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FOREWORD

I This Annual Sununary Report by David G. Seiler, Department of

Physics , North Texas State University covers research progress for

1 the period October 1, 1976 to September 30 , 1977.
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SUMMARY

I Experiments have shown that CO2 laser-induced changes in the

Shubnikov-de Haas (SdH) effect in n—InSb provide a new tool for

I studying the properties of the laser-induced hot electrons. During

I the time the sample is illuminated the SdH amplitudes are found

to decrease with increasing laser power In a manner analogous to

I the effect of increasing lattice temperature. Consequently, these

I 
results give direct evidence for a CO2 laser-induced increase in

the electron energy of InSb and permit the extraction of electron

I temperatures. A phenomenological value for the energy relaxation

time can also be derived using a simple energy balance approach.

I Using an estimated value for the power absorbed per electron, energy

relaxation times of about 25 nsec are determined.

I A new experimental technique was conceived and subsequently

I discovered to improve the sensitivity of measuring the hot electron

magnetophonon effect in InSb under application of high electric

f fields. This technique Ia completely adaptable to any oscillatory

magnetoresistance measurement and has thus proven extremely valuable

~ in the laser-induced hot electron studies. The capabilities of this

new technique were investigated by studying the extremely high reso-

lution data obtainable on the electric-field induced hot-electron

I magnetophonon effect in n-InSb. Both amplitudes and extremal posi-

tions as a function of electric fields were studied in the transverse

I
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I
and longitudinal configurations.

I Investigation of ohmic (low electric field) magnetophonon

structure has produced several new results. Magnetophonon struc—

I ture has been observed for the first time in a degenerate sample

I 
of n-InSb of concentration 7.5 x 1015 cm 3 at 77 K. The positions

of the resistance maxima appear at higher magnetic fields than

I those found in pure ~~io
14 

cin 3) samples. The nonparabolicity

of the InSb conduction band has been shown to play a role even

I in the pure samples. In the higher doped samples, there is an

increasing contribution of higher order transitions.

I In summary, much progress has been made during this year

as documented in this report.

I
I
I
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IV. EXPERIMENTAL WORK

A. Lasers

1. cw CO

The continuous wave carbon monoxide laser has been the subject

of many theoretical and experimental studies)
6 Due to the nature

of the pumping mechaniain and discharge kinetics, the CO laser is

extremely sensitive to impurities such as 02, H20, H2, and hydro-

carbons. To eliminate these contaminants from the laser discharge

tube and provide a high purity environment for the laser gas mix-

ture , a high vacuum system has been constructed as shown in Figure

1. This system utilizes an oil diffusion pump with a liquid nitrogen

cold trap to produce a clean vacuum. An ionization gauge is incor-

porated to measure the high vacuum region. Other vacuum gauges

include thermocouple tubes to monitor backing and roughing pressures

and a Wallace and Tiernan gauge to measure the laser gas fill pres-

sure. An optic-dense metallic foreline trap is used on the roughing

line to eliminate backstreaming of pump oil into the system.

For successful high power operation the temperature of the gas

must be lowered . To achieve this a recirculating alcohol cooling

system has been built. As shown in Figure 2, this cooling system

uses a closed cycle in which ethyl alcohol is passed through a

heat transfer coil immersed in an alcohol bath contained within an

insulated tank. This alcohol bath is cooled by dry ice or liquid

nitrogen . Stable operation using dry ice has been achieved at -68°C

(205K) . The temperature of the recirculating alcohol and the alcohol

1
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4

bath is monitored at several points by copper-constantan thermo-

cou ples us ing a liquid nitrogen reference junction and a dig ital

mj l li v o l t m e t e r  readout.

The laser tube i tself  consists of a t r iple wall  pyrex struc-

ture shown in Figure 3. The overall length of the tube is 2 cm

with a maximum outer diameter of 4 . 5  cm. The discharge reg ion is

a 1.1 cm diameter tube surrounded by a coaxial coolant jacket .  To

mimimize thermal losses and obtain a uniform temperature the majority

of the tube is surrounded by a sealed vacuum jacket. The ends of

the tube are cut at the Brewster angle and epoxy sealed CaF 2 windows

are attached . A hollow self heated platinum cathode is employed ,

separated from the anode by 180 cm.

This laser tube is housed within a 220 cm long resonant cavity

stabilized by three 1.125 inch diameter invar rods. Rod and tube

supports along the cavity are constructed from aluminum while the

endplates supporting the cavity are fabricated from stainless steel

to min imize  thermal expansion e f fec t s .  The cavity optics consist of

one inch diameter piano-concave ou tput couplers of 70 , 85 , and 94%

ref lect ivi t ies  at 5.4 pm with a radius of curvature of 7 . 5  m together

with either a 100% reflecting flat dielectric coated copper mirror or

a flat grating blazed for 5.4 pm. The output mirrors and total reflec

tor are held in micrometer driven high resolution optical mounts.

The gra t ing  is contained in a mount with a micrometer drive to pro-

vide rotation for wavelength selection . Adjustable irises are em-

ployed on each end of the cavity for mode restriction .

The laser gas is a mixture of 6.06%, 6.28% N2, 6.30% Xe and

the balance is He. A stainless steel Linde Ultra Pure regulator

-——--- — - * — - —  — -~~~~~~
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6

is used to avoid contamination of the gas. Typical f ill pressures

range from 10 to 18 torr. The gas mixture is excited in a dc glow

discharge maintained by a current regulated power supply furnishing

up to 30 mA at 30 kV with a stability of .1%.~ Discharge current

is typically 10—12 mA.

Multiline multimode peak powers of 15.5W have been obtained

in a 16 torr discharge of 11 mA at -68°C. This power output is

comparable to the resu lts of Freed6 who obtained a maximum power

of 17.5 W in a sealed discharge at the same temperature and pres-

sure. Single line multimode powers of up to 2.2 W have been achieved ,

with typical powers of 1 to 1.5 W on many lines between 5.3 and

5.6 pm. The output spectrum for a typical run is given in Figure 4

and detailed in Table I. Only those lines of sufficient intensity

> .4 W) to be detected in second order on an Optical Engineering

CO2 Spectrum Analyzer are shown. Many other lines at lower power

levels have been observed . The spectrum shown was obtained using

the 85% output coupler. The highest powers have been obtained using

th is mirror , while more lines are observed when the 94% reflective

mirror is employed . Short term (<1 eec) stability in the single line

mode is estimated at ±1.5% from preliminary data. These output para-

meters are comparable to commercially available units such as the

Molectron 1R250.8

- -~~~~~~~ —-- -- - - _ _ _ _
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TABLE I 

a

Output Power vs. Wavelength for CO Laser

Power relative to
Micrometer reading Wavelength, Wavelength , Transition max imum of

in cut ~m cut~~ ___________ 
1.4 watts

16.460 5.284 1892.3 9—8 P(ll) .22

16.592 5.307 1884.4 9—8 P(13) .37

16.66 5.318 1880.3 9—8 P(14) .52

16.725 5.332 1875.4 10—9 P(9) .55

16.788 5.345 1870.9 10—9 P(l0) .63

16.911 5.365 1864.0 9—8 P(l8) .81

16.969 5.377 1859.8 9-8 P(l9) .89

17.035 5.389 1855.6 9— 8 P (20 ) 1.00

17.103 5.403 1850.9 10—9 P( 15) .85

17.170 5.415 1846.9 10—9 P(16) .63

17.237 5.426 1842.8 10—9 P(17) .70

17.365 5.454 1833.5 11—10 P(13) .89

17.561 5.495 1820.0 12—11 P(lO) .40

17.63 5.507 1815.8 12—11 P(ll) .31

17.70 5.515 1813.2 11—10 P(18) .50

17.77 5.527 1809.4 11—10 P(l9) .30

17.84 5.539 1805.3 11—10 P(20) .26

17.91 5.552 1801.1 12—11 P(15) .31

I ti
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2. cw CO2

I The CO2 laser system is shown in Fig. 5. Several improvements

have been made in the laser system during the last year as pictured

I in the diagram of the laser and accompanying equipment. Among the

improvements made is the installation of a cooling system with

chilled water. Instead of 75°F tap water, we are now using a chilled

water supply at 45°F. Included also is a bubble trap to prevent any

air bubbles from causing circulation problems in the cooling system.

I Built into the water inlet and outlet are thermocouples to allow

i indication of gas temperature changes caused by changes in coolant

temperature. The entire vacuum system has been replaced . Rubber

J hose has been replaced by copper tubing wherever possible. Flow

valves with linear flow patterns have been used to precisely control

gas pressure and gas flow. A 60 micron filter in the gas line pro-

tects the laser tube from macroscopic particles. Six feet of rubber

I hose have been left on the pumping side to eliminate a ground con-

nection from the plasma back to the pump. A two liter surgechaznber

has been added to damp out any gas pressure or flow variation due

to the fore pump. The design can be seen in reference 9. A Marvac

pump provides more pumping speed than was previously avail~b1e. That

I coupled with larger flow rates in the valves, has extended the avail-

I able total flow rates upward for more power output.

Characterization has followed three phases: the f i r s t  being

I power as a function of current and pressure; next, came short and

long term stability and finally line selectibility. The power was

I
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11

measured with a Scien-Tech Colorimeter as current was varied from

12 mA to 28 mA using a constant current  power supply , and pressure

was varied from 8 torr to 30 torr where flow rates were approximately

1 liter/minute to 2 li ters/minute , respectively. The gas mixture

used was 15% N2, 10% C02, 75% He. The maximum multimode power

obtained was 39.5 watts with a grating end reflector at 26 torr and

f 27 mA . 
-

Stability measurements have been completed . Short term sta-

bility was measured by a gold doped Ge detector. The laser takes

from 30 minutes to 1 hour to achieve maximum short term stability .

Amplitude stability for less than one second is ±0.75%. Stability

for 30 seconds is ±l% and for five minutes ~±l.5%. This compares

very favorably with the Molectron Model 1R250 which reports stability

f or less than one aecond of ±0.5%. After an hour period , the laser

has achieved stability of ±3% over 5 hours as compared to ±3% for

4 hours for Molectron ’s laser.

The last measurement is the line selectibili ty using a Bausch

& Lomb grating blazed at 10.6 microns. The lines were viewed using

an Optical Engineering CO2 Laser Spectrum Analyzer while a beam

splitter was used to take power readings from the Scien-tech Calorimeter .

The power readings are for a TEM00q mode. Wavelengths were observed

from 9.192-10.885 microns. Seventy lines are visible with powers

over two watts compared to Molectron’s 90 lines over one watt . Fif ty-

nine lines are available with power over 5 watts. At least 25 lines

are available of 10 watts. It was found that once the laser was

stable , the line would not move over a period of several hours. The

• laser can be left overnight and turned on without any change in

wavelength.

* 1
_ _ _ _ _ _ _ _ _  - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-
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I B. Development of a Magnetic Field Modulation

I Technique for the Measurement of Oscillatory Magnetoresistance
Phenomena Using Short Voltage Pulses

Dur ing the Fall 1976, a major experimental breakthrough was

I achieved when a new experimental technique was conceived and sub-

sequently discovered to improve the signal—to-noise ratio in hot

I electron magnetophonon studies in InSb under application of high

electric fields. This technique is completely adaptable to the

I measurement techniques used in the investigation of the laser

optical biasing of the quantum transport properties of semiconduc-

tors. The capabilities of this technique were investigated by

studying the extremely high resolution data obtainable on the

electric-field induced hot-electron magnetophonon effect in n-InSb.

I A talk was given on the technique at the March 1977 American

( Physical Society Meeting. Currently, this technique is being pro-

cessed by the ONR patent lawyer for possible patent rights. In

addition, the technique was recently published in the Review of

Scientific Instruments, Vol. 48, No. 8, August, 1977 , pp. 1017—1020.

A copy of this paper follows below.
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Ma gnetic field modulation techni que for the study of hot
carrier oscillator y magn.tor •slstance phenomena*

H. Kahl il ’ and D. (3. Seller
Drpan,,w,u of P *y *i. No,?), Texas S e~ tJ,,iwr~ Iy. D,~,kM. Texas 76203
(a..ce.ved IS Nov~ nb~r 1976: *n fln.1 fo,m. I I  Pthniary 1977)

A new experimental technique is reported which allows the detection of the oscillatory
components of the magnetoresistance of semiconductors subiect to high electric fields, where
the pulse length must be in the submicrosecond region In order to avoid lattice heating. It
uses a combination of sampling and magnetic field modulation techniques. Its capability of
resolving hot-electron magnetophonon structure in n-InSb at 77 and 4.2 K fot up to N =10
Landau level spacings is demonstrated.

I. INTRODUCTION field regions, where the conventional techniques do not
permit the extraction of the oscillatory magnetoresist-Expcn mental investiptions of oscillatory magnetoresist- ance because of a poor signal-to-noise ratio.ance phenomena under hot-electron conditions have

proven to be a valuable tool for studying the effects of 
~a high electric field on the energy distribution of elec-

trons in semiconductors . The electric field dependence Figure 1 shows a block diagram of the experimental
of the Shubnikov—de Haas (SdH) effect’~ and the apparatus that was used in the hot-electron MPmeasure-
magnetophonon (MP) effect’~ ’ have been extensively ment. In principle, it could be used for a hot-electron
studied in a number of semiconductors . SdH measurement without any alterations. It consists of

Magnetophonon oscillations exhibit a small amplitude three main systems: (1) the dc magnet, its power supply,
and are frequently superimposed on a nonoscillatory and a Hall probe for monitoring the magnetic field
rnagnetoresistance background which varies quite strength, (2) the ac magnetic fIeld modulation and
rapidly. Thus, an a* curate determination of the MP lock-in amplifier system, and (3) the pulse generator,
extremal positions and amplitudes is difficult even in the an oscilloscope for measuring the voltage across two
ohmic case. Several different experimental methods potential probes and a sampling oscilloscope to deter-
have been employed to overcome these difficulties in mine the current.
hot-electron studies: cancellation techniques.’~~’ time- The dc magnetic fields were produced by a 30-cm
derivative techniques.” “ and third-harmonic genera- Vanan electromagnet which was field regulated and
tion combined with graphical evaluation.” ilowever , powered by a Varian Fieldial Mark II regulator with
the poor signal-to-noise ratio involved in many of these a 1O.kW power supply. The maximum field produced
experimental approaches tends to obscure the position by the system was approximately 24 kG. A Bell Hall
and amplitude of the MP extrema. probe powered by a highly stable current-regulated

The application of ac magnetic field modulation and powlr supply provided a voltage that drove the x-axis of
phase sensitive detection techniques has been demon- the .r—y recorder. Magnetic field strengths were cali-
strated to be a very sensitive method of investigating heated by NMR techniques.
both the SdH effect”° and the MP effec t” ~ in the The ac magnetic field was produced by two Helmhoitz
ohmic region using continuously applied small electric
fields and dc currents. The sensitivity of these tech- 

________ ________ ~~~~1 ________

niques allowed the determination of small shifts in the r ,~, 1 I I ‘~~~~~‘~~~~ ~~~~~I sonwut osat&es ~~~~ ~~~~~~~~~~ 
Iextremai positions of these magnetoresistance Oi- 

~ioV 11110 10j 
_________ __________ 5~~*.Y I

cillanons. I_nt:,: u,,ij v j~j iJ

time that the magnetic field modulation technique can .

~~~~~~~ IThe purpose of this paperis to demonstrate for the first ‘
~~~~

‘
1 

TO I45U~~~~ x .v 1

also be applied to pulsed measurements of the oscillatory 
MA~~~~ T L ,~~,magnetoresistance in semiconductors , where the dura- ~~ 1 i

M~~~~~~~~~ 
1

A comparison with data obtained by conventional time- I sv~~~~ I

tion of the electric field pulse has to be kept in the sub- ‘~~ I I ~~~~~~~~~~~ I
microsecond region in order to prevent lattice heating. 

_______

derivative techniques shows that the signal-to-noise 
— ~~~~~~~ i ~~~ 1 !~

;;
~toI*Nc. 1ratio is considerably improved, allowing an unam- [ s ..,Ia F-H t*SLD l~~1 osc&i..a11m t—1

biguous interpretation of the extremal positions. In [ _ m 1 1 ~c~&*~~ I I es ‘e I L ~~~~~~ I
addition, data have been gathered in lower magnetic Pio. i. mock ~~~ am ~ the expenmental ~~sra*us.

1517 ~~~~~~ . sa IAstnIM , v~ 45. Ms. S. August 1577 C~~yd5Iit C 1177 Amsiissn Iss*s,I. st PhiySics 1017



____________________

43 Hz performance of the lock-in amplifier. Consideration of
the above points necessitates a compromise. A 43-~-ii modulation frequency has turned out to be quite suitatile.

G An E—ll Research Laboratory pulse generator was
used to supply voltage pulses of up to 50 V across ~‘0 U
and of variable pu lse lengths and repetition rates to the

43~~ i.~ sample via a miniature coaxial cable. The rise time of

~~ 11111 11111111 these pulses was less than 12 nsec. The load of the co-

~~ 11111 11111111 axial line consisted of a network of a 50-11 resistor in

~~ 11 1 11 IHUIII parallel with a series connection of the sample and a
JJJJJ~ 11111111 ____________ 50-fl current monitoring resistor. Provided that the

4 
430 Hz sample resistance exceeds 500 11, this network es-

~~ 1111 11 IlIllill tablishes constant voltage conditions that are m dc-

~~ 111111 I I I I I I ~l 
pendent of the value of the sample resistance, which

111111 -11111111 can vary with increasing magnetic field. Any change of
43HZ the sample resistance causes a change of the sample

current and, consequently, a change in the voltage drop

~ 
across the 50-fl series resistor . This voltage drop i.
measured using a Tektronix 7904 mainframe oscillo-

— scope equipped with a 7S14 sampling unit. Another
oscilloscope is used to determine the voltage drop across
two potential probes soldered on the sample. The
sampling oscilloscope in the manual mode is set to a time
position, where it displays a voltage on top of the current

0 25 ~ pulse. The output of the sampling oscilloscope, which
(menc) then is proportional to the current through the sample,

Fuo. 2. Schematic time iependence of the magneti c and electric carries a 43-Hz modulation if the sample exhibits a
i~ naJs appearing at variou. ~~mponenis of the apparatus, nonzero magnetoresistance. This signal is then fed to a

type-A preamplifier of a HR-S PAR lock-in amplifier.
coils connected in parallel and wound on Lucite holders For a sufficient signal-to-noise ratio the repetition rate
which were mounted around the magnet pole pieces. of the pulses must be at least approximately 300 Hz.
A Wien bridge oscillator provided a highly stable 43-Hz Higher repetition rates, however , substantially improve
sinusoidal signal which was amplified by a 350-W the signal-to-noise ratio and should be chosen, w henever
McIntosh power amplifier. A 29-,iF capacitor was sample heating does not influence the data.
placed in series with the coils to compensate for their A schematic display of the electric and magnetic sig-
inductive reactance. This arrangement was capable of nals as a function of time is shown in Fig. 2 for a pulse
producing ac fields of up to 400 (3 peak to peak even repetition rate exceeding the modulation frequency of
at dc fields of up to 20 kG. Due to saturation in the the magnetic field by a factor of 10. The uppermost
magnetization of the magnet pole pieces the peak-to- trace shows the modulation magnetic field superimposed
peak modulation amplitude B,. decreases as the magnetic on the linearly increasing dc magnetic field. The height
field increases. However , a modulation field regulator of the sample voltage pulses shown in Fig. 2 does not
circuit ’4 was used to keep the amplitude of the ac field depend on the magnetic field because of the circuitry
constant. A signal proportional to B~ was induced in a used. The sample current pulses, monitored by the
pick up coil located between the pole faces of the mag- voltage across a 50-fl series resistor , are modulated as
net The induced signal was used by the modulation
field regulator to control the attenuation of the signal -y ---

~ 
-~- r - ‘ ~~~ . 

