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FOREWORD

This Annual Summary Report by David G. Seiler, Department of
Physics, North Texas State University covers research progress for

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

Experiments have shown that CO2 laser-induced changes in the
Shubnikov-de Haas (SdH) effect in n-InSb provide a new tool for
studying the properties of the laser-induced hot electrons. During
the time the sample is illuminated the SdH amplitudes are found
to decrease with increasing laser power in a manner analogous to
the effect of increasing lattice temperature. Consequently, these
results give direct evidence for a CO2 laser-induced increase in
the electron energy of InSb and permit the extraction of electron
temperatures. A phenomenological value for the energy relaxation
time can also be derived using a simple energy balance approach.
Using an estimated value for the power absorbed per electron, energy
relaxation times of about 25 nsec are determined.

A new experimental technique was conceived and subsequently
discovered to improve the sensitivity of measuring the hot electron
magnetophonon effect in InSb under application of high electric
fields. This technique is 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
magnetophonon effect in n-InSb. Both amplitudes and extremal posi- 3

tions as a function of electric fields were studied in the transverse
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and longitudinal configurations.

Investigation of ohmic (low électric field) magnetophonon
structure has produced several new results. Magnetophonon struc-
ture has been observed for the first time in a degenerate sample
of n-InSb of concentration 7.5 x 1015 cm-a at 77 K. The positions
of the resistance maxima appear at higher magnetic fields than

4 3 samples. The nonparabolicity

those found in pure (510
of the InSb conduction band has been shown to play a role even
in the pure samples. In the higher doped samples, there is an
increasing contribution of higher order transitions.

In summary, much progress has been made during this year

as documented in this report.
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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.l-6 Due to the nature
of the pumping mechanism and discharge kinetics, the CO laser is
extremely sensitive to impurities such as 0,/ Hzo, HZ' 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 o0il 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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bath is monitored at several points by copper-constantan thermo-
couples using a liquid nitrogen reference junction and a digital
millivoltmeter readout.

The laser tube itself consists of a triple 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 region 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 CaF2 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 minimize thermal expansion effects. The cavity optics consist of
one inch diameter plano-concave output couplers of 70, 85, and 94%
reflectivities at 5.4 uym 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 um. The output mirrors and total reflec
tor are held in micrometer driven high resolution optical mounts.

The grating 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% N 6.30% Xe and

2'
the balance is He. A stainless steel Linde Ultra Pure regulator
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is used to avoid contamination of the gas. Typical fill pressures
range from 10 to 18 torr. The gas mixture is excited in a dc glow
discharge maintained by a current regqulated power supply furnishing
up to 30 mA at 30 kV with a stability of .1%.7 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 results 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 ym. 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
this mirror, while more lines are observed when the 94% reflective
mirror is employed. Short term (<1 sec) 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 IRZSO.8
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TABLE I

Output Power vs. Wavelength for CO Laser

Power relative to

3 Micrometer reading Wavelength, Wavelength, Transition maximum of
‘ in cm pm cm” 1.4 watts
16.460 5.284 1892.3 9-8 P(11) 422
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(10) .63
16.911 5.365 1864.0 9-8 P(18) .81
16.969 5.377 1859.8 9-8 P(19) .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
37.237 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(10) .40
E 17.63 5.507 1815.8 12-11 P(11) «3%
| 17.70 5.515 1813.2 11-10 P(18) .50
! 17.77 5.527 1809.4 11-10 P(19) .30
17.84 5.539 1805.3 11-10 P(20) .26
17.91 5.552 1801.1 12-11 P(15) «31
I
!
¢
1
"v"i.ll-----—"'”“' — e




2. cw CO2

The CO., laser system is shown in Fig. 5. Several improvements

2
have been made in the laser system during the last year as pictured
in the diagram of the laser and accompanying equipment. Among the
improvements made is the installation of a cooling system with
chilled water. 1Instead of 75°F tap water, we are now using a chilled
water supply at 45°F. 1Included also is a bubble trap to prevent any
air bubbles from causing circulation problems in the cooling system.
Built into the water inlet and outlet are thermocouples to allow
indication of gas temperature changes caused by changes in coolant
temperature. The entire vacuum system has been replaced. Rubber
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
hose have been left on the pumping side to eliminate a ground con-
nection from the plasma back to the pump. A two liter surgechamber
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 available. That
coupled with larger flow rates in the valves, has extended the avail-
able total flow rates upward for more power output.

Characterization has followed three phases: the first being
power as a function of current and pressure; next, came short and

long term stability and finally line selectibility. The power was

S TR e R Y s e
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b 1y

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 liters/minute, respectively. The gas mixture

used was 15% N,, 10% CO 75% He. The maximum multimode power

2°
obtained was 39.5 watts with a grating end reflector at 26 torr and
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 %1% and for five minutes *%1.5%. This compares
very favorably with the Molectron Model IR250 which reports stability
for less than one second 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 selectibility 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 TE"OOq mode. Wavelengths were observed
from 9.192-10.885 microns. Seventy lines are visible with powers
over two watts compared tc Molectron's 90 lines over one watt. Fifty-
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

L ]

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.
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B. Development of a Magnetic Field Modulation

Technique for the Measurement of Oscillatory Magnetoresistance

Phenomena Using Short Voltage Pulses

During the Fall 1976, a major experimental breakthrough was
achieved when a new experimental technique was conceived and sub-
sequently discovered to improve the signal-to-noise ratio in hot
electron magnetophonon studies in InSb under application of high
electric fields. This technique is completely adaptable to the
measurement techniques used in the investigation of the laser
optical biasing of the gquantum 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.

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. 1In
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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Magnetic field modulation technique for the study of hot
carrier oscillatory magnetoresistance phenomena*

H. Kahlert' and D. G. Seiler

Department of Physics, North Texas State University, Denton, Texas 76203

(Received 18 November 1976; in final form, 11 February 1977)

A new experimental technique is reported which allows the detection of the oscillatory

components of the magnetoresistance of semiconductors subject 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 for up to N = 10

Landau level spacings is demonstrated.

