 9.773 1023 .16 P(44)
10917 9 . 7 9 4  1021. 03 P ( 4 6)
11016 9.815 10l8 .c7
11101 9.836 1016 .68 P(50)

12210 10.095 990.78 100 R(46)
12249 10.105 989 . 78  P ( 4 4 ~
12289 10.115 988.76 R(42)
12352 10.126 987 .71 R(4’))
12396 10.137 986.64 R(38)
12434 10.148 985.55 i~(36)12500 10.159 984.43 R(34)
12 545 10.171 983.29 R(32)
12592 10.182 982.13 ~~30)12648 10.195 980.94 R(2 8)
12708 10.207 979.73 R(26)
12757 10.220 ~,78.4 9
12840 10.233 977.23 R ( 2)
12870 10.247 975.94 R(20)
12945 10.260 974 63 R(18)
13017 1 0 . 2 7 5  97 3 . 30 R (l~~)13055 1 0.2 89 97 .94 R(14)
13145 10.304 970.56 R(12)
13181 10.319 969.15 i~~10)13296 10 .333  967 . 72 R(5)
13327 10.350 966.26 R (6~

13743 10.441 957 .81 100 P~ 4~
13819 10.458 956.20 PC 6 )
13893 10.476 954.56 P(8)
13974 10.494 932.h9 P (1O)
14039 10.513 951.20 P (12)
14133 10 .5 32 94 9 . 49 ~-‘(1 4)1 4 2 2 6 10.551 94 7 . 7 5  P ( 16~
14321 10.571 945.99 2(18)
14 4 03 10.591 94 4 . 2 1  P ( 2 0)

*

I
—

. 
-— - ~~~~~~~~~~ -. - ---- -~~-~

- - - ____ - - ---~~~~~ --.- —
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TABLE I (CONTD.)

I
Grating Microme ter Wavelength Wavelen?th Transi tion

14500 10.611 9 4 2 . 4 0  P ( 2 2 )
14575 10.632 9 4 0 . 5 6  P ( 2 4 )
14680 10.653 938.71 P(26)

-: 14728 10 .675  936 .83  P ( 2 8 )
- 14862 10.696 934 .92  P ( 3 0 )

14964 10.719 933.00 P ( 3 2 )
15059 10.741 931.05 P(34)
15153 10.765 929 .07  P ( 3 6 )
15263 10.788 927 .08  P ( 3 8 )
15368 10.812 9 2 5 . 0 6  P ( 4 0 )
15449 10.936 9 2 3 . 0 2  P ( 4 2 )
15575 10.860 9 2 0 . 9 5  P ( 4 4 )
15690 10.885 918.86 P(46)
15801 10.911 916.76 P ( 4 8 )
15910 10.936 914.63 P ( 5 0 )

I
lip__i --- - - r 
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lines with powers as great as single lines. The only way to

avoid this is to use the Spectrum Analyzer . It is found that

oz~~e the laser is stable, the line will not move over a period

of several hours. The laser can be left overnight and turned

on without change in wavelength.

Along with the micrometer setting for each line , the

relative powers for each line in the four branches were

recorded . Fi gure 5 shows three sets of data for the P

branch c-f the (00l~ 020) transition . Shown is data for the

70% reflector and different pressures. The 62% reflector

shows no noticable difference in data . Superimposed upon

the data is a curve showing the general shape of the data .

This curve follows the general behavior observed for the

gain and power of this  branch. Other people have noticed

similar scatter in the data around the general curve . This

scatter might be somewhat explained by the heating effect on

the grating . When left on one particular line for a period

of at least 30 minutes , the power level wil l  stabil ize and

remain stable for hours.

F igure 6 shows the P branch of the (001~~02 0)  t ransi tion

with a genera l curve shape drawn through the data. The curve

shows the highest powers for the lines 22-18 as also shown in

Figure 5, although overall power levels are slightly higher

than in Fi gure 5. The peaks and the re la t ive  powers are as
18,19would be expected . Figure 7 shows the P branch of the

(0 0l~~020 )  t ransi t ion. Again the powers and curve shaoe are

as expected .

I
—~~

- i~~~~~~ - - r ~~~ - - - - —
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In Figure 8 qui te unexpected behavior is seen in the P

branch of the (00 l~~0 2 0 )  t r an s i t i on. I t  would be expected

tha t  the data would f o l l o w  the general  curve shape as in

the previous figures and that the larqest power output would

occur at 10.6 pm or the 18—22 lines. In all the data taken ,

the same general shape is seen , no tab ly  a cons iderable  lack

of any power around 10.6 ~-m . In trying to find the reason

for the power drop, transrission ~urzes were ontained on

the output  coup lers and the N aCI  windows . Both showed

proper t r ansmiss ions  at 10.6 tm and did not n a r y  eriouch at

other wavelengths to appear  to be causing prob ler lE .  We are

still investigating the cause of this behavior .

E f f e c t  of Discharge Current  and Gas Pressure

In arder to characterize a laser properly , it should be

known how the ou t p u t  power var ies  with varvinc pressure and

d i scha rge  c u r r e n t .  The laser o u t p u t  woo taken d i r e c tly  in t o

the Scien-tech Calorimeter. The output of the calorimeter

was fed into the Y - a x i s  of the cha r t  r eco rde r .  Provisions

a re incorporated into the power supply for  automatically

sweeping the current. The value of the current is fed into

the X—axis of the char t  recorder .  The cu r r en t  was ~weot f rom

12 mA , the lowest cu r r en t  to sus ta in  h igh  pressure discharoes ,

to 30 ~~~~~~~, the maximum cur ren t  ou tpu t  of the power suppl y .

Pressure could  then be varied and a c u r r e n t  sweep made at each

pressure .  Pressure  was var ied in steps of two t orr  to qet t -te

genera l  range of usab le  p ressures .  The r e s u l ts  can ho seen in

F i g u r e  9.  The curve for  22 torr  is l e f t  o f f  h rc iu s e  i t  c1~ -- s cl y

— 

-
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I coincides with the 20 torr curve . To find the pressure at

which maximum output occurs , curves were taken starting

I with 19 torr increasing in steps of one torr . The results

I 
are g iven in Figure 10. The last pressure is 22 torr since

the output power is dropping . It can be seen that maximum

J output occurs at 21 torr pressure for 16 mA. All curves

were repeated at least twice to make sure they were repro-

I ducible. The dependence on current shown is c’uite under-

standable considering that increased current increases

I pumping rates and gas temperature. Above a certain current ,

temperature effects overcome the enhanced pumping , and

population inversion is lessened reducing gain and power.

The effect of pressure is also well known . Increasing

pressure increases gain and power as more active CO2 
and

N2 molecules are fed into the system . With increased

pressure, comes increased field intensity , increasing the

gas temperature . At a certain pressure , gas temperature

dominates and depopulates the upper level, decreasing gain

-
, 

- and power .

Amplitude Stability

In order for the laser to be a useful  laboratory instru-

ment the variation of output power with time should be known.

It is important to know long term stability over periods of

hours and short term stability over periods of seconds. After

an initial warmup period of one hour , typical long term

stability can be seen in Figure 11. Power fell from 9.9 watts

to about 9 . 4  watts in a period of 3 hours. This gives a long

I.
- i - - ~~ r

_ 
- ~_

___;—---
~~~ — -  - _~
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term s tabi l i ty  of about ± 3 % .  This s tab i l i ty  has been main-

tam ed for periods of 5 hours and longer. This compares

very well to Molectron ’s Model 1R250 laser which has a lonq

term stability of ~3% over 4 hours. Often original power

levels can be regained by simply adjusting the gratinq

micrometer indicating a misalignment due to t he rma l  d r i f t s .

Short term s tabi l i ty  was measured usinq a qold doped Ge

detector . Af te r  an in i tial warmup of one hour the laser

reached maximum short term s t a b i l i t y .  Ampl i tude  s t a b i l i t y

for  less than one second is ~0.75%. Stabi l i ty  for 30 seconds

is approximate ly  ±1% and for  f i ve  minu tes  is app rox ima te ly

±1.5%. This compares favorably with the Molectron Model

1R250 which reports stability for less than one second of

±0.5%.

- Summary

A working carbon dioxide  laser capable  -of p rodac t -i n a

over ten wa -t t s  of power on many l ines  f rom 9-l i  rn has

been constructed and characterized . The tube is buil t

w i t h  the best des igns  and n at e r i al s  r e a d i l y  a~~~j l a b l~~

The tube diameter  is large enouqh tha t  an i n t r a c av i t y

i r i s  can be used fo r  mode con t ro l .  Cooling is accomplished

Using tape water a lthough p lans are made to use a better ,

variable temperature cooling system . The gratina and

output coupler mounts have been found to have sufficient

precision and reproducibility.

I. __________________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Measurements on wavelength selectibility show that

the number of lines available compares well with commercial

lasers. Left on one line , the grating assembly allows for

excellent reproducibility after  turning the laser on and of f

several times. Varying the pressure and current had not

noticeable effect on line selectability . The overall power

of the strongest lines was less than can be obtained in

commercial lasers. All the power versus wavelength curves,

except the one centered on 10.6 u, gave the expected results.

A lack of power was noted around 10.6 p. It is suspected

that it may be a grating related problem . Try ing a new

grating will supply more information on this problem .

Varying the current and pressure and noting the output

power showed that the maximum power output for the 12.5 mm ID

tube was for 21 torr and 16 mA. This is the behavior that was

expected . It would be desirable to have output couplers of

differing ref lectivities to use in the power measurements so

that the reflectivity could be optimized for the other

optimized parameters.

Long term stability for periods of over five hours has

been achieved that equals that of commercial lasers. The

stability and line selectibility are the features of the

laser that compare most favorable with commercial lasers

available.
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B. Installation and Operation of Electro—Optic Switch

Electro—Optic devices are very attractive for beam

chopping . Currently we are installing one that will provide H
variable laser beam pulse widths from about 50 nsec to 5 usec .

With this device we shall be able to directly measure the

energy relaxation time of the electron gas that is controlled - 
-

by acoustic phonon processes. These time scales sometimes

approach hundreds of nsec .

The difficulty in operation has been in removing the

unwanted signals produced by the radiation errimitted durina

the fast rise and fall times of the voltaqe pulse applied

to the electro-optic device. We think that this can be

solved by proper shielding and termination techniques.

a
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VII .  CO-LASER INDUCED HEAT ING OF THE ELECTRON

GAS IN O InSb

I Absorption in InSb in the 5 pm region is interesting ,

since it involves a variety of processes such as interband

I and impurity level transitions, as well as free carrier

- 

I 
absorption. In fact, it was pointed out by Dr. A. Miller in

an invited talk (“Nonlinear Effects Induced by Lasers ”) at

I the 14th International Conference on the Physics of Semiconductors.

Edinburg , Scotland that the origin of the absorption tail below

I the band gap of InSb has not been resolved . 20 The laser-induced

hot electron effects which we are investigating involve these

absorption processes. In fact, we shall show in this section

that laser induced hot electron studies provide an alternative

means of unraveling the nature of the absorption near the

band gap of InSb.

As described earlier , the SdH effect can be used to

I determine the electron temperature of the heated electron

gas. The results of our first study on CO laser heating in a

sample of concentration 1015 cm 3 are presented in Figure 12.

A model consisting of a valence band , conduction band , and an

acceptor level lying 7-10 meV above the valence band is shown

to adequately describe these results. The effects of free

i carrier absorption are negligible compared to those of direct
- interband and acceptor level absorption processes. Photoexcited

29
-r

-I 

- ~~ - ~~~- - ~ .- — - -



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-~~~

30

1 1 1 F

\~~~~ -

~~ \\ L()U~~LC)~~~)Q 0
- -  \\ j • u o o*~5

- 8

Fig. 12—-Variation of electron temperature T with peak
incident laser power P for several c1ifferen~ CO laser
wavelengths. Also sho~ n are several data points obtainedfor CO2 laser heating .
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electrons are created with an excess energy t~E above the

Fermi energy , EF~ by impurity level or interband t ransi t ions.

These photoexcited electrons then heat the carriers in the

conduction band via carrier-carrier scattering resulting in

a quasi—equilibrium state with an increased electron temper-

atureT .e

The 5.39 and 5.315 pm wavelengths used correspond to

photon energies of 230.2 and 233.5 meV respectively. The

pertinent features of these impuri ty—to—band t ransi t ions  are

shown in Fig. 13. These photon energies are sufficient to

stimulate transition from the acceptor level (but not the

valence band ) to the conduction band. The value of T is
e

seen to rise with P 1 since the number of photoexcited electrons

and hence the amount of electron heating is increased as P1 is

increased . Te finally appears to level off due to depletion

of the acceptor level (as there are onl y about 1013 uncompen-

sated acceptors) , the change in concentration of a 1015 cm 3

n-type sample is limited to approximately 1%. The value of Te

is higher for the higher photon energy line for a fixed P1 
—

since the excess energy AE i s greater , so more heating occurs.

The photon energy of the 5.245 pm wavelength is 2 3 6 . 6  meV

and is su f f i c i en t  to excite acceptor level transitions but falls

jus t  short of being energetic enough to excite direct interband

transitions at Te = 1.8 K. Electrons excited from the impurity

level have a larger excess energy than in the 5.315 pm case

and therefore substant ial  heating of the electron qas occurs

for small incident laser powers. However , as the elect ron 

~~~~~ —~~~~- - - - -
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Impur ity—’-’~Band Transitions
e-e Scatt ering H eats

The Electron Gas

Photo Excit ed Ele ctro n
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Degenerate Electron Gas
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Impurity-To- Band
Phot o Tran sit ion

Band-To- impurity 
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Railiative Transition
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F i g .  13--Schematic dep ict ion of impur i ty - to -band  photo-
t r a n s i t i o n  and b a n d — t o - i m p u r i t y  r a d i a t i v e  t r a n s i t i o n.
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gas is heated , the electron distribution function or the

occupied density changes so that states are made accessible

for direct interband transitions. These case is shown schem-

atically in Fig. 14. Hence , initially at lower electron

temperatures no direct transitions could take place , but

after heating of the electron gas by the photoexcited electrons

produced from the acceptor level, these transitions become

possible. However, the electrons excited from the valence

band have very little excess energy and thus make no significant

contribution to the electron temperature. Thus, the electron

temperature is seen to rise quickly and then level off as the

acceptor levels are depleted and interband transitions commence.

This interpretation of the variation of the electron

temperature with peak incident laser power is also confirmed

by the observed changes in SdH period at 5.245 tim. The electron

concentration (as determined by the SdH period) remains constant

until the electron temperature reaches about 3.3 K at a peak

laser power of ~40 mW. Thereafter , the electron concentration

increases with laser power. There is about a 25% increase in

concentration when the laser power is increased from 40 mW to

240 mW , even though the electron temperature remains fairly

constant over this range .

The two shortest wavelengths studied (5.185 and 5.155 urn )

have photon energies of 239.3 and 240.7 meV which are sufficient

to excite direct interband t ransi t ions  with a significant ~~
remaining as well as acceptor level transitions. The absorp— 

~~~ — 
-
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tion coefficient here becomes extremely large, so that the

sample is probably no longer uniformly illuminated through

its entire thickness. Instead , the radiation is absorbed

almost entirely in the f i r s t  part of the sample resulting

in intense carrier heating there. Consequently , Te shows

a rapid rise to high values for relatively small P1.

The optical heating data presented here can be compared

to that which is obtained using only pulsed , dc electric fields

to heat the carriers.  The increase of electron temperature with

applied electrical power is controlled by energy loss rates of

the conduction electrons to the lattice from some combination

of deformation—potential , piezoelectric, or polar—optical

phonon scattering. We find that it takes an applied electric

field of ~70 mV/cm to heat the conduction electrons up to

an electron temperature of 5 K with the lattice at a temperature

of 1. 8 K. In contrast , the increase of electron temperature in

the optical case is controlled by absorption and recombination

processes, as well as the above energy loss rates.

In summary , Shubnikov-de Haas experiments have been used

to determine the increase in temperature of the electron gas

in InSb irradiated by a CO laser . The dependence of the

electron temperature upon incident laser power and photon

energy is shown to provide information on the absorption

processes in InSb in the vic ini ty  of the band gap .
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VII I . C02 -LASER INDUCED HEATING

OF THE ELECTRON GAS IN In Sb

A. Ext raction of Mobi l i ty  Values from Photoconduct ive
Voltage Measurements

The i l lumina ted  reg ion of the model shown below has a

different conductivity than that of the noniliurninated reuians ,

name ly o — c + A- ~ where c is the conductivity of the noni l lurn -
0 0 -‘

m a ted reg ions and A n = -

-
~~______________I ~I~~~~~~~3

contact
leads

The voltage drop V r~~ad o f f  of the osc i lloscope is th e

d i f f e r e ne a  between the vol tage drop w i t h  i l i u n in a t i o n  and

w i t h o u t  i l l u m i n a t i o n .  In terms of the creometrv of the sample

V~ can be c a l c u l a t e d  in the fo l l owing  manner . The r e s i s t a n c e

o~ the shaded area  above is added in series:

R — R + R — 
2 

+ 
2 ( l — s i n - ~ )

s l iver  i l l  da rk  -id d~ 
- 

d s~~ c3~ ( 1)

—
-
—---- - -~~~~~

. - - - i  -~~~~~
- - -f- i i-
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I Adding the slivers of area 3 in parallel and integrating:

I — 

e—~ 
2 

+ 
2 (1—sinO)

o ad d® c y d  sin® dO
0

I ( 2 )
i T ®

I p~~~ sinO d®ad ‘~I = 0
~~ l — --~- sin®

where = 1 - .-~2L and 0 0 = cos _ l(~) 
. Making the approx-

imation that << 1, approximates the quantity

— 
- —l(1— — - -  si n O )  1 + —a-- sin®

The integral now becomes:

_~~~
- 

5 sin® (1 + 4~2 sin® ) dO , so that f i na l ly

a d ~~~~os® 0 
+ — e + sin® cose

o)J 

- (3)

The resistances of areas 1 and 2 are both:

R — R  — 
- r (4

l~~ 2 Z%Wd

Adding the areas 1, 2 , and 3 in series the f inal total resis-

tance of the illuminated sample between the contact leads is:

R~ 11 = 

+ - 0 +  sin 20~~ 

L - 2 ~~~ (5)

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- -

~~~- - -~~~~~
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The samp le ’s resistance between contacts without illum— I -

ination (Rdark ) is

1 LRdark W
0

The d i f f e r e n c e  in resistance is thus  I -

A R = R .  - Rill dark

which  produces a change in the vol tage drop across the leads.