-

from the audio oscillator to the power amplifier so as to B I J r

keep B~ constant . —.--1
The stability of the modulation frequency was moni-

tored with a Hewlett-Pac kard frequency counter. There I
are several v ariables to consider in choosing a modula-
tion field frequency: (I) clearly one does not want a
harmonic or subbarmonic of 60 Hz, (2) one does not want - -

~~~ 
- -

a frequency which is low enough that the Hall probe
volt age produc esade t ectable ripple ont hex ~ y recorder , 

- 
Ic~ 5 8

I 3) the magnitude of B,. depends upon the modulation 8 (KG)
frequency, (4) the frequency should be much less than Fio. 3. First end second deflv at iv e of the current ! with respect to the

the repetition rate of the pulse generator, and (5) the 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

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

frequency affects the type of preamp used for optimum — 3 kHz, t • 11.2 V/cnti.

+ 
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extrema at low magnetic fi elds , sInce the nonosciliatory

I + cequently, the Current and the relative change in the
I ~ 

~I 
magnetoresistance is low at low magnet ic fields. Con-

Li + +

current due to the MP effect are largest at these fields.Jh~~\ / V 
In addition, the constant voltage conditions allow the
assignment of a unique value of electric field strength to

~ 

I a full trace of d!/ dB or d ’I/ dB ’ vs B.
r~ The dependence of d’I/ dB2 on the magnetic field for

+ the configuration ~ J at 4.2 K is shown in Fig. 4. For
comparison, data taken from Ref. 14 , which were ob-
tamed under similar conditions by a time-derivative

~j I  I method, are included.

L - - ~~~ 
IV . DISCUSSION

8
A combination of the high sensitivity of the magneticB (kG ,

field modulation and phase-sensitive detection technique
I-ia. 4 1.on.gitudinal magnetaphonon effect in n-InSb at 4 .2 K; full with fast pulse techniques using submicrosecond pulseline—present technique (~ — 4 2 V/cm ,: — 50 need , dashed line—
data from Ret’ 14 , time-denvative technique ( E • 0.85 V/cm. generation and sampling methods has provided high
t • 200 neec) resolution data on oscillatory magnetoresistance effects

in semiconductors under hot-electron conditions. The
shown in Fig. 2 if the resistance is an increasing function resolution of hot-electron MP extrema at 77 K with
of magnetic field. The output of the sampling oscillo- BIJ. which was possible foronlyN 1 ,2 , 3, using time-
scope is thus modulated and carries the essential in- derivative techniques.’ has been extended up to N = 10.
formation about the dependence of the resistance on the The signal-to-noise ratio of the longitudinal MP effect
magnetic field along with noise. The lock-in amplifier at 4.2 K has been significantly improved. This advan-
when set to 43-Hz phase sensitively detects the 43-Hz tage compared to conventional techniques is mainly
component of the sampling oscilloscope output signal caused by introducing the signal recovery capabilities of
and demodulates it to a dc voltage. If a linear rein- the phase-sensitive lock-in amplifier applied to the
tionship exists between the sample resistance and the analog output of a fast sampling oscifloscopc.
magnet ic field, the dc output of the lock-in amplifier will A disadvantage of this method may be the lower limit
be essentially constant , as shown in the bottom part of for the pulse repetition frequency, which is in the range
Fig. 2. Any nonlinearity changes the amplitude of the ac of about 5—1 0 times the frequency of the ac magnetic
component of the sampling oscilloscope output and field.
therefore a first derivative of the magnetoresistance Currently discussed topics like the occurrence of
R(B) curve is obtained. By setting the lock-in amplifier spin-flip extrema in the low-temperature hot-electron
to the second harmonic frequency (86 Hz) the second MP effect in n— lnSbt° and in the shift of the transverse
derivative of the m*gnetoresistance is attained. MP extrema in n—InSb with applied electric field’

should be reexamined in view of the high resolution
lii. RESULTS potentially obtainable by this method.
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V. EXPERIMENTA L RESULTS

A. Magnetophonon Studies

Several studies have been done on the magnetophonon (MP ) e ff e c t

in n-InSb the past year. This can be divided into the low electric

f ield region and the high electric field region .

1. Low Electric Field Reg ion

Enhanced resolution by sensitive measurement techniques allowed

several studies to be done. As a result, two papers will be pub-

lished on this work. To best sulTunarize this work , we present the

t i t le  of the paper and reproduce the corresponding abstract .
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I
I
I
I
I
I OBSERVATION OF MAGNETOPHONON STRUCTURE

IN

I DEGENERATE n-InSb

I
I
I
I

ABSTRACT

I We report the observation of magnetophonon structure

in the transverse magnetoresistance of degenerate n-InSb

I at 77 K in a sample of concentration 7 . 5 x 1 O ~~
5 cm 3 ’ The

positions of the resistance maxima appear at higher mag-

I netic f ie lds  than those found in pure (~ lO14 cm 3) samples.

I
I
I 19
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THE MAGNETOPHONON EFFECT IN A NONPARABOLIC

BAND : n-TYPE InSb

ABSTRACT

Measurements of the transverse Ohmic magnetophonon effect

have been performed at 77 K in a set of samples of n-In Sb

having carrier concentrations in the range from n = s x

crn ’3  to n = 7 x  10]6 cm~
3. With increasing doping , the minima

in the second derivative of the resistance with respect to

the magnetic field are shifted to higher magnetic fields.

Even in the purest samples the values of the re sonant magnetic

f i e lds  for harmonic numbers up to N 12 can only be explained

if the contributions of spin-conserving transitions involving

both L = 0 spin levels and spin-spli t  Landau levels with L >  0

are taken into account. These transitions occur at magnetic

fields which are higher than the fields for the L = 0 lower

spin level transition because of the nonparabolicity of the InSb-

conduction band . A superposition of Lorentzian lines with an

empirically determined halfwidth ó(N) proportional to the har-

monic number N and weighted with the value of the Fermi dis-

tribution function at the energy of the lower level is shown to

20
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give a good fit to the data yielding a band-edge effective mass

of m~ 0.0138 m0. In higher doped samples , the shift of the

extrema to higher magnetic fields is partially caused by the

I larger value of the damping parameter . because of the lower

mobility. After applying an appropriate correction to the

I extremal positions of the high concentration samples, a shift

I remains , which qualitatively can be explained by the increasing

contribution of higher order transitions because of the higher

I population of these levels. Finally , the shifts in extremal

I 
position as a consequence of an increased electron temperature,

e.g., induced by application of electric fields or photoexcita-

tion , are discussed within the framework of this model.

I
I
I
I
I
I
I
I
I
I
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2. Hig~h Electric Field Region

As stated earlier in the Experimental Work Section, Part B,

dur ing the past year a new technique was developed for measuring

oscillatory magnetoresistance phenomena using submicrosecond

voltage pulses. Consequently , this magnetic field modulation

technique enabled high resolution data on the electric field

dependence of the MP oscillations in n-InSb to be obtained .

One paper will be published which will contain the results

which are sunm~arized below by the title and abstract of the paper.

F’
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ELECTRIC FIELD DEPENDENCE OF THE

POSITIONS AND AMPLITUDES OF MAGNETOPHONON

OSCILLATIONS IN n-InSb AT 77 K

ABSTRACT

The influence of pulsed electric fields on the magnetophonon

structure in the transverse and longitudinal magnetoresistance

of n-InSb at 77 K has been reexamined using a magnetic field modu-

lation technique. For the transverse configuration , a shift to

higher magnetic fields with increasing electric field is observed

for the resistance maxima up to N=8 . The amplitudes decrease

monotonously and disappear at about 60V/cm for N~~ 3. In the long-

itudinal case, the extrerna shift 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 15V/cm, 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.
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B. Laser Induced Changes in the Shubnikov-de Haas Effect

Much progress has been made during the past year and as such

we shall try to cover this part as comprehensively as possible.

This part is conveniently divided into two sections, Pulsed dc

Method and Magnetic Field Modulation Method , according to the

method used in recording the Shubnikov-de Haas (SdH) oscillations.

1. Pulsed dc Method

The first direct observation of CO2 laser-induced hot electrons

in degenerate n-InSb was carried out usinj a pulsed dc electric

field technique as shown in Fig. 6. The laser radiation is pulsed

with a low duty cycle to prevent lattice heating. The pulsed dc

electric field is synchronized with the optical pulse and the res-

ponse of the laser—induced hot electrons is measured by sampling

oscilloscope techniques.

Shubnikov-de Haaa measurements were carried out on a sample of

n—InSb with a concentration 1.4 x 1015 cm~
3 at 1.5 K and with 

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

The optical pulse used was 3 ~sec wide and was produced from a cw CO2
laser beam at a repetition rate of 166 Hz by a mechanical chopper.

The ohmic voltage pulse had a duration of 20 nsec. The response of

the electrons was measured through a pair of voltage probes, ampli-

fied , and displayed on a Tectronix 7904/7S].4 sampling oscilloscope .

For these measurements, the output of the sampling oscilloscope was

recorded directly on an X-Y recorder as shown in Fig. 6.

The electron temperature was measured by comparing the ampli-

tude of the SdH oscillations taken under laser heating conditions

with those taken under equilibrium conditions at various lattice

24
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temperatures. Figure 7 shows SdH oscillations measured under the

two sets of conditions. The top set of oscillations were recorded

for various lattice tempera tures without laser illum ination . The

temperature of the sample was controlled by a liquid hel ium bath.

The lower set of oscillations were obtained at a constant lattice

temperature of 1.75 K for various incident laser powers. The power

levels listed are peak powers of the laser; the peak incident laser

power at the sample was estimated to be -1/3 of this.

Amplitude ratios obtained from these figures are shown in Fig. 8.

By comparing these amplitude ratios, a phenomenological temperature

is obtained for the laser-induced hot carriers. The dashed lines

indicate that for 4.2 watts (—1.3 watts incident) an electron tem-

perature of — 3.3 K is obtained with a lattice temperature of 1.75 K.

The electron temperatures obtained in this manner are shown in Fig. 9.

Uncertainties caused by the low signal-to-noise ratio in the measure-

ment system is large .

It is possible from energy balance considerations to estimate

the energy relaxa tion time required to producd the measured electron

temperature with the incident laser power. A relaxation time of

:10 nsec was estimated from the data obtained in this part of the study.

A talk based on this data was presented at the March , 1977,

American Physical Society Meeting.

2. Magnetic Field Modulation Method

To reduce the noise in the measurements taken above, a magnetic field

modulation system recently developed by Kahlert and Seiler was incorporated
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into the exper imental arrangement. A block diagram of the experiment

with f i e ld  modulation is shown in Fig. 10. The modulation system

consists of a set of coils mounted on the poles of the dc electro-

magnet , a Wein bridge oscillator , amplitude control electronics ,

power amplifier , and a lock-in amplifier used to detect the modu-

lated signal.

The sample characteristics and other experimental parameters

are the same as in the previous pulsed dc experiments. The magnetic

field was modulated at 43 Hz with an amplitude at the sample of

150 Gauss p-p. It was found that the electronic response of the

sample must be probed at least 10 times per modulation cycle to

achieve suitable def in i t ion  of its behavior . For this  reason the

pulse repetition frequency was raised from 166 Hz to 2000 Hz. The

output of the sampling oscilloscope was then fed into a P.A.R. HR-8

lock-in amplifier whose output was then recorded . The signal derived

from the lock—in set at 43 Hz is proportional to the first derivative

of the SdH oscillations obtained by the dc methods.

The measurements made with this technique are shown in Figs. 11

and 12. Figure 11 shows amplitude vs. lattice temperature , temper-

atures above 4.37K were obtained by helium vapor cooling rather

than liquid immersion . Figure 12 shows amplitude vs. incident laser

power . The listed power levels are peak incident power at the sample.

Improvements in beam control and focusing produced a more intense

beam at the sample which caused increased damping of the SdH oscilla-

tion for a given laser power, when compared to the previous data

shown in Fig. 7. Figs. 13 and 14 show the amplitude ratios and 
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electron temperatures obtained from the oscillations in Figs. 11

and 12. The electron temperatures obtained in this study show a

slight fall-off at higher laser powers. This effect yields a

decrease in energy relaxation time with increasing laser power for

calculations based on energy balance considerations . Values calcu-

lated for Te are near 25 neec over the range of laser powers

studied here.

These data and their analysis were presented at the International

Conference on Hot Electrons in Semiconductors, held at NTSU, July

6-8, 1977. The corresponding paper will be published in Solid State

Electronics. For completeness we include reproductions of the

galley proofs. 
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jhoul I Wal l  ilic Stiff osc iUai,.r~ lsehas m r  iirrecp.inds ii ’ ih.ii mc.~smnc- d al i t itu s C Ic nç~t-t.o i.e ‘f 4 V. K P.o the
lion illimm,nai~d saniplc I hes e r,sults f,’ rnm ihe I.’ si iiim c, I and .4Uanhmial .- il,- n, ~ f , r  tIe s iuon he I in~ in,tiit t’ .t
In ~. laser r..diaii.’n m d  pe,niii the esali.aiii.n ,.f a phcn,mcnol.i~is ii ~flCr~ ri’ h.%,,iKin time

I I~t1 IIIIN( 1i($P~ dinfl ibmiucs thc ,iIn,’rI’cd philli.ui c ic. w ithin Ihe eI~ ,
H..t ekctions in tnSP’ sue ,iic ’d l’s d c elcc t rmc helds h.ise Iron gas If thu’ p i m ~es. uc stifticienJI~ f.u .1. e if the
hc~n es i rnsm ~c Iy studied In a s.ir le t ’, i-if csperimentn , bot h concentrat ion is high enou gh, a non-eq~umlihruum carr ie r
f u r  nt’ nufegcncrale .ini.) dcgctmerat e St . i I iSi ic f lmiw escr . distribution will be established, which is characteru,etj h~
for t he case of optic ii healing, much less information is an electron temperature, T. II should be noted that the

,mtl.ihte In pure V lO ll cm ‘I samples iii InSh iOu - polar-optical phiiniinc emitted In the pholmie n~itc d d cc-
p1mn~iieiI I-is long w i ’. ckiigth radiation, free c;irricr Irons dcca~ to .lcotictic phimui m mns thrumimgh a thice phonon

a~~~rptuon is kni~wii to m,,umise art increase in the mean interaction and thus have a long liktime I3I Some of
encrg~ of the elec tron gas .i~ umhse rved by changes in these optical phonons may therefore he reabsorhed by
cumn di ,, Ii’. resulting ftmimn .1 nobility variation) 1 ,2 1 the electron gas providing an additional source of hcating
lb--termination iii eteet i t i n  leniperatures from photocon- besides the ckctrtrn-cleetron (hermalizattun process

TI ’. 15 d;ita depends uupumn the assumptions made con- The ultimate transfer of the absorbed photon energy to
ccrmng t he dominant scattet ing m echanisms . In addition, the ennironment surrounding the sampk takes place
ihu~ technique is not mc se ns il ine in degenerate samp les through acoustic phontin’s . either emitted durec -t ls t y t he
of lu Sh since the umohiliiy is not strongly dependent upon gas or created (in pairs) by the decay of opuic~l phoncuns.
tc- mpcraiur c Hut since the rate iii Ci f l i Ss Kt f l  ill acoustic phufKifls is

In this p.ipcr . w e present t he first direct measurements slow compared to that for emission of tipiscal phonons.
of (O~- laser induced hal dcc iron temperalures in this will not become a signif icaitt energy loss mechanism
ukgener :m e n-ty pe tnSh These measurements involve until the electron gas has cooled below the point w here
.lciernml ning the .inuplituide of the Shuhnmkov—de l1a~s optica l phontun emiss ion can l i k e  place.
tSnIlIl oncdl;ut mons whic h are sliommgty dependent mmron the Hearn)4 . S) has made cakul;utions for InSh at liquid
is ’r’’I cr ,i Ii ir~ i.f the conduction electr ons In addhion . ;m helium temperatures which indicate that, for concen-
phenomenulisgical sa m e for the energy rela nation tunic is traiionc above a crit ical satue fif a , ~- 10’ to In’ ciii
est imated (rumni simple consideiatui ,ns of energy balance electron-electr on scatter ing shomulul dominate High mag-

Odl ic field c-a kulaiuinsjri . 7) raise the estim ate d con ce rt-
1 TtDuiPS t ration at which I is valid to n _ 1(111 cm ‘ Howc’.cr .

I a I IIIi III, I’ .tht . T( ~~~ illI iI ,-i,, i,,~ i !i~’~iii. ~ the assuhiiption iced in these p;iper th,i I the Landau
i t  .uifllcicntly l u w  i i iicsuti cs where twit phiutmin pro- Icvels abuse the bottom Ps’ 0 ks-cl will not be popu-

~c ss s s  s in be nc1~l.- ’. te d thc .ihsiiiptioui of C U. tase r lated is not e~ lid under the condit ions of this e- ’.perurnen$
u. idiatu,un at  w. iseleu mgt hs be twe en ~i .ind I !~~in Ph i -  - We assume for the electron concentrat ions .1 inteuesl
5 ) 11 7 cV )  in mu hnSb will l ike pt.i5 through u t e r i ’ .  tion here f.m I 4 In’’ ‘.m ‘1 tha i the energy dmntuihution of
w i t h f i t - -  i I - . thins in t he iumm tli i , Iu imn lnumd I-k’ ’. tr ,ins t he elei.tron gas a uth lj scr healing will he characIc rm,ed
CS’ . tied I i  high rnergies by .uhs~.ipti.un of ;i photon ni;u’. by a tem pc r.us mure . 1,, w hich is greater than the la t t ic e
tt ndcrgum energy u~l.i~afiuun t huoiigh t a ,  .umnpc t iuug pro- tem pcra (mmrc. l~ I his distribution will then I-se cooled by
(‘“‘IC 5 CIt ’. I n u t  - elect lim it 5’. mItering and ;suilar - impt is al a comhmn.mtuon ‘1 i 11t 1’. id am) a’. ou st K phmmnon~ I Pie

phonon em issm,m n I his ph~’im,m n enuuss ion transfers the eftects c,it is~d b. emission of optica l phonumns prior to
absorbed energy if the phittuiesc iled c lesirui ns to the lhermalm,atk’n umf thc photoescited elect rons present
latti ce. I-I.- , ‘ruin- electron su tittering, on the othe r hand. additional cuimplis atKins

P h) Shuh,uiAiim .1. IIII UI .fei t arm Jet amer kraiing
~ it. smm pp’.i~ ii t im p i t  b-~ mlic (iPht e of Noel 18e5e ,, r,h -

SI In lea, e friunu I iidwig lI,uli,ut,.inn lioiiiiri fo~r Feilkncrpcr- t i it i d tli i ufl i
.iu t ok unit Insftu.,l h ur t Angea-aisdir I’hs si t (ins .‘ r ’ I i ,i, ’ w,e,t. haiti son m d  Ilnidge’u 1g1 first used the SdH eff ect in
Su is i r m a lnSh lii obtain hot electron temperatures a ith applied

_ _ _  - ~~~~~~~~~~ -- -  —
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.1. - , ii.. t e l - I ,  I ‘!  - - I - . Iii, it I-I Indul t it  huul .u m t i . ’i I lie i~ S u i u i u luii, iI 5’. .s ii. m ’:,i li,- u ilu,,i t lmcuui u .ilm, ,uii,uu i
- - u . - ci I~’ i i ’ smi- 1’ i t > - ‘-s’ .llt eff t-~ i P’~ ll,Ii’.-r .iuuil oP ih~ phuiliucs itc il ‘‘Ii ‘ . i m.- n  ut s t i r ’ , iluuuamg h i- i . ’ .  tr. uu.

k ,Ii~ l i i i  III t ui i tums pi t  a ’ .  liii’.’. that the S4llt ct kct  cl~ttui un - ‘c liii ri ng ‘chi ts cugii l l t c.uuII iitiii’.ial pIm ri~ in
‘.ji, iPso ‘-s iis,’tt lii stuul~ I,oc’r iiklucctl hot di c t u m s  emission (m iii itm ~ photuuc~ci tct t can , icus t:ukc ’, place
lb c1lIl s’.ifl ;,tions in the louiguiikiin:il ni.igndtorcsis. h owever w l’~n ph~sniun eunissiout takes plac e r •~r lii
i,mn’.u’ u~l u .tci~’.’ i i i . - st int ,, ‘ mt , ’ , i i i , u i  ta- i.hser’.e,l tli~ninati,aiui’i i’ g mu - . , i i ’ f ’ .  nu,unuCuil ’,iti ‘ .‘‘flsi’’ ’ tulii,n

hi I iii, t ilt.. iuiK cumumdhliuuls 112 1 utuim’iug plitit.’ii it ’  ‘ ‘ ‘>  pIi~ ut . -i iliutie itetailcul Iln- ,ii i t it  ii

treat mc nI wuim lit hc requ ired
w, )  >I .hi.i , > l ,, 1. ., ‘sw , . (I)

I tSP~’Ilii4Y5T*i. *5*5

ahcre aD, - eWrn ’C. us t he cyclotr on resonance The samples used were i.’Ut fr om a bull, samp le of
fuequenc y and V is the c-ottisirt mmmc Assuming that the s-type lnSh having a concentration of l.4 x 10 S cm
t)mngle Iemperalure and the spun-splitting factor remain and a Hall mobility itt I a tfl’ ~in’!V ‘Cc at I 6 K - ‘I he
tuul ustan t as hr ele~trnn tcmper.iluirc changes , t he rtmti u i optIcal surfaces were grniunil w ith Al.t)~ polish with a
of SetH .implitudei. at two temperalti rer is given by grit size of 0 ~&m ( —k iX l )  ‘the absorption cne~~cient at

to fi ~tm is taken to be f l t t~2 c m whi. h is an
-% 

- ~,/stnhI V ,p 
~
, etutmapolated val u e taken from Paid ) 141, who measured

%./sunh( ~ .) 0 ~em ‘ f or a samp le I ~x lUm
~ cm ‘

. the final samp le
a here dàmensions w ere bi.~ mm a 11mm x 0.1)7mm thick Two

2w ’h,.1~/~~ f~) current contacts and two potenhal cnuntacls were made
with 2~ ~am diameler gold wire using indium solder

l ive use of cqn I t~ eSt r ac t  the temperature of the hot F~~re I shows a schematic diagra m of the equipment
e let to- s n gas is presented in Sect ion 1 of this paper mc u sed in this esperiment Ihe samp le was illuminated

with a polst produced by meclutmnu’.’ally chopping a beam
P. I Ref., i.,Iliftt lm?lue (TElL., mode l from ti ,w (‘( )~ laser, 1h7 pulse width

live calculation of a phenomenutlogical relasat io n time used in this euperimeni was ~ I,LQC (F.W,H M.) with a
is based upon the balance of energy gain and loss pro- rise time of ~asec The repetition rate was 201)0Hz
cess es fur t he electron gas in the illuminated sample The pulse w4s (ii’. usscd to a diameter of f R  mm at the
vo lume lhc energy gain is due Iii the absorption of laser sample and positioned to illuminate the reg iiun of the
photons and subsequent thenun mlmzsl ion of photoess-ited sample between the potcnt i,il cnntit~t % . I’hc C( I- us e r i’s
s ic ’ .  ur ’ns white the Iui’ss is due lit energy tr,insfer fro m grating t uned intl produces suuig lc tunc outputs iii scvcual
t he electron gas fri the lattice. The energy balance cquim- wafts over must of the q pm to It ~m wave length range
lion for a single eleclmn has the form The espeyimcnl tepreted here w as carried ou t  aI A -

lfl , ’sam *Ith puiw ers up to 10 watt s aeailahle . A He-Ne
d 

-- !~ ,:!~J I 
+ ~ 

laser used in conjunc t ion with • silicon PIN photodiode
a” produced a tr*er pulse For the pulse generating and

delaying eteetronk’.
ah~rc Ii ,,, is the ahsuirl-sciI ,‘ntwer per electr on tn the’ The miigncluurcs istts nce of the sample was the n
iltiimium.ttcd s .m nip lc v,mliimc timid is the energy rel.i catio n mneaqired using ii short (6 osci. I ctccl ric ;,I probe puke
mm mc the temper atu re dependence of the asian energy of generated by a f ic i rise tinic 1< I s acs I lekt ruinis pulse
an elect ron iii a degenerate senumcondus tot is taken ti m lie generator , The clet tn ’ .  it pulse kept small lii ;isoid heat

1) ing by the elec itic held, w a s  sync ronu,ed to siuincuiie with
the peak of the laser pulsc time difference ~~li&ge tie-

•( , - 
£~,TFu .417 ) 

(6)  twecus the two potential protics was measu red wi th  a
I ,. J ’t I - Iektmoniuu 7~f lhl7St4 sam pling u.ssmllrus’ .~opc

amid a-here Previuss. pulsed di . Su it meisiurenuenis) I’) reported
by the awthnrs weni.’ made by directly rc’.imrding the

a , output of Ike sanipling mis s ilinsc ope s-i magnet ic field
Howev er , s ig nifi cant img rove ments in s ug nat-to- noitu c
ratio b - a c  been olvtauned through the use of magnet ic

us the mcdiii. c ut Fermi ene rgy held modulation in tuimbuutat ion w ith the f i s t  ‘sampling
If m s letm i ly  - s ta t e i,imnej itiitn t i n  he esl,ihltshc’d tinder met hods , ibis i imnibuumed te’.hniqne wa s first developed

I.iiic r ill umination so that by Kablert and Sciler)lEu . Ii) for observing hut electron
magnetophonumn sirius lu te in ,m-lnS,h at 77 K When used

ii, 
- iii .ttnrr v~ the 5411 itIc’.’t t b-is te’.-hniquie produces a

ill detector response wh ich us proportional to the first
- 

derivative of the magnetoreattutanec osc illations. but it
then v u.is he c m l  tr l.iied (mimi the equI.llm.un uL’v s mat affe ct the rat io of amplitudes as given in eq.~-lain (~ t Its Ills method, the outpui of the samjillug

‘ ~- ‘- ‘~ 1~ I (7) uu~ mll~se nqw ls feil •nt i-s a kxk -* ts amphkr , tb-c iiutput ofI) .. - whit-h us then ret iwde d
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tO Sawi t NO Mcii tnecoi’r
E~ I, tikic k diagrimiu mit capcnmemwal .pqmsriiumjs

t aP~~)t .m SlID ANSI Y~ * u i— Fugmure 2 shows 5411 oscillallums liv lattice temperatures , -
1’,. between Ii and 9.6 K. The oscillations recorded for
varmnuis incident laser powers ate sb-ow n uss Vtg. ~ for

~- II K. Qualitatively, it can be seen that the oscil’
latiuntu au-e damped by inc reasin lase r power iii a manner -
amsa)oguus to the damping caused by elevated lnttice - ‘- -

temperatures - These data show directly that the mean 1 - 
-energyof t heeIcctronIas uncr,asesw~~laser dhtmlnation 

rlb-i SdH amplitude ratios as a fenetli,, of lattice I

tempigature (wit hout laser illwmi natluts ) are plotted on
the lift-hand aide of r~. ~ and e~hibit the vharacteris*i~ 

,
~ - I $ I -

dependence gtven by eqn (2) The vartidion of the
amplitude ratio with incident laser power is plotted on Fig 1 SetH ostitl.mt j miro 1w ,anous muic ideumu tavc n puiwers at atb-c right-hand side of fig 4 Thi islite.ss amplitude 4,, eeesiant iatike temperature mat I ~ K Pnwer levels hued are(or bot h graphs was taken at LI K wtlb ii hwy  illu- ~ueak iutc .dimw power u ub-e esinple
munation, 4,

ihe electron temp*raturc corresponding to each laser ,~~~,, , - ,_ , ,  r— --
~power is determined by comperison of the amplitude I

ratio show i in both halves (71 ~~~~ , 4 p1,1 
~~~~~ 