I. INTRODUCTION

Experimental investigations of oscillatory magnetoresist-
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
of the Shubnikov-de Haas (SdH) effect'~* and the
magnetophonon (MP) effect® ' have been extensively
studied in a number of semiconductors.

Magnetophonon oscillations exhibit a small amplitude
and are frequently superimposed on a nonoscillatory
magnetoresistance background which varies quite
rapidly. Thus, an accurate determination of the MP
extremal positions and amplitudes is difficult even in the
ohmic case. Several different experimental methods
have been employed to overcome these difficulties in
hot-electron studies: cancellation techniques,* ' time-
derivative techniques,*'*~'” and third-harmonic genera-
tion combined with graphical evaluation.'*'* However,
the poor signal-to-noise ratio involved in many of these
experimental approaches tends to obscure the position
and amplitude of the MP extrema.

The application of ac magnetic field modulation and
phase sensitive detection techniques has been demon-
strated to be a very sensitive method of investigating
both the SdH effect'**® and the MP effect?-® in the
ohmic region using continuously applied small electric
fields and dc currents. The sensitivity of these tech-
niques allowed the determination of small shifts in the
extremal positions of these magnetoresistance os-
cillations.

The purpose of this paper is to demonstrate for the first
time that the magnetic field modulation technique can
also be applied to pulsed measurements of the oscillatory
magnetoresistance in semiconductors, where the dura-
tion of the electric field pulse has to be kept in the sub-
microsecond region in order to prevent lattice heating.
A comparison with data obtained by conventional time-
derivative techniques shows that the signal-to-noise
ratio is considerably improved, allowing an unam-
biguous interpretation of the extremal positions. In
addition, data have been gathered in lower magnetic

1017 Rev. Sci. instrum., Vol. 48, No. 8, Auguet 1977

field regions, where the conventional techniques do not
permit the extraction of the oscillatory magnetoresist-
ance because of a poor signal-to-noise ratio.

il. EXPERIMENTAL

Figure 1 shows a block diagram of the experimental
apparatus that was used in the hot-electron MP measure-
ment. In principle, it could be used for a hot-electron
SdH measurement without any alterations. It consists of
three main systems: (1) the dc magnet, its power supply,
and a Hall probe for monitoring the magnetic field
strength, (2) the ac magnetic field modulation and
lock-in amplifier system, and (3) the pulse generator,
an oscilloscope for measuring the voltage across two
potential probes and a sampling oscilloscope to deter-
mine the current.

The dc magnetic fields were produced by a 30-cm
Varian electromagnet which was field regulated and
powered by a Varian Fieldial Mark II regulator with
a 10-kW power supply. The maximum field produced
by the system was approximately 24 kG. A Bell Hall
probe powered by a highly stable current-regulated
power supply provided a voltage that drove the x-axis of
the x-y recorder. Magnetic field strengths were cali-
brated by NMR techniques.

The ac magnetic field was produced by two Helmhoitz

F10. I. Block diagram of the experimental apparatus.

Copyright © 1977 American Institute of Physics 1017
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FiG. 2. Schematic time dependence of the magnetic and electric
signals appearing at various components of the apparatus.

coils connected in parallel and wound on Lucite holders
which were mounted around the magnet pole pieces.
A Wien bridge oscillator provided a highly stable 43-Hz
sinusoidal signal which was amplified by a 350-W
Mcintosh power amplifier. A 29-uF capacitor was
placed in series with the coils to compensate for their
inductive reactance. This arrangement was capable of
producing ac fields of up to 400 G peak to peak even
at dc fields of up to 20 kG. Due to saturation in the
magnetization of the magnet pole pieces the peak-to-
peak modulation amplitude B,, decreases as the magnetic
field increases. However, a modulation field regulator
circuit® was used to keep the amplitude of the ac field
constant. A signal proportional to B,, was induced in a
pick up coil located between the pole faces of the mag-
net. The induced signal was used by the modulation
field regulator to control the attenuation of the signal
from the audio oscillator to the power amplifier so as to
keep B,, constant.

The stability of the modulation frequency was moni-
tored with a Hewlett-Packard frequency counter. There
are several variables to consider in choosing a modula-
tion field frequency: (1) clearly one does not want a
harmonic or subharmonic of 60 Hz, (2) one does not want
a frequency which is low enough that the Hall probe
voltage produces a detectable ripple on the x -y recorder,
(3) the magnitude of B,, depends upon the modulation
frequency, (4) the frequency should be much less than
the repetition rate of the pulse generator, and (5) the
frequency affects the type of preamp used for optimum

1018 Rev. Scl. Instrum., Vol. 48, No. 8, August 1977

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

An E-H Research Laboratory pulse generator was
used to supply voltage pulses of up to 50 V across 50 ()
and of variable pulse lengths and repetition rates to the
sample via a miniature coaxial cable. The rise time of
these pulses was less than 12 nsec. The load of the co-
axial line consisted of a network of a 50-{ resistor in
parallel with a series connection of the sample and a
50-() current monitoring resistor. Provided that the
sample resistance exceeds 500 (), this network es-
tablishes constant voltage conditions that are inde-
pendent of the value of the sample resistance, which
can vary with increasing magnetic field. Any change of
the sample resistance causes a change of the sample
current and, consequently, a change in the voltage drop
across the 50-() series resistor. This voltage drop is
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
pulse. The output of the sampling oscilloscope, which
then is proportional to the current through the sample,
carries a 43-Hz modulation if the sample exhibits a
nonzero magnetoresistance. This signal is then fed to a
type-A preamplifier of a HR-8 PAR lock-in amplifier.
For a sufficient signal-to-noise ratio the repetition rate
of the pulses must be at least approximately 300 Hz.
Higher repetition rates, however, substantially improve
the signal-to-noise ratio and should be chosen, whenever
sample heating does not influence the data.