This change in voltage , de f ined  as V 1 ieac~~ to the fo l low-

ing re la t ionship:

V = IAR
~~~~~~~

osB + — 8~ + ~~~
- sin 2 c~j  

— i 

± _ _ _ _  — 
- ( 6 )

By simp l i f i ca t ion  and expansion we have :

V
P 

- 

2 ~~~ 
— + ~~~ s i n2O

’
1 , (7)

2d cos

where A T  = - o~ and I is the constant current through the

sample. Note  that when Ac = 0 , V = 0. The photoconduct i - ’e

vol tage when ~ 0 or (W = 2r )  is:

v~ = - - 
~~

- -
~~

-
~~~~~~ , (8)

which agrees wi th  I la t tor i  e t . al .21 Now

= 
-

~

, 
— + ~ s in2Oj  ( 9 )

V 2~~d cos 0p 0

and

~~~~~~~ 
1_______ (10) 

- .

a 
~o I~J- — E30 + ~~

- sin 2P3

2-.~ V d cos2Ao p  0

.1

~~~~~ Ir__ A . 
- 
— —~~

- -~~~~--  ~~~

,

~~~~~~~~~~ _ _ _ __ ~~~~~
- - ________________
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I Thus the mobility ratio defined as

is given by -1I 2 V a d c o s 2O

~ 
{ - 

sin 20~~~~ 

(11)

This is the mobility ratio for when the beam diameter is

greater than the sample height (w). For the case in which

the beam diameter is equal to the sample width (0~ = 0),

the mobility ratio is

p 
— 

1
— 4V a d ‘.&-

0 1 — Tn

- 

I1



- -

40

B. Photoconduct iv i ty

InSb is a wel l—known photoconductive mater ia l  o f t en  used

for  detect ing electromagnetic r ad ia t ion  via  several types of

electronic transi t ions .  2 2 — 2 5  A l t e r n a t i v e l y ,  phot oconduct i\ Ti t”

measurements  have been u t i l i z e d  for  ob ta inincT  i n f o r m a t i o n  on
26

properties of InSb such as two—p hoton absorpt ion rates , donor

- - 27-30 - 31-32impurity levels , LO phonon energies , and ~riEr~ y band
33

parameters. To a small extent , hot carrier effects cenerated

by dc electric f i e l d s  have even been found in the photoconduc-

t i v i t y .  However , we know of no at tempt to use the f r ee  c a r r i e r

absorpt ion induced pho toconduc t iv iy  to i nves t iga t e  photo-heated

electrons at the 10 ji m wavelengths  of the CO 2 l aser .

Free c a r r i e r  absorpt ion processes at 10 ~rr ~ a v ele n a th ~

result  in very small absorpt ion c o e f f i c i e n t s  in low c o n co n tr a —

tion samples of InSb.  Consecuent ly ,  q u a nt i t a t i ve  ± n f o r n i n t i o n

about the laser- induced heat ing  process is not a v ai l a b l e  - 
-

because experiments  have been d i ff ic u l t  to c a r r - ~: o u t .  In

th i s  section we describe the f i r s t  measurements  of the e l e c t r o n

temperature from pho toconduc t iv i ty  measurements  thai-  descr ibe

q u a n t i t a t i v e ly  how the CO 2 laser  a f f e c t s  the d eo e n e r at c  e lec t ron

gas in a samp le of c on ne n t r a t i o n  ~i - io 15 crn 3
.

F igure  15 shows a block d i a g r a m  of the  equipment used in

these exper ime n t s .  The sarnp ]e , immersod in l iqu i d  h e l i u p -  in a

va r i ab l e  temperature  op t ica l  dewar , was illur-inated with a l aser

pulse produced by m e c h a n i c a l l y  chopping -3 beam

from a g ra t inc i — $-uned cw CO 2 laser wh ich  p rov ided  s i n c le  1iru ~

ou tputs  of s~~vc ra1  watts f r c ~-’ 9 .2  rn to -10 .9 ~r-i . Tv n i ~ - -3l
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short term ampl i tude  s t ab i l i ty  of th is  cw CO2 laser as measu red

by a gold-doped germanium detector is ~~1% , with the longer

term (4—8 hours) stability being -~~4%. The laser pulse width

could be varied by using different slot wid ths on the c~~o~ ner

blade. The repetition rate could be varied by using blades

with different numbers of slots and by changina the blade

rotation speed . To avoid sample lattice heating h-~- the la~ cr

the duty cycle of the chopper was kept below 3%. i~-’ nn so, at

the highest laser powers , a large pumping rate an d l iqu id

helium flow rate of the variable temperature dewar w’?re needed

to maintain the lattice temperature of the ~ar~nie at l.R K.

In the present  experiments, a laser pulse with ~~ w~ dth

of --20 psec (F.W.H.M.), a rise and fall time of -2 ‘~~St ~-C , and

a repetition rate of -- 1700 Hz were employed .

The laser nu lse was focused to a diarn e~ er of u;nrcxiri~~tel y - -

1.8 mm at the sample and positioned to illuminate tha reclon

of the sam ple between the potential contacts. The laser spot

size was determined using a 1 mm diameter hole mcunted in the

plane of the samp le. The ratio of transmitted power throucih

a 1 mm hole to the power transmitted without the hole uives

a measure of the spot- size , assuming a known beam profile.

We ascertain the spatial beam profile with thermal. imaging

pla tes , and by scanning the beam across a small area detector

using a rotati ng mirror. The optical components , includ in~i

an intra-cavity ir i s , are a l i gned to produce a Gauss ian  beam

p r o f i l e .  Ca l ibrated f i l t e r s  of either CaF 2 sheets or sheets

of Teflon or some conbinat ion of both were u sed f o r  beam

a t ten u a t  ion .

_ _ _ _ _ _  —a
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Figure 16 shows a plot of the photoconductive voltage V
P

as a function of dc bias current I through the sample for

several different laser powers P1 incident on the sample.

The negative sign means that the mobility increases with

incident laser power. The linear behavior is understandable

on the basis of a detailed analysis of the photoconductivitv

At high currents, a nonlinear behavior is observed which is

attributed to either nonohmic electric field behavior or to

lattice heating (since pulsed-current techniques were not

used). We restrict all our measurements to a dc bias current

of 2 mA which is way below this nonlinear region .

Figure 17 shows a plot of the photoconductive voltage

V
P 
versus P1 the peak incident laser power for two different

laser wavelengths. Again at low laser powers V~ seems to

follow a linear behavior with P1. At higher laser powers

some deviations from linearity is observed . Using these

voltages, the sample dimensions and lead placement positions,

and the laser beam width one can then calculate the mobility

of the sample region illuminated by the laser.

Figure 18 shows comprehensive results obtained from

three separate experiments on how the mobility changes with

Cl) applied electrical power 
~E 

(obtained from electrical

heating experiments as e~ E 2 ) as shown in Fi g. 2 (a) ; (2)  lattice

temperature TL as shown in Fig. 2 ( b ) ; and , ( 3 )  incident laser

power P1 as shown in Fig . 2 ( c ) . The electron concentration is

determined to be 1.4 x 1015 cm 3 from the period of Shubnikov-de
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Haas (SdH) oscillations and is constant at these lattice

temperatures and low laser powers where two photon absorption

processes are completely negligible. Consequently,

(1a p V
0

where Ac = (a - a0
) ,  Au = p - p and AV = V-V are the changes in

the conductivity, mobility , and voltage drop across the sample

leads, as either TLS P1 or are varied while the other two

variables are held constant. The values of a0 , p
0 , and V

are determined at zero laser power (P1 = 0) under ohmic con-

ditions at a lattice temperature of 1.8 K.

As shown in Figure 18(b), the mobility at P1 = 0 obtained

using ohmic electric fields increases with lattice temperature

which is consistent with completely dominant ionized impurity

- 11 —lmomentum relaxation . We find a0 l 9 .3  (ohm — cm)

p —8.6 x l0~ cTn2/V sec, in agreement with other experimentally

determined mobilities with similar electron concentrations and

lattice temperatures. 35 ,36 At 77 K , a and p rise to 75 (ohm-cm )~~~
* and 3 .2 x l0~ cm2

/V sec , respectively .

The CO2 laser radiation is partially absorbed via free

carrier absorption processes and subsequently leads to a

mobility increase as observed in Figure 18(c) where Ap/p is

plotted versus P1, the peak incident laser power at a constant

lattice temperature of 1.8 K. An electron temperature T can

be determined for each wavelength and value of P1 by making a

one-to—one correspondence between the mobility changes in the

I 
~ —.--- ~ -~--s~~--- — 

-
- --
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two cases shown in Figure 18(b) and 18(c) . For e:<arirle ,

Figure 18(c) shows that for a peak incident power of ahc-:r

1. 6 W , Au /j~ = 0.10 , which corresponds to a temperature r
e ~~ K.

The lines shown in Figure 18 are the “best fit” lines

through the data points. Consequently , a ulet of T~ versus

P
1 
can be made as shown in Figure 19. I-rcv idc-f the steady

state is controlled by inter—carrier col1i~~ic-ns , the ca:Trier

dir-tribution will be heated Fermi—Dirac distribution w th a

true electron temper ature T wh ich ray be ident i f ied th

T° if the carrier heating maintains the ‘s~ r-r~ within the

regime dominated by ionized impurity limited r’-~bilities. -

The steady s t at e  r e m n a n t  exc i ta t ion  pulse  at  ~~-h  
~

- w i l l

have negli~rib1e effect on the mobility at our i -nw excitat jc-n

rates: the low enerc~ carrier assembl y is only minutely

deoiE-ted by oho :0e ai ta t ion .

El ec t r ic  f i e ld  hea t ing exper iment s wc-r t~ carried ~~~t a t

zero laser ~wor i~. in order to cal j u r d t c -  ~~~ amour L of c:~t ~c i l l

absorbed power fed into the electron gas. ~ pu ’sed dc electric

Fie~ d of 20 usec doratjon wa~ used to avoid snrrle la ~~ CE- heat--

in g so tha t  on ly the  o l e” t r o n  cias was he~~~ed , ;~h~ ~~~~
- the l a L t i c o

tempera ture romaine-I -~t 1.8 K. Fici~re 18(a) shew~-; the r - ~u~tart
mob3lit’- - ch~*ncr 7ersus applied electrioal power P per electron

for the s~ rno ~-; imn~~- - - The extracted effoctivo electron t r ~oer-

atures T may he again identified with the true d c -  -- i-on

t -rn;--°rature Te under appropriate conditJons . In which case ,
- F Ew~ may invert the functional relitions T =T (P ) and T T (Pe e I e E

— ~~~~~~~~ - ~~~~~~ - ~~~•-• 
-

—- —- — 
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to deduce the thermodynamic rela t ionship 
~E 

= 

~a 
(P
1
) under the

cons t ra int T = T = T , where P is the portion of absorbed

optical power transferr:d to the rarrier assembly via inter—

carrier collisions prior to dissipation to the lattice. The

extreme case (Model I) occurs when the ‘nter—carrier energy

I 

loss rate T’ee (scattering out term) exceeds all other enem y-

loss ra tes 
~eph 

due to phonon scattering at all energies up to

and exceeding the photo—excitation energies ( ~~ -~- 4 k~ T - -  
~~~

In this instance 
~a 

= e ( X ) d P T , where ci(~~) is the steady state

free carrier absorption coefficient and d is the sample tbic~ —

ness. It fo l lows  tha t 
~
(A i Te

) may be extracted exactly as

the ratio:

P ( T ) 
1a ( X , T )  

~~

—_ —.-

~~~

..--

~~ 
~~

- (2)

where ‘-‘a make the wavelength ~ a nd elec t~ cn tc-~-- erature T- - e

I 
dependences e:<plicit .

Our estimates of tb-: critical carrier concentration

for which F >> F ensures a valid electron temperatureee eph
ood-n l ~~~ based on sim i lar calcul ations to St ra tton but

for re laxa t ion  againse  a ~~~nc r at e  dintribution in the pro—

senco of Thomas—Fermi screeninq . Wh ile the present sample

concentration satisfied n>>n
~ 

f o r  energ ies E
~~ F 

+ 
~ , wn e r e

I 
is the Fermi eneroy and ~~ the LO phonon enerey, we find

n<n
~ 

for  hiu bor ene rgies where energy loss to the l a t t i ce  is

co nt rol led by fast polar—mod e optical phonon omission nr~o’osses.

in those circumstances (Model IT) we mi~~ht -lrt icima te that a

s u b s t a n t i a l  f r a c t i o n  8 of the c-nt icallv absorbed lw r

I

—i . —~~~~~
—

— - -
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= c~dP~ is transferred to the lattice by optical phonon

cascading as the photo-excited electrons scatter to energies

below the threshold for which reph > ree . The residual power ,

- 

~~
1
~~a 

, will then be effective in heating the

carriers into a Fermi-Dirac distribution with electron tem—
— 

perature Te via inter-carrier collisions. The subsequent

quasi-thermalized distribution will then lose energy to the

lattice via predominantly acoustic phonon processes at the

rate [1 — B (A )]P~ - In this case we find

P (T
[1 - 8 ( A ) }~~ (X ,T )  E e ( 3 )

Pi (Te X) d

Plots of PE (T e )/P I (Te A ) d  versus for the range of

available wavelengths indicate an approximately linear varia—

tion with values extrapolated to zero wavelength being negative .

These non-zero negative extrapolated values are consistent with

a non-zero loss factor 8 ( A )  - 1/A 2 in the physical regime. The

finite width of the excitation pulse A C C F + 4 kB Te precludes

a strong oscillatory photoconductivity effect (8(X) -1). Indeed ,

the presently available spread of photoexcitation energies

Ac<’Tiw is not sufficient to expose any definite oscillatory

structure.

The analysis of Models I and II may be summarized by the

general expression

C
~eff~~ ITe) = P

E
(T )/P I

(T ,A ) d  ( 4 )
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which re la tes  an e f f e c t i v e  f ree  carr ier  absorption coeff icient

°e f f  = ~~~~~~~ - — 8] to experimentally accessible quantities. Model

I involves 8 = 0. Experimentally, as shown in Figure 20, we

f ind  values for  - in the rancie 0.005 cm~~ 
— 0.03 crr 1

etf

f or the electron temp era ture  and wavelength  r anges  3 . 5  - 6 K ,

and 9 .27 1  — 10.719 ~m , respec t ive ly .  ~- e note that at 10.6 ~m

typical values for ~ have been reported in the ran ge 0 .3 to

0.6 cm
1 for a higher concentration of -i0

16 
crn 3 at low

temperature. 38 The ratios 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

AoP ,T ) ,  evaluated at constant wavclenqt~~, indicate a

weak var ia tion of the tru e absorp tion c o e f f i c i e n t

with electron tempera tu re .

C. Shubnikov-de Haas Studies

Shubnikov—d e Haas e f f e c t  s tudies  have been ca::r~ ed out-

in samples with electron concentrations of 1 101a , ~~ io~~,
and ~2 10 16 

cm 3. When a CCV, laser pu 1~ c- is incident unor

the samp le , carrier heating occurs and the amp lit~ de -f the

SdH oscillations decreases. ~‘;e have carried out a compre-

heosive investigation in which tho carrier hentinc in these

samples was ~rv os t ic at ed  as a f u n c t i o n  of irc id --nt laser

power for various laser frequencies. In addition , e]actmic al

heatinc experiments have also been carrier out in c-rdc-i - to

determine °e f f  Currently we are in the orocess of ana1v~~inq

these experiments and thus will report on them n e x t  t ime .

~~~~~ L. L
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X. FUTURE PL.T~NS

1
A. CO2 Laser Heating

I Continued studies on samples with different electron

I 
concentrations will be carried out.  In addition , we are in

the process of carrying out time—resolved hot electron measure—

ments in order to measure ~~~~~~~~ the phenomenoloqical energy

re laxation time. This will enable a direct calculation of

I ~eff 
without having to do a parallel electric heating experi-

- 
rnent on the sample . Production of higher laser intensities

• by Q—switching will continue to be a high priority. This will

enable us to extend our measurements into regions where the

electron gas loses energy to the lattice via optical phonons.

The application of the techniques for investigating laser-induced

heating can also be apolied to investiciate other semiconductors

of technological importance , such as GaAs. Continued emphasis

• will be placed on a quantitative theoretical understand ing of

• $ the hot carrier generation process.

B. CO Laser Heating

- 
The investigation of laser-induced hot electrons in InSb

produced with the CO laser promises to be very fruitful in

understanding the absorption processes near the band gap region.

We shall continue to study the relationship between the absorp-

tion processes and the carrier heatina . Samples with different

electron concentrations and NA values will be studied . An

investigation of the photoconductivity in this complex region

will be undertaken . There is also the possibility of observ-

ing laser—induced electron coolinr’ effects.
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ELECTRIC FIELD DEPENDEN CE OF THE
POSITIONS AND AMPLITUDES OF MAGNETOPHONON

-
- OSCILLATIONS IN n-InSb AT 77Kt

H. K S.1-tLERr~ and 0. cii. SElLER
North Texas State University, Denton , TX 76203. U S A .

and

J. R. BARKER
University of Warwic k. Coventry, England

Abstract—The influence of pulsed electric fields on the magnetophonon strc ture in the transverse and longitudinal
magnetoreststance of n-lnSb at 77K has been reexamined using a magnetic field modulation technique. For the
transverse configuration, a shift to higher magnetic fields with increas ing electric field is observed for the resistance
maxima up to N = 8. The amplitudes decrease monotonously and disappear at about 6OVIcm for N = 3. In the
longitudinal case , the extrema shif t to lower magnetic fields as the electric field is increased, In contrast to the
transverse case , the amplitudes increase by a factor of 1.8 up to l5V /crn , and then either decrease or become
saturated, depending on the harmonic number of the extremum under consideration. These experimental results are
discussed within the context of calculations based on a quantum kinetic equation approach and predictions
obtained from a simplified analytical theory.