the -
dotted lines show that . for a 011W peek Iaiideut laser “u \

1 TI
• ‘ ‘ ‘ p . ,  i’ I

S , - 

t’u I S4H mmtslmiimmk minima ven us l$uiç~ teMp P1,1)1 amid versu s1 5 ’  
mi ident laser power (n~~ i)

po~~ m, an amp litude ratio of 022 was obtained From the
I leape,~~w, dependence H i’s seen that an amplitude of0,22 uWre’uponds In a temperature of 4 Em K Thus , a

I ‘~ 
Sdlt ‘Si i(Iii,,i’, a.iruwt .iursict,,fl5 c fun ‘scv~niiI Iiiuumt t Pke~~utmm~tm~I~tg,cnl eteetrosu ~~~‘s tCffifi,ratu,fe of 4.6 K ~c I -

irm,uperaimires taken w$mmk ut ~t~’ .tu~g aI the Ar s t harmonic u t  the obtained for an incident laser power of 0 911 watts at a I -nuu ithilat mnn Irrquie nmcy (no laser l~ uumtmiuumnt latt ice temp erature of I S  K The electron temp eratures

H
U— —U ~~~~~~~~ — 
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iii this manime r ti,t the v aniiums laser powers are Sanderciick 1181 cats dated v~iluics of If, ‘ itt ’ ccc lie-
in Fig. “ A distinc t non hnc;ir bchiuvui’m is uhvcn- tweca 2 guud U K

wed whi , h cannot lie uic~mwnted (or by expcrlmeuuhal
iiflc’CItSi f ) I $lS, S (iun’i,eiulflles

In “mdci to dctcrmune t hat , itIu ~s’ hcaiu’ig mliii not Iho ~hUhtimkm ’~ etc ll*a s eIlc~ I has been shown to be a
contribute to the effects discussed, a very broad valuable tool fiat’ investigating laser induced hot electrons
I’ 10 Mice) laser pulse wa s used to study the time Qualitative comparison of the Sd I-l osc ill at ions as record.
dependence of the SdH amplitude. A lower pulse repeti. ed under itturninased sad non-itluininated circumstances
lion rat e of 166 Hz was used. bat the average power show that the mean energy of the electron gas is in-
input to the sample was - c1)% h~ hw. The temperature creased by absorption of the laser raduat ion, In addition,
of the electron gas was measured at dlffere~ time posi. these oøinparisons show that the SdH amplitude damping
tions dunng the pulse, and she results are shown in Fig caused by laser heating us very similar to he damping
6 This Ilgure indicates that wilbia the e~perumentit which occurs at elevated lattice temperatures. This
uncertamnties taltice heating makes an insignit%cant con- simiho’tty tend’. to support the electron temperature
timbutma h a  the lempefature of the et ctron gas dtiring model Qtm ant italive t uanup;iticon of these amplitu de ratios
laser illumination tot these times. has provided a means of determining thy tcnmpc f IuIuTC 01

Rc,utis of calculaimo nus of en*tgy relaxation times the laser heated electron gas
based upon eqn (7) yueld a ‘~~~ e of about 2S ‘s iec for On the basis of the electron temperatures derived from
elecrron temperatures between 12 and ~ 2 K. these measurements , a phenomenological ener~ ax-

ation time has been determined. Further experiments are
- - - 

‘ —

~ 
planned w hich should provide additional insight m b  the
physic~ nature of this relaxation process.
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VI. FUTURE PLANS

A. Experimental

1. Lasers

A Lansing Piezo-Electric Translator will be used to better

control the mode patterns in the cw lasers, along with an increase

in power and possibly more stability.

For the CO laser, a better grating rotation system is almost

completed and will be installed . In addition , a Bausch and Lomb

grating with >92% efficiency will be utilized . Consequently, the

power and the number of observed laser lines should increase . An

improved laser tube will be constructed that has an integral gas

ballast chamber which should increase the operational lifetime of

the laser .

Q-switching with a rotating mirror will also be developed

this year.

2. Installation of Electro—Optic Switch

An electro-optic switch composed of a high quality CdTe crystal

has bc~en ordered and will be installed . Driven by a high power vol-

tage generator with fast electrical rise and fall times it will ther

enable short laser pulses to be produced . We are in the process of

ordering a Velonex generator which will enable pulses as short as

50 nsec to be obtained . The power supply has the versatility to be

able to supply variable pulse lengths and repetition rates.

4].
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3. Extension of CO~~ Laser-Induced Hot Electron Measurements to
Higher Carr ier  Concentrations

Up to the present time , only one concentration (~~l x 10~~ cm 3 )

sample of n-InSb has been investigated by SdH measurements under

laser i r radia t ion. Higher concentration samples of n—InSb will be

invest igated this coming year. Since free carrier absorption

depends directly upon the number of free carriers, some interesting

laser-induced hot electrDn properties may emerge.

4. Measurements of CO Laser-Induced Hot Electrons

The development of a CO laser in our laboratory will enable

us to determine the effect of CO laser radiation on InSb. The CO

laser has about twice the photon energy of the CO2 laser and con-

sequently should produce some interesting hot electron effects.

•1~~~~’~~ —~~~~—-- - -—— - -- - — - ----—..——-,— ---. —-—--. -- ~~~ 1 I ~~~~~~~~~~~~~~~~~~ — 
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B. THEORETICAL

This coming year a major effort will be made to analyze and

understand the laser-induced heating effects that have been ob-

served . The models that are developed will have to take into

account free carrier absorption and energy loss rates. A quali-

tative overview of many of the processes involved is given in

Fig. 15 where a block diagram is presented .

The free carrier absorption process can take place with emis-

sion of optical phonons and/or acoustic phonons. In addition ,

ionized impurity scattering may have to be taken into account.

Thus this absorption process creates photoexcited electrons at

energies high in the conduction band. Assuming that electron-electron

scattering predominates over optical phonon emission , the electron

distributic’n will then relax to a quasi—equilibrium distribution

characte,-~~’ed by an electron temperature of the heated electron gas.

There are indications that this is a valid assumption , but confirming

theoretical work needs to be done.

Energy—loss rates of the hot electron gas to the lattice must

be investigated . Since the electron temperature of the gas under

laser radiat ion is never very large , optical phonon emission can pro-

bably be neglected . The predominate energy-loss rate is undoubtedly due

to the acoustic modes via deformation potential and piezoelectric couplinc

The relative importance of piezoelectric scattering compared with

deformation-potential scattering depends upon carrier concentration .

Consequently, at low electron concentrations piezoelectric scattering

will predominate , whereas at high electron concentrations deformation

43
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Figure 15. k~iock diagram of some absorption and scattering processes

involved in laser-induced heating of the electron gas.
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I
pote n t i a l  s c a t t e r i n g  wi l l  predominate .

I We have enlisted the aid of two theoreticians for the study .

Dr. Donald Kobe is a professor at NTSU and has a background in

I statistical mechanics and the many-body problem . Recently, he

has turned his attention to understanding the nature of the inter-

I action of laser radiation with matter. He is certainly familiar

with most of the theoretical machinery necessary to handle this

problem.

I Dr. J. R. Barker , University of Warwick, England , will be

visiting our university , January through May, 1978, as a visiting

professor . He is intimately acquainted with quantum transport

theory and in particular hot electrons. Consequently , he brings

some needed expertise to the project just at the time when i~

is needed .

I
I

I
I
I
I
I
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VII .  TECHNICAL PERSONNEL

Rese arch Associate

Dr .  H.  Kahie rt  of the Ludwig Boltzmann Institut fur Fest-

korperphys ik  in Vienna , Austria , worked with this project from

October 1 , 1976 through September 5, 1977. Both his experimental

and theoretical expertise in the area of hot electrons in semi-

conductors were utilized .

Graduate Students

The fol lowing graduate students have worked on various aspects

of this  project :

M r .  Delbert Dowdy

Mr. Mike Goodwin

Mr.  La r ry  Hanes

Mr. Brad Moore

Mr. Larry Tipton
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V III . REPORT ON 
D ,ton bxas

I
f The Intern ational Conference on Hot Electrons in Semiconductors was held on the

campus of North Texas State University , Denton , Texas, 6-8 Jul y 1977. There were
over 130 participants from 13 countries. This Conference wa~. a Topical Conference
of the American Physical Society and abstracts were published in the Bulletin of
the American P~y~~ca l_ Society, Series II , Vol . 22, No . 6 , June 1977. Other spon-
sors were the Off-ice of Naval Research and North Texas State University , in coop-
era tion with the Electron Device Society of IEEE and the U.S. A rmy Research Office .

The purpose of the Conference was to bring together scientists interested in
all aspects of hot or non -equ ilibrium carriers in semiconductors . Topics of
curr .~nt interest and i mportance were presented and discussed with particular empha—
sis on bulk transport , surface and interface transport , dev ice behavior and photo-
exc i tation . A final session of the conference was devoted to a discussion of
unsolve d problems which deserve future theoretical and experimental effort.