A schematic display of the electric and magnetic sig-
nals as a function of time is shown in Fig. 2 for a pulse
repetition rate exceeding the modulation frequency of
the magnetic field by a factor of 10. The uppermost
trace shows the modulation magnetic field superimposed
on the linearly increasing dc magnetic field. The height
of the sample voltage pulses shown in Fig. 2 does not
depend on the magnetic field because of the circuitry
used. The sample current pulses, monitored by the
voltage across a 50-) series resistor, are modulated as

AW
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F10.3. First and second derivative of the current / with respect to the

ic field B versus B for a sample of n-InSb with the current
density J transverse to B. (Pulse length = 75 nsec, repetition rate
= JkHz, E = 11.2 V/icm).
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data from Ref 14, time-derivative technique (E = 0.88 V/cm,
1 = 200 nsec)

shown in Fig. 2 if the resistance is an increasing function
of magnetic field. The output of the sampling oscillo-
scope is thus modulated and carries the essential in-
formation about the dependence of the resistance on the
magnetic field along with noise. The lock-in amplifier
when set to 43-Hz phase sensitively detects the 43-Hz
component of the sampling oscilloscope output signal
and demodulates it to a dc voltage. If a linear rela-
tionship exists between the sample resistance and the
magnetic field, the dc output of the lock-in amplifier will
be essentially constant, as shown in the bottom part of
Fig. 2. Any nonlinearity changes the amplitude of the ac
component of the sampling oscilloscope output and
therefore a first derivative of the magnetoresistance
R(B) curve is obtained. By setting the lock-in amplifier
to the second harmonic frequency (86 Hz) the second
derivative of the magnetoresistance is attained.

Hl. RESULTS

The capability of the method described in the previous
section was proved by resolving MP structure in the
transverse and longitudinal magnetoresistance of n-
InSb at 77 and 4.2 K, respectively. The n-InSb sample
had a carrier concentration of n = 1 x 10" ¢cm™? and a
mobility of 6 x 10°cm* V 'sec'at 77 K. Figure 3 shows
the first and second derivative of the resistance with
respect to the magnetic field for the transverse con-
figuration BLJ at 77 K. The electric field pulses had a
75-nsec duration at a repetition rate of 3 kHz and a
voltage of 6.7 V corresponding to an electric field
strength of 11.2 V/cm. Careful examination of the second
derivative curve reveals that even the N = 10 extremum
at B ~ 3.6 kG is resolved. Note that both traces are
inverted and the minima of d*//dB* are, in fact, maxima
corresponding to minima in the current, which occur at
the maxima of the transverse magnetoresistance. We
would like to emphasize that the method applied to
the transverse MP effect is especially suited to detecting
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extrema at low magnetic flelds, since the nonoscillatory
magnetoresistance is low at low magnetic fields. Con-
sequently, the current and the relative change in the
current due to the MP effect are largest at these fields.
In addition, the constant voltage conditions allow the
assignment of a unique value of electric field strength to
a full trace of dI/dB or d*I/dB* vs B.

The dependence of d*//dB? on the magnetic field for
the configuration B|J at 4.2 K is shown in Fig. 4. For
comparison, data taken from Ref. 14, which were ob-
tained under similar conditions by a time-derivative
method, are included.

IV. DISCUSSION

A combination of the high sensitivity of the magnetic
field modulation and phase-sensitive detection technique
with fast pulse techniques using submicrosecond pulse
generation and sampling methods has provided high
resolution data on oscillatory magnetoresistance effects
in semiconductors under hot-electron conditions. The
resolution of hot-electron MP extrema at 77 K with
B 1 J, which was possible foronly N = 1,2, 3, using time-
derivative techniques.® has been extended upto N = 10.
The signal-to-noise ratio of the longitudinal MP effect
at 4.2 K has been significantly improved. This advan-
tage compared to conventional techniques is mainly
caused by introducing the signal recovery capabilities of
the phase-sensitive lock-in amplifier applied to the
analog output of a fast sampling oscilloscope.

A disadvantage of this method may be the lower limit
for the pulse repetition frequency, which is in the range
of about 5-10 times the frequency of the ac magnetic
field.

Currently discussed topics like the occurrence of
spin-flip extrema in the low-temperature hot-electron
MP effect in n-InSb' and in the shift of the transverse
MP extrema in n-InSb with applied electric field®
should be reexamined in view of the high resolution
potentially obtainable by this method.
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V. EXPERIMENTAL RESULTS

A. Magnetophonon Studies

Several studies have been done on the magnetophonon (MP) effect
in n-InSb the past year. This can be divided into the low electric

field region and the high electric field region.

1. Low Electric Field Region

Enhanced rescolution by sensitive measurement techniques allowed
several studies to be done. As a result, two papers will be pub-
lished on this work. To best summarize this work, we present the

title of the paper and reproduce the corresponding abstract.
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OBSERVATION OF MAGNETOPHONON STRUCTURE
IN

DEGENERATE n-InSb

ABSTRACT

We report the observation of magnetophonon structure
in the transverse magnetoresistance of degenerate n-InSb

at 77 K in a sample of concentration 7.5x 1015cm-3’ The

positions of the resistance maxima appear at higher mag-

netic fields than those found in pure (51014cm-3) samples.
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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-InSb

having carrier concentrations in the range from n= leO13

cm—3 to n==7)t1016 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 resonant magnetic
fields 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-split 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 A (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 ms = 0.0138 m,. In higher doped samples, the shift of the
extrema to higher magnetic fields is partially caused by the
larger value of the damping parameter = because of the lower
mobility. After applying an appropriate correction to the
extremal positions of the high concentration samples, a shift
remains, which qualitatively can be explained by the increasing
contribution of higher order transitions because of the higher
population of these levels. Finally, the shifts in extremal
position as a 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.
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2. High Electric Field Region

As stated earlier in the Experimental Work Section, Part B,
during 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 summarized below by the title and abstract of the paper.
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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
menotonously and disappear at about 60V/cm for N=3. 1In the long-
itudinal case, the extrema shift to lower magnetic fields as the
electric field is increased. 1In 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 using a pulsed dc electric
field technigue 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 Haas measurements were carried out on a sample of
n~InSb with a concentration 1.4 x 1015 em™3 at 1.5 K and with §||3.
The optical pulse used was 3 usec 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 7904/7S14 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 temperatures without laser illumination. The
temperature of the sample was controlled by a liquid helium 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 relaxation 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

]
|




} ‘

B R

SAMPLER QUTPUT

1

SAMPLER OUTPUT

S —— ™
16K !
20 ;
24 \‘\\ ///'Y\\\
\ \ ﬁ\
\\ 1\
30 \V / B\
\ -\\ /N \
3 5 ; c \\\\J / { \'\ \\
p Bk W4 \\ \
\ l \ t\
40 N \
\ \\' L \
a4 g \ |
\\_\ \ \
\» \v
PO |

|

Figure 7. Top Half: Temperature depen-
dence in n-InSb at zero laser power;
Bottom half: Dependence of SdH oscil-
lations on the peak power of a Co2
laser pulse. Both sets of data were

taken with a sampling oscilloscope.