I. INTRODIJCTION Some of the inconsistency of these findings might have
Several experimental investigations have been reported been caused by I he relatively poor resolution of the
on the changes in the magnetophonon effect in n-lnSb at experimental techniques which were used to detect the
77K under application of electric fields(l). For the hot-electron magnetophonon structure . The use of mag-
transverse configuration B ± 1, Curby and Ferryj2) netic-field modulation techniques along with short d cc-
found a shift of the resistance maxima to higher mag- trical pulse sampling techniques has recently been
netic fields with increasing electric field, However, their demonstrated to increase the resolution dramatically[9J
experimental resolution only allowed the detection of the compared to conventional methods and to provide data.
N = I. 2 and 3 extrema and no quantitative information which are of the same quality as in the ohmic case. The
on the dependence of the amplitudes on the electric field purpose of this paper is to report high resolution
was given, Restricting the applied electric field to values measurements of the hot-electron magnetophonon struc-
<I V/cm , Hamaguchi et a!. [3,4! observed mag- ture in both the transverse and longitudinal configuration
netophorion oscillations of the warm-electron coefficient using these techniques w ith the electric field pulses short
$, but no shift of the extremal positions at these low enough to prevent either generation of acoustoelectric
fields was observed, For the longitudinal case 8)1, Ito es effects or lattice heating. These experimental results are
al. 15) reported the disappearance of the normal mag- compared to predictions obtained from a simplified
netophonon series by applying electric fields up to analytical theory and to calculations based on a quantum
70V /c m and the emerging of two new series of extrema kinetic equation approach[lOl.
which tentatively were explained by applying electric fields
up to 70 V /cm and the emerging of two-LO-phonon 2. BXPERIMENT AL
scattering processe . 161. No shift of the positions of the Samples were cut from a single cr~-sta l of n-type lnSb
ordinary series was reported. In contrast , Curhy and hav ing a carrier concentration of 3 x lO~ cm - ‘ and a
Ferry [7 J found a shift of these extrema in the longitudinal mobility of 6.3 ~ IO~ crn2/Vse c at 77 K. They were
configuration to higher magnetic fields and gave an inter- needle-like with their long axis parallel to a (211> direc-
pretattonofthi sshlft as beingproducedbythe hot-electron tion. They were polished to a thickness of about 6O~ m
indttced population of higher Landau levels similar to the and subsequently etched in a Br-methanol solution. Two
transverse case. No information on the electric field current contacts were soldered to the ends using pure
dependence of the amplitudes was determined for this indium. The experimental set up and the measurement
case . lnaddit ion.it should be noted. thatt he durationofthe technique are described in detail in Ref.[9), The resis-
electric field pulses was a few microseconds in both lance of the samples at 77 K was in all cases greater than
ex pertmentsl5. 7), so that the generation of acoustic flux — SOOlE so that the voltage across them ‘vas mainly
via the acoustoe lectrtc effe ct may have affected the determined by the current through a 50(1 parallel resis-
results. tor. Consequent ly - the voltage remained approximatel”

• constant even in the transverse configuration. wherc th.- Work supported in part by the OI~ce of Naval Research - - - -

tOn leave from Ludwig Boltzmann Institute für Festk orper- sample resistance increases strongly with magnetic field.
physik and Institut für Angewandte Physik. Universitä t W ien , Since in the actual measurement of the magnetophonon
A- 1090 V ienna. Au s trta , oscillations no potential probes were used to determine
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‘30 H k s : ; i-ui eta! .

t he potential drop, the elecrnc-fictd values might hase - - 
-

been erroneous bec :iusn of potentt -al drops acru~ the -~~ 
‘. - -

contacts. The~ek-rr . after finishing the modulation 
-

measutements, poinni ta l probes were attac hed to the - -, -

s,irnp lsc and it was s-e r;tic d that the contact resistance .‘ -

was negligible compared to the satnp le res istance tn the - , - - - - ,

range of electri c and magnetic fields used in the rs pv ’ r-  
-

meat. The e ’r’;rrr. field ~uke~ h 1d a duration of ‘~ rsec ‘ 

- 
. 
. -

,ind a r ep e t ; t ’ - ri rate of 3 ‘1—tz, To prove the ,bsc nr-c of - 

- 
‘ 

- 
‘ : -

any lattice heating eIf~~ts . ¶ ra cs o f the sample ~urrert -; - . - - -

sers u~ magnet ic field at the highest electrtc field were
ta ken at 3 kiIz , 3(X) Hz and 30Hz : no ;b. nge of the ‘ 

- —~~~ -

‘-Cr::gnetorests rance as a function of the puke repetition 7 
- -

Ire~ uen;s could be detected . - - - - -

3, RFSLtl’S Fig 7 N,~rmaI tz i -d  ex irem -ot posit ion B ( E ) / H P / m  ,ersu5 -,~ u e - ~ of
The S C L’On,i ic r ;-  nOive of the sample •iir’en: with the app lied -Pc~~ric helm for .J- ’TCIi - nt har nionmn m c -  ,

respect to the magnetic field strength B is plotted in Fig. and B J
I Ss a funcunc, of B ~. I The O!~iflic tr ace was obtained
with mx - u rS,an ~ d.c. current of i mA at an ekctr :c field of lowest electric fields lime normalized amplitude dc/m e.;
0.5 V/cm. The other ‘rsce~ were recorde d fl~ sett ing the as the quotient
manual sweep control of th e srn’ep t’ng cnci lbm scI pr to a
time po~ it -; - : of about 40 nrc - : aft en :h~: application of the 

~~L~- 7 ~~[(3 ’,’ /c m )
.mle Or mm - (held ~- .t se i.’he app lied -Se;’- s- field strength is / / i : / it V/cm ) -

he parameter of the different rn - .j ce- . mcd had malues of
I - 21. 32 and 42 Vicns respe ctively. At e lectnc fields 11 = V mcm k ’ ; ;e  nh -c wes t c e d ric trek) where pulsed
excee ding 20 V/c m , aiir-emalee s structure appeared besides inc-cj remen ts mor:hd he -‘crformed. is plotted in Fig 3
: - c  rnagnelophoii-snr structurt -r For clarity, t hese parts of sm’ rs us the elec t-c -. fie ’d for the extre nia with Ps 3 . 4

the traces were rep! :k c.~ /5 dashed c i r s c ~ . The rigin of r end 5.
t his 5t r m .;nu.~ is r,~ t co nptetely c/ e r at present , but t he seco nm dei em a l ive of the sarii p le current W ith
seeIf l ’, tO -~c .,tcmI to contact proper imem . since diff erent respect to s he nimenct ic field ts nlotte-i in v~~ ~ .~ - a
samp les trier ; tir e sa ne material exhihtLed this s: ruct u lc at function “1 B for the ~- igitodi- i a I configuration B / f
-l ;~ , rernt ,-a lues of e ’ects .- and :‘r.~: :mIcr- ~ field 5t r r ngth. The The owe ’, m mmc c w as ohta ;rrrJ uidei ohmic co midir ion s .
d-,.,mied r u e  in l-n ~ Itar~s a tic~ of ~ k(~ .nd helps to w her e as the other c u rses were measured at sar ;o us
d,’m~nstr-a ;c ic s-’uf: of the V 4 and ~ ~ estrema to applied elcotr ic tre imis I a n  tmporn4~ features can be
htgher tjsa~netjc ttc l~ s wi t ’, o reasIrlg C ;CC tT Im field- ir~i,e ,med in these 1 cr’s: 1!) In accI r-14-rm -c wi th :esu lts of

The .iurr,mliz-id p -sit / on of the :r .mr ,ss er se ilimik - ‘r-- :.j,ms a ci tiE S . ,ld:uiona structure ,~ppea r- at tb,.
tietore-esm ance e x t - em -, dco ~ d mrs Bi ~

- j t -f 0 is p!oit’ii tig ht ‘n .h c/i a ‘ire .rf the -u r d - r iam ’. c\:r :rr lnr Howes , .r - in
ss a function of L iO I ig~ . For all e\r icm . the contrast to their h:m ’;’r yrs . ‘ )  t he o rdrars extrema do not
m,~rrc: c held is ‘hifted ir,tri,ui’, proportional to the ‘i-ia- disappear ~‘ui are shifted i- lowe r magnetic fields nih
ii.: of toe c/c ,  tric field and Il- - n tends to saturate . the increasing !~ th is shi f t is limes n as a honore r of E in Fig.
s Io~)e oi’ the icr - - nrc is nrg ~ : - r the high harmonic S After an initta 1 decrease of about 4~i the n~m - n,ilized

Or’ : ma Ho ’,- mm ’ ‘heir shif ’  me ; r im at the es tr ema po ’ i i ;mn B! En- fc ,Q) h- ne/ /v s ‘ur ic at ,P’,rui
4i1 V / c m  lain ’, inden;’ndc- - ir , ‘ the haimc’n:c number of 

— - — - -~~~~~ - - - the extremum under ;OIISIJCT IrOiI

- -

- IC.

- 
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Fig. t. Second de’-’.atIi - e of tire resistanc e with rerp ect to the
magnetic field B ‘e rsus  B I I. The Iowc’i r ra ,e is ,,cii’ned under
Ohmic ccnditto ns , pa rameter of he other races is  t5e app lied Fe 1 \oi riai:re t - ,r npl ;ieid: ai- a f i’n t iOm ‘f the .ipp ’ m d -I te m’ ..
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‘ ‘  1 4.
- 

- 
- 

-~ 4.1 Trans verse configuration B .L I
- - - - The theoretical possibility of peak shifted magneto-

- 

- 
‘ ,/ ~~~

. -‘.“ ,- phonon structure was first emphasized by Barker and

- 

- , - - 
— - Magnusson(lO~ in numerical calculations based on so lv-

-‘ \ . -.- ,mn . I ing the quantum kinetic equations for the electron den-
- 

-- sity matrix in the crossed field representation(l iJ , The
- 

~~

‘ 
- ‘ L ’~~~_ ’~ calculat ions have been recently extended[l2) to include

- - 
N 

, ,,, 
- ‘~~ effects of non-parabolic ity and inelastic acoustic phonon

- ‘ 
~~~~~~

- - .- i scattering. Since the numerical calculations are restricted
-~~ - 

, ; _ S - 

- 
- to five Landau sub-band occupancy and single LO

i ‘ B — phonon processes in the vicinity of the first two mag-
— ,_ . -- netophonon extrema , only a qualitative comparison with

0kG - the present data is possible. Nevertheless, the general
Fig. 4. Second derivative of the resistance with respect to B -~~ - 

experimental features appear to be interpretable v ia
B 1. The lowest trace is obtained under Ohmic conditions: quantum transport theory. There are essentially four

parameter of the other traces is the applied electric field E. physical processes which could lead to electric field
induced peak shifts and we discuss these separately.

(a) Repopulation eff ects. The first possibility is that
earner heating varies the effective electron temperature

n —- . to successively populate higher Landau levels in the
- , 1 ‘Sm ‘j non-parabolic conduction band. Resonant mag-

,~~, - . -
a
.. - netophonon transitions of the type L + N .-nL(N = har-

- ‘ 
- 

monic number; L = 0, 1, 2 . . .) will then become in.
- creasingly contributory to the resistivity, and since the

- - - - -
-~ • - r -
j -m r ’ 4  . , - , -

£ ~i - , - - I 5.- -.

— 
c 

— 
-~ -..o c,~-: ., 

-c ’ - - 

- 

,

.7— -i- ) -
-

4/- 
- - 

-

Fig. 5. Normalized extremal position B(E)IB(O) versus the appl- .- 
- 

. —s -

led electric field for dilferent harmonic number ext rema and ‘- - - - ‘. -

B~~J. -
5 •,,- 3

c- Is a •
The normalized amplitude, defined similarly as in the iwtransverse case, is plotted versus the electric field in Fig. 0 

-- 
‘~ 20 3O~~~~C - - 

‘0

6 for the extrema with harmonic number N = 3. 4 and 5. - - - -

The curves are guides for the eye only and show , that 1:1g. 6. Normalized amplitude as a function of ihe applied electnc
after an initial increase of the amplitude by a factor of field for 8 11.
1.8, the amplitude decreases again, eventually exhibiting
a second cxtremum at about 40 V/cm for N = 3 and 4, 

_______________________

but saturates for the N = 5 extremum. i , , , ,

In order to investigate a possible influence of acousto- 
-

electric amplification on the peak shift in the tongi.
tudinal configuration, which was considered by : 

- 
- -

Peterson[l) to be important under the experimental I 
- -

conditions used by Ferry and Curby[8), measurements ~ 
-were performed on a (tl0~ oriented sample in the Ion- 2 - -

gitudinal configuration as a function of time after the rise ., - - 

- 
-

of the electric field pulse at an electric field of 46 V/cm. . - - - 
-

The sampling time was varied between 20 nsec and - I 
-

2p,sec. The result is shown in Fig. 7. For all times the -

extrema are shifted by the same amount to lower mag-
netic fields with respect to the positions under ohmic -

conditions (dashed lines). This experimental finding B (kG )
apparently rules out the acoustoelectric effect as a pos- -Fig. 1 Second deri sative of the resistance with respect to B vssible source for time dependent peak shifts in the Ion- B 3 for an electric field of 46 V!cm applied to a (I tO) oriented
gitudinal magnetophonon effect in the samples and the sample. Parameter of the traces is the time after app lication of

range of fields under consideration. the electric field pulse.

1
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higher c~ i-I 5:r h - I ’ t i - - -c~ imi.u I.c a decreasing . . s J,rir,,n R (A . A )  is t he elm’ciri. field dependent ‘- . . mr -m org rate
frcqucic. s ~ the r ’ s, r _ r i~ -

- r ~ _ rfl(~ii~I)fl I’. V. CCC r i  ,me d- f r t ’) Il sirtiCS A - - - - - “, \ .  p. 1 and s ‘ . ~f ( , !  I is the dray -nc , c_ - ‘ ‘~ t hc elect ron-de nstt~ matrix
~\~i~Lb, : ~~ ,1ri-~ ‘aI- ,fl mr , the rakm cqucm: ;I i i

pred icts an extrew um shift to hi~~er olagnele fields ~~ 
) ~ ~ 

- 
~
‘ - ‘ - ~ I i ~ iR’ ~ & J~ U

Within an electron temperature mode l)lO] hi. cf f c c ’,m e
iemperature 1-,, is apprcxt rnii.- \  ;i.irpdiatti; in the mota l h,-is. . .~ I!I1 ?i a 1 i - ) ) - . i - .’ i- -~- ’i- , f c I I~ ; W  second Fm -s m mi appros-
field E. ~ i~i~li is po’ inconsistent with the data of Fig. I IT I ,IIII ’il nrc r l ims RI S 4 1 involve an e— ie r ~’r . ,,Iise rs ,miipon

Now the ~onductivity noihiItt~ ~s, is controlled h~ the f~ -. m e

donr inant montonk ps z - of the response and is found
exper imentally to decrease ss: t h -ic rea’ini magnetic rI .4 I / l t - ~-A A )
tie;,.l. It Ii,5,mws that earlier heating will be more
significant at m acn niagnetic fields. a, high harmonic ~ ‘- ‘ ~:).\‘ 

- ,V .
~~ F I A  .r ‘ if

lUt’ ‘er N. ,ir,ce the “ ich n~’ m:r :ate is ~rupo rm ,, n;r I to
~a LC The stronger ni-ak shi f ts high hamne n’ . numbers for ‘ ~i . -~- . .tir ’ .- ;. , c:c ! I A ,  a i. .~(A. .4 i .,r the
are ihcref’ e-:~ not .i” cx pcmt ed ~otnt level drimp iria anti crc) .~‘ir!: ~ .,-‘iu-oaIt i with rca )-

t’)n the Oths ’ hand it is by no ,5 ,e.Ii~~ certain that an ii~’- iC sc at t e r ’s I’ ‘ Ci ik f i -~ ’ s . - - -~ <~ I’, it sulhi “s to

e lection temperature argunrert is smn rccly openable ‘inca Cuinpil;’ J I i ’  , ine rt ‘ \p. :imim ’r m’l I-’ - A . • I n  - I - s a n -

mIt e numerically determined is;ril , , ;ion functions [t o . I?. of toe t ,)ta’ ’ ,i’)Il I I ho cot -re ‘- e d  -Jt - rcn~cn cm is t hen
3/ are inaikedlv nori -V ya ,’S n. rnaiiif’’’j a ~-c ,?r’trrb . l ion  fu r:m ’ i- .n’ in ,’, ~. / n the s ’tS pI s iti-

ci Elect r;eally drsr or ted h ; n d  struc tur e, S,~ far we . ‘rt rit nm - s O . ’ ‘- ‘c. Ir- . 0 E,,pr ’ ,e2 ~ 
‘ 5 oni ‘ it -u’

have not included the elem r rioaI dist,.,rt i ’ii of tire ~~~ samples . SOC! an e: -‘-,in’. ’n I’ “-1 ’ permissib le and the
para bolic spect rumt 12. )4~ w hich becomes -o g - ul io an ; b elecir io. i I Iv- i ,- ;  cJ mr- , I , t ot s eL F ’  h-v iaet f

high 015.- eleo:r io field., E (rh : r~~utta tst of ‘Oc app/red leads in .: tern -s of the Gmire Ii- F CSC- 5 s ,WU la in tS

fi~ !d and ftc much larger 1-F m ! field). W ithin mi se~o’d [ i oC:cs - iSC ’ \ ‘I f -
- ‘ . ftc ma gi e ’un t b r .  . - r ip ~- rsc io- ~.

orde, ,~~rturhati ,i, t fieor ’. of the Kane two-hand m, ’- de/ it and again entail’ a “C; ’. ‘hilt in to,’ ,ec ,ind ,jeri,- a t r - .e

is tt-’ .- .’- ‘m i” ,, S i C yh-.- :,rr . s’ i/ ’  - irr d “rh ‘ig ~or s mar cap es imomu- ; ,  ps -- o t m , ’- i r s  ¶e, ~-‘ ‘:b,’ r . - irri e’ ,c fields . It is -

me dia rest ’ irs rim a Sta rk ch ,f t~d Laiidau structure. wl’i~h tO CCCiI~ f rom i-u i-er ‘,t u,/re , ~~~~~ 
m, for S OIC

lowers ‘ fe  h’gme r IoiFidtiU o ,e ’ Is laste r than the os — e r collins-ri damping the m;L-nu roph, ’- ‘ ‘  irr’n) i m, -ie’. for

one’; the nc-  - r ~, is -i t  dd iti o m’ .;! ~c. rrase in the effective .1/ri-oil s(ttilif i O t S  ,,r ’- ‘ii-a?~ / , ’~il bs an - p- ’n e n tc_ l factor
- ~Ci- qUC ’iC5 turd a ,_ I’ ;rv.:I;uoni ext rem un sh im ti’i e ’mpi >. \ - - .~ hi~ -2 ‘s i he 5,, ’ m r  , . . nlrrn ”er and s the

h ghcr fi,’!’i~ Thus I - ’  ‘he mw . ’ (c — s ~st s- . m ”-Fanis t he damp ing ca c ’ : .  - ‘~c5 -r ,- - . I cs - i sam is e - ‘ \ tT ~ imt , are
t 1 eCtr ina ” , :‘~‘t1.inc d 5 - r c r e ’- c c’ ’ rim - “t ’t.ainc-J a’ ~~~‘ th e”e~- ’rr dis ,.l:,cc m sl~gh: r  ‘ c ’~ ‘: m , m n r e : ,  be~ - Ii

so hea rs -. iC : ,~~\ ar~ ue tF,,t ‘s 5 C~it5t !O/ led ~-~s ft” zero
~~i d t m . f dr ~m . -F f - - f p .  - - s ,. mignon -c 5c !,/ -n u t 1 y~~ 

‘ . ‘°i arid - the’ ~
- 

,:-o - ic ’,,mc w i t s  Ii. tO , - ‘C - ‘tp oJ C e, - :  re - .: ii Ic

~~,
_
, € , i ! l — ~~~ieL’ j ) ’ i - - --

~~
- -- _

~~~~~ } flat LO/Irs io n -c, r p :  -aill - c t  h: -0-OmmnO 
- e C 1 — C,J e;ire rnr, lu mbe r for h ig f-- v!e - , t , r c  he ir/s h r-n to n b a

fiel ds. Hca - -te m l  ‘ri g use of the t o t e  I pea k sh if ts
where s~, u is :i - ~ i nd aj -  ~ ,.nc band str ict ure , and as a f ilm 51- 0 of ~‘ Cii ci - l’s ii!. rkc:m , ’, vm- and

- I~ ft -c - . ’. • - n f l  ‘ e f l t b ill the f’-a nd-e,rge Ki’ r c acF ft I- ~~ ,ied”c: f r e ,  a ~!.an’ ,c i’t y(E) !y(OI
In t hese eu~cI-s- ,’ -ns ‘,su - ‘ s:’ p r- r r’smP d a ro e - is ~‘rft I ~~ for F,,, ,,, ‘ ‘ - c m an e c t ra r— -irn shift ,lf (I $~‘

t r i m ,,Ek ,! , ah1J IS lie same for all levels. - \ - . h~~
i- t ö~~ . o ’ mr- - 0 .1 s it the . rse”s ‘c. j~ ”~ shi f ; ‘~ the N =