Muc h “hot elec tron ” work has tra d it ionally been presented at the Internationa l
Conferences on the Physics of Semiconductors . Prior to this Conference , an Inter-
nat ional Symposium on High Field Transport in Semiconductors was held in Modena ,
Ital y, 4-6 July 1973. In add i t ion , many papers given at the Symposium on Insta-
bilities in Semiconductor s 20 and 21 March 1969 at the Thomas J. Watson Research
Center in Yorktown Hei ghts , N .Y. (see the IBM Journal of Research and Development,
Vol. 13 , No. 5, September 1969) were devoted to hot electron effects.

The following individual s handled the organizational and
program aspects of the conference :
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The fo l l ow ing pages contain a copy of the abstracts of the

conference as published in the Bulletin of the American Physical

Society, Series II , Vol. 22, No. 6, June 1977, pp. 700—711. Next ,

a list of the conference attendees is given.
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MAIN TEXT

I W!LCOML
Ii.dn d,y macmeg, S Aaty 1977 Ocld.n 1.0. Small. it 9:30 AM.; 0.4.1.1 *, p,*d10

I S&SSION A 01~~E R A L
Wsdn~~~~y morning.S .kaiy 1977; 0.1dm, E. .  Sau l. us 1:45 AM.: S. Ccua~~ l. prmM~~~

In i-tied P aper i

A I Historical B.~ kpoun~I of Hot 
I-Ic , Iron Physics C. HILSUM - Royal Aids, gs,~bdshmen s. En armd ( 31) inut.)

*. 1 1 cchnmqurs of (‘aI,ulation of Hot Fkctt’,,t Phenomena P J PRICF - IBM. Thonau, 1 Watson Rus~~,cit Ccitt,, (30 mm -I

Anel ytieSi f . ,r -~ ui$5 Cr. generally able to give a bet ter acoowst of a physical pls.nom,ncr than
can be provid.d by . ni,emrical descriptio n The l*tt.r ay be necesSary for hot .L.ctrorus .
rson.ver - I .e.,... of th. thability of sisgile physical priisciploi ( ,uch a. relaxation timeel to
t r u l y  .ncc.sçsea the dynast,-. of th. 41atri,butics function , end b.c,um, of o~~~~is.ity is, the
ba nd and .eett.r thq sch~~~ of the solid , of the particular phsn~~~son studied , or q~~~~~try of
ti. situation - The tradItional phan~~unon of intara.t I. the .t.edy stat, with spatial
hom.g.neity, and ind.pendmst nors-deq~~~rst electron. . In •ui t,ible conditioni the Iolt enn
.qsaation thea reduces to one in a singl. var iebi. (ensrgy ) which can be solved by relatively
.i sg- le ans , More gerterally, for this case , need a Og~~~ut*tiOfl Of tbs distribution
f .nct ton. Either the l it t e r  i. r.prss.rsted by it. v.1st.. ors a grid of points in the spec,
of the sls -:t ~ on var iab les , and the operator. of the Soltm,ann equation by cgerattons on this
a r ra- ,- , ‘r th. ~n i story ” of a .inq is •iectzon is siium4atsd by a icists Carlo ach a - The former
natin.i n.a advar.t ,aqes within its rsssqe of applicability. ~~nte ~~rio ha. been .xtan.iVsAy
a11li.d , be :. ,. .. cf It. greater ability to dual with band and eostterinq deteilsi it is also
apt, I icable, by slaborst i.,n of th . co~~ utetiona l proc.dures , to a wider ranqe of phseon.na of
I n t e r e st Following a 4e.cription of bas ic .sthods and their application., the needed ex t.nst otsa
of sethod w i l l  be diacuss ed with app licatio n to phei~~ sna such aa tias 4sp~~dsnce, diffusion ,

~~~~ 
t ionlmatlc-r. of fs ct a of carrt.r- car rier int ,eract tonm field—sf feet estrf.c. scattering ,

thcrseltzation ‘1 drifting c-eerier., s i~ oi,duc tor junctions: affect of degeneracy . S~~~ parti—
.- , t.r calculation. will be ste ad for illustration .

a, ‘ J- ipecimental Mpccta UI Ilol fbectron D,stn tsu t mon Fuoctions1
G B A F ’ I R  I PAm -c ik ahach ,  I ln . r fl i i i t  RP.’TH Aac*etr German..- 30 title I

The experinierttal determination of hot carrier dt.trthution functions has been
of steady interest 110CC the early day s of hot electron transport invest igations.
A motivation for performing these studies was the hope to get direct expsri-
trmenta~ e’.’idence for the various acattsring mechanisms from the shape of the
dlatrlz. oi t ,ton f u nction. Th~ . rathe r f unclutenta l exp.r3.~~ntai inforLatiori should ,
in princi ple. be more appropriate for a comparison with theoretical predictions
than transport proper ties of hot carriers alone . In th ti paper a review will be
presented on t he  .xperimenta ~ efforts to obtain high field distribution functions
in ~t.1k materials. Three optical methods will be discussed in d .taili (LI inter—
and isstxaband absorption measurement ., (~4) emission due to radiative transition.
between bind statss , and band- and impur tty states , (iii) inelastic light
scattering exp.rimsnts. A d..tinction is aade between methods which yield ths
energy di•tributiOn function and those which qiv• ir4orastic,n on the an.imatxopic
distrthutton of hot carriirs in the mg ntum spaos . ~he litter experta.fltd
involve a determinet ion of the .l.ctrid field induced dichroise in absorption
or emission and the depend soce of the scattering cross section on scitt *Xinq
geometry in inelastic light scattering experiment.. The influence of the non-
equilibriun phonon distribution on th. interpretatioS of the experimental
results is discussed , too. In iddition , current work on energy distributi on
f .arsctions of hot carr ier s in quantizing magnetic fields a. obtaimad from
absor ption or emission of infrared radiation due t.,o transition s of carri ers
between .andau states or magnetic f ield., iplit imputity stats. ‘will be presented.

4Supported in part by the Deut sche Pot.Obungsgemeinsoheft .
Present addr.sas £xp.riinentelle Physik IV, Universit*t 01st , Germany.

Contml biaird Fbp.n obs.rved it rol,atiysly lamr electric fields than its

*4. Lw~ri~~nFs~ and i’P~cr r t i c I l  ~e [ttI1i4t4~~~ ~~~ 1noue , N. Tekensha, J. Shirafuji. and Y . lnu,tsh,.
of t t t Uect ton t,iT r Thutlc,fl Ui 

~
sAs and *d~,17JcSd Proc . Intent. Ccnf. Phys . of Ss.icond . (1976)

Y.  T1SJT9II, ~~aks U. il ,. e,peri~~ntal att ,~~,t to
invest igate ~he nm~’i1’kxinlltazs electron distribution *t. carr!tLpI.tr~.

b .Jtion Fun ’tI,n lot Wa re Fl.o - trons ,
wa’ sisde ,.mti the hsiis at the i i r Id - depenmiu~it pl~~tO- 

~~, ~~~~~~ and ~. pl~~ 1,~~’Pt , vntv.rs,i~x o f  l’oronto • . --
lmr.lzme,cormca s~e- t rt r is !  r ’-a’ resul t was elsborst.Iv ma principa l ‘ equal a_ priorl probsb1litiea~~~s u ~ asi
coiq .red ,.t th ‘tit le oAt- IC Ca ic l iat ion iioclm ~~ing 5,11 t~ deduce som, of ths general properties of tIme dist ,- i-
possIble scattering tmchaz,lWtms - 17. p)satolt~ in.scerice b’.tlon f unction in the prssersc. of .zt.rnSl fields , A
spectTt r dun to hand-to-baid or han.i-r~ -acceptOr r e id  function for the transport .guation is aOnatru.-t.d
t ransit ion In .u,i.s • (asAiP and AIG.As was nsasured and a clesed for. eciution is found that is a~ ,iicabL e
cmda’ r high e lectr i c ftel-ts. l In mixed crystal with in the war-s •i.ccron ran,.. ,. .t’csupariseis with saprri-
ii senlI .‘rs’rgt -. -p a r , tm i l f l  betvssen C snd X Valleys. m,notai fata for drIft velocity In ger sanlum and in sil t-
a ps~ ii ii, •-lrm. t TOt , ths tr i l ,u t tOrt  i,aultt r&g 1100 cnn j ives excelis nt aqr. ese r’t in, the wars electron rang..
dsmlnant imo le rval is ,- scattering of hot electron. was supported by hit tona l Iae..rch Council of Canada,
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p l~ vSi. -J I~w.n

I a, P. Hot I me ituns and Pimononi ur 4,n HI&m lntendty Pboto icitation of $smlconductof,
I lii 1*FP oHAH. Deli Tei,pA,tge ~j bn, ’sforte1, ?#obsd.I 30 mm 1

‘ 
1 has become we l l  establi shed during the last few y mrs that intense photo—
esc itat ti -tn ~ f a semiconductor with photons of energy large r than the bandgap
energy eels to the heating of the photoenccit.d carriers and the generation of

a rsonequi 1 Ibr 1 .r phonons - These phenomena result from thu relaxa tion of photo—
exc ited ce r r iers to the band minimum or maximum by intera ction wi th ether
cer r i e rs  snd by emiss ion of phonons . At relati vely low intensities (‘ IO~ Il/ca2
t - , r GaAs ) the photo e xc it ed carr ier distribution is Ma xu ell ian with a carrier
t emperature T~ dif fer en t from the latt ioe temperature . T0 as high as 150 X

I and phonon temperatures as h i g h  as 900 k have been obs.rvsd in GaAs . Th.
observed variat ion of Tc with excitation intensity leads to the conclusion that
I n  seirriconduc t ra like GAAs the polar optical mode scattering is the dominant
.nerqy los s ma ch a rlan fros the electron gas to the latti ce . The understanding
a ’hievel throug h s uch expe rimsnts in GaAs and Cd8. enable s us to predict  w i th

I 
rea sonable confidence the carrier temperatures in semiconductors its w~ich
poli optical ~~~e scattering dominates. At higher intensities (‘ 10 Il/ca2

for I aAa - the carrier distribution becomes non —Ma xwellian for reasons not well
inders t o~’l at present - We will also discuss some recent measurements of varia-
tion of T~ with excitation wavelengt h and of the transmission spectra of photo—

I excited -;aAs . lie will also oon.ider the implications of carrier heating in
interpr e tin g other hi gh intensity experi ments.

A ‘~ Fsrrnrna ntsl and Theoretical Low latsasity Photoeticltatlon Phenomena.
R t. UI KRICH. Imrtni : f u ’ flim ,dA Vnfr,rsim, ~~r rmioid, Fed,raf RvpeMc of GMwmety (30 mm .)

I Nigh-reso lution emission spectroecopy of band-to-impurity opticsl transitions

I in GaAs is used to measure the energy distribution functions f ( S)  of elect rons
and holes in optically excited carrier plasma. at well defined , low densities
(l0~ cm ’ 3  a n i 1013 cm’3). With this experimental method we probe ( I )  the en-

ergy re ~x n t i o n  of ini tia l l y  hot carrier distributions after pulsed photo.xcita—

tion (hwa E~~). (ii) stationary non—equilibrium distributions of electrons in the

conduction band under cu photoexcitatiort (~imsk! g ) and ( i i i )  the transport pro-

perties of photoexcited carrier plasma s in low electric fields (0 iI~Ii  20 V/ca).

The observed distribution functions are compared with theoretical r.eults on the

basis of the known band structure data of GaAs , taking into account polar optic

and acoustic phonon scattering , the interaction among the carriers , ionized in-
purit y scattering, and using approx imate solutions of the appropriate

transport equation .

I lrid~,:nd into cilisiderat lea in two different approaches :
1. a plmes”s.ssologicsl approecli in which we require
that the average mobility of carrier, for a givati

A8 Non-EqulhIbrfo,a Dlatr ibut ion Punction of field is hex isa. . This criterion is ahowus to
Carrisrs”Th Ss.iconductors. iAn! A. WAJRP --A Gsmsrs.1 reduce to ~m we l l  known principle of aintw.is free
form of th, carr ier d[atrlbu tion function in seel- energy and consequently *iaa entropy at therual

I conductors in the preaencs of an externa l electric equilibri um. 2. a specific scattering .echsalss is
field and s stead y flow of carr iers is presented . conaides-ed in set ting up the energy balance equs-
It is shown that this distribution function r.duces tion. The ~kewsses. and cut-off value of the deducedto tone well known fo re. under certain s implified distribution fUnction are given direct physical

I c onditions . Sons of the taplica tton s concerning taterpretations. The variation of mobility with
the ergodic hypothesis, the fre e energy and entropy te~~~rsture is presented and is foumd to agree with
are discussed . The scattering .schsnisma are taken experimental resul t fairly well.

I • US$ION• DEVICU AND SULK IMANROM!
• I 1TL.J._.L, a Ienia .., • My 1917; OsMa, ta e  ~,+II m 2:00 FM.; M ism. p...ldS..,

ThiSt,4 ~~p,

I . I RevWs of Theoretical and F speflmsuslah Aspects of Hot Electrosa Iii Dietoss
H K ROEN F R  - £mepa,utwi,t of ?.~kcfllc~ LqffieøVlg m d  Compwter Science, (flsisemity of Cailfoind.. Sums Is 5.rbvs (30 mM.)

Much of t he early research on hot eLectron effects in devices utiliaed a quasi-

I static locel model in which the loca l carrier drift velocity was assumed to be
an instantaneous fun ction of the local electrio field . The point of diminishing
return for such models has been reached , arid recent wo rk has stressed non—local ,
non-lnal’antanecus dynamics effects. For example , the electrons in GaAs and In?
cannot scat ter  into the satellite valleys until they have aoquired the necessary

I 

ener gy , which requires both space and time . The spatia l conseq uences lead to
drastic drift velocity overshoots , which improv, the performance of FT!’ . but
degrade thst of IS devices . The static negativ , differential conductance of the
latter is also influenced . The t~~~orsl oons.quenoel govern the ultima te fre—
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quenoy l im its , part icu larl y of Ti d•vtoes. The ~tqher the fields , the higher
th. speed . Hence ( IA operation is not tPse fast est operat ion, and in? is faetsr
than GaAs . Hypothetical superlat tiee aeqat ivs ooeduo taisoe doe s not offer the
speed edv ant aqe of ten claimed . lit . dyasmics effects depend on the strength of
‘he inter va lLey scattering and on the forward-scatterin g nature of polar scat-
tering In ( IT -V  compounds. At high fields the two effects combine to a less
randcs electron dyn~mai0e then if the high electron energy were purely thermal,
leading to noise reduction , and Simplifying the electron dymmato., giving good

al itativ e insights without .uch mathematics . For a quantitative analysie ,
severa l numerical techniques have been developed . Displ.aoed—Muv.llian tech-
ni ques are reasonably simple and give a good qualitative accowit of the devia-
tio rts fro, quasi-static models, but are incapable of modeling quantitatively
the .ff.~t. of the sharp t ie rgy ~~reshold of strong intervalley scattering .
P.rhepa the beat technique is Rase ’ model ing of the actual distribution function
by t ime-depend.stt superposition of a carefully ohmeen set of ad-hoc functions .

(o ”i ’mI ’ut,J ?bpeni three—level operations). Their results were also Co.—
pared with ~~~Iogou. szpert.snts es GaAs .

us.- K~~ t r t . -t rcW, T,.rlsj~.~ r t  !ff, .cte in Fie ld_Iffsc t
T ,a ns ls to r n  T n t  - ‘U :,. :a~ ~,i,m and ~~ 5. Mc)4L~ L ~),st~~~ 

iubeutted by I. T~~~~~to.
T h - t ’ ~~ .s tee ~.n. - -Pr5..fl t ,.. lE000doctr,r d.vto. e ‘impported is part by the Great—tn—Aid for Scientific
as’— be I.- -‘.4 1 1 on. - -f two qruups eccord i  uig to whether 1.seerch Sr.. the ~~ai.try of Idmscatton.
hot 1.- - t r . n  •f f . , -t a  ar.~ -~ r ar. rti,t rsspor,sibla for
tI,’.ir uç. ,ati ,n. G out na i l i s t o r s  f al l  , ‘ o  the iern-t ~~~ IseIs~ s a c~~ csitSon Dep.n~ nce

~at.qory ~- .r.an m r  “cvi -. ore In th. l et I ., .  ~urertt— Ln.t~~tliUes Lts ZSAài—iiPii ~~~~~ ii.,L—mhawmlrend

ly ucal r~~ a,.. .~ r talc a u.~~ as ati. are . ‘ - .v . r . ~~~~~~ 
&.R. AMt , tjr4versi ty of sur rey . UK , aisd N.!,. YOI S,

to c i e - t r o n  t r an s f e r  ..i t h s lq ni?ican t negative di ffeten- I.s.S.L., saideek , ~ . — ~~~eti nts.l and theoretical
t i ct  ~~ bt l i ty  and d v i . . of .r.t - r may be expect ed to studies have been ads of alectron transport slid hot

electron effeete in in5a j.. 1P~ as a function of alloy~- f . --t I t - i s  cnr,tributten. N. r.u. developed a proqr
I ta - -~~~~ r - a 1 iy ci sta i at .e m e  spa . anti ii., dependent co~~~ e I tin s.d hydrostatic pr.eeure • Pulsed I—V as.-
•f f . r t s  0 ? ..~a iu. d i f f s r e n t i e l wob l i tt y  on PT? opsre ~~~~~~~~~ were made on I ehaped s~~~lae to detarmins
t i on .  w.. v i i ;  i l ; w . t ra t . -  1) the trana isnt formation ~~ ~~~~~~~~~~~ field, ly. end the Cuxtefl t , L.., for the

of tuor- f c i , 1  &~~.ii .. w i th in  the -c ~n d - -tin q citaon.l and onset of b.iØ f ield instabilities . These were c~~~ared
o.ndl * - . v.aary for prop.egat ion and rec-y cli ,~~ be- with lbnta carlo calculations of the velocity field

~~~ ~~~~ ~~ and drain cont-s~t5; (2) stationary space charsat.riatio.. At a~~~e~iberi c pressure and a cO.3
Cr ~ rgc -on f i got at ions •pecl t i c  t c- the presence of r ag- the bL’~t field bss tabilitiee were caused by eve.lendte
. t ive itf f .r,ntitii eobii ’yt end ti ) tlt. Influence of m e i puieet.ion arid at x ~O.3 by ~ inn effect end g in—
•.q~ t i~~’. di f fe r e n t ia l  ~~~~i i i t y on the PT? response t ima s ~~eee~~ steadily wi th  a f r~s 0.9kv/on in I’ .~. to “9kv,

‘S,4)Ix~rt. . .1 by the (~ t ( i ce of Naval asa’.erch - ~~ in Ta?. Pt~ s~~~les with a ~ . 3 e pressure of lkbar
produ~~~ an increase in U

~ 
similar to a 1% increase in

Ci. Transferred tlsctron Eff icts in ~-GeAs end ~~~~~ 
a , white for a tQ.3, L1 xuaained constant or even Os—

Under Hydrostatic ?ressuye. * N . Csuberyj. M S . fitur —~ crI,sed with increasing pressure. These variation. of
La the ~~~s regima are in aqreassust with the theore-pm .?. thaw . Wayne Sta t . U. --Ezperiuantsl results viii be troal calcui,atj,sns. To try to determine absolute valuespresented shovin1 the v eris t ion of the peek velocity, for the peek vsiceity face X

~~
, detailed studies werepeak slectric field end saturated velocity of the

v.1cc It t -field curve for a—GaAs under hydrostatic pre.— made of the Salt effeot as a function of a. pr.eeure.
sure. Similar data will be presen ted for the field et t~~~~rature and ~tstic field. The r svlts aid ce.lcu-
peak velocity f or n-l aP. The extraction of $~~ date 

lsUon5 give information about the eL1~~ ’ s usefutne es
froe the rurrent—volte5s character istics is based a. en for Field Iffect Transistors.

exploitati on of the taflusece of the boundary conditions
on the .snuf.stattoi, of t rensferred-e lect ron i~w~ce~ 

16. Hot Rlectr oss - Slid 4gneto-Trans1ort Properties
(~ an) current in stabi l iti e s . Our results , which differ of GaIMIP P~~~e IFi taxial Layers~ . 1. 1. Houston,
so.rwhet f rau tho.s of Vineon et el. t , will be c oapered ~Y . I. ~estor P. lurie , ~~~ ~ i1te Osk , lid; G . A.
wit h our ~~nte Carlo calculations of the velocity—f ield Antypa., Varies Associa tes Palo Alto ~At D. K. Peray
cur ves for these materials. This couparteoli shou ld Offi ce ef Nival Peseirtli , ia’llJs tOS , -k -- v_t curve s
sh ow us to veri’~ important c onduction-band peremat ers 253 1 U-T Curve s no. 1.2 tO 2P3 K , and eagneto-
suc h as the .ner~iss and sffec tive masses of subsidiary resia teece free 4 2  to 293 K in field , to S I have been
ainlu. end the couplin i constants for interva tley uaasuved on three seapies . The saaples wer, lattice
s , s r t s r i n 5 .  tched is (113)1 seei-iaau)stthj Lu? substrates.
5supported b, Ofl under c on tract 11—0004—75—00)99 Thi follow ing table su riz s s~~ of the results:
1?..! . Vin.on , C. Picka r iag, A l .  Adase. N , Patceit a~ d
G.D. Pitt . Proc , 13th inC . Coal. Seaicon.. Come (1976). 