‘2anjexadwe) 30133 POXTJ

e 3e xomod x9sel uo apn3Trdwe pazilewIou 3jo aduspuadap
:opTS puey-3ybTy ! 15 sinjeradwey 90T3IIET YITM apn3trdwe

pozTTewWIoU 9Y3 JO UOT3IETIRA :9PTS puey-33aT (9) gz 3Inoge

JO pPI®T3 Or32ubew © e pue siamod IIse] ule3lIad 03

butpuodsai10o @injeiradwel UOIFOSTS IY3 IO uOTIRUTWISYAQ ‘g 2Inbrg

0 0
2'0 dszo
050 &
050 Oy
(v

20 520
00l 4oo'l

-




Figure 9.

B S a AL

i

o
—

: | 1 | L
2 3 4 5 6

. -
-

P (Watts)

Dependence of the CO2 laser-induced electron temperature
on the peak value of the laser pulse at a fixed lattice
temperature of 1.75 K. Actual power incident on the
sample is about one-third of that given.
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into the experimental arrangement. A block diagram of the experiment
with field 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 definition 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




‘pPoy3lsw uoTjEINpPoOW pPIaT3I Or3aubeu
9y3 ut pa¥sn snjexedde Tejuswriadxe jo weiberp yo0o[d QT 2Inbtrg

3d40ISOTUISO ONITINYS 0L
e——=—=——=———==—o
r

KR TRERE
ONIAVT3Q
aNV
ONILVN3NIO
25 Nd CEFR Y

NI =201
1109
IN3
3 be===o anvInak=s
d EBB...UBI
L]
= R ONIMANYS




DETECTOR RESPONSE

80K
2.40

3.20
DS

437

Figure 11l.

BkG)

SdH oscillatory magnetoresistance for several
lattice temperatures taken while detecting at
the first harmonic of the modulation frequency
(no laser illumination).
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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 T, are near 25 nsec 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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Department of Physics, North Texas State University. Denton. TX 76200 (1S A

Abstract—The influence of a Y pusee wide (O, Liser phlse on the Shubmikoy de Haas (SdH) effect i o
14x 10" cm " sample of n-1nSh has been investigated at a lattice temperature of | R K During the tme the <ample
15 tluminated the SdH amphitudes are found to decrease with increasng laser power 1or a peak modent power of
about | watt, the SdH oscilfatory behavior corresponds (o that measured at o lattice temperature of 46 K for the
non illuminated sample  These results form the first duect and guantitative evidence for electron heating nduced
by €O, laser radiation and permit the evaluation of a phenomenological encrgy relavation time

1 INTRODUCTION

Hot electrons in InSh created by d¢ clectric fields have
been extensively studied by a variety of experiments. both
for nondegencrate and degenerate statistics. However,
for the case of optical heating, much less information is
avatlable. In pure (<10 cm ") samples of 1nSh illu
minated by long wavelength radiation, free carrier
absorption 18 known to cause an increase in the mean
encrpy of the electron gas as observed by changes in
conductivity resulting from o mobility variation(1, 2
Determination of electron temperatures from photocon-
ductivity data depends upon the assumptions made con-
cerming the dominant scattering imechanisms. In addition,
this technigue is not as sensitive in degenerate samples
of InSh since the mobility is not strongly dependent upon
temperature

In this paper. we present the first direct measurements
of COylaser induced hot electron temperatures in
degenerate n-type InSh. These measurements involve
determining the amplitude of the Shubnikov-de Haas
(SAH) oscillutions which are strongly dependent upon the
temperature of the conduction clectrons. In addition. a
phenomenological value for the energy relaxation time is
estimated from simple considerations of energy balance

2 THRORY

(ad Free carner absorption and electron heating

For sufficiently low intesities where two photon pro-
cesses can be neglected. the absorption of €O, laser
radiation at wavelengths between @ and Hum (he =
BT eV adnSh will take place through interaction
with free clectrons i the conduction band  Electrons
excited to high encrgies by absarption of a photon may
undergo encrgy relaxation through two competing pro-
cesses electron-clectron scattering and  polar-optical
phonon emission. This phonon enission transfers the
absorbed energy of the photoexcited electrons to the
lathice. Flectron-electron scattering. on the other hand,

Work suppotied i part by the Office of Navel Research

10n leave from Ludwig Boltzmann lastitat fuer Festkoerper-
phy stk and Tostiont fuer Angewandie Physik, Unisersitaet Wien.
Austna

distributes the absorhed photon ciergy within the clec-
tron gas. If this process 15 sufliciently fast, re of the
concentration 1s high cnough, a non-equilibrium carrier
distribution will be established. which is characterized by
an electron temperature, T, It should be noted that the
polar-optical phonons emitted by the photoexcited clec-
trons decay to acoustic phonons through a three phonon
interaction and thus have a long lifetime|3]. Some of
these optical phonons may therefore be reabsorbed by
the electron gas providing an additional source of heating
besides the clectron-electron thermalization process.