‘ m e  su ltant pc-ce s tm a ’l.m a dl 5’: ‘,tt I’n’go’t for the higher — strem sini ‘)n the s’t her hind , for 
~~~~~~ 

> 5 ’ . cmii , the
ilarrn(rn :, -mimmuNe s v ‘-Ja r ;) ’ - - foe izrge gap ii’c dm ,,. 1,- n _ai t ’c rnnc ’ cor m ‘FistIc - n ti -

~ is ‘s c -v - he/n ed h~ m mc -n r c ,,-
ss h -:i’m ‘,‘dl -- e 5 -t O) “ ~~ (N — .\-‘ ‘ i , the Stark ~hrf t cl- h - cu- - field • f’ c. df a’ - l ‘ru~h bigger sh ,f i~
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diFisi ” -e conduction, which c-cm ’ or ’, in the ta ns - -c isc w hich rep laces iF. fr -c c: e ~r- —~~\ 
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e lect r ic field ham i / O  stn itc iu re[!0 . 12 ) ku’s magnetic hel ls sr’ that the hiCh h-’ moi;io number
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k -fmk ,.’eB m *Eleli ? ). e rn is s , -r n r / ’ ’ ~ ” . - / d  fn l’ . -wi” ‘in a c.’ ld high energy
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of n— lnSb with electron concentration , but derivative technIques to higher magnetic
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i t also shows for the first time that HP fields compared to the extreme of just the
structure can be observed in degenera te simp le cosine term, which occur at the
samp les of n— IaSb. magne tic fields where the resonance condition

In princip le , two different effects may for transitions ending at the L~-th Landau
contribute to the shift of the extrems in the level CL+N — e • ‘~kj  is satisfied for
transverse magnetoresistauce to higher N — 1, 2 , 3, . .~~ For ~he pure •~~~ le a value
magnetic fields with increasing doping of the y — 0.72 could be deduced f rom the
samples: (1)- changes of the mobility and the unrifferen tiated traces. From the difference
related d amp ing fac tor y because of an of the mobility of the samples under
increasing importance of ionized impurity consideration , it is reasonable to expect a
sca ttering, (ii) changes of the Fermi energy value of ‘Ii of abou t 2.5 for the high
and a related change of the population of concen tration samp le , assuming that it is
h i gher Landa u levels , The importance of the inversely proportional to the Rail mobility
dam p ing for the actual extremal positions of the samp le. For the N 4 ex t remum we
obs erved in a magnetop honon experiment was estimate a d amping—induc ed shift of 3.671 to
al rea dy pointed Out by Stradling and Wood 10 . hi gher magnetic fields b y using tabulated

Theoretical work describing the magnetic values of the damp ing— in~uced shif t given by
field dependence of the magne tophonon Blakemore and Kerinewell ’ . This shift has to
stru cture has not been carried out in detail be compared to the actual observed shift of
for  InSb , bu t of ten am empiri cal relation of 671 for the N — 4 extremuni.
the following form has been used to describe The second reason for the shift of the
the Structure in the resistivity 10 ex t rema to hi gher magne t ic field , is a

consequence of the nonparabolici ty of the
t~ p ~exp(—yB /B) cos(21T8 /8) InSb—conduction band , where the energy of theosc 0 0 

(1) Landau levels does not increase linearly with

where y is a constant depending upon the magnetic field. Consequentl y, transi tions are
sample mobility and temperature and B

~ 
is a expec ted to occur at hi gher magnetic fields ,

which involve a lower Landau level wi thparameter characterizing the semiconductor
and is defined by quantum number L>0 . An increasing contribution

* 
of these transitions and therefore a shift of

B m w /e (2) the extreme to higher magnetic fields iso 0
expec ted for an increasing population of

In Eq. (2), m* is the carrier effective mass , these levels when the sample is highly doped.
w~ is the long itudinal optical phonon More detailed theoretical work is needed in
freq uency and e is the magnitude of the this area before a f i rm understanding of the
elec tronic charge. dop ing—induced shif t can be obtained .

The pre sence of the exponential damping
fa ctor shifts the exti-ema obtained by second
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Magne tophonon—Oszi llationen wurden im transversa len Magnetowiders t~~ d
von entartet dotiertem n—In Sb bei 77 K in sines- Probe mit 7.5 x 10
Elek troncn/cni ”3 beobach tet . Die Magnetfe lder , bei denen
Wider s tands—staxima *uftreten , sind h oeher ale jene , die fuer reins
Proben (n~ iO I4 cm ) gefunden werden .
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ABSTRACT

Measurements of the t ransverse Ohmic ~ jn~~taphonon e f f € c t

have been performed at 77 K in a set of s a rnp l eE -  of n — I n SL

hav~ n~; carrier concentrations in the range fror T = 5 x 10~~

to n = 7 x ~o
16 cm 3

. With increasing dop i~~o , the minim 

ir~ the  second der iv a t i v e  of the res is tance  “:i~~h r s T - ~ct to the

magnet ic  f ie l d  are s h i f t e d  to hi gher magne t i c  f i e l d s .  Even in

the purist samples the values of the resonant magnetic fields

for  n - i r ~~oi ’ t i -:~ r~~m~ - - ~-s up to N = 12 can only be ‘~ x~~lained  if tb ~~’

c~ont~~ihutions of sPin-conserving transitions invo1v~~~i both

L = C’ spin levels ar-id spin—split Landau levels with L > 0 are

takon into account . These t r a n s i ti c - i~s 0cc-j r at ma-  ‘jet~~c fie1~ s

which are hi gher  thin the f i e ld s  for  the L = 0 lower ~~~i n  lovel

t r an s it ,~on because of the nonparabolici~~y of t h -  InSb-conductior

band . A super~ -~~~it ion  of L-erentzian lines ‘ -~ith -~n ~~~~~~~~~~~~~~~~

de term ined h a l f w i d th ~~(N) proportional to the harmonic number N

and w -~lqhted with the value of the Fermi distnibut~~:r. funct:on
S
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I
at the energy of the lower level is shown to give a good fit

I to the data yielding a band-edge effect ive mass of m = O .0138m
0
.

In higher doped samples , the shift of the extreina to higher

magnetic fields is partially caused by the larger value of the

I 
damping parameter because of the lower mobility . After apply-

ing an appropriate correction to the extremal positions of the

high concentration samples, a shift remains , which qualita-

tively can be explained by the increasing contribution of higher

order transitions because of the higher population of these

levels. Finally , the shifts in extremal position as a conse-

quence of an increased electron temperature , e.g., induced by

application of electric fields or photoexcitation , are dis-

cussed within the framework of this model.
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I. INTRODUCTION

Since i s  theore t ica l  p red ic t ion  by Gucevich and Firsc~’,~

the magnetophonon (MP ,) e f f e c t~ has f r e q u e n t ly  been invest i -

— gatc- in n—InSb in the transverse Ilr.ci long i t ud i n a l  conf i -~u-

rat ion . 3 7  Whereas in th is  ~a rly  ~:ork the non~~~r ah o i i c Lt y

of the  c on d uc t i o n  band of n— l n S b  has been r - -ec iec tcO , it ‘-oiS

ci-ed r ly  poin ted  out by S t radl ing  and Wood 8 ’ 9 ‘a the d iscus~~ior

of t h e i r  extensive measurement. s of the MP et~ cot j r  ~-ari o~ s

I T I .  V semiconductors  us ing tau-;roved € x p e r t~ental  tuchetcues ,

that pa r t i cul a r ly in the in t e r p r e t a t i on  of ft-e ex t r~ r~el posi-

tions of ïua~~~etophonon o s c i l l a t i o n s  in n— I n S b  t~ e u o n ; - ar a b o —

lic.ity of the conduction band plays an i .mpor.t e r t  ro~~e. I~ow-

e-ier , in t h e i r  ova i~~o L i  -
~~ i of the band—e~ - .~e effeot~ ve ‘a:~s~

only  ex t re rn~. with h a r m o n i c  number up to N = 6 wer e  included . H
The ~~~ ice t: on o~ the c e a n et  i c—f ie ld  moo -k - ~tjOI1 ind :oh~~ c-

sensi 4 v c— d e t e ct i c - n t e c hn inu e  h~ s s 101: 1 fLcantly ~m~::o- --ed the

r-’s)lution of th~ oscillator’; ‘:~ ru ‘~~~re i i-  ‘
~~~~- :  n- .~cneeorest—

stance and ~-as allowed the detection of extrema u p  to N 12

• - - ç  10—liin tao ~ r - t •  - oct in n — IriSh .

The ‘1!’ effect is o e n e L a i1~ accepte- .. to be d is t in a ui sh a ~dc

fr-en the Scubnikvv--ce fla~~s o f-jct by the i d e t  that It- - -3 0 L-  —

not clepenc —~r~ the carrier c-nec-out ra t  joe. ~rc nc~- ~ ;c h  d- ua- - Ic-u c- r

has been reeortoa so far. This can be undeistec-~~~~-, LI  i m in  nc
*the resonarec  ‘-:‘nd :1- ion N-. = ~ w i t h  c- uP  - r -  , wh— r ’ i’ is

C 0 C-

th- - of fee tiv mass an-i - i s an opt i c-a I 
~~~ 

jror ~ e-

since no ~I U c l i t i t y  depends on ho carrier concontrat ion - -~u~o’:
, -r ,

74
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i
this relation is only correct for a parabolic band , where the

Landau level energy increases linearly with magnetic field .

In a nonparabolic band , the energies of the spin-split Landau

levels do not increase linearly with magnetic field . As a

result, the optical phonon energy fits between a pair of

Landau levels characterized by quantum numbers L and L + N
8

at higher magnetic fields for higher values of L. The

observed resistance maxima in the transverse configuration

are therefore superpositions of all the lines produced by

these transitions, which have to be weighted by the occupation

factor of the lower level. If the population of higher levels

is enhanced with increasing carrier concentration or mean

carrier energy , we expect an increasing contribution of trans-

itions between higher levels and consequently a shift of the

extrema to higher magnetic fields. Such shifts have in fact

been observed by Curby and Ferry14 in the transverse MP effect

in n-InSb at 77 K as a result of the application of pulsed

electric fields up to 50 V/cm and the associated carrier

heating . A quantitative study using an improved experimental

15 16setup was recently reported by Kahlert et al.

it is the purpose of this paper to describe a systematic

study of the resistance extrema in the transverse NP effect

measured in a set of eight different samples of n-InSb having

13 —3carrier concentrations in the range between 5 x 10 cm to

- 16 — 3  .
1 x 10 cm at 77 K. In Sec. II the experimental technique

is outlined and the sample properties are listed . The results

of the measurements , namely an increasing shift of the resis-

tance extrema to higher magnetic fields with increasing doping

-
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of the samples , are described in Sec. I I I .  For a ow scin~~1os,

values of the damping parameter  ~ are  derived f rom the undif-

f erentiated magne toresi .stance versus magnetic fieid. In se- - . IV

the  sh i f t s  of the exper~ menta1 1y ebserv~-d ~-xtremai positions

away from the actual resonant magnetic fieles cie corrected ,

which arise from damping-dependent exponential pref actor to

the oscillatory term in the magnetoresistarice. Cai.:u1a~ t ; c-

ext remal  pos i t ions  are f o u n d  by superimposing resonac-ce  L i es

centered at the resonant magnetic fields, which de;-eI~c: not

only on -the harmonic number N , but a i~io en thcl- ’uan tuir n~uIut ;- t

L of the lower level.  These iI f lP~ are  w e i ch t o d  wi th  the Fermi .

occupa t ion  fac tor : ) f  the lower level a nd  ad-do d to form a co~-

posi te l ine , the extremum of which is competed ~~~ oricall;.

A supe - o s5 t io n  of cosine f u n c t i o n s  cannot exp Uiln aL~ extre~ ~ii

fields in thc- range Frc .n’ N = 2 to N = 12 fot :e sen t 1:-s.

Us~ rxg L-~~1or-tZ1afl l ines w i th an emp i r i call y determined half—

w~Hth propo:tionT~ to tl .e harmorei c nuiibe~ N , a coed fit is

obtained yielding a v a l ue  of the band--edge e f f e c t i v e  mass
*

in = (0.0138tO.0000Z- ’m . fie 5h2.ft  c-f the co rrec t ed  exr -ei-~~--
o 0 -

~ncrta1 positions c the higher doped samples to higher na-~nc~

f i n l d s  is cO~ u p<i r5~ to c a l c u l a t i o n s  for  va r ious  Fern ; enercies .

F a i r  ey.I e.uenL between the observed and the calcu l - : i t e  I shi~~t c

is obtained . Finally, shifts are calculated as consequence of

an increas in s elec t ron  t e m p er a t u r e .  Th e c-nnc Las  i on~ c-oncet -

nm -i the ~.nter ;~retation of MP effect meui~~un enent  in s e mi co n—

ductors having a nonparabolic band are drawn in S;c. V.

-
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I
II. SAMPLE PROPERTIES AND EXPERIMENTAL TECHNIQUE

Unoriented samples were cut from eight different single

crystals of n-InSb using a spark-cutting machine. They were

polished with 0.3~,im A1203 
polishing powder and subsequently

etched in CP4A twice for three seconds. Two end contacts ,

two potential probes, and two Hall contacts were provided by

soldering 25~im gold wires with pure Indium solder. The

samples were mounted in a holder equipped with six coaxial

cables and suspended in a glass dewar between the pole faces

of a 21kG electromagnet with the sample axis perpendicular to

the magnetic field. Care was taken not to surround the sample

with any conduotive material to avoid the shielding of the

magnetic modulation field by eddy currents. Prior to the MP

effect measurements , the transverse magnetoresistance and the

Hall effect were recorded by impressing a constant current

and measuring the potential probe voltage and the Hall voltage

in magnetic fields up to 20 kG for both directions of the cur-

rent and both directions of the magnetic field . The carrier

concentration n = l/(er
~H
) , where RH is the Hall coefficient ,

the Hall mobility U
H

1 and the value of the damping coefficient

-

~
‘ to be discussed in Sec . IV are listed in Table I.

The experimental equipment to produce an ac modulated

magnetic field and to extract the second derivative of the

magnetoresistance with respect to the magnetic field is des-

cribed in detail in References 15 and 17. In order to in-

crease the signal—to-noise ratio , particularly for the high

concentration samples where the MP oscillation amplitudes are

77 
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very small , a modulation field of 400 C peak-to-peak was

used . However , with the high mobility samples like Si and

S2, where the oscillations were observable with as small

modulation fields as 50 G peak-to-peak , the extremal position:~

did not depend on the amplitudes of the modulation field .

The dc magnetic field was swept at a rate of 500 C/mm . A

trivial shift of the recorded traces was caused by the fact

that the time constant of the lock—in ampl if i er had to be

set to 10 sec for a sufficient noise suppression. This shift

was carefully eliminated by sweeping the riagrioric field up

and down and taking the average value of the netic fields ,

where extrema occurred in the upsweep and in the downsweep ,

as the true position of each extremum . The validity of this

procedure was checked by taking traces on a hi~~h mob i l i t y

sample with a 100 msec- integration t ime , where at a magnetic-

field sweep rate of 250 G/min no differences hetween thc- uc--

sweep and downswecp pos i tions  were obs~ vshle. ‘lhn so d€nerr i r,ed

positions coincided wi th  the p o s i t i o n s  obta~~ncc~ f rom an aver-

ag ing of the traces taken with a 10 sec integration ti ll e. The

magnetic field was calibrated ising NMR techn i ques.
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III. EXPERIMENTAL RESULTS

The output signal of the lock-in ampl i f i e r  set at 2f 0 ,

where f is the ac magnetic field modulation frequency of

43 Hz, is plotted versus the magnetic field strength in Fig. 1.

This signal corresponds to the second derivative of the

resistance R with respect to the magnetic field . It shows

minima at the resonant positions , since the transverse MP

effect exhibits maxima of R whenever s —s = ‘
~iw , whereL+N L 0

is the energy of the Landau level characterized by the

: 

- quantum number L , N is the ha rmonic number , and is the LO-

phonon energy . By a proper setting of the phase of the lock-

in amplifier the background magnetoresistance could be com-

pletely eliminated in most cases. Therefore, the actual

extremal positions could be determined with high precision .

The es timated error in the determination of the extremal

magnetic f ie lds  is about ± 10 G for the purest samples Si

and S2, increasing to about ± 30 C for the highly doped

sample S6. In sample S7 only weak structure corresponding

to the N = 3 and N = 4 peaks was observed . No attempt was

made to determine the position because of the comparably

strong background magrietoresistance. No structure resembling

MP oscillations could be found in the second derivative of

the magnetoresistance of sample S8 wi th in  the given experi-

mental resolution.

The dashed line in Fi g.  1 marks a magnetic field of 8 kG.

The higher the doping of the sample under consideration , the
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more s h i f t  of the N 4 extremum away from th i s  l ine to h in t e r

magnetic f ie lds  is observed . Simila r sh i f t s  were found for

all other extrema . In addi t ion , the t r :ee s  show a more sin -a-

soidal type of osci l la t ion only for  the impure samples.  The

peaks for the samples Si , S2 , and S3 , u -~ n t i cu l a r l y tho~~e w i t n

N ~ 6 , exhibit  an appreciable amount of sh~~np en i ng .

In considerations concerning possible expianatiors for

the observed shift jf the extrema to h i c he r  magne t ic  fi e~~f s ,

the damping parameter -
~ p lays an impor tan t  role . This  para-

meter shows up in an empir ica l  fo rmula  for the  ampli tudes of

the MP oscillat ions as a function of the no~~n e t i -: f i e l d ,

which in many cases can be described by a t ’-rm of the fo rm

exp(--~B0/B) times an oscillatory term , whore B0 is obtained
* 5from the r e l a t i o n  eB 0 / in = w

0. Un to r tu nate y ,  it is no t

possible to determine y f rom the second d e r iv a t~~\-e traces

in Fi g.  1. They are dis tor ted because of tb : - r - ec ui ia r i t i e s

of the magnetic field modulation techc i -~ u~- • hec-ajse of chanqe~

of the phase for  opt imum detect ion during the f L e id  sweep ,

whi le  the phase s e tt i ng  of the  lock- in  a m p l i f i e r  is kent  cork --

s tant , etc . However , for three samples , S2 , S3 , and S4 , the

oscii1at ’o~~s in t h e  u n d i f f e r e n t i a t e d  r aw m a g n et o r e s i st n n c e

data  w i t h  N = 2, ‘-‘ -~ 3 , and N = 4 were su f f i c i e n t l y  p r o r r i n o n t

to allow a d e t e r m i n at i o n  of -
~~~
. These exper ~~rn e:~tal  values of

~ are p lo t ted  v er s u s  the Ha l l  m o b i lI t y  of thc re9pec-tivo

samples in F iq . 2.

~1
I

~
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I
IV. ANALYSIS AND DISCUSSION

A. Corrections of the Extremal Positions Depending on the
Damping Parameter

It was already pointed out by Stradling and Wood8 that

the experimentally observed MP extrema are shifted away from

the fields where the resonance condition is satisfied , since

the oscillations are modulated by an exponential term of the

fo rm exp ( -yB /B) . Later theoretical work by Barker 18 has

related the damping factor to various scattering processes

and has shown how the amplitude and lineshape may be expected

to vary as a function of temperature and impurity content.

In an extensive numerical study , Blakemore and Kenneweil 1°

have calculated the shifts introduced by such an exponential

prefactor , with both the harmonic number N and the value of

y as parameters. Particularly, they have found a linear de-

pendence of the shift of the minima in the second derivative

of the transverse magnetoresistance as a function of Y for a

fixed value of N , thus allowing easy interpolation between

their tabulated correction factors.

As discussed in Sec. III , a determination of was pos-

sible only for the samples S2 , S3 , and S4. In order to enable

a correction of the positions in those samples , for which

could not be determined directly , a curve was fitted through

the data points in Fig. 2.  An optimal least squares f i t  was

obtained wi th  a re la t ion of the form r = a + b/ u , which is a

reasonable resul t , since one expects the damping to decrease

wi th  increasing mobi l i ty .  Inser t ing  the coef f i c ien t s  a = 0.117

arid b = 3 .48  x 10~ Vsec cm 2 the curve in F ig .  2 was obtained
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and used to determine - values for  the samp les S5 and S6 ,

for which the undifferentiated traces were unsatisfactory .