5gqs n (? 7 K )xl O ’15 p(77 K) (77 K)xl 0~~
CV a2fV-sec cu/sec

54 Hi,g~-Field Pr~~~~~tep of n-tn? under IWt LOS 6.1 19300 3.6

~~~~~~~~~ 1. tobeyashi ** K . Tak.ah.rs. I. timers , t. 1.2 11. 11000 2 .0
Yems anto and K. Abe . ~~~~~~~~~~~~~~~~~~~~~~ hL~~ electric 

1 .25 42. 6200 1.6
f i e l d  properties of rn —l a P at 300 K he.. been studied 55 5 The a*ilit lee i’ and “sa turs ted ’ drift ve locities
funct i n  of pressure . P r i r o s ta t i r  asasureesats are aide y •.~ lower than expected. t The only oscillatory
in the piston and rylirut.r apparatus , uatn~ liquid pres— sI1iuetoye.latance observed was Skubnikov.d. teas
su r e- trane m it t tag aidtce . Tb. threshold fields CL.) for in the saaple with the large st us . free which an effec-
trcr,.ferr.d •l.t t ron ins t sbilit t .a range free 7.3*/cs ii., uses. can be ccaput.d.
to S.~, k i -  s at aten e pheric pressure. The resistiv ity of 

~Supported by the NISIC II fund and ~~~t he smel.s m t  eas es with iscress ing pressure. The east $ )4~ A. Li tt le~abn. 2. 5. Maimer and T. N. Gllsaon ,
reliabl, result, show that P is slightly increse ed , but Appi. Pimys . I,ett. ~~,24 2C1977) .
te not s e n s i t i v e  t r  prsssor.Tb ,lo~ 41) hoar , These behav-
iour s can ha expisined qualitative ly in teres of poestble V. H~~ative Pesisteisce and Peak ‘felscit4 In the
band s l r u c r r , .  rh,n5s, and pressure effect. on thu alec— Central Yali~e~ of f lY-V Seejoonduct*e
t r t r a t  cunts ct s. Cv -.lng known varistione of parame ters J. P. MA I ii ~LTT9OW and~~ A. L1~~~L,CI’sl.
s u b  aa ef f ec t i ve  mass and s b—band sn.T5y tape , detailed N. C, $~~t~ U. — — t t  is generally r’eosgni.ed that ase ative
theoret i ca l - a i r  . m l at l on a  a r e  r.rrtsd sot to fit the isis s~eslstsnoe end peek velocity of ITT -V sasicotiduatoe s
and to , o nf t r .  the correct .od.1 of operetta. ( two— er arise frea tile transfer of electr ons at larg. fields
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I
Pie. ‘ .. nentr.i (Dou l valley is higher iyh~ dna. in us ~is magnet ic field . The.e effects are attributed
(l.a wr5i&~’t leO bend - ?m4 e e.4ei lead s in predistle.e I. ~~~~~~~~~ healing ~f U,. eqwfv .letit ousduet Ion
tm,a Ighar- pea*. ~eiceI lee cern I.e aehiseed is m t*i la land P. ve i tsys of PbYe and equivalent Intarv ail ey
I,. whiot, the etus’gy e.pe,efion betweai the e ti’et vaU.y trai.fev. Pot (La Id etrenqt hl buyorp.i I li/a. oecilia-
and hi 5hat ci nima is as large as posed.)’-,. Ome tatim1 7 ito,,. 1 the current end the potential distributIon
mat lal which appear, fs’o.e.ble a. thi, basis is cccwt . The Mali coef I icient decreases sharply above
Al b A a  with a”O .tS sic. the s.pe.iattoe i.e around this th,eehoId indicating ayaiancha breakdoen. Probing

a 1 ~V w ith a predicted how field mobility of U.000 the peteetial distribution , it could be shasm. that

a.2/V - ’s.c . However Mont. Ca- jo hig h n ell transport th is tustability Is caused by high field domaina , which
ca lcu hat Ions have sot resulted in the enpectud l.ar5e pesk bevel d~~~ ii. seeple w ith the drift velocity of the
cc lot- I ty l~~’ this me tat ial The peak velocity has been raZz is: s. Pass this mechanisms for the format ion of
fowwi to be limited by foMa.ertal rrooeeaee oootirring hIgh field d~~~ine are dtscuseei.

a within the central valley . These effects appear to be
related to non-p lebOliCity arid give rise to a peek siP. Pet Ca;riets it. t,esd Cha.Lcogeaidee . P.M.

velocity and a negati ve reeistence region for catriers in TtI~ 1t1*. V.A. S~~~~S~7’5aIJ, Taititute for physics ,
only the central valley witho u t high f ie ld U..nafer to LIly . licadgay o~ $ci eymces , Kigv.--Sffect of the heatIng
higher lyton •inime . Tbeae centr al vall ey limits have electric f ield or qalvanomaqn.tic coefficients of lead
alec been caloulated fci GaAs by confi Ding oarr iate to chalcoqeilidee Is ted theoretically with account for
the central valley . However for GaAs the transfer of the ouwehleated ab.ye of constant-energy surfaces arid
carriers to the upper valley is found to occur befere the anisotrcpy of scattering machani e . The calcuia-

thee. fundenental central va lley limits ocotn . tiona .rc cartied out on the basis of the apç. roaime t io na
agupported by the Office of Naval Pesear ob, Vaah., D.C . which were shown realisti c for the er ‘-otances within

considered range of teeperaturea and ;ieid inten sIties 1 .
N8 Travell i n g  Dipole Domain. and Fluc tuations for Clia acterist.ic property of hot carriers behaviour is
a Current Instability Ibis to lragg_ecg~~~r inqi. N. elic.m to distinguish lead chalcoqeaidee froa Ge . Si or
n,rrriazus. H. TW *CM . Univers ity aasel .--Ue investigate A j)~ se.ienductors. Anleotropy of the energy dis-
the stability of uniform and nonuniform current states perpion essentially affe c ts both the carr iers distr l-
for a ~~~el in whir- Pr exaqq -acattsrinq of hot elec trons bution function . dus to the dependence of the eler- tro nic
leads to bolt negative dtffer.ntiai conductivity . The taepersture on the anisotropy pareaster, end the values
eystam is deect ibed by phencmenoloqtesl balance eqaa- qI the kiSetic ooeflhc ients .
t iona for ~~~~ntia and energy densities of the CMTAsI.1. P.M. T~~~huk. V. A .  Shenderov*13. Ukr. Pis. lb. j~, 15.
Fo r fIxed tota l current, we find a fenily of periodic iif7 a ) .
travel ling—w ave solutio ns which are unstable against e
conti nua. of modes , and a solitary solution (dipote 511. Ip,flwenc. of Ali~~ Scatterirm ~n HLaj~ Fisi4
d~~~~in, which can be stabilized by coepling to a malt- Dçeas t g ~geterna’y n j -V d icot4uctca st
able eatern e i c i rcui t , if the static d~~~in Ispedance L A .  L tJ0~~, J. ~ . ~AY) SEP , aid I. H- CLISS,A1 ,
is negative . Th, model describes theref or e s disco.- P. C.  $twt U. --This paper will present a Mon te Lel lo
tinunus nonequl 1 ibri ta phase transition to a large— ewalmatica of the effects of random potential alloy
aepiitude d~~~ In, In order to st udy fluctuations, we soattattf4 ott high field traispa ’t propert ies of CeI&A s .
add stochastic for r~es to the balance equations and GaInPIb, aid £lln?As . The itsnsion of a ternary random
disca.s the resulting fluc t uation ectr s. potait~~i model1 to the geetermerlee will ~e discussed .
lupported by the Swiss National 5~ lance 7~ua~ atton The ai~~~~~ in which .iuat~~~ ry aatatla~ parameters are

~‘Ii. stlttik.er. N. 7l~~~ s. Phys. Dew . Lett. ~~~~, 75 (1577) predicted will be presented, and the inf luence of the
scetterLng poteatia2 end d~~ ’e. a? ordering or transpor t

at. ~,~~~~Pts ld Trans~~.rt in pb’r.. U. .JAII?ICN , .1. properties end eaximus aohieveakla ~~‘ift velocity will be
• H. H! IdD!~il. ~Juhannea ~sp~pr Onivers itft. addreasad • A brief di.otsseiam of the sf feet of alloy

--Th. drift velocity and jail -os ff ic tent of n- and soettatieg on device figia’ee of merit will also be given.
p-type Pb?S at 771 were seasrired fox ve n ous cryatal lo- 12 . V . Na~~iecs sad 2. 5. Manse., lily .. Rev , I ~~ 53w?graphIc directions of current up to fie ld stren gths of (1911).
1.S ky/on, lath the conductivity and in. Mall effect •$.q~eru.4 by the Off toe of Navel Resear ch, Washington.
are anisotropic and the latter depends alec strongly D.C.

I 511110$ C: MOSTLY MOSPIT’s
• Thuridsy ,,,oenins. 7 My 5577; Qedda, Ia ~.he si Sill AM.; & Pews,, ~~~IdII~

MW ted ?Ipv~ 
- -

C I - Trinaport of Idol CarMen in Semiconductor Quantized tnvsiboi Laysa-
0.1. PE*PY. 01)1cc of Neal Re,atrIi . Aptugton. V. (30 mM-)
Ths trasspov’t of vara and hot carriers in quastised thvei’ston layers hi s recently beca.e of con-
siderable interest • d~• in pert to the gua.t—tvo—diaeas1sas~ ngtm.. of the carrier systee arid to
the eialtitud. of .vbbends preSent . Oeoertily, the niaber of carriers in the inversion layer is
sufficiently large that carrier—c arrier scatter ing Ssds taf a. a quaai—Wa.xvellian for the isotropic
part of the distribution function , but the inter—su bhead tnte.gctlona are sufficiently week that
each subtrand possesses a separate electron t perature. The treatmast of’ carrieg transport can
be naturally s.parated into two regimes. In the fir,t • the •arriers are hot In this regime .
the trarsport ten be total from anerc and mouenta. balance equation. sed the transport differ.
little fron a elaseleal thr.e—dtmeactona.1 esdel, except in th. field region in which triter-
eubband transfer of carrier. is important . In th is field renge, subtle changes in the veloc ity—
fl e rd curve aye Lbserved and significant effects ar, fc~rid in the Mt-rove. . 000duct iv ity at
trequanc i.e -rn the order of the inter—mabbend rspopuiat ion rite. Tm the ware electron regime.
hoverer , for low and ecd.rste electric fields, the degenerate nature of the earn er distribution
?u.ctioo must be considered . Altboug) the electron t.eperatm.we concept remains valid in this
regime the a~~eenent between theory end experiment Is not good and the lack of thi a a~~’ e e nt
makes it difficult to assess the physical processes occurring. The situation is c~~~licat ed at
tow t perltures where many of the scattering mecbaimi s are set Itil ly understood and the
carrier densities and t ransport ceo show activation behavior. This lack of tand.r,teading is
especially true in warp carrier ~~~~eto—trvtsport . For Ski. reason • care moat be tasTe ised Ii
evaluat ing ins role play.d by the electric field. In IMs paper , these various regimes are
at.coased and c~~~arsd to the available ezperiasstal da$~ .
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C 2 Review of Eaperhn.ntal A~~ects of Mel Ilsitrmo Ttempto,1 In IdOl ~lnbmuar.
k 1151$. Angew~id:v Pny.iA mad LvdtW lois,.ws.r, l.vrinu. Ylmui., Awftril. (30 mItt-)
A r e v i sv  ‘f  c a r r i e r - n o b i l i t y  •edlureaettte in silicon inversio n lsye te is g iven
wi t h  spec i al emphasis on high-field p henom ena . Measurements repented in the lite-
rature have ~..n ie r for m e d in  a range of lattice teppe fat u ree 0.01 K I f ~ 100 K
fo r e l e c t r i c  i~- s t n - f L e ~ ds 0 .1 il0~ V /os , w hich heat the charge carriers ~p to
s e v e ra l t h r ~ .s s n d  degrees K e l v i n .  Num erous transport quant i ties have been ss .sured
in t his tresendo ue temperature range . Special consideration is given to I co nduc-
t i v i t y ,  •ff e ctivs and Hsl~~-mob ilLty, eagne tcre .ietanc. and Ihub ni k ov -4. Mass ef-
f e c t . the warm e lec t ron  coef f ic ient S and the satu retion drift-vel oc ity . Nest re-
su lts available are for n-channel MO P dev i ce s  on ( 100), (110) , and (li t ) silicon
s u r f a c e s .  O n ly  f •u  rasu lt s are p u b l ished for the p-channe l .  The reuul ts  are cc.-
p ared w i t h  ex per im ental findings f o r  bulk m a t e r i e l .  The comparison shove that no
drastic d ifferences epp ear at temperatures above 10 K and high e lec t r i c  f i e l d s .
Only th .  s a t u r a t i o n  v sl o ci ty  of  invers ion layers is lower and the temperature and
f i e l d  dependence of the c o n d u c t i v i t y  is weak er as compar s i to the bulk. At tempe-
ratures  below 10 K , however , ac tivated con dwc tivi ties , giant 5-c oefficients end
i n  the high field region a vo ltag , contro l l ed negative d i f fe rent ia l  r es i s t e n o .
~r. observed .

(.o.U’(bvt,d ~~ en of ths determination of the longitudina l diffusion
ooefftcient. Aqrs~~~nt between theory and s~~.n insnta

~3. ?ar ltij rared Err t a mj o n  Pro. Hot Zlsctrona resolves th. previous contradiction and ahoy that the
in St—lnv era i~on ~..a e m .  P.. GØRW!1 MI1LLIbS.. Monte Carlo techn ique can be an effective instrtasnt
goIa,ael , NJ and ~~TTSul , B e l l  SbI. rray in st,4yLm9 noise pben~~~na.Hi l l , hJ--ie obaerved narrow~~~and , v08..ge lj . t.  lesSon, M .D . lUger and N - A  Nicolet . solid-St .
t un able , far tnf rared emission from Piot else— Slectron. 1*, 113 (1513) .
trone in the inversion layers of n— channel 51 —

t Studies ~~ T
~~~~~~

n . D.C.T~ JI anda n a~ -oxlde—aemiconductnr f i e ld—effect  tra nets— 

~~~ ~~~I.. *irrsy Itu , —A.tthou~~ ttaaeltore . The hot electron , were :reated by apply-. J N _______

i f l~~ & l.~~~sed a1e~ tr t- - - field along the channel injection is a vel1.~~ovn tathod for cresti~g hot
~i I the  rad iat ion , emitted by the electronic electrons. t~~~~~ling technique. bare only recently been
r ransl t  ion from the two—dimensional excited R~ oeployed in hot elec1ros studies . in our earlier
~bb tt r..i of the inversion layer to its ground— eaperimsots on XmAs , we measured the electron t~~~era—

ntate B oubbarid , was detected and analyeod by t~~. direet.17 by using smp.rcomdmatisg tta~eling, end
.4eing a°)a-dopsd Jr detec tor in combination the hot slectpai rel~~~tion time by .sisg the geeto-
wit h several ns.rrow—be.nd ft  it era .  The dat a oscillatory .ft,.t. iii ti~~ aling. Is this talk , we pee—
y Ie lded information on the  eleotr ic field sent mew results on Pilfe. All thee, results indicate
.ir~ eident electro n t emperature and the hot that tt liag , belag sensitive to electrons close to the
electron relaxation process in the Si—Inversion junction Interface , is a usef~1 tool for probing hot

by c r5 .  electron properties at the ee.face • end thy,. o~~~l~~~ntary
to conventional techniques probing bulk jr.~.ertie s .

tunctien cet, Pte ld !ff ,ct TransLstore- 0. sOOTMI
.- 4 NoIse of Not Carriers in the Channe~ ~~ ~~~~~~ 

~. ~. ~. ~~~~~ 5~I 0. C. Semi , Pbj’e . Re,. I 
$~~~2h56

!.sCOy, J. p N().)G!E*. Universi te’ des Sciences ( i9’~6)~ 0. C. Saul, ~~ ‘s . U’. I ~~~, 5739.t l’ec ltni ~~~~~~~~~~~~~~~~ - --The noise t~~~eratuTe T,~ (I)of bulk n-type s i ll con at 3001 and 771 baa been measured
Cl. Current Controlled Negative lasistance in GaAsversus electr ic f ield . Thee, resu lts are used in the

present paper to inves t iqet the noise in the chamast of 
- 

a t x V
_j~~~StStU~i. V .C. n a t . t~bo1aioirI 4. Pbysieue

motjoov, ?r~~oa. --The ioriAaation
n-type at icon J . C. • S. A aisp he ~~~-dLsens ional model
h o g, previously used for d.te r.inatto4 of the I-V cha rec- of shallow i~.Onor ~fl~fr,,55_00~ reqise by electric fie.i
t e n i s t i c s . is Iced to determine nuem rt celly the potential , at t~~~eratur e loner than some critical one lead to a

and the electrIc fie ld at avery po i nt of the channel. This current instabil ity typical of e cooperative syste m. The
variation of the Hall constant acid in. resistivity (a)

- t~~’ oanJte T,~ (2 end henc e to deduce the noise cur - with temperature Ci’ and electric field (5) have been
.~~nt ape .a t  density at the drain electrode below main

measlC,d on cca~en5ated n-type (ISA.. - - NA )
c ur rent sa tu ra t ion . Th.c. te.~~2 t .  are cospsred wcth in. 

1014 — 10~~ ce ’ — the domain of instability in the (a,u.~~.t1 th.or eti ’-al .s p r.ssinn of U.. ther mal noise, T, I) diaqr en is etailar to a first—order phase transi—w ith or,i.. exper i me nts  performed by our gromp using ~ tion. m as~~ipeie of transport ptsperttee is performedpole . ‘.. t.~.11u, in oniar to •v ~.1 heating of the device. in the edsic and non-olmie region. Dy sss us .tnq that auto -
The agreement between t I -s .ry and rapertaunt is satisfac-
t o r y  both at 3~ -Jv and ‘ t .  At 711 , the measured and con- al interact ion between the coM~ction end the bound elec-

tro ns woeld keep the tan eyet is equilthnita at theputed not ass are 40 to 100 times (depending or the trin-
s i s t o r e  inve stigated ) higher than th ose pridlcted by ___ Dame electronic t~~~ereture Te, the concentration of

conduction electron. is oalculat d as a function of theth.rne lois. theory. This IndIcates tha t the excess
ni;.. .. .sae nti e liy due t~~- hot carrie, effects . e~~ 

e~t1IeI fleid • the result is is. better agreement with
t m ’  other v-i.. sou se, for exaeple gen.ration-reocm— the seperinental data than that obtained fro, the impact—

tonisatton theory. When the energy loss for the ionlse-binetion , lv not in tr ib ut s euqoificantly. 
~~ of the impurity center is taken in set-coAt , our cal-
culation is in reasonrisbis agreement with the expen lase-