The ultimate transfer of the absorbed photon energy to
the environment surrounding the samplc takes place
through acoustic phonons., either emitted directly by the
gas or created (in pairs) by the decay of optical phonons.
But since the rate of cmission of ascoustic phonons is
slow compared to that for emission of optical phonons,
this will not become a significant energy loss mechanism
until the efectron gas has cooled below the point where
optical phonon emission can take place

Hearn{4. S} has made calculations for InSh at liquid
helium temperatures which indicate that, for concen-
trations abhove a critical value of n, = 10" to 10" ¢cm
electron-electron scattering should dominate. High mag-
netic field calculations[6. 7] raise the estimated congen-
tration at which 7, s valid to n, 10" ¢m ' However.,
the assumption used in these papers that the Landau
levels above the bottom N =0 level will not be popu-
lated is not vahd under the conditions of this experiment.
We assume for the electron concentrations of interest
here (n = 14 x 10" ¢m ). that the energy distribution of
the electron gas with laser heating will he charactenized
by a temperature, T,. which is greater than the lattice
temperature. 7, This distribution will then be cooled by
a combination of optical and acoustic phonons The
effects caused by emission of optical phonons prior o
thermalization of the photoexcited electrons present
additional comphications

(b) Shubnikov-de MHaas effect under carrier heating
conditions

Isancson and Rridges|R] first used the SdH effect in
InSh to obtain hot clectron temperatures with apphied
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ectoe Behds Faothor clectie ekt mdoced ot caonrwer
studic were made using the SAH effect by Bhuer and
Roahlort |2 1] tothis paper. we <how that the Sdit effect
can abso he used o study Taser-iduced hot clectrons
The SAIE oscillations in the longitudinal magnetoresis-
tance of o degenerate sem conductor can be observed
windor the follow g conditians [ 12]

w,‘ > |,.w, >l,.l',.¢, ‘*0,. n

where  w, = eBIm*C. s the cyclotron  resonance
frequency and Y is the collision time. Assuming that the
Dingle temperature and the spin-splitting factor remain
constant as the electron temperature changes, the ratio
of SdH amplitudes at two temperatures is given by

Ay NiJsinh(X) @
A, \,/sinh(X,) K
where

X, = 2n'ku T/ A, %)

The use of eqn (2) 1o extract the temperature of the hot
clectron gas is presented in Section 4 of this paper

(<) Relaxation time

The calculation of a phenomenological relaxation time
15 hased upon the balance of energy gain and loss pro-
cesses for the electron gas in the ilfuminated samiple
volume. The encrgy gain is due to the absorption of laser
photons and subsequent thermalization of photoexcited
clectrons while the loss is due to energy transfer from
the clectron gas to the fattice. The energy balance cqua-
tion for a single electron has the form

de_ _T)-el)), ,
& 5 Ly - (4)

where ', is the absorbed power per electron in the
Muminated sample volume and 7 is the enctgy relaxation
time. The temperature dependence of the mewn cnergy of
an clectron in a degenerate semiconductor is taken to he

1"

K TF, dn)

el - o)

(5
amd where
= ;)
PRt

1t the reduced Fermi encrgy
I o steady-state condition can be established under
laser tlimination so that

de
),
] ®

then  may be calculated from the equation

,-,'!,",-, "",' (7,

e

Fhe assmmption wos e carher that thermaliz ation
of the photoexcited election occurs through ciectron
clectton scattenng before  signthicant optical  phonon
emission from the photocxcited cartiers tukes place
However when phonon cmission takes place prior to
thermalization ¢ g 1o satisfv. momentim conservation
durng photon absorption, o more detatled thearetical
treatment would be required

3 FXPFRIMENTAL WORK

The samples used were cut from a bulk sample of
n-type InSh having a concentration of 14x 10" cm '
and a Hall mobility of 12x 10" cm?/V sec at 1.SK. The
optical surfaces were ground with ALO, polish with a
grit size of 0.3 um (~A/30). The absorption coefficient at
106um is taken to be 0.02¢m ' which is an
extrapolated value taken from Patel[14]). who measured
03¢m ' for a sample 13x 10" ¢cm ' The final sample
dimensions were 6.5 mm x | 8 mm ¥ 0.07 mm thick. Two
current contacts and Iwo potential contacts were made
with 25 um diameter gold wire using indium solder.

Figore | shows a schematic diagram of the equipment
as used in this cxperiment. The sample was illuminated
with a pulse produced by mechanically chopping a beam
(TEM, mode) from a cw CO, laser. The pulse width
used in this experiment was 3 usec (F.W.H M) with a
rise time of -2 usec. The repetition rate was 2000 Hz.
The palse was focussed to a diameter of | Rmm at the
sample and positioned to illuminate the region of the
sample between the potential contacts, The CO. laser is
grating tuned and produces single line outputs of several
watts over most of the 9 um to 1 um wavelenpth range.
The experiment reported here was carried out at A -
10.3 um with powers up to 10 watts avallable. A He-Ne
luser used in conjunction with a silicon PIN photodiode
produced a trigger pulse for the pulse generating and
delaying electronics

The magnctoresistance of the sample was then
meastired using a short (S nsec) electrical probe pulse
generated by o fast rise time (<1 msec) Tektronix pulse
generator, The clectrical pulse. kept small to avond heat-
ing by the electiic field, was syncronized to coincide with
the peak of the laser pulse. The difference voliage be-

“tween the two potential probes was measured with a

Lektronix 7904/7S 14 sampling oscilloscope

Previows pulsed d.c. SdH measurements|1€) reported
by the awthors were made by directly recording the
output of the sampling oscilloscope vs. magnetic field
However, significant improvements in signat-to-noise
ratio have been obtamed through the use of magnetic
ficld modulation in combination with the fast sampling
methods. This combined technique was first developed
by Kahlert and Seiler[16. 17) for observing hot clectron
magnetophonon struciure in 2-InSh at 77 K. When used
1o ohserve the SdH cffect. this techmque produces a
detector response which is proportional to the first
derivative of the magnetoresistance oscillations. but it
does ot affect the ratio of amplitudes as piven in equa-
tion (2). In this method. the output of the sampling
osctlloscope is fed into a lock-in amplifier, the output of
which is then recorded.
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4 RESULTS AND ANALYSIS

Figure 2 shows SdH oscillations for Iattice temperatures,
Ty, between 1.8 and 9.6 K. The oscillations recorded for
various incident laser pawers are shown in Fig. 3 for
T, = 1.8 K. Qualitatively, it can be seen that the oscil-
lations are damped by increasing laser power in a manner
analogous 1o the damping caused by elevated lattice
temperatures, These data show directly that the mean
encrgy of the electron gas increases with laser illumination.