Obviou sly , there is an appreciable amount of uncertainty

connected with this procedure. However , a convincino  check

for  the va l id i ty  of this correction was obtained from the

fo l lowing  observat ion;  By inspecting F ig .  1, one f i n d s  that

the s h i f t  of the extremal positions is su t ht an ti e i ly  d i f f e r e n t

for  the samples S4 and S5 , a l though they have almost the same

ca rrier concentration of 1.5 x i015 and 2 x l0~
5cm~~~, re.~nect-

ively . Consequently, they have almost equal values of the

Fermi energy and there-fore almost equal cont ributions of

higher order transitions to the resistance maximum . However ,

sample S5 has a subs tantial ly lowe r mobili ty , proba b ly due

to a higher impurity scatterinq contribu tion because of a

hi gher degree e.f compensation. Deriving the epj~~cnriate 
-

- -

value corresponding to its mobility from the curve in Fig. 2

and apply ing  the correct ion to the cxtr ema  accord ing  to R e f .  19

one a r r ives  at corrected posi t ions for  the extrema of these

two samples , which are --~ery close to each other (see the B/B

values of these two sarn ; .L i- e w i t h  s~ , = —9 meV and - 7 .5  rneV ,

respect ively, in Fig.  7 and F c .  8 ) .  Ai . l e x p e r i m e n t a l  datu ,

which in the subsequent  paragraphs  wi l l  be c ,mpared to calcu-

lated extremal pos i t ions, have been correcte-~ accordinc 
4 n

th is  procedure u s in u  the cor r€ c t i o n  f a c t o r s  t abu l a t ed  in  R e f .  19.

B. C -
S
t I cu lat e d  Ext  e n d  ~ Posithoris us a ~ Z i~~:- 

- 

~osi t n-n cit Cos ine

Fun c t i o n s

The corrected ex e e r i me n t a l  m a gn e t i c  f i e l d  posi~ni ons ot ‘~r-

ex~ r’ma for s a m p ie  52 , m u l t  ip~ ied by th ei r ? e~~- e ct i~7r h a r m o n i c

~~~~~~~~~ A . -~~~~~~~~ _~ ~~~~~~~~~~~~~~~~~~~~~~~
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I 
number N, are plotted versus N in Fig. 3. The lines connect

calculated NB products , where B is obtained from the general
- - 

resonance condition

C L+N , s 5L ,s 
•
~~ o ( 1)

The energy 5L,s of a Landau level with quantum numbers L and

s is given by8

= (C g/ 2 ) { [l  + 4(L+½+sg0m0/2m0)tw0/eg]
½ 

- 1) (2)

where 5g is the energy gap , g0 is the electron g factor at the

bottom of the band , and m is the band edge effect ive  mass.

The ful l  curves are for the lower spin levels with s = ½, and

the dashed curves are for the upper spin levels with s -½.

Only spin—conserving transitions were considered . The num-

erical constants were g0 = _5l.3~~
0 5

g 
= 0.225 eV at 77 K ,

hw0 24.0 meV and m0 0.0138 m0. Evidently, the observed

NB-values cannot be explained by transitions involving only

one particular pair of Landau levels, for example, by trans-

itions star t ing (phonon absorption) or ending (phonon emissior )

on the L = 0, s = ½ level. The f it cannot be improved by a

better choice for m0 or ~ w0, since the curves are merely

shif ted to higher or lower NB products wi thout  the curvati ~e

being significantly altered . If one neglects the NB-val ~ for

N = 2, one even finds that the NB—values for N ~ 3 are all

equal within the experimental accuracy. Consequently, a plot
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of 1/B versus N g ives  a s t ra ight  line through the orig in ,

which leads to the wrong conclusion that the effective mass

can be evaluated from the parabolic formula N—- -- -
~~ . The

C 0
*

value of the e f f e c tiv e  eass in 0 .0157 in so deduced j s
0

appreciably differen t from the band --edge effective mass ob-

tained by other techniques and leaves the nosit ion of the

N = 2 and N = 1 extrerna unexplained .

A method to dete rmin e the band edge e f f e c tive m~~ s by

taking into  accoun t hi gher order trans i t ions  was propcse~i by

L Stradling and Woody They t r i e d  to explair the corrected

experimenta l posi tions by a superposition of cos~ ne f u n c t ions

centered at the appropriate resonant maqn€tlc field for each

of the contributing transitions , which were weighted by a

Boltzmann factor to account for the population of each level.

We repeated this procedure by adding contributions from eignt

levels (L = 0 , s = ½, —½ ) to obtain a resulting line of

the form

3 —
~~~ 2 n N H .

I- --A~~(B )  = cos 
~~~~~~~~~~~~ B 

-
~~ 

~~~~ 

(B , (3)
L=O a=~

where B L SN is  a solu t ion of F~ - ( 1 )  fc-~ the t P r -cd~ r~ lute value * -

of L , n , and N,and f is the Fermi distr  ‘- tten f u nc t i o n  g i v in u

the population of the enerq, leve l ~aiunr : t  B for

wh i ch AN (S) has a maximum ‘-- crc multin1i ’-~u by N ari d p lott ed

v*’rsus N in q .  4 fo r  (i1 F Fei-unt values a the band-edge ef—

*
fec t ive  mass .  With  m 0 .0138  m a reasc-e~ab1e f i t  to the ex—

o 0

per irental data for N 8 can be obtained ~FL1 curve) , whereas

- ~~~~~~~~~~~~~~~ - -- - - - - - -- -~~• - --- ~~~~ -~~ -~~~~~- - -~ -~~- -~ ~T~~-— ~~~~ ~-~~ --- —~~-
‘ 

- - - ----~~~~~~~~~ -
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great discrepancies occur for N < 6.  R e d u c i ng  m
0 

to a value

of 0 .0136 m0 yields a reasonable fit (dashed line ) to the

data for N -~..6 similar to that obtained by Stradling and Wood,
8

but fails to explain the higher harmonic number extrema .

C. Calculated Extremal Positions as a Superposition of

Lorentzian Lines

The reason for the fa i lure  to explain the observed positions

by a superposition of cosine functions is found by inspecting

the actual shape of the extrema in Fig. 1. Not all extrema

exhibit a cosine—dependence on I/B, but some are more sharpened ,

particular for the pure samples and for extrema with N~ 6.

This effect is clearly demonstrated , if one plots the second

derivative of the resistance with respect to B versus 1/B.21

In order to account better for the observed line shape, the

extrema were described by a superposition of Lorentzian lines

centered at the resonant positions and weighted with the Fermi

occupation factor f in the form

= ~~ { ~~ + — 

B 
~ )

2 
(

N) y2 }
_l 

fE e L ~
(B) ] , ( 4 )

L=0 s=½ L , s , N ‘

where t~(N ) is the f u l l  width of the line at half amplitude.

For each harmonic number N the value of t~(N) was determined

in such a way that the line calculated according to Eq. (4)

had the same l inewidth as the experimentally observed line

- --

~

‘

~ 

-
_ 

--- - -~~~~~~~~~~ - 
-
~~~~ 
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for  sample S2. It was assumed that  f(N) depends on N only

and is independent of the value of L and s for a given N.

The h a lf w i d r h  so de term inded is c lotted i r~ Fig . 5 versus N .

Obviously A ( N ) increases l inear ly  with N and ca n be wr itten

as ~~(N) = kN with k = l.93xl0 6
G ’. The i!,~1ues of B for which

~~~(B) ha s a maximum were mult iplied by N and p lo tted versus

N in Fig. 6 for different values of the band-ed-ne effective

mass , together with the corrected experimental data for ramp 2c

S2. The best fit was ohtairied using a value of in
0 

“O .O 1 i~ ±

0.00005)rn , whi ch is very close to the mass de termined from

intraband magnetooptical effects at lower temperatures by

Johnson and Dickey .20 Fxtending the summation in Eq. (4)

up to L 7, wh i ch means the incl u s ion of contribut ions of

e ight  more ~ossib le t- ransitions , did not signi f icant1~ change

the calculated curves. A comu- - ir i son  of the cc lculct-ed a n d

experimental line—shape is di~~fi-:n1t , s ince  the experimeetal

l i nes are d istor ted e ntu  by t h e  m- - -u su r in g  t e c hn t n ie and by

the fac t t h a t .. t hey  a r e  m u lt i pU  ed by a m a c n ct i c — f i e l d  dep en d e n t

e x u on e n t i a l , -~~~~~ hi scu~ sod tn the fi r~ t oat  - r c ~;h of t-h -~s st2 e t ion .

D.  Concen t r a t i on  h€  p- n -Jen ce  of the E x t  r em~ J P o si t i cr i r

In order to determine the  con~~en t r : it i on  dependence pre—

dicte-i by ‘ two models  d iscussed above , the -~ n c -t i c  field B

fo r which t h e  func t ions  A
N ~~~~~~~~ AN have a maxiiu~~, is calcu-

lated as a function iuf t he  Ferir i energy ~~. f’o~ ~ovei-a] va lues

of N.  The e x t r e m a l  m a g n e t i c  f i e l d  obta ined f o r  a p a r t i c u l a r  

- - —  —_ —_- - _- 
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Fermi energy divided by the field calculated for a large

negative Fermi energy of -30 meV is plotted versus the Fermi

energy CF lfl Fig. 7 for  the N = 3 extremum and in Fig. 8 for

the N 6 extrernum . The full lines are calculated from Eq.

(3) and the dashed lines are obtained from Eq. (4). The data

points were found by dividing the corrected extremal magnetic

fields for a part icular  sample by the corresponding corrected

f ield B~ f or the pure sample S2. Use was made of the relation

between the carrier concentration and the Fermi energy for

the conduction band of InSb given by Kahiert and Bauer.22

Good agreement between the experimental and the calculated

shifts was obt~’ined for the N = 3 extremum as evidenced in

Fig. 7. For the N = 6 extremurn the agreement was less satis-

factory. This mi ght be caused by the fac t  that no attempt

was made to make the halfwidth dependent on the amount of

doping . This assumption of a doping-independent halfwidth

is not too well justified , since the halfwidth of the lines

at a given N apparently does increase with increasing doping

(see Fig. U. Part of this linewidth increase is certainly

caused by the stronger contribution of higher order transitions .

A quantitative description , however , calls for a more refined

model than that used for the description of the extrema in the

pure sample S2.

E. Electron Temperature Dependence of the Extremal Positions

An obvious consequence of an increase of the electron temp-

erature , which is a parameter of the Fermi occupation factors in

- ~~r_. ~~~~~~~~ -~~~ ~~~~~~~~~~~~~~ 
—

- 
__~~~~~~ — 11
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Eqs . ( 3 )  and (4), is again an increase of the c o n t r ir - u t i o n

of higher order transitions and a resulting shift of the cx—

trerna to higher ntaqnetic fields. The calculated shift of

the extrema in a pure sample (C
F 

= -30 oeV) as a function of

the electron temperature for the harmonic numbers N = 3 T1fl~~~ 6

is shown in Fi g. 9 . Such s h i f t s  of tran~:crse MP effect

extrerna in ri- InSb at 77 K have in fact been observed as a

consequence of the applicat ion of pulsed electric f ic~ d~: .

An i n c rease of t h e  m ean carr ier energy is also expected to

resul t  from an ill-a~ ination of an n-InSh s-rrr p~~- . wi th  CO2 laser

rad ia t ion.23 However , because of the  pred~-nin~ r.- :-e of polar

optical sca tter ing at 77 K in n — I n S b , in  e l ec t ron  t e m p e r a t u r e

model is cer t - - i ir 1~ -~ u a u ~~r op r i a c e .  It  has to be r ee l - ace - i  he

a calculation of t im e d i s t r i b u t i o n  functicim ~br~ t~~-:es into

account the L~t r-do’;— Lcvel stTructoiT e of the c- -
~nduc c ic- a bach

Therefore , the resul t  of F ig .  9 2-3n1mo t im ned et -€lv be ct :cpared

to observations in an actual e ectron-heat~a-mp exuorineo~

but inc-rely demonstrates one of thc  basic p h y s ic a l  cnn- :-csses

which are to he e~-ue

- 
- -
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V. CONCLUSIONS

The transverse Ml’ e f f e ct in a nonpa rabolic band is con-

siderably more complex than in the simple parabolic case.

The observed resonant magnetic fields can only be understood

by a superposition of lines , which are centered at d i f f e ren t

magnetic fields because of the nonlinear dependence of the

Landau-level energy on B, and which are weighted with the

Fermi occupation factor. As a consequence , shifts of the

extremal positions occur , whenever parameters of the distri-

bution function , like the Fermi energy or the electron temp-

erature, are changed . As a further consequence , the inter-

pretation of the shift of the extrerna as a function of lattice

temperature becomes exceedingly complicated . Not only have

the changes of the energy gap and the related changes of the

band—edge effective mass to be considered as well as changes

of the LO—phonon energy , but also an increase of the contri-

butions of higher order transitions to the position and shape

of the lines with increasing temperature . These implications

do not only concern the MP effect in n-InSb , but in all small-

gap semiconductors having rionparabolic bands. In particular ,

shifts of the extrema l positions of the longitudinal and

transverse Ml’ effect in Hg0 8Cd0 2Te with lattice temperature

have been interpreted as resulting from the change of the

ba nd gap and the band-edge e f fec t ive  mass only ,  without giving

proper considerat ion to the above described ef f e c t s . 24 ’25 The

temperature coefficient of the band gap derived to explain 

-— —~~~~~~~ -—
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- 
the data was found to be a factor of two higher than ohta~~ eh

from independent determinations.26 A calculation of the

- - temperature dependent s h i f t s  inc lud ing  the higher order t ra as-

i t ions , which were neg iected in this interpretation ,
24 micht

well remove this discrepancy .

L —
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I TABLE I. Sample Properties

No. n (cni 3) - 

/LH(10
5 cm2/(Vsec))

si 5.0 x io 13 6.29
S2 9 .0  x io13 6.11 0.72
S3 6.7 ~ io14 4 .22  0.88
S4 1.5 x io15 2 .92  1.33
S5 2 .0  x io15 2.13
S6 7.5 x io15 1.64
S7 3.0 x io 16 1.03
S8 7.3 x 1016 0.87
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FIGURE CAPTIONS

Fig. 1: Second derivative of the resistance with respect

to the magnetic field B versus B for the samples

listed in Table I.

Fig. 2: Damping parameter ~ versus Hall mobility at B = 0.

The curve is a least squares fit through the data.

Fig. 3: Experimental NB values for sample S2 versus har-

monic number N. The curves connect points cal-

culated from Eq. (1) and (2) for L 0,.. .3.

The full lines are obtained for s = ½ , the dashed

lines for s = -½.

Fig. 4. Experimental NB values for sample S2 versus N. The

curves are calculated from Eq. (3) with different
* *values of rn /rn . Double-dash dotted : m0/m0 = 0.0139;

full: in /m = 0.0138; dash-dotted : m /m = 0.0137;
0 0 0 0

*
dashed : m urn = 0.0 136.o o

Fig. 5: Halfwidth of the resonance lines for sample S2 as

a function of the harmonic number N. The straight

line is a least squares fit through the data.

Fig. 6: Experimental NB values for sample S2 (dots) as a

function of the harmonic number N. The curves are

calculated from Eq. (4) with different values of

m*/m; dash-dotted : m*/m0 = 0.139; full: m0/m 
=

0.0138, dashed : rn/rn = 0.0137. The square repre-

sents a corrected data point taken from Ref. 8.

I
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Fig. 7: Dependence of the normalized position of the N = 3

extremum on the Fermi energy C F • B~ is the extremal

• position found for a pure sample . Full curve :

Cosine functions, dash—dotted curve: Lorentzian

lines.

Fig . 8: Dependence of the normalized position for the N = 6

extremum on the Fermi energy CF• B~ is the extremal

position found for a pure sample. Full curve : Cosine

functions; dash—dotted curve: Lorentzian lines.

Fig . 9: Calculated dependence of the normalized position of

the N = 3 ( ful l  curve) and the N = 6 extreinum (dashed

curve) versus electron temperature Te for a sample

with CF = -30 meV according to Eq. ( 4 ) .
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CO2 LASER-INDUCED HOT ELECTRON EFFECTS
IN n-InSbt

B. 1. MOoRE. D. 0. SEII.ER and H• KAHLER11
Department of Physics. North Texas State University. Demon. TX 76203, U.S.A.

Abstract—The influence of a 3-Msec wide CO2 laser pulse on the Shubnikov—de Hias (SdH) effect in a
l.4 x t0” cm ’ sample of n- tnSb has been investigated at a lattice temperature of 1.8K. During the time the sample
is illuminated the SdH amplitudes are found to decrease with increasing laser power. For a peak incident power of
about watt , the SdH oscillatory behavior cone~ponds to that measured at a lattice temperature of 4.6 K for the
iion.illuminatcd sample. These results form the first direct and quantitauve evidence for electron heating induced
by CO2 laser radiation and permit the evaluation of a phenomenc_logical energy relaxation time.

I. INThOOIJCTIOPI distributes the absorbed photon energy within the d cc-
Hot electrons in lnSb created by d.c. electric fields have tron gas. If this process is sufficiently fast , i.e. if the
been extens ively studied by a variety of experiments, both concentration is high enough, a non-equilibrium carrier
for nondegenerate and degenerate statist ics. However , distribution will be established, which is characterized by
for the case of optical heating, much less information is an electron temperature , T1. It should be noted that the
available. In pure (<lO ’° cm 3) samples of lnSb illu- polar-optical phonons emitted by the photoexcited elec-
minated by long wavelength radiation, free carrier trons decay to acoustic phonons through a three phonon
absorption is known to cause an increase in the mean interaction and thus have a long litetime[3). Some of
energy of the electron gas as observed by changes in these optical phonons may therefore be reabsorbed by
conductivity resulting from a mobility variation(l, 21. the electron gas providing an additional source of heating
Determination of electron temperatures from photocon- besides the electron-electron thermali.zation process.
ductivity data depends upon the assumptions made con- The ultimate transfer of the absorbed photon energy to
cerning the dominant scattering mechanisms. In addition, the environment surrounding the sample takes place
this technique is not as sensitive in degenerate samples through acoustic phonons. either emitted directly by the
of lnSb since the mobility is not strongly dependent upon gas or created (in pairs) by the decay of optical phonons.
temperature. But since the rate of emission of acoustic phonons is

In this paper, we present the first direct measurements slow compared to that for emission of optical phonons.
of C02-laser induced hot electron temperatures in this will not become a significant energy loss mechanism
degenerate n-type lnSb. These measurements involve until the electron gas has cooled below the point where
determining the amplitude of the Shubnikov—de Haas optical phonon emission can take place.
(S.dH) oscillations which are strongly dependent upon the Hearn[4, 5) has made calculations for lnSb at liquid
temperature of the conduction electrons. In addition, a helium temperatures which indicate that, for concen-
phenomenological value for the energy relaxation time is trations above a critical value of n0 = 10’ to 10H cm ’,
estimated from simple considerations of energy balance, electron-electron scattering should dominate. High mag-

netic field calculations 16, 7) raise the estimated concen-
2. TJIFO Y tration at which T~ is valid to nr — 10 ° cm ’. However ,

(a) Free camer abso,p(ion and electron heating the assumption used in these papers that the Landau
For sufficiently low intesities where two photon pro- levels above the bottom N = 0 level will not be popu-

cesses can be neglected. the absorption of CO2 laser lated is not valid under the conditions of this experiment.
radiation at wavelengths between 9 and ll~im (hv ’.’ We assume for the electron concentrations of interest
0.117eV) in n-fnSb will take place through interaction here (n = I.4x l0”cm ’), that the energy distribution of
with free electrons in the conduction band. Electrons the electron gas with laser heating will be characterized
exc ited to high energies by absorption of a photon may by a temperature . T0. which is greater than the lattice
undergo energy relaxation through two competing pro- temperature, TL. This distribution will then be cooled by
cesses: electron-electron scattering and polar-optical a combination of optical and acoustic phonons. The
phonon emiss ion. This phonon emission transfers the effects caused by emission of optical phonons prior to
absorbed energy of the photoexcited electrons to the thermahzation of the photoexcited electrons present
lattice. Electron-electron scattering, on the other hand, additional complicat ions.

(b) Shubnilcov—de Haas elect under carrier heating
tWork supported tn part by the Office of Naval Research.
tOn leave from Ludwig Boltzmann Institut fuer Festkoerper- COfluIttOflS

physik and lnstitut fuer A ngewandte Physik. Universitaet Wiets, Isaacson and Bndges 1K) first used the SdH effect in
Austria. lnSb to obtain hot electron temperatures with applied
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electric fields. Further electric field induced hot carrier The assumption was made earlier that thermati~ation
studies were made using the SdH effect by Bauer and of the photoexc ited ciectron o cues through electron-
Kahlertl9.-ll J. in this paper, we show that the SdH effect electron scat ~ ring before significant optical phonon
can also be used to study laser-induced hot electrons, emission from the photoexcited carriers takes place
The SdH oscillations tn the longitudinal magnetoresis- However , when phonon emission t.z kes place rior to
tance of a degenerate semi-conductor can be observed thermalization, e . g. to satis f y momentum conservat ion
under the following conditions[121: during phoior absorptton , a more deta~ed thecret i,..il

treatment would bc required.
( I )

3. E XPERI MENTAL WORK

where w, = eB/m ’c, is the cyclotron resonance The samp les used were cut front a bulk sa~riple of
frequency and I is the collision time. Assuming that the n-type InSb ha.ing a concentration of 14 > ’  I0 1

~ ciii
Dingle temperature and the spin-sp litting factor remain and a Hall mobility of 2 ‘ 10~ cm~~’s sec at 1.5 K. The
constant as the electron temperature changes, the ratio optical surfaces were ground with A120> polish w ith a
of SdH amp litudes at two temperatures is given by grit size of 0.3 jam (— ~ ; 3O > . The ah>orpt ion coefl icient at

10.6 jam is taken to be 0032 ~~ which is an
A 1 X ,Is in h(X 1) ,,

~ 

extrapo lated value taken from Pate t I l4~, w~’.u me,.~ured
.4. X 2/ s in h(X 2) o.~ cm for a sample 1. 3 A b A crn~

1. The 1~ a

where dimensions were 6 ~ mm 1 8mm <(1 07 mu thick. Tv u
X, = 27T 2 k~,T,/8W, (3) current contacts and two potential contacts w~.re ma de

with 25 p.m diameter gold wire using i’~d,um so lder.
The use of eqn (2) to extract the temperature of the hot Figure I shows a s~.hemaiic diagram of the equipment
electron gas is presented in Section 4 of this paper. as used in this ex perunlea t The sample was illuminated

w ith a pulse produced by niccha n>c~~i, choppmg a beam
(Cl Relaxation rime (TEM~ mode) from a cw CO 2 laser The pulse width

The calculation of a phenomenological relaxation time used in this experiment wa~ — ~ p.cec F. W .H.M with a
is base d upon the balance of energy gain and loss pro- rise time of -“2 ~..ec . The re~’cr t ic :  ra c  ~as 2000 Hz.
cesses for the electron gas in the illuminated sampre The pulse wa s b ussed to a dia> :~~:~r of 1.8 mm at t he
vo lume. The energy gain is due to the absorption of laser samp le and positioned to illumirate the regio;i of the
photons and subsequent thermalization of photoexcited samp ic between the poten~Ia! conta~:’ ~he ( O~ laser ic

electrons w hile the loss is due to energy transfer from grating tuned and p >~ J~~Cs sun~ e inc ou’ ’lits o f ~e’.eral
t he electron gas to the lattice. The energy balance equa~ wat ts  us er moo If the ‘3 ~m ~o >. m wa .~cn~’h ~arlge .
tton for a single electron has the form rhe expert rnent ~et~>rted here w.. , earr itd out at A =

is~ . ~m s ith pow ers up t i  lOw abc a’ ailahk. ~\ He—N e

-~ ~( T~) — e( T, 
+ ~ ‘4) 

lase r uacd a conj unction w:ti a sii~ ii PIN photodiode
dt ‘ produced a igg pulse for the ‘ulse ~cnei tt~ng and

de laying electroni cs
w here P ,~ is the absorbed power per electron in the The magnetc .rcsist anic ~f ‘ho samp le was then
illuminated sample volume and i’ is the energy relasation measured using a rlior 45 rt seO clecrr;cal probe pulse
t ime The temperature dependence of the mean energy of generated b~ a fa st :sc imc . I nsec) Tek ironts pu ce
an electron in a degenerate semiconductor is taken to be generator. The eleci r i .:al pulse. kept sm.ai~ to asc : d  heat-
)t 3J ing hr the electri~ betd . w~ , sv ncr i~.nt,~od to coincidc with

t he pc~k of the aso r pulse. Thc d if fe >cn~e o ia~e he-

f T) -  k T F (i 1 ) t s e ~.n t he tw o poienti ,uI pro ies wa.  mea ,ured wi t h a
Tektronis “~~~ “S14 s.~iiip lung o- .cillo~cope.

and where Previous pulsed d ~dH measu remer. tc(l~ rcp ’:tcd
by the authors were made bs direct is ~ecordung t he

Er ottiput of the ,urnr hng ns~t Iloscope vs. m.~gnrtic field .
k,T H~ we se r . si~n:ti~ .ini impt oc e i re nts it’ \ gnal.io noise

rat io hase been obtained through the use of .ig’> tic
is the reduced Fermi energy. field modulation in oomhin.~tion with the f as t sampling

If a steady-state condition can be established under niet hods This Lomtiincd teLhntqul was hrst developed
laser illumination so that l’~ Kahlert ‘nd St Icr) lb. I for obsce. ~‘e hot ek,tron

magnetop honon str ueture in n-ln Sh at K When used

0 (6) to observe the SdH effect , his teJunique produces a
dt detecto r res ponse which is proportional to the first

derivative o~ the n.agne to rcc isia nce oscillatio ns . hut it
then ~ may be calculated from the equation does not affect the ratio of amplitudes as given in equa-

ti .n (2). In this method . the output of the sampling
— 

e( T•) — El T,,) 
~~ 

oscilloscope is fed in’ o a lock in lmp ihvr . the output of
w hich is then reco rded.

I
h~ 
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Fig. I. Block diagram of experimental apparatus.

4. ~~~ULTh AND ANALYSIS i a
Figure 2 shows SdH oscillations for lattice temperatures, f.

\TL, between 1.8 and 9.6 K. The oscillations recorded for
various incident laser powers are shown in Fig. 3 for 

_,
,-

~ 

/

TL = 1.8K. Qualitatively, it can be seen that the oscil- ~i /
U)lations are damped by increasing laser power in a manner ~ __—~~~ -._./
a:analogous to the damping caused by elevated lattice se —~~~~~~ --- ‘

temperatures. These data show directly that the mean 
_—---~“‘~~ ~~—I—

I-,energy of the electron gas increases with laser illumination.
i~- iG 4The SdH amplitude ratios as a function of lattice 

“4temperature (without laser illumination) are plotted on
the left-hand side of Fig. 4 and exhibit the characteristic I I t

2 3
dependence given by eqn (2). The variation of the BIEG)
amplitude ratio with incident laser power is plotted on Fig. 3. SdH oscillations for various incident laser powers at athe right-hand side of Fig. 4. The reference amplitude A0 constant lattice temperature of 1.8 K. Power levels listed are
for both graphs was taken at 1.8 K with no laser illu- peak incident power at the sample.
mination.

The electron temperature corresponding to each laser _________________ ____________, , .00

ratio shown in both halves of Fig. 4. For example, the
power is determined by comparison of the amplitude

dotted lines show that, for a 0.98 W peak incident laser 075

I 

~3•’ ”’°F-