- ~~~~~~~~~~~~~~~~~~ of Not Wales_in_AL . C~ tat results , speeta lly as regards the variation of the
7Au0~~*I , (I. GAGLIAN I, L. 11001*5! asid 0. 1U~~ I, breandono field wIth t~~~ sreturs and the occurrenc, of
Pd,d.’r.C U. -—A ,sc ent at t~~~~t to Interpret whIt. raise the imetabilisy.
.1st. of hi’ holes in  Ii su ggests the co’-fl lcting re-
su l t s  of ‘ .avi ng ~

. e.ll,j llbnius carrier energy in the
reql on ç.f fla ld. where non—ohmic behavior is clearly Ci. ~~I$uresstttt o~ the Negative Dlfferent iel Res i-
evident i This contradi tlon arISes when d i f f e ren t  stance., . NtUGTIAUtR . C. LA*6~ HP Unl blj rzburg,
theoretical .ppr .e- -h.. which male us. 0 1 5  generalised U1~T!’s, L. Soltzmann Ins t. ~~~ 0. ~~~~~ Por,c~~ngs-
Nyq.Irsn relat lor, at high fi elds are tested on the as- laborstorien dir Siernani AG MUnchge ..-+-- The vottage con-
per menta l dat. Since, as is shown on basic fie taci— trolled tI~at 1ve diff.rgçtlal resistivity (ndr ) of it-
pie., .~‘ lt. ,vi is• and diffusion describe th . sass channel ~ S_tyansistorst )  Is invsetlpated In trsnsvsrse
phy sIcal phenomenon , a microscopic interpretation of SgnitJc fistds up to 10 7 for t~~eratures 4 .PK ~ T’.i6 K .
I,.’ above experi ments has been cerrl.d out by means INS Sf’Pegt 0 latt ics heating, w$tlc$t wis originally made
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respon,ible for the ndr 2) his been e,,ewIvied by vary ing Comparing thee, results with the characteristics of Suitit-
length m d  repetit ion rate of the currsnt pulses . it is devices in gn.tIc fIelds we Suspect, that the ndr in liv
shown that attics heating is not the reason for the ndr . version layers Is also cgused b~’ Not elec tron effects .

lIe ndr Chews s marted dependenca on the magnetIc 1) Y . hltayesa. 1. Yoshids , N , Katers and k.~ . lo.atsubare
field B : the critical electric field strength it ndI~cN Appl .Ph.ys.Lett. 20, 1, 31, 1972
th* current drops (s  shifted to higher values and the 2) 1. Sugsno et ~T. J .  of the Facu l ty of ng ., “n v .  of
peek to vs)Iey ratio Is T oe,red with Increasing S viluis . Tok~~ ~~~II, 2 , 1973

I $ 581044 D OPTICALLY IXCITED
Tlwe~~ y ~ eem.,,,n. V My 1977; O~ d.u Es Lam 1.58 P.M.; R. L.IiS~ ,~Adei

Invited ~~~~~

DI Picoseco nd Spsctroscopy ot’knflconducton. i)H AURTON, IdilLebonatocies. A~rtrcy Hilt (30 mm.)
This talk will e. riee recent a~psrimsmta.1 studies of carrier dynamics in semiconductors
In which axtr~~~ly test t~~~o,al resolution baa bees scheived with the use of picosec ond
optical pulses. 8pecific topics to be discussed include transient pbotoconductivity . time
resolved reflect ion acid tran ls.Ioci of optically generat.d electron-bole pla a, high
densit y carrier transport • and Auger ret-om bios tion . Time resolutions varying from 1 to 10
picoe.conda have been obtained hi using picose cond opt ical pulses bath for the generation of
carriers and for this aeeaure’snt of their 43’nem*ce. I~ the case of phot000nduptivt*, fast
current trans ‘ii ’ s hays enabled the developeent of electremie devices with piaoeeeesd rise
tines. Present work on this topic ia concerned with the infl~~~ce of hot cerrier *erme,li.ation
rates on transient photocurrents. Optical reflectivity msaau,emente with piooee..u~ pulses
ii’. (leA. acid CdSe show evidence of hot patrier theimelisahion rates of typicAlly 0.5 sT/ps for
carrier t~~~~srstur. in the range of 1~eeg, The influence of eacTies’—carrie? ceattising on
carrier relaxation rates will also be disoua.e4 with refsremee to r,eemt Peasuremsots of
carrier dr ift meb ilities by ploceeeood transteat pbotoc~~~~ stivity .

‘This work was don, in coll aboratio n with C. V. Shank , 5. P. Ippen, 0. Vsecbka ,
A. H. Johnson, and 8. 1. McAfee .

D Om the PhyUcs of Uhr.(ut Phenomena in Solid State P(ssmm.’ MARLAI4 0. SCULLY. Untv.ndty of Arizona (30 mta.)
O’er the eat half decade. measu r~~~~nts on a picosecond t ime scale of the nonlinear nonequilibrira
o p t i - a l  prope ltiss of the qeraanh.a solid state pla have beer, carried out in several labora-
tories . These measurements involve , for example , the ult refest relaxation of optically excited
nons~ull Ibr ion electron-hole distz Ibut iona in semiconductor s1 • 2. 3 and the photo iram neeceocs spec-
tzoA of qernenion et high excitation i~tensities. A review Ut our present stat, of th eoretica l 3
ewderetanding of thee . experiments as w1 l  a. the theoretical limitations and extensions will be
d iscussed -

vork performed in coilaborstoon with Arthur i. se.irL and A~~~ t Lici . North Texas State University
and support.d by the Of tics of N~~~1 Sssearch .

10 5 AustOn and C.V. Shank Phys .*ev .Lett. 32 . 1120 (hC74).
2C.J. nenosdy, .J.C. Matter, A .L. seirx, M Weidiel. P A .  Ilopf , and 5.V . Pappu. Phys. Rev .
l.,ett. 32 , 419 (1974) .

smi,i. J.C. Hatter , A. £l~~ , end 1.0. Scul ly, Opt. Come. ~~~~, Ils (1516) .
van Driel, A. Ilci, 3.5. Sses.y , ~~~ 1.0. Scully, Solid ~~~e Coo,. 20, 537 (lilA).

3A .  Lid . 5.0. scully, A L .  ~~igl, and J.C. Mattat , Ply.. Re,, R (to b~~Sub1tsh.d) .

Conl,ibwud Ptp.n Aric~~~, s~d P.C. 3? t5, ‘Ji4’eqi%~ of Connecticut -- Over
the last few years severti •tndias have be.n made air the

0). i l  .of PilonO,. and Plassona in Descf~hInq ncr-linear int~~action of ultrashort optical pulses With
~~~~~~~~~~~~~~~~ I ~ e,~ er.,isnc. ~t the tranisiiston of ~)itx~ - ,asioonduotors . Thees hay, been primarily carried out or
s h .  • Op tic s Pula~5 Thgpuqh ~~rmanip. *A5TIJIJS L. •MINL, single ovyetal thin file’ of germiniun ground end
w - 

p j.a’ym_aas • aJeirT SIC!. worth ?ess~ State Umi,e’~ tt y , polished from bulk intrinsic motorist. Theee samples
end ~OWI4 5 5rS5V’f . Univeruity p1 *ri.oiie.--aecently, we hav been iia.i ted to thicknesses of the order of S us do.
developed a f i r s t  prInc ip les model1 that scec unts for the to mechanical problems inherent in the e~~~1s prtpa*aUon.
generatio n end t ransient  behavior of dens. .lectzon-hol. Me non present the rssults of measur~~~ nts extanding the
plasma. prado. ad in qermen ion by picoeeooeid optical revL~~s~y developed techniques to Ge samples of thick-
pulses In this model t he t~~~ or al evolution of the hat nee~~~ from around $ to ieee than 1 us obtained by vapor
e lec t ron  Plasma I. se nsit iv e to the relative strengths phase epituta l depos ition or GaAs sobetrates . Thee, show

1 to . a le r t .  n-phonOs re leas t i on and the piasanc emie- marked veriations iii propertie. which will be discussed
si r .  The aqrsee’rt between thi, model and early experi- ystht n ti, framework of the model propceed by SIci .t e.11.
maSts ie suAeter t j a l .  However , further exper iments, A.  Ilci , N. 0. Scully, A.L .  Ssirl, J.C. Netter . Phy .
invoicinq opt t a l  ‘~~lass of varyi ng width, have m dl- Rev . • (to be poblished).

- ste m’ tha t this InIt ial model is inc~~~ lst e 1. this Per.an.nt address , Al Maser, Institu te . ~aqhdsd. Irsq.

me,’ w i t h  th , more is a nt caper m acta ments of trasiseission spectra through thin 1a3’.rs of
1* ,  LL c i ,  5.0. scul)y. A I. smirl, and 3 .C. Hatte r ,  Pit y .. GaAs 1% 9.5 ii) in the presence of an intpse optica.~.
P.m S to be postt shati I ptaping b~r a tunab.l • lntrtrsd (8100—75oo* ) laser are
supported by Off ice of Naval Research. deseribsd . Iffecte of band filling and carrier heating

due to the Optical ponping can be determi ned directly
from cheagee in the tran is.ion spectra. Carrier

04 Optical imedi.. of Not ILectr~n~ in V Phase t emperatures of % IIQ~~ for samples i ersed in liquid

~ &, i• U.s ~~cen Get . JOIS $ - semsiT • hel ion are deduced from fitting absorption spectra for
~~ 5ACCwI. 1. R3,-W • and 5.0. sCULLY, ~~Avas.1ty SI a p..~~ e’velengtb si % SoooA.
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OR Pro~.arrtee of Sot Pho t excited $o~es in Cu-dojed dl st rlbe, tj an feirct ion is appro~isata ly Maawel lien and
A .  NOO~I*A , Un~y~~tl45d give. a ,s.d fit with .~per laentsl photoi4aii wbilitisa .

de tc~1_~~~.s~ V~~~uu.La aird C. J. M&A~~~, M e W $~c~ V . ”A Por hiqher values of P , a spherica l light hole band is
t hisor at ic~~l sti ~~y is mode of the pr operties of hot included in our caloulSttons and this involves the use of
pheto esc i ted hoiee in Cu-doped Uele’n I us as a function s two-paraaet.g defo re’t ion potent ial for inter - and
of this ~.t t i ce  temperature and compensatio n dens ity (Ii). Lntra-vallsy tranavars. and longitudinal soattet tnq. and

~~~ ri. 51 er, ut.ione of the rate equation, obtained MV in also ind tsn tan.ous inter- and Intro—valley optical scat-
i t e ra t i ve  t echo I qua, give the etsedy-etsts energy dist ii- tar Lisp. The e~~ er m ental photo-Nell meb mi t t  te, then can
i-ut ton cf hot photo. s, itad hole. doe tO approxiestely be ua.4 to give toformotion on the defor est i~~ potantial
bLa. - kbndy . oom t~~~~.e retur s rad iation Considering only perametars for the we lanc e band of Ge which cannot be Se-
a spherical heavy-hole band . s iWle ecous tid d.formotion rived from equ.tlthrir. transport asur sits.
s cat taring and inetaatoneo.ia optics 1 phonost anise ion it
Is fou nd that for the lowest we b ., of l~ vie energy lp Marton and N. Lavistein , Phys. 5ev 6, 478 ( 1972 ) .

Invited Pbperi

D - Field Ftfecti fot Laser Excited Camera. Ci HEA~ N. Warwkk Unkvnlty Coventry (20 mm)

I) $ Radiative Spec t ra from Hot Pholocsrflen- R C C LE TE. (INICAM?. C-amplest. b-arM (20 m m . )
Rad iative rec.~~~tnatioo from non-equilibrion earn ers ir. semiconduc tor . are c~~~ ersd with sin qie
part m~ is $ -atr s r i nq in GaAs . ma namer scattering data Is obt.a i.osd by tvo photos absorption to

eater a whereas the photolonirisecence ~~~ct re a r e  Obtil nad by regular on. photon absorp tion.
The resu l ts  are mn i- k-c .  sqreement .~~th current theorIes.

1)9 Ptrotoc arner Theru,.l~atror I, Laser Excitation Spectroscopy
Ci WEJSBLJCH. EroS, Pu/vri’eknsque PoSabesa. Frew~ (20 into )
Linsehape s of lumi nescence lines in photoexcited semiconductors provide a Oonve
nient way to measure effective temperatures of hot electrons and excitons . Exc i-
tation ep.ct roscopy of such lines, i.e. the study of the variation of intensity
and lin.shsp . of these lines with varying excitin g photon energy permits to fol-
low in a ver y detailed manner the energy relaxation path of hot photocreated
electrons . This has been performed in G*Aa us ing a c.v . tunable dye l~ oer and
leads to this observation of an oscillation of electronic t emperatur, with chan-
ging exciting photon energy. This is du. to the efficient •n.rgy relaxstiøn by
L.O.phonon emission f or those electrons crea ted in the oonduction band with a
ini tial kinetic energy eq~msl to an integer nuab r of L.O pliOnOn$ . The sixiulta—
necus oscillations of electronic and excitonie S nait.t•s. temperatures and life-
times show the dependence of ny quantities sueh a. sxciton formation t iae. sx-
citon tberaalisation etc... on the effective el ctr~~ ic t p .rature . !t also pro-
vides new experimental insight on oscillatory pil tocoi*ietivity pltsric.ena , ~ 5 it
separately gives information on earn er denaity atnd t~~~ erature.

Con nf bwffd Papery ste p soetterteg. the electron in some state in the pas-
sive region f irst abeorbs an ~cousticsl phonon and posses

010. Mean energy of photoesc ited hot electrons in to the active region cs l/ 2  me’, then the elec tron asmts a
high magnetic fi.lds . phonon and return, to s new seata in the paa.ive region.
C. LEWIIER sod 0 CRIECKI. Group. de Physique des such a van-step scattering is not a two-p~~non proc.as
So)ide s tie ) ‘ ( $.S. • Univ er si td Paris VII , Icar 23, 2 since tRe intermediate state is a real one , and 15cC 5
p lace Joistsu , 75005 PIrli (France). virtual one. To sane detent, it is similar to the ~vo—

Severa l euthors ’ .2 hsyg d tsrefesd the merit - step optical phonon scattering. The ~~~—st.p acoustical
energy of e pflOto~tcit .d electron gas in the sbsence Of phoncr energy reLaxatio n rsta is of the order of i
magnetic field. Assusin$ a maxwsllian distribution for en.1 exp —at.. 2/’r ) l where ‘a’ is the nt~~er of the order
the m5in electrons , they used the power balance egos- of unity, and o~~—i0’~ is the norrdimenstonai electron-
t ion to find Whe electron tewperrture T e acoustical piconor ooopIing constant .

Noting that. when a strong megostic field is
applied , the electron-ele ctron co ll i sion int.grsl
vanis hes In ths extreme quent mn l im it ’ , we derive a 012. 5o4, Pb~te—cacti~r and Met i~pciron if fec t e in PP
theoretical express ion for T~ using a ii.Ilsr approach. ~~~~ 

)i. t3~ 1,~~ I. $%~ I?0, mt. JEWSO, I. NATTOII, ~~~R~4i5 tiv , rsconb h natioo and variou s scattering procee- V. A1SIITA, N~~~y~ U. Namesa. Jases ———When a pm junction
set (by opt ica l end acoustica l ptsononi) art considered of semiconductor (wi th band~sp sserv E~) is illimi natad
and the dependence Of T 5 on magnetic fie ld, latt ids by light bean (with photoS ensrw by) in the condition of
tempersturs and stir f requency •x c f t s t i o ~ is studied . ig’hv, sech as in Ge pm jisictioc ti liminated by C03 laser
1~~ U lbr ich . Ph yt Rev 5 8, 5719 (1973).  bees , so etectp tiva terse (enf ) wae teducad betwean
2 v .L .  Komolov . I N .  Ya ssis ich , Soy . Phys . Sesicond . 8, the terminal. et she pm junction, *ish indicated the
732 (1974). cpposite polarity to the ordinary phelovoltaic effect

5A N ZioDin , P S. Zyrysssov , Sot. Phy i J.(.7.P. 31 , lihe in a solar cell. Such an aaoe’ious phstovoltaic ph.-
513 (1970). 