The SdH amplitude ratios as a function of latticc
tempetature (withowt laser illumination) are plotted on

the left-hand side of Fig. 4 and exhibit the characteristic

dependence given by eqn (2). The variation of the
amplitude ratio with incident laser power is plotted on
the right-hand side of Fig. 4. The reference amplitude A,
for both graphs was taken at 8K with no laser illu-
mination. X

The electron temperature corresponding (o each laser
power is determined by comparison of the amplitude
ratio shown in both halves of Fig. 4. For example, the
dotted lines show that, for a 0.98 W pesk incident laser

R S R

\

\

R
Fig 2 SdH oscillstory mugnetoresistance for several laltwe

temperatures taken while detecting at the first harmonic of the
modulation frequency (no laser ilmination)
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Fig 3. SdH oscillations for various incident laser powers al a
constant lattice temperature of 18K, Power levels listed are
peak incident power at the sample
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power, an amplitude ratio of 0.22 was obtained From the
temperature dependence it is seen that an amplitude of
0.22 cotresponds 10 a temperature of 4.6K. Thus, a
phenomenalogical electron gas temperature of 46K is
obtained for an incident laser power of 0.98 waits at a
lattice temperature of 18K The electron temperatures
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-
obtuined m this manaer for the vanous laser powers are
plotied m Fig. 5. A distinct non Tincar hehavior is obser-
ved which cannot be accounted for by experimental
unceriainties,

In oider o determine that Gattice heating did not
contribute 1o the effects discussed, a very broad
(~ 30 usec) laser pulse was used to study the time
dependence of the SdH amplitude. A lower pulse repeti-
tion rate of 166 Hz was used. but the average power
nput 1o the sample was —S0% higher. The temperature
of the electron gas was measured at different time posi-
tions during the pulse, and the results are shown in Fig.
6. This figure indicates that within the experimental
uncertainties lattice heating makes an insignificant con-
tribution 1o the temperatute of the electron gas during
laser Mumination for these times,

Results of calculations of eneérgy relaxation times
based upon eqn (7) yield a valwe of about 28 nsec for
electron temperatures between 32 and S2K.

3 [P R
Te 4+ .‘ 4
(K) "

'r. 4
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Piwotts)
Fig € Fleciron iempetature T, versus laser power

I R
.
30 ‘5
- 24
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2ol
. 1 4 ,
o [y
W sec)

b 6 Time dependence of the clectron temperatwee T, in

conyunc tion with the corresponding laser pulse of long duration

that wat used (o check for luttice heating effects. No latnee
heating e ects ure observed on these lime scales.

Sandercock [ 18] calculated values of /7 107 sec ' be-
tween 2 and 12K

3. CONCLUNIONS

The Shubnikoy-de Haas cllect has been shown (o be a
valuable tool for investigating laser induced hot electrons
Qualitative comparison of the SdH oscillations as record-

& ed under Huminated and non-illuminated circumstances

show that the mean energy of the clectron gas is in-
creased by absorption of the laser radiation. In addition,
these comparisons show that the SdH amplitude damping
caused by laser heating is very similar to the damping
which occurs at elevated lattice temperatures. This
similarity tends to support the electron temperature
model. Quantitative compatison of these amplitude ratios
has provided a means of determining the temperature of
the laser heated electron gas.

On the basis of the electron temperatures derived from
these measurements, a phenomenological energ  (ax-
ation time has been determined. Further experiments are
planned which should provide additional insight into the
physicat nature of this relaxation process.

.
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VI. FUTURE PLANS

A. Experimental

l. 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. 1In 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 been ordered and will be installed. Driven by a high power vol-
tage generator with fast electrical rise and fall times it will then
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.

41
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3. Extension of Co2 Laser-Induced Hot Electron Measurements to

Higher Carrier Concentrations

Up to the present time, only one concentration (=1 x 1015 cm-3)

sample of n-InSb has been investigated by SdH measurements under
laser irradiation. Higher concentration samples of n~InSb will be
investigated this coming year. Since free carrier absorption
depends directly upon the number of free carriers, some interesting

laser-induced hot electron 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.
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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
distribution will then relax to a quasi-equilibrium distribution
character.:7zed by an electron temperature of the heated electron gas.
There are i:ndications 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 radiation 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
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potential scattering will predominate.

We have enlisted the aid of two theoreticians for the study.
Dr. Donald Kobe is a professor at NTSU and has a background in
statistical mechanics and the many-body problem. Recently, he
has turned his attention to understanding the nature of the inter-
action of laser radiation with matter. He is certainly familiar
with most of the theoretical machinery necessary to handle this
problem.

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 it

is needed.




VII. TECHNICAL PERSONNEL

Research Associate

Dr. H. Kahlert of the Ludwig Boltzmann Institut fur Fest-
korperphysik 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 following graduate students have worked on various aspects
k of this project:
Mr. Delbert Dowdy
Mr. Mike Goodwin
Mr. Larry Hanes
Mr. Brad Moore

Mr. Larry Tipton
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International Conference
‘ on Hot Electrons
Yw' . in Semiconductors
My 6-8 1977
North Texas State University

VIII. REPORT ON '

The International Conference on Hot Electrons in Semiconductors was held on the
campus of North Texas State University, Denton, Texas, 6-8 July 1977. There were
over 130 participants from 13 countries. This Conference was a Topical Conference
of the American Physical Society and abstracts were published in the Bulletin of
the American Physical Society, Series II, Vol. 22, No. 6, June 1977. Other spon-
sors were the Office of Naval Research and North Texas State University, in coop-
eration with the Electron Device Society of IEEE and the U.S. Army Research Office.

The purpose of the Conference was to bring together scientists interested in
all aspects of hot or non-equilibrium carriers in semiconductors. Topics of
current interest and importance were presented and discussed with particular empha-
sis on bulk transport, surface and interface transport, device behavior and photo-
excitation. A final session of the conference was devoted to a discussion of
unsolved problems which deserve future theoretical and experimental effort.