~~~~~ ~~~~~~~~~~~~ 

1L 8K

002

~ L ~~~ ~~~~~~~~~~ _______________ ___________ 0I 
~~~ 2 2 * 2 ~~ • 5 0  2

3~t3 .,..—~~Nj’ \ ~ TL (K) PIWotisi
~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

~ F~. 4. SdH amplitude ratios vemus lattice temp (left) and versus5) 355
U

~~ ~~~ - 
.-.. 

\ S . incident laser power (right).

—— - 
power , an ampl itude ratio of 0.22 was obtained. From the

I t. .. _ _ _-i-.__ .i temperature dependence it is seen that an amplitude of
0.22 corresponds to a temperature of 4.6 K. Thus, a

~1 Fig. 2. SdH oscillatcry magnetoresistance for several lattice phenomenological electron gas temperature of 4.6 K is

L temperatures taken while detectini at the fIrst harmonic of the obtained for an incident laser power of 0.9* watts at a
modulation frequency (no laser illumination), lattice temperature of 1.8 K. The electron temperatures

1
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_
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obtained in this manner for the various laser powers are Sandercock(l81 catcu lated values of l/t ~c 70 ’ sec be-
plotted in Fig. 5. A distinct non-linear behavior is obser- tween 2 and l2 K.
ved which cannot be accounted for by experimental
uncertainties. ~ CONILUSI(’W ’S

In order to determine that lattice heating did not The Shubnikov—de Haas effect has been shown to be a
contribute to the effects discussed, a very broad valuable tool for in sestigating laser induced hot electrons.
(—30 ~asec) laser pulse was used to study the time Qualitative compartson of the SdH oscillat ions as record-
dependence of the SdH amplitude. A lower pulse repeti- ed under illuminated and non-illuminated circumstances
(ion rate of 166 Hz was used, but the average power show that the mean trnerg~ of the electron gas is in-
input to the sample was —50% higher. The temperature creased by absorption of the laser radiation. Itt addition.
of the electron gas was measured at different time posi- these comparisons show that the SdH amplit&ide damping
tions during the pulse, and the results are shown in Fig. caused by laser heat”~jr 1’ cer ~ simi lar to the damping
6. This figure indicates that within the experimental which occurs at ~Ie..ai~J latti~e temperatures This
uncertainties lattice heating makes an insignificant con- similar ity tends to support the electron temperature
tribution to the temperature of the electron gas during model. Quantitative oc. ’rr pir s.in of th es e amp litude ratios

laser illumination for these t imes. has provided a me.~~’ if ~cicrm1r,n1e ho tempera ture ~~f

Results of calculations of energy relaxation times the laser heated o lec t r ~” gas
based upon eqn I7l yield a value of about 25 nsec for On the basis of the electron temperatures derived from
electro n temperatures between 3.2 and 5.2 K. these measurement ’ , a phcn o rre ro k’gicc.l energs l e s s

at ion time ri:is been deierri red Further esper:ments are
6 r planned which should “ri ’ dc additional ins ighi into the

- 
physical nature of this relaxation process.
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New Hybrid Photoconductiv ity Technique for the Investigation

J of C02-Lase r-J nduced Hot-Carrier and Free-Carrier
Absorption Effects in Degenerate n-InSb at 1.8 K

D. G. Seile r , J. R. Bark er ,~~ and B. T. Moore
Dep avf ment of Physics. North Texas Stale Univers ity . Denton, Texas 76203

(Received 12 April 1978)

Free—carrier absorption of tuned (‘0,-laser radiat ion is shown to be a valuable new
toot for the extraction of information on photoheated hot carriers and the free-carrier
absorption coefficient s in low-concentration , degenerate n — InSb at liquid heliu m temper-
atures . The technique exploits parallel photoheating and dc- heating experiments con-
ducted in a regime where conductivity changes are unambiguously determined by mobil-
ity changes .

I l lumination of semiconductors with intense Ia- carrier absorption c. .~icient of low-concentra-
ser radiation leads to carrier heating.~~

2 Studies tio n (L4 X1 0 15 cm ”) n-InSh.
of hot-carrier distributions are important be- Figu re 1 shows a block diagra m of the equip-
cause they yield information concerning the elec - ment used in this experiment. The sample , im-
tron-electron and electron-phonon interactions mersed in liquid helium in a variable-tempera-
in semiconductors. Here, we report for the first  ture optical Dewar , was illuminated with a laser
t ime free-carrier absorption-induced photocon- pulse produced by mechanically chopping a beam
ductivity measurements on degenerate n-lnSb un- (TEM~ mode) from a grating-tuned cw CO3 laser
der optical excitation at C02-laser wavelengths which provided single-line outputs of several
that allow extraction of electron temperatures. watt s from 9.2 to — 10. 9 ~sm. In the present ex-
Furthermore, we present the results of a unique per iment s. a laser pulse with a width of —20
combination of independent electrical and laser usec [ FWHM (full width at half -maximum)J ,  a
experiments carried out at liquid helium tempera - rise and fall time of — 2  ja sec, and a repetition
tures on the same low-concentration sample of rate of -“1700 Hz were employed. The laser
n-InSb , that allows, in prine ole , the precision pulse was positioned to illuminate the region of
extraction of the free-carrier absorption coeffi- the sample between the potential contacts. Cali-
cient as a function of CO2 laser frequency and brated filters of either CaF 2 sheets or sheet s of
laser power. These absorption coefficients are Teflon or some combination of both were used for
so small at 10 ~sm that their determ ination from attenuation.
classical optical absorption measurements alone Figu re 2 shows comprehensive results obtained
would prove impractical. Consequently, these from three sepa rate experiments on how the mo-
novel hybrid experiments and their interpretation bi l ity changes with (1) applied electrical power
result in the / irs! reported estimates for the free- P 5 per electron (obtained from electrical heating
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FIG , 1. Block diagram of experimental :‘pT ~~r a tu~ ,

experiments as e~~E~) as shown in F i r .  2(a); are c o m p l e t e ) .  ‘~ep l . ~~ib t e . C i m s e q u e n t i . .
(2) lattice temperature TL as shown in Fig .  2(h l :

- ~~~~~~~~~~~~~~~~~~~~ ~l)and (3) peak incident  laser power P 1 as shown in
Fig. 2(c) . The electron concentrat ion was deter- where ~xe=~~— , ~~ = ~. —  t~~ , . and ~ l V — V 1
mined to be 1. 4 10’ cm~~ fro m the period of are the changes a the conduct iv i t y , m. b i l i t ; ,
Shubn ikov—de Haas (SdH) oscillations and is coo- and voltage drop across the sample iead~~. i s

slant at the se lattice temperatures and low laser ei ther TL, J ~ a. IS va n o d  whi le  the o ther
powers where two—ph oton absorption processes two varia l , le -i  a”o held ean~ t a n t . The va lue -. of

(a) (b) C c )
/ 1

0.20

1 

~ / ~ ~0 5x ~ö~~~ 
1) ~~

R~~0 ~~‘0 ‘
~~~

-03

0 1 6  / ~~~~ 
0 1 6

~~~~~0 I 2  / • 0 i 2 ~~~~~
/ 9 27

008 / / 
~ - 

008

/ ‘
I ~~

, 

‘
-

-

004 / o/ -4

000 —-- --‘---- ---_____ A ____

0 2 () 4 8 00 ~
~ (IO’6W ) TL( K)  ~ (W)

FIG. 2 . MobI lity changes with ( a t  applicil electrical power pci’ .- l i cI c c l i  l ’~ v I c i c h  for  i cn c i c t  1c field P~ Is
calculated fr i iii ~ ~- \ , (h~ latt ice temperature T L , i~~l (C t j)CiiJ i t h c i t l i i t  II  ~er ~cowcr P , . Nofr that  In all cases
the mobility inc rea o . ii i th c i i  Ii r ‘ F.  T , , nr P 1
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0~ , jA 1. and I , , are determined at zero laser P”-  9’)
cr (P 1 = 01 under Ohmic c ind it b ins  at a lat t ic~ -t enip e t’alure of l .H K.

As shown in Fig. 2(h) . the liii . h i l i t v  at 1’ , -0 ~ I i ~ 
d O  — /,_ c

ta m ed using OhmL electric fields increases with / ~
lat t ice temperature which ~s consistent w ith  corn- ~o
plete ly dominant  io.. a— im pur i ty  momentum re — /
l a.xation . We f ind e 1~~19 .3 ( i~ cni~ ’ , ~~ — 8 .G

101 cn~ /V ’ see , in agreement with other experi- 6 3- -

menta l ly  determined mobi lities with s imi l a r  elec - 
~tro ti concentrations and lattice temperatures. 50

At 77 K , o and u~ rise to 75 (12 cn Y’ and 3.2
/ 10~ c m -  V • see , respectivley. 

/ ~ 
,

The C02 -laser radiation is par t ia l ly  absorbed 4 0  
~ , .

vi a f ree-carr ier  absorption processes and suh-
sequently leads to a mobility increase as ob-
served in Fig. 2(c) where ~~ i ’

~,i is plotted versus 3 0  

~~ 
v T I R K

P ,. the peak incident laser power at a constant
lattice tempe rature of 1.8 K. An electron tern- 2 0
perature 7~~ can he determined for each wave- 0 

- 05 10
lenkth and value of P 1 by mak i ng a one-to-one ~ ( W )
correspondence between the mobility changes in FIG . 3. Electron temperature Te vs peak incident
the two cases shown in Figs. 2 (b) and 2(c) . For laser power r 1 for various CO- -laser wavelengths.
example, Fig. 2(c) shows that for a peak incident
power of about 1.16 W , AM ’M ~O.10 , which corre-
sponds to a temperature 7’e °~’6 K. t ionship 

~~~~~~~~~~~~~~~~~~ 
under the constraint T~0 = ~~~

The l u tes shown in Fig. 2 are the “best f i t”  = T,, where P~ is the portion of absorbed optical
lines through the data points. Consequently, a power per electron transferred to the carrier as-
plot of 7 , ° versus 1’, can he made as shown in sembly via interearrier collisions prior to dissi-
Fig. 3. Provided the steady state is controlled pation to the lattice. The extreme case (Model I )
by intercarrier  collisions , the carrier dis t r ibu-  occurs when the intercarrier energy-loss rate
t ion wil l  be a heated Fermi-Dirac distribution F 6e (scattering-out term) exceeds all other ener-
with a t rue electron temperature 7~ which may gy-loss rates r’e~, due to photon scattering at all
be identified wi th Te ° if the carrier heating main- energies up to and exceeding the photoexcitat ion
tains the system within the regime dominated by energies (‘- e~ + 4k t Te + /iw).  In this instance P a
ioni zed-impurity—limited mobilities. The steady- =~~(A ) d P , ,  where 0 ( A )  is the steady-state free-
state remnant excitation pulse at e — hw ~ i will ca rrier absorption coefficient , d is the saniole
have negligible effect on the mobility at our low thickness , and P~ is the incident laser power per
exci tation rates: The low-energy carrier assem- illuminated electron. It follows that o(A , Te l may
bly is only minu tely depleted by photoexcitation. he extracted exactly as the ratio

Th e procedure may be repeated at zero laser 
~ ~

J. ) 1
power (P ,=0) with TL = 1

~
8 K but instead using a c~(A , T.) =~~ t;- A) ~~ (2)

pulsed dc electric field of 20-Msec duration to
heat the carriers into the warm-electron regime. where we make explicit the wavelength ( A )  and
These pulsed-current techniques were used to electron temperature (Te ) dependences.
avoid sample lattice heating at high electric Our estimates of the critical carrier concentra•
fields. Figure 2(a) shows the resultant mobility tion n~ for which the condition that F,~ >- r, ~~ en-
change versus applied electrical power P E for sures a valid electron temperature model are
the same sample. The extracted effective d ee- based on similar calculations due to St ratton~ but
tro n temperatures 7’,E (P~ ) may be again identi - for re laxation against a degenerate distribution
fled with the tru e electron temperature 7~ und er in the presence of Thomas-Fermi screening.
appropriate conditio ns . In such a case , we may While the present sample concentration satisfies

J invert the functional relations 7 e 
a = 

~~ 
°(P ,) and n >> n~ for energies C + hw L, where F is the

T ~ = 7, 8(
~~~F

) to deduce the thermodynamic rela- Fermi energy and ‘~“~L the LO phonori energy, we
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0 0~ tion coefficient a e f f  a( 1 — 1 to experimental ly
- accessible quantit ies.  Model I involves ~?= 0.