— noesnoe was discussed with many other photovoltaic macha—
nise’, end it was explained by an optically silted hot

Oil.  Energy Relaxation of Photoexc & 5ed Pot I~eg5gpns carrier •ft ect , through the follo vimg exper iment with e-

~~~~~~~~~~ T 
~~~~~ 

v.,. tjv rweow. Len~au ie’.~ ls ct rtc a i aic itat io n . Using a rod of n— or p-type Ge with
Th,or. Phyp.~~ M e c p e  - - st very Low ra~~ierstuzee ,i~~~ a pa junction at the surface of its csn t er and en ohaic
and slsc t ,’on energ ies s’l/2 me2 e—s f ?eotive mae. . s- cOnt.act et each terminal of the rod , the sees kind of
sound v locity) ne ithe r of ‘ne known er..rgy relaxat ion PhSIIOSS~s wee observed when electric field is app lied
mschsnisme 1. operative . In t h I s  anargy ~~gio~ not e*ly along the length of the rod , The vertica lly induced
aptl ..al phoncn emiss ion is forbidden , b~t aco usti cal voltage or current had the s polarity in spits of this
pisomor esies lo r is also , such $ situstion appears lo reverse thsn~. of the app lied field , and increases with
eepar mme nt s et liquid Psei ien t~~~~s retu res oben sleotrone inc reas ing this applied fi eld strength . The vertically
In gomnt*sinq meqnetic fl aid . are exc ited by laser light , induced set was caused by war m or hot car ntee cro ssi ng
Pot esaop~., ~n I.e w Ith L~ 11111 the ionqitu.Itnal ~~aa the poreatial barrier uf the pm jima t ton • which is ver-y
ant 44 end ma’.~, a. - Me ha,, shown that iii this peee f~. “ is it jye Ce the deport ore fr os thermally equil tbr tue
rsq ios t~ 1/2 me this energy relaxa t ion is due to a w vslocIty dist rib ut ie. of carrier,.
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• $1U40P4 I OUAP41’UM T~ ANSPO~ T
I Fridsy ,noen~ng. I .eiy 1pT7 : a.~~~n S e e  ImIW e Pi~~ A.N.: C. ~~1hv~J. p 1 5 1

/xvl, ,J PIsp. ”

I I Hot ~Ie,- t r - ’n Quantum Mapo.to-Tmnspott . 3 P RARkI~R. War wf r k j ~iSverauy . Vol Ir d kingdom (30 mIni
A revtaw is given of rece.t eepua’t ntal findings and theoriss gei hot electrons In quantisinq

‘ 
.sgnetic fis ids . Particular attention is p.14 to instability phanomane and the .aqnetophono n
effect .

is. ilectric-rie1d Dependence of thp Position, and

I Asplitiwlee Of Nsgnet~ghonQn Oscillations in n—loan at
£2. 2~fl!~~ 

Theory of lonohaic G.lvaaosa&netic ~~ t . a. xaju..ga~r. 0. c . srltzn, ~~rth  Tszas Stats
if fec ts in S Lcon4yç~~~s. H. N. Spector , 

~~~~ 
sod ~~~~~~ ,i. a. SAAY.CR, U - of N~ rw t nk , Coventry . Ii. --

V t .  A rora , UnIv. of LtXsdh.—-Ue have extended the The influence of pulsed electric field , on the magneto-
joann a transport for mal i.e d.v.loped by Arors and phonun Structure in the transverse and lonqitudina l maq-
Paterso n 5 to ctlculnte the ma~netorssie t anCe of semi- ,istoreslstsnce of n-loan at 77 X has bean reexamined

J co nd uctors by taking into socoun t no~oPsiic effects. using a magnetic f ield nodul atian technique . For the
Our caicu.at&ons y ield expressions for the magneto— tr ansverse configuration . a shi f t  to high er magnetic
res istance vaich are valid for arbitrary electric ft.lde with tncrsaeinq electric field i. observed for
f ield and vtU.eh reduc. to this correc t ohmic results for .xt r~~~~l positions up to N — S. The eapl itodes decrease
low electric fields. Although our e*prsssio$5 are eonotonouely end disapp.ar at about 60 V/cs for N 3 .  In
valid for arbitrar y electric fialde , tb.y have to be the longitudinal case the extreme shift to lower sagos-
supplemented by an ene rgy balanc e equation to take t ic field. a. t t s  electric fields 1. increased . In con-
electron heati ng late account and by kisatic equattone tr,at to the transv erse case , the as pl itudee increase
which yield the tionequllibrius photon distribution by a Sector of 2 up to 15 V/ow , and then ntt her d ecr eass
when acoustic phonoa scatter ing is dostasat s~d we or beo~~~ saturated , depending on the harmonic n..eb.r
have scous to slec t ric amp lification . An ezpreeaion for of the estremsi under consideration . Thee, expe r imental
Cbs nonobeic m.gnetores (stanc a is obtained in the results ste compared to calculations bsssd on a quantus
quan tus limi t when acoustic phonon scatter ing is kisetjc equation approach and to pr edictions obtaitied
dominant. fosc a s im plified analytica l theory .

Arora end 5.1. P.t.rsos , fl ays. Is,. ~~j .I 2285 ( 1975). Work aupportad in part by the Off ice of Naval Research

I ••~3py leave fras L.~~~ig 5o1t~~~ nn Inat itut fu. r Feat-
£3 .  ~~j ) au i o(~~~~~~~~~Ji~~~h~ Ejs.io gusset. po~~~tc— koexpsrphysik and Institut fus.r Angewandts Physik .

~~~~~~~~~~~~ 
f~ii~ Jar eemiconductors. P. BXLIZIIAY • Unlyars ilsat sian , AuStria

N. SSRKIIY I. Rae. I oat .  Tachin. Phy e - ~4a~est, Wyanuary . -—
High f ie ld  quanta .aqnato- tran.)x.rt theory based on £6. ~Qt &~5Ctrufl Er~grg y Recc5cbjnation in

I Feyraan ’ s Path Integral .s tho d1 ass been derived . The Quam &.ti~ 1~agri,tic F~el4a. W .MU I. .LER, F .KO H L ,
first approxImation gives implicit relations between H.PA~TL, and E.Q R)iIK~~. T~~ trii chs UniiverattPt Wien.
applied fiel d and drift velocity of .l.ctrone in megme- k~1OdQ Vienna, Austria. — s~ have etxtLiei the radia1~ive
tic field. $1, ~iat ton s for lnSb at 77i explains r~~~~:4J*t.ion c~ hot eltctrcz-ia bct~~~~ l.&xl&i lsv&..s in

I meaaured (laid Lonqleud ins 2 msqnseorssiecaasos2, n-I~~b at. 4.2 K in order to ctts.in detailed thf~~~~ticri
and high f ie ld transversal mobility dsta 3 and mare on the hot carrier dietxihotion function and ugy re-

a electron eoeffic ie~ t 4 for different magnetic fields and Oantbtfls- tiCzi ~~~ ‘ns.es . The remsur~~~~t. ~~~e psrf~~~~~
~~edicta high field longitudinal properties . The in ths ~~~matlC fJ..ld naive fr~~ .5 to 3.0 7’ on various
validity of ow, approximation in f rem. of this general ~~~~‘ e with different tree alnotron and tota l in~s~nity

I transpor t quantus theory5 is discussed. letaneton of our U~~ati~~i. ISsi hot el~~tX~~ ooø,q*t.ton m~~ er5 ~~ the
calcu lations for inter mediate and strong coupling cassa, first Ladsu li,sl were derived in dspsxAn~ice of the
In it iatad by recent measurement, on Silver MsA L4ee , are elentric d ~~~ ss’..tc field ~~~lied. Inf~~~~tlon on the
in progre.e. ai atronic lit etima in the first Lard..i Lere.l isis ~~ -

- - £ Thor nber g and I. P. Psyiaao , Thy.. lev el • 4oge . tai~~~ f~~~ the dl.rect ctsiervation of th. electric f..tald1 . Tukusoto, C. Y~~~.nouct~
) . and K . Yoshthi.ro , .1. Jay . Plays. res~~ ise of the r~~~~inat.ton mediation intsiiaity. Elac-

Nor. J7 , s70 (1974). trcxi Ljfmthaes of L .  then lO ne, Whid’I are foizxS ec-
31$ .?u ) ie a la .  & .Ks ta.oks . an-I A.C .Bo. r . Ph~s. Isv. 5). 3249 perl its.liy, cars be .spJ.s.insi by an Aixier-lihe r~~~ bi-
(19’l). nation gi-ocee.. ~is hot electron distnib.stion fu,Ct.tczt
4?.Shiraicavs . C .ll~~ agichI , and J.Nakat J .Jap .Phys. soc . has a rmarly ~~ 11ia~ shape in qocd agr rusit with en

I ~~ iOtS ( 1 9 7 3 ) .  ~~~~Ufed ret.Lca.l a~~gc~~~ t&c.ixq .lectron-slectron

I ~~~~ 3 .Thy s . C .  6 . 2463 (19 73 ) .  in~~~~~tiori into ao~~rat.

i4 1~~~rit Snec t~ o5c OR T ~l 
4~~~ b Means 0~ ~~r-..ent ~~~osst Sail T*L~~ixsi Laboratories, Nohtdel, N.J .

- —t ~y g or 4 .)‘ lg ~~~~~~ is,, t 595 (1 72)Nagnetoresistanc. asuremen i under Woitotsi~c Conditions. I •
I 5~. von ti [7 ’ZI *~, V. WUrzbwrg--low t~~.erature msgn.tore-
I sista nç~ us.gursmemts on weekly doped ti lvrli s~~~les

(p c 1O~~ cm”) show a large n.sib.r of structures which ~~~~ ~~.!J..S~ 1 Pi.1d Induced Interval )., Trsn.!iL....i%..4
appear onl y under nonohaic condit loits . Depending on iNs G~~~..~!.c!i~et 1ofl. ~~~~~~~~ 

A. V. WUEQ~~0 end B. 0.
•iec t ’”c fiel d strer.qth and the ChISILS! nature of the S~~Ii&~~t . l~oisi U. —— Intense infTatad laser fields near

I i.pur tles . ~lffe rstit types of Structure s In the magneto- iOta’, w.v.lao;th Sav e been used to sohanc. t nt erval ley

I resistant, are iisibl•. lb. .ogt r,nsp’kable ff,ct is the transfer of conduction be.d electron. and to tries er Cena
appe a ranc e of sharp maxims in the sa gnetoreslsta nce (half- instabilities La n—type ilaAa on nasoascond tit ’aasc sls. In
wl dtt’ ~.$—0 Q7 T) w h ich show up St r* lst ivoly low .1cc- these emperiments saaplee in the form of thin spi texial

I 
•,-~ ~~~~~~~~~ ~ ~~~~ ~~~ ~~ asgna~~ f$•)d positions layer. (a • 5 1014 c”~~, uOO~~X) — ~7O0 c.2/V eec)
of these pe st s .rs CO rre ’ et.d wi t h  th e chemical nature of hive bee. swhject sd to s imei ts aisous sac it at ion by a dc-
the Inpurit si ‘he res o u nd apps s r$ for the different field end a laser field t roa a soda- locked high pressur.
impu r i t Ie s i t  S • 1. 41 Pt), — 3 . f l  7 (Sb) . and C~ 2 laser . Por opeltal fields t~ t i ’ e  rent, of a
5 e 3 .77 T (A s ~ (Sad) . !~.rtPi•r struct ures In th magneto- kV~s. sd exceeding a critical ~hreehoid valira , O.ava

I 
duuutanc under ~~ C lr r t• r  condtiioits ar e cerrelet.d oscillation. can be initiated sad costroliad by the

w ith a resona nc e b.tweav’ It’ s lowest iu~ jr1t~t •xCltA tiOit si~~su 5e~0~4 laser pu lses . Ta add ition , the e~~~rj meo -
anergy and thi cyclotron resonanc e aaer-._y. tree Psot me- Cal techaique has been used to study the forwatie. end
goetophonon measuremertts, lspuniti46 with qu itS differen t the cs of the instabilities with hI.h t~~~ora1
bi nding energies could be Identifie d . tss.1 ton . An attrectt,. device epplt cstlous is the
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ose of infrared radiati on fo r ‘s tub—speed optical csiatroi Itoerperihysik and Inst itut Cue, Anqewsndte PhySik ,
of ~hetn • icruw ave Courtee . unl vsrsita55 Wien , t.ustri.

Supported by the Mat erials Ias es rc h Laboratory at
$row,’s Un iver sity. xv . Qroeth ,,f en Iiec t ron-Ilols Lisuid in Cds.?

I DAL’I , ~ed ~ . MASS , C.rns7.7 U .Vr.._i,osjnesoence spec t re
IS - çy~ 4 5 5 t ’  Iniuc e ,4” t. P .  - .~ - 

(~‘ec t. t !)~ &~~~~- of highly photo excited CdIe pt.teiet. Vera tak.a at
P. 1’. *205? , r ‘C. - £F~ is and H - tANUL~~T .‘~~ ~~r th 7~fts 7 ~~5 ~t various ~~lay -ttme s after pulse cit at lon by
- t a t .  U. - - The tr, f . a ’  . f a 2- eec vii. C’ laser 10 pe duration light pu lse. fans a c v .  made b oNed dye
toS s’ on the Shubnikov- I. Hasa(t’dH~ efi e t in 5 1.4 e l a se r ,  During this first 130 p. after excitation a oem—

~ i .•~~ ‘ samp le f fl-TflNb t a s  b~~ti InVn~ t iq5te4 at 5 .tdsrsbl• na r roning and 5 osall shift of the wisa
.at t . ’ . tee5#ratur. of i dk .  - u’ Inq the tin,.’ the poetgion of. main lua in.sc .nce fsstu rs centered at shou t
sample is il isiinsted the 5dM smpiitudv’s ar, found esiol take s place . A narrow band of S •eV bandwidth
•. leci.ase with inu rsasin g la’,.r iv- ’uez . Pc, a peak (pw i~~i persists up to B nasa after excitation with un-
an.. tdar t ~i.we r 1 about 1 w att , the Sdi oscil Iat ’ry changed .tdNe St ~~spe although it. intensity decays with
behavi ‘i or respr.nd s to that mess - red at it for the 

~ ci.. cens isat of about 300 p. We te ntativ ely inter-
non-ill.salra’wl sample t i  peak powers great.~ than pret these results as being due to the 1ro,th of sa cisc-

w a t t s , the c- IH ampl i tu d es a~ e darped , t  . c”r~ espond - t ron-holC liquid phase Cr.. en initial , denser and hotter
np ~ a non-illusinated te.perat urs greater than 4 . 2* .  plss sa . A qua nti tat ive f i t  of the result , to s theor.ti-

These e. lta f , r,n this f i rs t  d i m - - ’  and quant itative cal liii , shape fu~ctio~ of rec oebinatio n redistion in
.v ii.n ~~. f- i  •bsctrc,n heatin q induced by CO2 lase r Cdl. is being Oar rted out.
s ads a t uon  end permit the sv al ~a t l e r ~ - f  a phenome iso—
loqi.a~ energy rs Isxs t i om t ime. a
‘see r, supported in pert by th. ~ffice of Naval 5., . This work is s upported by a National Science Foundetin.

Orant to Corneil s Materiel Science Center and by the
Jn l eav e  fr,, .1w 5ojtznaru~ i rse t itu t  f uer rest- U. e. Office of Navel Seeesroh .

I SISSIOPa F MAINLY BULK TRANSPORT
Fndey afternoon, 8 July 1977 , Golden Eagle Suite eli :30 P.M.; H. Hainflda , presiding

Ins-h id FUpi’~

F I H igh I ‘id  i f, ]  Brrik down FIfe,?’, in S i ) ~ • R.C HUGHES. 5.ndla L.ibonilo?kt, Albuquerque (30 miii ,)
Amorphous ~~~~ Is widely aspl.yed as an insulator in appltoatione where very high electric field
standoff is rs-~4rsd , an exarpie Is the n.tsl-0,tie-senioonductor transistor. The ultimat e
I r.5.kdonfl s’ rength ~

‘ the bulk material depend.. on the high fi eld behavior of excess electrons
sod ~o).as. CItse macbanjos for &iel.ct rtc tsij .ure to the bulk is thi. avalanching of the excess
carrier, when the electric field t. too high for eonr~ ’ 10.. mechanisms to stabulise the oar-
rts r drift velocity. We have haa.’uted t’ a high field transport of both •lactrc~s and holes to

in field, tsp to 5 “1~ ’,’ ’~~ and find intrinsic aeohania.a for ener~ t lois to the lattice
by both elect non. and boles which account for the stabili ty of the dyift velocity at these very
high (tells . In maorghous 8t07 electrons are quit. free to aptW t~~ the disorder end liars a
•dittlity of about 20 ~~~~ “ V - s e ~ at r’ t pereture which i. l.a good Sgre ent with tbeol7 for

cat tan op of the elect ~ c by ld~~itudioal optical (1.0) p1100cm.. We have aga.ur.d the drift
velocity ot ~‘e elect rctl as a ft,snctton of field and find that above 5 10’ V/n. the drift
velocity begin, to saturate , which is in sgra~~~nt with a theol7 for elactrom 505?53 I.e . in
polar materials by lssion of 1.0 pbcnn.j, Me*sur ents of electron yield frn. pulsed in.isisag
rad.iat~on indicate that no avalanche moltiplinstion of slactrona is occurring up to at least
6 lIP V/ne ; ti’s, theory Of Thornber and Tey~~~n predicts stp bi lity up to about iO7 os/sec.
!xpeni.ments.1 rsej  1’,s ft. other laboratories for d&rk current., slactroni c witching phanneena
and - laser induc ed breskdorn, which are in rough agre nt with the ida. Of the diZ,i~sflos of 1.0

~*smoos In the hig h (1.14 behavior of s1ectr~~a , viii be discuSsed. We bays strong exp~riaentalcyt dence that holes in ii 02 (ova small polar~~~ with in a far vibrational, periods (< lO.L~ eec ).
Ti’. mobility of the small polsrooa has been Ieaaured with osposecond t ime reeo1~stion and found
to be vary l w  end thersally activated . ?telda up to 5 lIP V/ne do not change the nobility;
tat self-trapping of the bole is clsarl.y s strong energy b e e  seclianian which prevents
s-vs.2.anching ‘f the hole, even at these ~i t  f ields .

ri supported by U .3. P2nergy he, e~~oh sid Sev.1o~~.~t A~~~ni stratton.