Much "hot electron" work has traditionally been presented at the International
Conferences on the Physics of Semiconductors. Prior to this Conference, an Inter-
national Symposium on High Field Transport in Semiconductors was held in Modena,
Italy, 4-6 July 1973. In addition, many papers given at the Symposium on Insta-
bilities in Semiconductors 20 and 21 March 1969 at the Thomas J. Watson Research
Center in Yorktown Heights, N.Y. (see the IBM Journal of Research and Development,
Vol. 13, No. 5, September 1969) were devoted to hot electron effects.

The following individuals handled the organizational and
program aspects of the conference:

Conference Chairman Conference Vice-Chairmen
Dr DG Seiler Drs AL Smirt& J R Sybert
Department of Physics Department of Physics
Norih Texas State University North Texas State University
Denton. Texas 76203 Denton. Texas 76203
Program Committee
Dr J R Barker
Departiment of Physics
University ol Warwick
Coventry U K
K thlen Dr DK Ferry
sdwicy Bolsmann institut F e Festkdrperphysik Oice of Naval Research
Kopwtiukusgasse 15 Arington, Virgima 22217
A 1060 Vienng Austna
Dr AB Fowler
r MA L ittieone IBM Watson Research Center
Departenent of Flectncal Engineenng Yorklown Heghts New York 10598
Notth Caroling State University
Haleigh North Carolna 27607 Dr H Hennch
Institut Far Physik
h MO Scully Johannes Kepler lln:vl'!‘.v!y
Al Scences Contor A 4045 |Linz Austna
{hwversaty of Arizona
wi Anzona B510% Dr J Holm Kennedy
Department of Electncal Engineering
h 11 | eheny University of Hawan
el Telophone | abortones Honolulu. Hawan 96822
Holindel New Jerwy 07733
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The following 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.




INTERNATIONAL
CONFERENCE ON
HOT ELECTRONS

IN SEMICONDUCTORS

Denton, Texas
&8 iy 1977

PREAMBLE

An International Conference on Hot Flectrons in Semiconduc-
tors will be held on the campus of North Texas State University
in Denton, Tex. on 6-8 July 1977, The purpose of the confer-
ence is to bring together saientists interested in all aspects of hot
or noncquilthrium carriers in semiconductors. All persons inter-
ested in this field are welcome

The conference 1s sponsored by the Otfice of Naval Rescarch,
the Amernican Physical Society, and North Texas State University
in cooperation with the Flectron Device Society of IEEE and
the U.S. Army Rescarch Office

The program s arranged into s sesstons of 17 invited papers
and 42 contnibuted papers. Extended discussion time has been
allotted for all papers. In addition, a rump session on Saturday
morning wiil be devoted to an open discussion on future trends
in the arca ot ho! ¢lectrons

Registration will begin Tuesday evening at 6:00 P.M. in conjunc-
ton with a reception 1n Maple Hall. The fee for the conference
will entitle the porticipant to attend the conference banguet and
the social hours and to receive a copy ot the proceedings. Ad-
vanced registration fee (must be received by chairman by 1 July
1977) 1+ 340.00. Registration fee after 1 July 1977 1s $45.00.
Mako checks (US. doll.rs only) payable to North Texas State
University, Account 77983

Students are not required to pay the conference fee. Copies of
the procecdings and 4 limited number of banguet tickets will be
avatleble or purchase on 6 July

Members of the program committee are J.R. Barker, University
of Warwick . H. Kahlert, currently at North Texas State Univer-
sity . MLAL Littlejohn, North Caroling State University ; M.O.
Scully, University of Anizona; R.I'. Leheny, Bell Telephone

Laboratones K. [ erry, Office of Naval Rescarch, A.B. Fowler,

IBM Watson Rescarch Center; H Heinnich, Johannes Kepler

Univeruty . J. Holm-Kennedy, University of Hawai. The con-
ference 1s being organized locally by D.G. Seiler, A.L. Smirl,
and 1 R. Sybert

Detaled information is available for those planning to come to

the conterence. Please wnte the conference chairman, Dr. David
G Seiler, Department of Physcs, North Texas State University,
Denton, Tex 76203 | Telephone (B17) 788-2626.)

(All the technical sessions will be held in the Golden lLagle Suite
of the North Texas State University Union Building. There will
be coffec breaks each morning and afternoon. Personal names
are those of invited speakers.)

WIEDNESDAY MORNING

8:30 Welcome: Seiler, Sybert, C.C. Nolen (President
of North Texas State Umiversity)
845 A General Session: Hilsum, Price, Bauer, Shah, Ulbrich.

WEDNESDAY AFTERNOON
2:00 B Devices and Bulk Transport: Kroemer.

THURSDAY MORNING

9:00 C Mostly MOSFET's: Ferry, Hess.

THURSDAY AFFTERNOON

1:30 D Optically Fxcitea . Auston, Scully, Hearn, Lente,
Weisbuch.

FRIDAY MORNING
9:00 I Quantum Transport: Barker.

FRIDAY AI'TERNOON
1:30 F Mainly Bulk Transport: Hughes, Thornber, Ning.

SATURDAY MORNING
9:00 G Rump Session on Future Trends.
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MAIN TEXT

WELCOME

Wednesday morning, 8 July 1877 Golden Eagle Suite st 8:30 AM.; D.G. Seiler, prasiding

SESSION A: GENERAL

Wednesday moming, 8 July 1977; Golden Eagle Suite st 8:456 AM.; E. Conwell, presiding

invited Papers

A | Historical Background of Hot Electron Physics. C. HILSUM, Royal Radar Establishment, England. (30 min.)