~ T~ - a Experimental ly ,  as shown in Fig. 4 , we f ind  val-
• 4 5~( £ 

- ues for a e f f  in the range 0 .005—0 .03 cm for the
a electron temperature and wavelengt h ranges 3 .5 —002 — 

6 K and ~.27—10 . 72 om , respectively . We note
that at l0. (

~ cn~ typical values far  o have been
reported in the range 0.3 to 0.6 cr~ t or  a higher

a ~ I concent rat ion of 11 cn~ at l w  temperature . 7
0.01 o 1 

Plots of 0 
~ versus ~ for  the l o i r e  01 avai l -

able wavelengths ind~cace an .ipj ~r ’x l : a a 1 e lv  l inear
i i  - variation wi th  values ext r- . polatetl t zet -  wave-

length of order — 0.03 c m - . These nonzero  nego -
t ir e extrapolated va lues  are consis t  nt vit!1 S ?iOfl -

(0 I ~~ --1~ loas i~~c ta r  - at . Ti -a f i n i t e  \vi dt~i If the ex-
\ ( t i m )  citation pulse ~X 6 C F - ~~~ ~~ precludes a strong

oscillatory photoc a idu c t iv i tv  effect  I 1.~A )  I j .  In-
FIG. 4. Effe ctive free-carrier absorption coefficient , deed , the presently avai la 1,k spread of photoex-

vs wavelength of the CO 2 laser at various elec- citation energies ~~~ .~~~ - is not sui fi c ient  to cx-tron temperatures T~. pose any def in ite  . s c i l l a to r  s t ructure  a l th ou gh
a m i n i m u m  in 0 eO may ae indic ated at A 10. 49
~=m . Further exper iment s  are in progress on

find n < n~ for higher energies where energy loss other concentration saui ples t i i n v e s t ~gate  the
to the lattice is controlled by fast polar-mode 0p physical origin ‘it the nLl nzer cJ ) —; s factor ~ .
tical-phonon emission processes. In these cir— The authors grateluil y acknowledge the partial
curnstances (Model I I )  we might  anticipate that a support f this  re sear cr i  by t h r  U 3 . OOa C 21
substantial fract ion j3 of the optically absorbed Naval Research a - cd 1t e l a lu ~ nJ~~;1on.c w i t h  A. L .
power per electron , P0 0 =c idP ,, s transferred to Simr l .
the lattice by optical-phonon cascading as the oho-
toexcited electrons scatter to energies below the
threshold for which TeP V T,~. The residual pow-
er . P~= [1 — ~~ X l ]Pa

0, will then be effective in
heating the carriers into a Ferr n i—Dirac distribu- 

~
t On leave from Departn cnt of I’hy ~ics , I nivers ity

tion with electron temperature 1’, via intercarri .. of Warwick , Coventry, I i-jto1 King dom .
er collisions. The subsequent quasithern ial ized J. Shah , Solid State E l c -c -t rc n . 21 , 43 ( 19: - I ,

distribution will then lose energy to the lattic e P.. T. Mo re , P.. G Seilrr , u1c~ H. Ka~ l - . -r t , Solid

via predornin ’mt ly acoustic phonon proce ‘-es at State Ekctn ~~~ 
I c c 1 ’ 7 t ~l 

1. ~. r’ P1,~ s i c. ’the rate [i — ~~A) iPa
O. In this case we t ind (Springer , Berlin , 1~~ i , \ - ! , - I , r 1.

~H . P . R. Frederikse and W , H. ‘l oI r , I ni - -- P r . ,
r i , ,r ,

~ P~ ( T ,) 
~ (3) 108 , 1136 ( 1957) .L i — P , i ~~~~X, - 

~
1_

P f ( T ,, A) d~ ~~~ . H. P~~ley, P roc . Phvs . Soc., London 73 , ?~~0
(1958).The analysis of Models l and 11 may be summa- 1R. Stra~~n , P roc. Ray. S.s c ~ t o ni t - :-., 3t cr . A~ ’ t c ,rized by the general expression 406 (1058) .

IA \  7 R . B. Dennis , C . H . T i t g r i , S. I) . S ni l t i . , P.. S.0 et t (A , Te ) =P ~ ( T , ) / P ~ ( T,, A~~ , ‘ ‘ W~ e~~et , ~~d H. A . ~Vc~ cd , P~~IIC . Roy . Soc . I odim ,
which relates an ,‘ffe / i i - e  free-carrier absorp- Ser . & 331, 203 ( 1972 % .
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~~~~~~~~~~~~~~~~~~~~~~ LASER EXCITED JiOT ELECTRONS ~~ ___ ____

D G Seiler , J R Barker , B T Moore , and~~~~~~~~~ sei~)
Department of Physics, North Texas Stat~~~Y~~réfiIty
Denton, Texas 76203

CO2 laser-induced hot carrier arid free carrier absorption effects
are investigated at 1.8 K. Electron temperatures are extracted
for various laser frequencies and powers. Parallel photo- and
electrical heating experiments provide information about the

- photoexcitation and hot carrier generation process.

Optical heating of carriers in semiconductors illuminated by intense

laser radiation has been extensively studied with transmission or

photoluminescence measurements. Here we examine CO2 laser—induced

heating of electrons in degenerate n-InSb at liquid helium tempera-

tures by investigating the corresponding conductivity changes. The

free carrier absorption of this CO2 laser radiation is thus shown to

) e  a valuable new tool for the extraction of information on photo-

heated hot carriers.

The sample of n—InSb , immersed in liquid helium at 1.8 K , was illumi-

nated with a laser pulse produced by mechanically chopping a beam

(TEM~~ mode) from a grating—tuned cw CO
2 laser. The laser pulse had

a width of -20 psec (F.W.H.M.), a rise and fall time of -2 psec, repe—~
tition rate of 1700 Hz, and a peak power of several watts over a num-

ber of lines between 9.2 and 10.8 pm. Calibrated filters of either

CaP 2 or BaF
2 

were used after the chopper for beam attenuation.

Figures 1(a), (b) and Cc) show results of three separate experiments

on how the mobility ratio p/p0 changes with (a) applied electrical

power per electron PE
(
~ eP~

2 ) ;  (~ ) lattice temperature TL; (c) peak

incident laser power P1. The electron concentration ( l . 4X l 0 15 cxn 3)

is constant at these lattice temperatures and low laser powers where

two-photon absorption processes are completely negligible. Conse-

quently, the measured changes in conductivity are simply related to

the changes in mobility. As seen In Fig . 1(b) , the mobility increases

with lattice temperature, T
L I which is consistent with dominant ion—

ized .ixnpurity momentum relaxation. Pulsed dc electric fields of

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ the c..aaaiei~~ into the

warm electron region as shown in Fig. 1(a)  for zero laser power. Addi-

tional mobility ratio data were taken at higher values of TL and
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Fig . 1. Mobil i ty charges  wi th (a)  
~ E ’ (b) T

L
, and (c )  P

1
.

than are shown on these two plots. The CO
2 

laser radiat~~ r- is per-

z~~u i l y  absorbed vi~ tree carrier absorption processes w h : c ~: o-~~:a~~—

Guer,t~ -! _eads to a ~ocb~ 1ity increase ~iu seer in Fig . (c whec~ ,~~~~~.

is plotted versus ~ç. The laser bean wes positioned t r,  :i~ur -at-: the

r~~ ion of the sample botwe.’~ - the teat is  cor. t~ ctr- . a ll  - -~re-: the

beam diameter was larger than the width of the sample , b-u t o : r a i t e t-

th~ r the distance between the pote~-itial leads. From the rie~~ ::reci

voltage d r c p  across the lead s, -~-‘h ic~ contain resistarires fron- both i i —

lunlinated and unulluinirated r~ cior s and geometrical consid~r~.tic,rc s of

the laser s-got. size , ore car caLulate the mobility of c-niy the i l l~~m-

m a ted ;~~c~~u r .  It ii ; this mobility e which is p io tt o~ iii F ..g. 1(c).

~~~~~~~~ ‘‘:mpar iturc -s tf l  t t ~~ TIL f l ~~ d for ea ch v ovu  i r  q’t~ ce .  ‘
~~~~~ ~e

of P 1 b j  mak 3 rig a c: ---tu-- ’rrle correspondence betwec- - , the mobility

chorges thc- two cases ~ ;owr~ iii Fig . 1(b) and (C) . For exa~ipie , far

~= 9 . 27 ‘m and P~=O.5 W, ~/t 3
Zl.O4 which corresponds tc the rar e no~ ii-

ity ratio fur a temperature T
L
:i.

~ 
K. Proviuco the steady :1 t o  is

co ro 1~~-i by in ruarrier collisions , the carrier distrihutic-n w~ ll
0 ‘. u,_ -~ ~,- — ru — - - - - -

be a :.uo~ uc 3”r tn i -D~~rac t i ut r ib u t i o n  w ’ th  a true e lec t ron ter~ -o rauu re

T if the c a rr i e r  h c ot ir q ma rk t a~~r,s toe s ’rtem ~~ th~~r the r e g ;m e  t a m i —

nated by ~~~~i’oc lap~~c~~ty i ir i t o~i rnob~~l it ~~es. A ; 1c~~~of ~~ v - r e u u P 1

I
- - -~~ --~~~~~~~

,- ~~~ --- - ~~~~~~~
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8.C - 
- ].s~ sh9Wii in Figs 2. - - ____

- We have estimated the initial car-

6.0 ,,
/t�

’ 
rier concentration n for which the

H ::~~~:: 
r a t : r (c ) (sc:ttering

4.0 “ ~~~~~~~~~~~~~~~ 
high energy s scattering against the~

A 

~ background carriers equals the

A 
~ :~~

-
~~ f 

energy loss rate r h (s) due to pho—~
i.e £ • ~~~ nor. scattering using a similar cal—

0.0 0.5 .0 .5

~(w) culation to Stratton but allowing -

Fig. 2. Te versus P1 for 3ev- for the degeneracy of the low energy~
eral CO laser wavelengths. . .2 carrier distribution and Thomas-Feriro.

screening. For the present sample, rl<<n *_l018 cxn~
3 , for energies -

C>>C F
+
~

A)L, where energy 1o~s is controlled by polar mode optic phonon
14 —3emission (phonon ener~y~ i~w~). However, for e<SF+riwL, 

n n l O  CITI

where n is the electron concentration for avalid electron temperature!

model computed using a modified Hearri criterion.

We assume therefore that a fraction ~ of the optically absorbed power

P:=adP1 (Multiple reflections, but not interference effects, are

taken into account here. The sample thickness is d , a is the free

carrier absorption coefficient and ad(<l.) is transferred to the lat—

tice by optic phonon cascading as the photoexcited electrons scatter

to energies below the threshold, c-s +~iw for which r >r . TheF L eph ee
residual power Pa=[1

_
~~

(AflP is then effective in heating the car- I

riers into a Fermi-Dirac distribution with electron temperature Te
via intercarrier collisions. The subsequent quasi-thermalized distri— -

bution will then lose energy to the lattice via predominantly acoustic

phonon processes at the rate 
~~~~~~

By comparing the power balance in the electric field and separate laser

heating experiments, we are able to extract an effective free carrier

absorption coefficient 
~eff ’ related to the true value a(X ,T) by

aeff i
~~~~

l T
e
) and determined cxperimcnta 4y by the ratio

as defined previously , is the 
—~~~~~~

electrical  power per electron producing an electron temperature Te
at zero laser power and P . ( T , A )  is the iacident laser power per 

- ~~
. 
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iUom~mated eie~ tron . - For samples 4 
-

with n>n *, we have ~=0 where ~c eff 
-- 

and a precision extraction of the - 
\J -

true absorption coefficient becomes 7 1 10.26 -
I -~_ )

possible. 
-~~~ 

--

~

- ~~~~~~

Figure 3 showS the variaticn of 
~e~ f ~ ~~I J

0 2~~ I
with T for d i f fe rent constant values ~~~. 

-
e

of A for which we expect ~=constant . \ ~~
‘

,.

The behavior of can be under- - 
- 

- -e f f  ‘~~~~~~~ -e , -

stooc ~~—n er ergy ba~.ance cons d— - ,. - -
er Tit~ ons for a degenerat~ e~ ectro

gas where ‘~ =L~t ( T  ) /dP . t and ____________________efi e i s  c
is the phenornenological energy relax-

ation time and ds (I’ )=c(T )-~ (T V ) 
-

e e
where e (T) is the average energy Fig.  3. U

C f f  versus ‘Fe forr - ç several va~ u~ s ofof arc electron .  LAt low vamues O~

T , a decrurses because ~s is almost independent of T and both Pe eff - - i
ana -

~~~~ in c reace  e’itr l t creasinc .- T . At the higher T values sho~~~,
.
~~~~~~~

- - e e 
-t i s -T ar~ a becomes inc .ependant  of ‘F .1A plot of Ti - er~ u~ k ~~T

e eff  e _  e rt
a constant value of T shows that extrapolated values of cc at A - ’~e eff
gives nonzero r3~ca t i~~ V,:U O e S which are cori s~~ster .t wrth  a nor -zero

loss factor ~~~~~~ In add/.tiori e minimum in c. ut 10.49 to. ~s ab—ef f
served and is consis tent  wi th  a maximum occuring in ~~~~, )  close to the

os~~~llat ~~ y ~~~~~ocath’zctivit~ (OPC) condition ~ia=5~ o~ . A strong (8=1)

CPC e f f e ct  is exci-cued because of the f~ oite width of the excitation

pulse c
F
+4k

B
T .  The presently available range of photoexcitation

energies  from the CC 2 laser is not s u f f i c i e n t  to expose other minima

expected eusr ~~.c- -~thw (N integer). Experiments are in progress on

other corre :~~ ion sancles tc investigate the physical origin of the

non-zero loSS factor: 3 .

*Work e u pi -or t e d  10 :J~~~ by the Off ic~ of taval Researth.
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Shubnikov-de Haas E f f e c t  Studies on Optical ly

Heated Electrons in n—InSb~

I-, y

D.G. Seiler , L.K. }lanes , M.W. (~oodwin , and A .E.Stephens~
Department of Physics

North Texas State University
Denton , Texas 76203

.~ BSTRACT

CO laser-induced hot electrons in n-InSb at 1.8 K have

been studied with the Shubnikov—de Haas effect which permits

extraction of the electron temperature as a funct ion of

peak incident laser power.

KEY WORDS: Shubnikov-de Haas
In Sb
Po~ Electrons

RUNNING TITLE: Optically Heated Electrons in n-InSb
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1~~ I N T R ODU C Tt o b

Hot electrons generated by dc e1;~ctr ic  f i e l d s in I n b L ~

have been w i d e l y  s tu d ie d  u~~ir.c a number ~~ e x c ~~r i i c :t ~~i

methods.  However , op t i ca l ly  induced hot e c~ ro~~s g en e r at ~~~

by intense laser radiation have been much less extensively

investigated. Recent ly , the Shubnikov-de Haas (Sd H~ rr gne tc~

resis tance oscil1 ations have been used as a t o T i  to cietcr-

mine the temper-iture of hot ‘~lectrcns rcroduccd IV a (‘O.~ iesc’ r

in d e g e ner a t e  r.--inSb [1 ,2] .  Only free carr ier ~-~hnncpt i -n

processes needed to oe considered because of tie:- lc~~ i r ~ten-

sity of the cw 00
2 

laser and because the photon cueroy :~

the 10 ~n’ 002 
leser radiation is a b o u t  ha .V o f the d i r ec t

band gap euer-~y of lnSb . In contrast , b et h i~~~ro- end

inter—band eff~ -2ts are expected to be important i n  ~‘fl l T i sc~-

induced hot el’ - -c~- run ~ ffocts i IT Tn~~b wbt’re t~~’~ nh o t or ’ eI. i

can be tuned F~ urn below L to ahut e E
g

In this naper , we ni- esI.-I ~ the re su l t s  of cm inve  i - a ~ ion

of the SdH e f f ect in a - - cr-plc of r1—In Sb irra~~ia~~-’c~ w i tn .  ~

CC ]aser . In ~ect1o ri IT , we describe fea tures 0! the Sd P

effect pertin~ rt ~o i u  ‘ice in studyi~~q hot electrons. ~i-c

exper i r en t a l  wor k , nc - l~~d in; sample  p r o ur rt i o s  and the  ep~ - - -

r a t us , S g iv en  i r  ‘-e c t i  n I I I  . The r e s ult s  nn ’l  c or c~ 1usi  on-

are then p r es en t :  Li Ii ~~~• r f i  nfl  V .
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I I .  THE SHUBNIKOV-DE HAA S EFFECT

The Shubnikov-de Haas (SdH) e ff ect is an oscillatory

variation of magnetoresistance with magnetic field which can

occur in a degenerate material at low temperatures. The

conditions necessary for the SdH oscillations to be observed

are w~ t>>l and kB TC
<
~~

JC<EF, where wc = eB/ln*c is the cyclotron

frequency , T is the lifetime of a state at the Fermi energy

EF I and Te is the temperature of the electron gas , which may

or may not be equal to the temperature of the lattice TL. As

the magnetic f ield B is increased , successive Landau levels

rise past E
~ 

and depopulate. As long as EF remains constant,

the magnetoresistance oscillations are periodic in 3 1 with

the period given by

P =~~~e/E F m* c . ( 1 )

Provided the magnetic field does not become too large , the

amplitude of the SdH oscillations in the long i tudinal magneto-

resistance of a material such as n—In Sb can be expressed

as (3 , 4]

A {~J 172 ~ T m ’ cos (nv) 
e~~~

TD m ’/
~
B (2)

sinh (~ Te m ’/B )

where 8= 2 7T 2 k3cm,AT~e, m ’ =m */m is the ratio of ef fec tive mass

to free electron mass, TD is the Dingle or nonthermal broadening

temperature , and v is the spin sp l i t t ing  factor related to

the effect ive g factor g* by v = m*g*/2m .

121
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Although the SdH oscillations can be observed with

straightforward dc techniques, magnetic field modulation and

a lock-in amplifier are often used to improve the signal

to noise ratio and to observe a larger number of o s c i l l a t i o n s .

When the lock-in amplifier is tuned to the mod u la t ion f r~-

quency, it measures an oscillatory signal with ani envelope-

to-envelope amplitude of [5 ,6]

V 4 A J 1( a )

at a particular value of B. The argument of !~essei

function is given by -
~ = 2 n B,,1/PB

2
, where B,~ is the ampli-

tude of the modulation field .

The first hot electron SdH experiment in n-inSb was

performed by Komatsubara [7J , who applied large e’ectric

15 —3fields (>0.1 v/ ~~~) to a 1.5x 10 cm sample and observed

• a decrease in the SCIH amp litude for the transverse confiq-

urat ion and a ~~~i t t of the SdH extrema to higher  B va lues

as the electric fi~-1d was increased . Later Isaacson and

Bridges t8] studied a 1.7 10~~ cm 3 samp le (~~ n—InSb and

found that either an increase in the lattice ternoerature

or an increase in the large electric field would decrease

the transverse SdH ar-u1~~tude arid shift the extincT— a to

higher B values. By matching the SdH curves for various

lattice temper ~tures at a fixed low electric field with the

curves for var iou s high el ec t r i c  f i e lds  at a f i x e d  low

lattice temperature , Tsaacsori and Bridges deterrn~ ned the

electron temperatures corresponding to given values of the

electric field .

I
— -- 
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Bauer and Kahiert have investigated the hot electron

SdH effect  in n—InSb [9 , 10] (as well as in n-InAs Ill]  and

n-GaSb [12]) using a pulsed electric field technique to

avoid lattice heating [13] . For 5.9 x io
15 and l x  i016 cni 3

samples , TD varied with TL~ 
so the T values for various

electric fields were determined from the longitudinal

oscillations by the direct comparison method used by

I saacson and Bridges [8] . For a 6 .9  x io16 cm 3 (more highly

degenerate) sample , TD was independent of TL~ so Te values

were obtained using

A ( T  ) T sinh (~~T 0m ’/B)e ,1 e ,l e , ( 4 )
A ( T ) T 0s i n h (8T  1m ’/B )

e,O e , e ,

from the amplitudes of longitudinal SdH oscillations. Little

or no shift in the longitudinal SdH extremal positions was

observed for these high concentration samples.

In the present study the conduction electrons were

heated, not by a large electric field , but by optical exci-

tation. For photon energies much less than the band gap

energy Eg~ carrier heating should take place due to free

carrier absorption and thermalization by electron-electron

collisions. For larger photon energies, carriers should

also be excited from impurity levels and from the valence

band into the conduction band . A radiation induced increase

in the steady state concentration should raise EF and decrease

the SdH period. This would shift the SdH extrema to higher

B values. Also, according to the work of Kalushkin et al. [141 ,

II—~~~ - _ _ _ _ _ _ _ _ _ _ _ _  —~~ --~~~~~~~~~ 
~~~~~~~~~~~~~~~ —~~~~~~~