2 5J- I rid i ic, tmo n,v Conduchon in Insulators , K K THOP”BER . IdI L~bosi:or5ri , Murr.y NW. (30 nun
T he qua : tum •reory of e le c t ro n i c  transport phentomins in largi e~.ctric fie lds
in h l gh l , d u i u i )’Rtlvc media Is c r l t icsll y examined. Serious co hcsptual problems
and co isp ut a t i one l  d i f f i c u l t i e s  a r i se  beca us e neither the field nor the dissipation
can be t r e a ted  as a perturbat ion. We r e v i e w  s decad e -old calculation of  the
vebo c s ty acquired by an electron in a f i n i t e  e l e c t r i c  f i.ld in a po lar c r ys ta l
and ‘subse quent ~ori w h ic h  ex i- a nde d our understanding of our aethod and result..
A k e y  fe s rure of the earlier work was that in a single curv, of e lec t r i c  field
ver ,. i t v e l o c i t y ,  a l l  the ex p e c t e d  pheno nenu appeared , includi ng a threshold f ield
f o r  producing ho t eie iron , , in ‘iua n ci t .t lv o agreement with experiment , and a
d.cress i ng r a t e  of energy 1o~~a w i t h  v e l o c i t y  for very fas t elect ron ’s . A more
re~~ : nt 1 y  ‘s tud ie d pr hlem , t ha t  o f c i o c t r o r s  acceleration below t)’ss threshold field
.1) .  he d ts c u i ’ s e i. liii’s problem Is very sa po r te nt  s ince such accelerat i on is the
ne es .ary . r rC t i raor  cf iont z utiors ansi breakdown . The physical significance of
dissi pel Ion processes far from thertesi r i u ll ib ri um will also be mentioned.

o’t f ’thuSed Pap.’,~ port . ca; ,u i at i’ ns for ho t  electron , in pola r se.tcon-
ductor,, re -.a l  a st i ng list rtioi, of the high-momentum

P 1  .! ‘t~~
_ !!~~.~” a ’ ,s I n Pc~ ar ~eou,on— trsr..t,, peseess Ny Interfersuce f the elect ric field

dii ’t O T! .  .1 1’ IANVP~’ . ,.~~~w L t ’t !) ,J~, V — - .~~sntus tiaras— with the ,-olll,ton s. Tie s- le t l’s analysed in terms
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of 5he ‘s-lIa. 5ev ICa esters of the conduction pfOO*e5 l.a the o*Lde Ilecerona of enargism up to aV a. t at Lv.
and • lependene upon a f i n i t e  col l isio n duratidn . to the ,o l.4 onse t. , electrode vaces leve l have been
1~~ - I italian. to, high fie ld polevon tr sS%s pott In l f l s u ohe.ry•d at owida fie ldi ap to I *1/ri . Zisciro n ten-
sa e , r .  a,. die , ,.ased. peraturee based on a quasi Nasel i tan distribut ion

were Its sa ss, of 1,S.%t and incrseee w ith app l ied
f ie ld , ai4’portlnq the poaath f l lty of bandgsp i~~ isct

as isot liactiotsa, 1~~~... t  ~~~~~~~~~~~~ 
P~atectric ioaissti,an in the oiid. . i~~iaot ionization is required

5r.ai,i _i~~1~rt ~. P11. ~s r ~1 ~~ .* sOL,~~~N, tsm~ Th~~~e by recent theories for breakdown in 5102 and offers
.J. metaose

~~~
e , c

~~~
ent.r - -Vacu um stectrom osi s ,ioe ais .~~ ianat Lon (ct eaperiwentaily observed curr ent  in-

measur ~~~ nts bar, been castled out on 5l-5i0 25u t unnel stikiiLtie. and poeitiv a charging of the oxid, at high
etr is t uze. to .teaiy the lW,’, .le..’tron energy dietr ibutios f ields.

bMl.d ~~ se,

F S Hol-Elsc*roe F.m~.om frog Silicon Ihoj ide -
T N NING . 1DM Thoese I W.uoa Rsts,rh Caur, Yorktown Hr~~hts (30 ~~~~
Re”er t progr ess in iF. St dy of h~ t-electron emission from otfl”or . into sUicon ‘lioxide in
dlscusa. 1. Fxperimt’r.tsi techniq ues incl ude avalanche tn)ectlor. ,~aing gated diodes and
UC~~ capacitors , non*vmlsnche tn~ectlon using tGFET structur.e with an underlying suppl y
p-r -jr ,-flon, ‘.~.1 t~*t -afly ~nd- .sced i,njection using silicon-gate ~GFET structures, !OFET
,t ru-:I ri’s-1 allow t , . .~1n lr. the S1O~, ~ayar and in the silicon dsp).*tton region to be varied
ir.j.~.!. ier.tIy. In. additiol , IGFET aEructuren of reentrant geometry allow absolute emtss lor
prC babt~Itles .f the hot electrons to be determined. Such absolute emission characteristics
era aef - not Onsv for deaiqnIn~ silicon devices but also for quantitat ive teeting of theoret ’-at
m odels 1 the emission proresa. Several mechanisms of Importance In the emission. prig - -n
ha-/C ~‘ee’ 1 ~~~~~~ in ‘I .ltng -ichotiky lowering of the emiesior. barrier , scatter ing of hi.~
ele ’t -~ 

p ir~ the 1rna,J,_fCt r~ A p. ter,tIai well In the SIC)2 layer , tunneling of hot electrons, am ii
the effe ‘I of wet : ‘,- ten.- rature on electror heating. There In also experimental evllar.cr’
of t he 1’~~’n” Ier -e c - f the oot-eleotror: energy distribution on electric field j radient . At
;‘- -r ’ : t , ‘ly phe’-imenolOgtcSl models bs.aed on the lucky-electron concept have beer,
it-/elope I t. the point where 1uantitatlve comparison with experimental results Is possible .
The essential f,’ai ~ren ~f these models are discussed.

in exo.llent agreement with available saparimental data
for Si wad Ce.

Pa. Isticasducior Surface ~~.ts.iop of lot Li5CtroD5~. 1C.L. Aj idsr’soo and C .R.*r~twe~~ ,t’hys.Res-.DS.7267(l972).
I. I. Tt~U154AJ, 155 , laser Junction . 5?. £ nos i5s’ion aRasaarth stcported by U.S. Army Ssa.ar.4Thf f ice tinder
model , based on a prob abil istic treatment of electron ot~met So’ MAC 29-75-0002 .
trs3ectoriee . has been develop ed for hot electron os te—
sins from a . iconductor surface. Primary electron., 78. flectron Transport and Ion ization in Sili con  a t
geserated thsr.elly or optically, are heated by a normal gj~~ Fields. H,P .D, LA1IY(~~, dqrc4ster Polytec hn ic to—
electr ic field end coo led by phoeo n coll isio n. sod by im’ q~j~uts.- The ,at urs tad dri f t  velocity measured for
pact loni.arion . Unlika the rae. is previosa .od.ls, the d acron, at hi’ls field . is inconsistent with Shocielay ’s
s iconductor field Seed not be uniform, 551 .altistaie moda l for ispact ianiiation Lxi silicon , It is explained
phonoa proces se s are Included. The wd el provi e hot La terms of a field—dapendsvt mean free path for hIgh
electron energy distr ibution. in the s iconduis*Iy aDd as snargy phenos creati on in the electric field direction ,
they are st ilted . It shove that th, most pro~~Sla irs— elaatrsls orsatisi a high energy phonoc as soon as chay

~ectory of an itced electro n is not cm. of sat. cel1t-~ have aaquired suff ic ist t emergy I roe the field. Aa.endn$
stone (am .see sd in t ies analysis of Vervep at .1.1), but that the •laot~~ v.vspackat t ravels at the saturated
Os. ta,otvtng ties generation of seny optical pI.su i.a. drift velocity wi thout dispersion, it can b. shown that
Th. model, used together with plaoto’-szcited hot electron the increased scat tering rate ci high field. most
msa.ur snta (as developed by Sing and Tu 2), also 5t0 result in a large spr.ad is the carrier energy . if a
rides an accurate method for determining phone. a*d io~i— drifted I1a~~sllian distribution is aa.e,msd. a seiqese ax-
g4 l l o n  seatr ~55 pa t h, . ptsasion cSa be obtained for the carrier te~~eratur s 55

• it i o~ ~I’,1ele is i~ good asrec~~~t with tie’ measured liald
ted by I. . r nec dependence of the iontaatioo coefficient. in this model ,

I J•~~• Veresy . si .1., .1*) 46, 26 12 (1975) . s cylindrical hot csrt is r diacr-ibution *ist be .sss d

~T.I. Stag and R N .  Yu , JA? 45. 5373 (1974) . wi th the hot carrier energy in a pleas perpendicular to
the ~~9lied field. h a d  cs.bculation. of the sapoeto—

a? . Interre latio ns hip betwesn 1mo~ ct Ioniast ion r.ateisec a of such a distributio n c en be maSs verlfyt5g
Velocity S.tureit ~~ ~ ad ~~~~~~~ ~ r’ocees ,Ln ts~~ponductor that lb. d rift r,lecity is indeed sat urated ,
via a Ns.r~ ov I~~tntn fbdab lTngi.t Cliwexig.Sr d C.k.Crowell
.13 of oL’ l~~ r’s, C~~lfornLa- -Ho t carrier i.pe.ct tcmiaattor ~9. 5~~ ç~j~ ç ?is ld Cejent. ttgn ~~~ Magnitude Dspwa-
( describe d ~~ . tet~~ of th, mean ft’s. path s ., Per opt ical  dunes of $1,ecti’otsic Transitions Induced Dy Hot Carrier
phonon e s ’ s -  • r ing, E.,~’ ‘ha ‘vs ‘age energy ~sss per ~~~~,%~~ 5~,&atiocs in Se~igonductoc s 0455. ?. P - PEAP.SALL ,

;-s - ’ r . r collision w i  E th, t Pia lonisatlan thre .hol i obtain- LC~ Th~~~001C5r. P. C5P5350 , 5.1. NAHOSY , bell LaborS-
ed tinS halt ] .trrsctuT’, T 

~,the v eloc ity-field relat ionS hip torte. , Nirray Hilt . —- 55 hav, s.asured the i~ ,ect toni-
(Cis rst r . ri z .  s.thl y by 1p anti tpwiiand iii. seen and aation rates for both electrons , In) , and holes (B I. as a
w ar-I an (i a - £510 factor) of It. energy p.r electr on - tuaiction oP electr ic field at 300’S for thr ee principsi
hole pair product ion La CM cas cade p rocess (steich call  or ientation, of electric fie ld in G~As s 100’ , C2l o~ .
braise t he  energy d.pe’~ier. . -f the Lcnisation mean free and ‘ill’ . We show tot the first tt.ms that the ioniaa-
path 1 (E) in ‘er-ms if ~p ) are oorre t st ed as a ttrsction tins’s ret.., and more epacificaily their ratio K—c/B , can

U of ‘eeperaturs This study ss s e a fin ite Narkov oMits display a pronow’soed dependence espon both the orisntat iore
? rseüat ion based on tr ansit ion se • r ice.  de f ine. by the end ueqtituda of the elec zic fie ld. Gui ,sasstsr ~~~nts
p’ iCal phonon and tonli at i., .~ att .nis g probab ilities were sad. for 3xtO~ V .st

’i’sl(deiOS V .c* 1 . In th is range
in energy spa ... For isot rop ic ..att . rtn~ Ia nonpolar S’l tot I is the 511kw , S l  for I in the ‘110’ , aDd in
aasloa’sduct ,re , this approach f ac i l i ta tes paj.~~~ tric ti~ tise •~ O0’ , I’I for I’4,30~ V ,om~~ and K’l for  l’S~l0~end * j(E)) studies at both tr ens iant d steady state V .st . these results can be andegetoo d by considering
transport properties of the plot carrlaus-s . Aeat, .tts arm L~s 4 ta13 the electronic hand sttuctur, of Oa,Ae, and how
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it -let.rnine s the tra nai ti oxi s associated with i~~ .ct Hut the .onatant say he negat ive u t e - ’  ie t fscts  cc i  non—
ionization by hot csrr ier s . Measurem.nte of the t.~~~.ra - .s ’ a b i - ’ l i c t t y  at . i~~ ort src t and •.-e.qy r.I-,~ atto t  is t im i -
teal. and bsnd4sp dependenc. of Laps~-t joniastion in tiaAs lad by ocn-polar opt i c -a l  phonon ec-.t t.g iflq but t h sosan-
will be aied to further clar ify this relationship. mis r e l a S il at i~ dosinst ed by iapvrtt-y air. •‘~a’t.rinq .
‘PsI ar..’,t address teneisgio n. • ~ttGO hordoni’. - Rome.
I l.a y

P~~I l~~ a~•c,t, 
Icerc ii-a t ic , ‘~ ~~~~~~ “~i~ ~~~~~~~~~~~~~~~~~~~~

- I” 
~~~~ 

i’.-e I .‘~~tron D i f t r i a v c t ~ in ue~ h M u.. t a t ,  4 ~~- Ii. ’. . 5. P i~~K r N . curi ’- ua~ t A t  •:i ;, ))WP.)t. —- So t ..
‘la ,, Tt ’ lA’* i tFt , and 5.1’ NA( , h a t  ~, 1’~~~~~’- .f faa ient ~ for phonon and i~~,ei I i t - . f l e s s a s , P . , ,  

~ a v.n
., . I Ii.. ironic -- - - 

m d .  - I.. a ‘ - . ,  be t ween e u ,  rent .i.ctrlc field I • are calculated ire the. cf?,’ live—m a’ ...
U . - C c.. . sic 1 . icff a.. l , ,rc oneranc for .....‘- .qaelibs’S eae sppxoas ismtion for t rans i t ions aneng Se-eros enaa.;y l,v,, ..

,octt  C a.  -cc , .  ‘ - c j q e . t  u tha t  tee  I ? ?  a~ -it cons tant art not be arid between thu s, lev e l . and the ,ondo, t t t . r ,  hand . uw iny
-cegat ive  in iP’ .~ p.t.a . .  • I stu .nq ei,~

, ‘ e ) n -al., . . r  Itrett n n . eq-utpsrtitton . and Ma iwellian d is tr i but ion
r.~ I as - t r w  a n  tlc ,~ n.c- -’,-qui I l x  e’ e t a t e  ~~ ,~ w~-r -e l ,- ‘e o n  functions in the ba nd dowrcs,ar,i t y s n s j t  lures ir e Lr, .~ t,~- i
‘ - c cc l i i  a or.. . C C  ,c C V i- r .  t o o l  tha t ‘ ‘ i s  - ir c i  result ~ ‘i 

t a . ’ ‘ Ly,  wi th ou t us. o f detailed is t a re ’ e . The rat , .
Cia’, i-act I-ia w a l e d  Cn.i i t.  Ii f fees ,, -o rit5,,t -c, be ,- .. ;a- .. pos t Ions for th. syst of ba nd and donor 1.v,.ia are

M..; c . , t  jiv,- n a t aa,,uj . for ;.ar .Ilsl diffusion con ,
~ ved i t  give an equation to t  .1st-trot concentration

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~
, - - ~~~~~~ 

¶~~
, 

~~~~~~~ ~~~~~ explaifla ni t)  in the b~~d; ‘ h is  as int er I t re ted in terms of the
- ic -cu l t ’ ,  ‘f sd a ,c~.. a •~c fol - ‘v.  fros, concept of ‘stick ing ~,rob~ bi I ity~~ which 15 thu -i c lara.

t ’,a.s I - , ,s ,e ta  I .4’ a4.r - e p t a l ’ , ,.oradltions the dIffus ion tied and exten ded , The e f fec t  of the donor excited
- - i ’ ii .’ cay p.. 

~u-~~ , ’ - . eve,, - f  ‘he- d if f a re n t is :  con- .tst.a is shown to b. a ign i f i ca nt s  rsgiwe s in w hi-  It it
• a ety po.lttv. . rI le pape r presents result. of a is dominant , and in which it cat lead to t—b raa kdown ,

ra t  led cc ..l~ , I the priabiee st a rt i ng  f ir. the Soltawa n,, are identified. Erx -r est i ma t as are given , based on
eq , c cun a .estiflQ a Pc.ss-t ’ w s , c  ci . T i -  is  fxiutsd i t et  the expl ici t  var iation of eenc.r taln donor parameters.
t i l l ?  . • t  •, -,.~~s’ • is po.U.’..c I- -,  pwrcit..tnant acoustIC ‘Address for oeerespondanc. Mildn 18—5503 . Ccl.
t - .\onore . ~. ar op( l , a t  phonor, or ‘ y a c i t y  ato m scattering. J . S r e Z ,  Ptdxic-o , 6 ,0 .P- ,  Wd ixico.

• SLS$iOA~ (1. RUMP SEISION ON FLJTU~ E T~INOS
• Seturdey ‘notnH~~ S .k,iy 877 Foe’ s, ~ ooni dl ci SiX A.$,, IS Kjeeme,, pessldhig
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IX. SUMMARY OF PRINCIPLE ACCOMPLISHMENTS DURING

OCTOBER 1, 1976-SEPTEMBER 30, 1977

Pa pers Published

1. “Magnetic Field Modulation Technique for the Study of Hot

Carr ier  Oscillatory Magnetoresistance Phenomena ” , H. Kahie rt

and 0. G. Seiler, Rev. Sd . Inetrum . 48, 1017 (1977).

Papers Accepted and To Be Published

2. “CO2 Laser-Induced Hot Electron E f f e c t s  in n-InSb” , B. T.

Moo re , D. G. Seiler , and H. Kahiert, to be published in Solid

State  Electronics, about January  1978.

3. “Electric Field Dependence of the Positions and Amplitudes of

Magnetophonon Oscillations in n-InSb at 77K” , H. Kahlert,

0. G. Seiler , and J. P. Barker , to be published in Solid State

Electronics , about January, 1978.

4. “Observat ion  of Magnetophonon Structure in Degenerate n-InSb” ,

H. Kahiert and D. C. Seiler , to be published in Solid State

Communications.

5. “The Magnetophonon E f f e c t  in a Nonparabolic Band: n-type InSb” ,

H. Kahiert , to be published in the Physical Review .

Talks Given at American Physical Society Meeting - March, 1977 in

San Diego (See Vol. 22, *3)

1. “High Resolution Maasurements of the Hot-Electron Magnetophonon

~ffect in n-InSb at 771<” , H. Kahlert. D. G. Seiler , and A. E.

Stephens.
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2. “Laser-Induced Hot Electron Transport Effects in n-InSb at 2K” ,

I B. T. Moore, D. G. Seiler , and H.

3. “A Magnetic k~xt~ld Modulation Technique for the Study of HotI Carr ier Oscillatory Magnetoresistance” , D. G. Seiler and H. Kahiert.

I Talks  Given at the International Conference on Hot Electrons in
Semiconductors, July 6-8, 1977

4. “Electric—Field Dependence of the Positions and Amplitudes of

Magnetophonon Oscillations in n-InSb at 77K” , H. Kahiert , D. G.

I Seiler , and J. R. Barker.

1 5. “CO2 Laser-Induced Hot Electron Effects 
in n-InSb” , B. T. Moore,

D. G. Seiler , and H. Kahiert.

I Patent Activity

f The process of applying for a patent through ONR procedures is

I being followed for the magnetic field modulation technique that was

I discovered this year.
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