--



r
~ y~~~~ 

- - 
—~~~~~~~~~~~~~

124

even if the concentration remains constant , the B and T
e 

deoen-

dence of caused by incomplete degeneracy should cause P t n

decrease and the extrema to move to higher B values as T is
e

increased . To take period changes into account , ~e de f i r~c

the funct ion

V ( T  i, P
1~~~~~~

’2 j  
~~~F = 1/2 

1 
, (5)

V ( T
0

,P
0

) P , J1
( c~1

)

where V is g iven by Eq.  ( i ) .  If  P , T0 , m ’ , and - are al l

constant , F is equal to Eq. (4). The use of F in dete~ n in ir ”

T values is g i ven in Section IV.

III. EXPERIMENTAL WOPi<

A block diagram of the experimental apparatus ~s chowIT

In Fi g. 1. The laser is a sealed off , e1ectr~ c discharqe

cw CCJ laser capable of up to 2 W on many lin~~s ~~— t w ~~nc F . 1 5

and 5.6 ~m. The laser is gr a t ing tunable  and has a short

term (~ l sec) amplitude stability of :1% [15]. The TF~
1
~~

laser beam Is passed through a Galilean type collimator to

reduce the spot si.-:e and is then mechanically chopr ed ti

produce 20 ~isec wid~ pulses (F.W.H.M. ) at a repetition rate

of 1700 Hz. The 3.3 ; duty cycle of the chopper prev~~~~~s

lattice heatina !~ the laser . The beani is focused onto the

sample so tha t the r~-g ior ~ between the po ten t i a l  probes is

as uniformly i l l u m i n a t e d  as possible. A }1e-r’.e laser is

used with a sil i con PIN photodiode to Droduce -i triqqer

pulse for the samplinci oscilloscope . Calibrated filters ~re

used a f t e r  the choL-pcr for beam attE-~nnat1on . 

- -- —~~~~~~~ — ..~~~~. —--
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The SdH oscillations are recorded using magnetic field

modulation and sampling techniques developed by Kah].ert and

Seller for pulsed experiments 1161 . In the present work a

constant dc current of 0. 5 mA is applied to the sample . An

ac magnetic field with an amplitude of 75 G modulates the

sample conductivity at a frequez~cy of 43 Hz. The signal at

the sample potential contacts , produced by the laser pulse

and the field modulation , is fed through a high impedance

differential amplif ier into a Tektronix 7904/ 7Sl4 sampling

oscilloscope. The output of the sampling oscilloscope is

fed into a lock-in amplifier tuned to 43 Hz. The lock-in

output is then plotted on an X-Y recorder against 1/B.

The sample was cut from a bulk specimen of n-InSb with

an electron concentration of 1 x 1015 cm 3 and a Hall mobility

of about lO S
cni2/VSec at 1.8 K. The front surface was optically 

-

polished with 0.3 pm A1203 polishing grit. The rear surface

was left rough to eliminate multiple reflections and etalon

effects. The sample dimensions were 5.63 mrn x 1.65 mm x 0.1 mm

• thick. Two current contacts and two potential contacts were

made using indium solder.

IV. RESULTS AND CONCLUSIONS

Figure 2 shows SdH oscillations for lattice temperatures

TL of 1.8 to 11 K. It is quite apparent that the SdH ampli-

tudes decrease with i ncreasing values of TL. One also

observes a slight shift of the extrema to higher magnetic

field positions as observed in previous SdH work by other

authors 17 ,8,14] . This reflects an increase in electron temp-

erature since the electrons are in equilibrium with the lattice

durjnq these measurements. The fact that ionized impurity
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scattering , which depends only on carrier energy , dominates 126

the momentum relaxation in InSb below 40 1< insures that the

SdH amplitudes will be functions of elect-ron temperature

and not lattice temperature ,

Figure 3 shows several SdI! traces taken with a constant

TL 
= 1.8 K. The bottom trace was taken with the laser blocked

(i.e.., P
1 

= 0). For all wavelengths used , increasing the

laser power decreases the SdH amplitudes and again a slight

shift of the extrema to higher magnetic fields is general ly

observed . Lattice heating effects are not present durinq

the time scales of the ~0 usec laser pulses .  This  has been

verified by measuring the electron temperature at d i f f e r e n t

time positions during the 20 psec wide laser pu l se . No changes

in electron temperature were observed during the 20 ~ second s

where the laser power was constant. These measurements show

that any lattice heating makes an insignificant contribution

to -the electron temperature for illumination on these t- trie

scales. The l a t t i c e  time constants have been estimatec’~ else-
17where and are found to be on the order of m i~~lisecendc. Thus -

the SdH oscillations are damped by Increasin-7 laser  power in a

similar manner to the damping caused by higher lattice t er- p -

e r a t u r es .  Also shown in Fi g . 3 is a SdH trace for ~ 
= 5.~~9 c

for which P1 = 42.5 rrW. The decrease in the SdH ~iif-ude

is less than that observed for A = 5.155 urn with P1 
= 11.8 r~ ;

even though the lasei power is almost a f a c tor  of four  ~‘-eat er .

This indicates that the laser heating is certainly much

greater for the shorter wavelength where the photne v n e r u y

is greater  than E r + EF .  The direct gap is ~ 235 meV and the

• Fermi energy i~ ~ 2.5 mev .

Plots of the function F, defined in Eq. (5; , versus T
L

and PT can be used to de te rmine  the electron temperature for 

~~
- - - - TT~~~~ ~~~~~

. - i
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each particular wavelength and value of P 1 as shown in Fig. 4

by making a one-to-one correspondence between the two curves.

An electron temperature can be extracted by the direct cornpar-

ison method since the quantities compared are not explicit

functions of the lattice temperature.18 As noted earlier ,

this comparison method was first used by Isaacson and Bridges
8

in high electric field measurements to extract electron

temperatures from SdH data and has since been used extensively .19

For example , for A = 5.315 pm , a value of P1 = 72 m W  corresponds

to a temperature of about 2 .8 K. The electron temperatures

determined from the SdH data in this manner are shown in Fig. 5,

together with some results for the case of electron heating with

a CO2 laser. There is a quite striking non-linear behavior

observed for all CO wavelengths. In addition , for X = 5.245 pm

an unusual dependence of Te on 
p
1 is seen , i.e., Te rises rapidly -

and then remains relatively flat. At the highest powers used ,

a decrease of about 20% is observed in the SdH period at

A = 5.245 pm compared to the period at the other CO wavelenghts.

Comparing the CO laser heating data with the CO2 laser

data shows that for fixed laser power 
~
Te increases with decreas-

ing wavelength in the 5 pm CO region whi le Te increases with

increasing wavelength for the two different wavelengths shown 

• -. -
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in the 10 pm CO2 region. Clearly, different absorption

processes are at work in the two spectral regions. Ftee

carrier absorpt ion mechanisms must be used to analyze  the

CO 2 laser da ta ;  this is obviously not the case with the

current CO laser measurements.

Absorption in Ir.Sb in the 5 pm region i~ interesting ,

since it involves a variety of processes such as interband

and impuri ty level t rans i t ions, and free c a r r± e r  absorption

The results presented in Fig . 5 are due to hot ejectron effo- :ts

which involve these absorption processes. The results can be

partially explained from a three level model consist~ ncr of a

valence band , conduction band , ari d an acceptor level ly ing

7—10 meV above the valence band . The effects of free carrier

absorption are negligible compared to those of d i r ec t  i n t e r -

band and acceptor le~:e1 absorption processes. The photoexc i ted

electrons are creaf;ed with an excess energy  ~ E nhcve the Ferni

level by impuri ty level or iriterband transitions. The photo-

excited e lectrons  then hea t  the c a r r i e r s  in  the conduction

band via ca r r ie r -car r ie r  scattering resul t ing i:~~a ~u:~i~~i-equilibrium

state with an increased electron temperature Te~
The 5.39 and 5.315 pm wavelengths use-i correspond to

photon energies of 230.2 and 233.5 rneV respectively. These

photon energ ies are sufEi~ ient to st imulate  t r a ns it i nn F  t~rorn

the acceptor level (but not the valence band ) to the :~~n’3uc- -

tion band with a r a the r  small ~E remain ing . Te is seen to

rise with P1 since the number of photoexcited electrons an~i

hence the amoun - or  cl~~ctrori tieatinq is increased a~- P1 is

IFIii..L — - -  -~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~ Z . . . - -----~~~~~
--
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increased . Te f ina l ly  appears to saturate due to depletion

of the acceptor level; as there are only about iol3 cm 3

• 15 — 3uncompensated acceptors , the change in concentration of a 10 cm

n-type sample is limited to approximately 1%. Te is

higher for the higher photon energy line for a fixed P1

since here the excess energy t~E is greater , so more heating

occurs.

The photon energy of the 5 .245  r im wavelength is 236.6 meV

and is sufficient to excite acceptor level transitions but falls

just short of being energetic enough to excite direct inter-

band transitions at Te 1.8 K. However , the electrons excited

from the impurity level have a larger excess energy than in

the 5.315 pm case and therefore substantial heatina of the

electron gas occurs for small incident laser powers. As the

electron gas is heated , the electron distribution func tion

changes so that states are made accessible for direct inter—

band transitions. Hence, initia lly at lower electron temper-

atures the direct transiticns were forbidden, but after heating

of the electron gas by the photoexcited electrons produced from

the acceptor level , these trans~.tions become possible. However ,

the electrons exc ited from the valence band have very little -

excess energy and thus make no significant contribution to the

electron temperature . Thus, the electron temperature is seen

to rise quickly and then level off as the acceptor levels are

depleted and interband transitions commence .

This interpretation of the vari ation of the electron

temperature with peak incident laser power is also confirmed

— ___ ___ ____ :___ _ __ _ _ _.~~
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by the observed changes in SdH period at ~,.245 ~-m .  The electron

concentration (as determined by the Sdfl per iod ) r emaL~~ enn~-;tant -

until the electron temperature reaches about 3.3 K ~t a p~

laser power of 40 mW . Thereafter , the e1ectro~ concenti~~t ion

increases with laser power. Therr Is 3b0’J t -
~ 25~ increr~~e in .

concentration when the laser power is creac~~ from 40 Ar T
~; ~~~

.-

240 raW , even thcuah the ~Iect:on tempe :ature r~ r~~ii~~ fairly

co~ stant- over this range .

The two s~’ortest waveLenqth~; sn~ c ied (5.l~~5 ~~~~~ 5.1Y5 . r j

have photon energies of 2.~9.3 and 240.7 me” w nI c ’~ nr€ su~ ficic~~t

to excite direc t interband transitions with a si~ rL cant :-F

remaininq is w e l l  as acceptor level transitions. T~e absn~~ --

tion coefficient here becomes extremely lar~-e , so that the

sample is rio ionr~er un~ form1y illuminated thr eugh its e~ tir~

thickness. I n s L e ad , the r~diation is absorbed aimo st enLir~~L\

in the first s~ r fac~ layer s, resultinc7 in ~~~~~~~ ~~~~iet

heating there. Conn-~quently, Te shows a rapid risc tc hi Th

values for rel~ tivc 1.v ~~~1l P 1.

The optic- ;l heatir:-.~ data i~ esented here can be compare~

to that whIch is c~ht -a in ec~ using on’y puls~~~, dc elnct .-ic f~ c~ -~s

to heat the ~-arriers. The increase of e1e~’tr~ n temp€u atu’ e ~~~~

applied electrica l power is controlled by enercy ions ratc~ ot

the conduction el - nr t ro ns  to the lattice frr~n ~-~o~ e cc inatici:

of deformati- r —potont thi , p iezoelectr ic , or polar—op tical

phonon scattering . We find that it takes an applied e ie ct r ic ’

f ie ld of ~70 ~-V/cri to ben t  the con’iuc tio ri  c1c-~c~ rons UP 0 r
an electron tempera iure of ~ K wi th the lattinc it a r--ner nt - ’~;r -~ o~

j
- ~~~~~~~~~~ 
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f 1.8 K. In contrast , the increase of electron temperature in

the optical case is controlled by absorption and recombination

processes , as well as the above energy loss rates.

In summary , Shubnikov-de Haas experiments have been used

to determine tx.-- increase In temperature of the electron gas

in InSb irradiated by a CO laser. The dependence of the

electron temperatur e upon incident laser power and photon

energy is shown to provide informat ton on the absorption

processes in InSb in the vicinity of the band gap. Further

experiments using di f fe rent concentration samples , higher powers,

and more wavelengths will be performed to provide additional

information on these absorption and hot carrier generation

processes.

I
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FIGURE CAPTIONS H

1. Block diagram of experimental apparatus .

2. 5dB osc i l l a t ions  for various l a t t i ce  temperatures w i t h ou t
laser i r radia t ion.

3. Effect of laser irradiation at different wavelengths and
incident powers on the 5dB oscillations at constant
lat t ice temperature.

4. Plots of th e function F of Eq. (5) vs. lattice temperature -

and peak incident laser power. The electron ternperatw:e
is extracted by comparing the two graphs for a fixed
v a lu e  of F

• The wavelengths are in m icrome ters.

5. Ele ctron temperatures ( from Fig. 4 )  vs.  peak inc ident CC~
laser power for different wavelengths at T

L~~ 
1. 8 K ,

together with CO2 laser heatin9 data.
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XIV . SUMMARY OF PRINCIPLE ACCOMPLISHMENT S

DURING OCTOBER 1, 1977 - SEPTEMBER 30 , 1978

Papers Published

1. “Electric Field Dependence of the Positions and Amp li-
tudes of Magnetophonon Oscillations in n—InSb at 77 K ,
H.  Kah iert , D. C. Seiler , and J. R. Barker , Solid—State
Elec tronics  21 , 229 (1978).

2. “Observation of Macnetoohonon structure in Deoenerate
n — I n S b ” , I . .  K a h i e r t  and D. C. Seilor , Solid Et a t~
Co~’rnunications 25 , 61 (1978) .

3. “CO Laser-Induced Hot Electron Effects in n-InSb” ,
B. ~~ . ~ocre , D. C. Seiler , and P. Kahiert , So].id—State
E1 c t rorH c s  21 , 247 (1978) .

4. “T- ew Pybrid Photoconductivity Technique for the Investi-
gat ion of CO,-Laser—Induced Hot-Carrier and Free-Carrier
Absorption Effects in Degenerate n-InSh at 1.8 K ,” D. C.
Seller , J .  R. Barker , and B. T. Moore , Physical Review
Let ters ~1 , 319 (197 8 )  .

Paper~~~~~~~~~~~~~~and To Be Published

1. “The h. -~onetop honon Ef f e c t  in a Nonparabolic Band : n-type
InSb’ , H. Kahiert , to be published in ~hvsi ci1 Review .

2. “Photocorductivity of Laser Excited Hot Electrons in
Dea e n e r a t~e n-InSb” D. C. Seiler , 3. R. Barker , B. T . Moore , 1and K. r. Hansen to be published in Proceed ings of the
14th International Conference on the Physics of Semiconductors ,
Edinhurg, 1978.

3. “Shubnikov-de Haas Effect Studies on Optically Heatod
E1ectron~ in n—m E-h ’ D. C. Seiler , L. K. Panes , M~ ~

Goodwin , and A . ~~. Stephens to be published in .Tr-urnal
of Maqne~ ism an ( ~acnctic Materials.

Talks Given ~ t International Conferences

1. 14th International Conference on the Physics of Serr i-
condu ctors , Fdinburg , 1978. “Photoconductivitv of Laser
Exc i t ed  Hot E l e c t r o n s  in Degene rat e  n—m E-h” by I). C. Seiler .

2 .  I n t e r n a t i o n a l  C o n f e re n c e  on So l ids  and P l a s ma s  in P~~~h
1~’icinetic Fields , Cambrid cie , 1978. “Shubn i kov—de 1l.~as
Effect Stu d i e s  on Opticali~

; Heated Flectrons ~n n-!n~ 1 - ’ ,
by D. C. Se i ler .
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Talks Given at American Physical Society Meeting —

Ma~~ h, 1978 in Washington, DC

3. “Wavelength Dependence of CC) Laser—Induced Hot Electron
Effects in n-InSb , B. T. Noo~e and D. C. Seiler , B u l l .
Amer. Phys .  Soc . 23 , 32 9 ( 1 9 7 8) .

4. “Determination of CO2 Laser-Induced Hot Elec t ron  Temper-
atures from the Photoconductivitv of n-InSb ” , D . C . Seiler
and B. T. Moore , Bull. Amer . Phys. Soc . 23 , 329 (1978)

Other Accomolishments or Honors

Invited to be a chairman of a s c i en t i f i c  session at the
i n t e r n a t i o n a l  conference on The Application of FTiah Maanetic
Fields in Semiconductors Physics , Oxford , 197 8.
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