A 2 Techniques of Calculation of Hot Electron Phenomena P.J. PRICE, /BM, Thomas / Watson Research Center (30 min )

Analytical formulas are generally able to give & better account of a physical phenomenon than
can be provided by a numerical description. The latter may be necessary for hot electrons,
however, because of the inability of simple physical principles (such as relaxation times) to
truly encompass the dynamics of the distributiom function, and because of complexity in the
band and scattering scheme of the solid, of the particular phenomenon studied, or geometry of
the situation. The traditional phenomenon of interest is the steady state with spatial
homogeneity, and independent non-degenarste slectrons. In suitable conditions the Boltemann
equation then reduces to one in a single variable (energy) which can be solved by relatively
simple means. More generally, for this case, we need a computation of the distribution
function. Either the latter is represented by its values on a grid of points in the space

of the electron variables, and the operators of the Boltamann equation by operations on this
array, or the "history” of a single electron is simulated by a Monte Carlo scheme. The former
method has advantages within its range of applicability. Monte Carlo has been extensively
applied, because of its greater ability to deal with band and scattering details it is aleo
applicable, by elaboration of the computational procedures, to a wider range of phepomena of
interest. Following a description of basic methods and their applications, the needed extensions
of method will be discussed with application to phenomena such as time dependence; diffusion;
impact ionization; effects of carrier-carrier interaction; field-effect surfece scattering
thermalization of drifting carriers; semiconductor junctions; effect of degeneracy. Some parti~

cular calculations will be used for illustration.

A 1 Expenimental Aspects of Hot Flectron Distribution Functions®

G BAUER ** [ Physikalisches Institut. RWTH Aachen. Germany (30 min )

The experimental determination of hot carrier distribution functions has been

of steady interest since the early days of hot electron transport investigations.
A motivation for performing these studies was the hope to get direct experi-
mental evidence for the various scattering mechanisms from the shape of the
distribution function. This rather fundamental experimental information should,
in principle, be more appropriate for a comparison with theoretical predictions
than transport properties of hot carriers alone., In this paper a review will be
presented on the experimental efforts to obtain high field distribution functions
in bulk materials. Three optical methods will be discussed in detail: (i) inter~

and intraband absorption measurements, (

emission due to radiative transitions

between band states, and band- and impurity states, (i1i) inelastic light
scattering experiments. A destinction is made between methods which yleld the
energy digtribution function and those which give information on the anisotropic
distribution of hot carriers in the momentum space. e latter experiments
involve a determination of the electri¢ field induced dichroism in absorption
or emission and the de ence of the scattering cross section on scattering
geometry in inelastic light scattering experiments. The influence of the non-
equilibrium phonon distribution on the interpretation of the experimental
results is discussed, too. In addition, current work on energy distribution
functions of hot carriers in quantizing magnetic fields as obtaiped from
absorption or emission of infrared radiatson due to transitions of carriers
between Landau states or magnetic field split impurity states Will be presented.

+
+

Contributed Papers

Ad. rimenta d T retic L3

%gﬂgec Ton Distr Ton in
FEROTS “gu (.- The experime g

p " Lo experimental at t to
investigate non-Maxwellian electron distribution
was made on the basis of the field-dependent photo-
luminescence spectrum and the result was elaborately
compared with Monte Carlo calculation including all
possible scattering mechanisms. The photoluminescence
spectrum due to band-to-band or band-to-acceptor
transition in GeAs, GaAsP and AlGaAs was measured
under high electric flelds.l In mixed crystal with
u small encrgy separation between M and X valleys,

8 pecullar electron distribution resulting from
dominant intervalley scattering of hot electrons was

Supported in part by the Deutsche Forschungsgemeinschaft.
Present address: Experimentelle Physik IV, Universitdt Ulm, Germany.

observed at relatively lower electric fields than in

fm“im. N. Takenaka, J. Shirafuji, and Y. Inuishi,
Proc. Intern. Conf. Phys. of Semicond. (1976)

AS. Carrier Distribution Function for Warm Electrons.

§. ZUNOTYNSKI and W. HOWLETT, University of Toronto*.--
The principal of equal a-priori probablilities is used
to deduce some of the general propacties of the distri-
bution function in the presence of external fields. A
trial function for the transport equation is oconstructed
and a closed form solution is found that is applicable
in the warm electron range. A comparison with experi-
montal @ata for drift veloclity in germanium and in sili-

con gives excellent agreement in the warm electron range.

*Supported by Mational Research Council of Canada.
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Contributed Paper

Carriers in Semiconductors, -

Invited Papers

A & Mot Flectrons and Phonons under High | sity Photoexcitation of Semiconduct

JAGDEEP SHAH, Bell Telephone Laboratories. Holmdel (30 min.)

It has bacome well established during the last few years that intense photo-
excitation of a semiconductor with photons of energy larger than the bandgap
energy leads to the heating of the photoexcited carriers and the generation of
nonequilibrium phonons. These phenomena result from the relaxation of photo-
excited carriers to the band minimum or maximum by interaction with other
carriers and by emission of phonons. At relatively low intensities (< 10° W/cm?
for GaAs) the photoexcited carrier distribution is Maxwellian with a carrier
temperature T, different from the lattice temperature. T, as high as 150 K

and phonon temperatures as high as 900 K have been observed in GaAs. The
observed variation of T, with excitation intensity leads to the conclusion that
in semiconductors like GaAs the polar optical mode scattering is the dominant
energy loss mechanism from the electron gas to the lattice. The understanding
achieved through such experiments in GaAs and CdSe enables us to predict with
reasonable confidence the carrier temperatures in semiconductors in which

polar optical mode scattering dominates. At higher intensities (> 10 W/cm?
for GaAs), the carrier distribution becomes non-Maxwellian for reasons not well
understood at present. We will also discuss some recent measurements of varia-
tion of T. with excitation wavelength and of the transmission spectra of photo-
excited GaAs. We will also consider the implications of carrier heating in
interpreting other high intensity experiments.

A 7 Experimental and Theoretical Low Intensity Photoexcitation Phenomena.

R G ULBRICH, Insritur fur Physik, Universitat Dortmund, Federal Repudiic of Germany. (30 min.)
High-resolution emission spectroscopy of band-to-impurity optical transitions

in GaAs is used to measure the energy distribution functions f(E) of electrons
and holes in optically excited carrier plasmas at well defined, low densities
(107 em=3 s n 5 10'3 am™3). wWith this experimental method we probe (i) the en-
ergy relaxation of initially hot carrier distributions after pulsed photoexcita-
tion (Ko »Eg), (11) stationary non-equilibrium distributions of electrons in the
conduction band under cw photoexcitation (Rw2Eg) and (ii1) the transport pro-
perties of photoexcited carrier plasmas in low electric fields (O il’l! 20 V/cm) .
The observed distribution functions are compared with theoretical results 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 im-
purity scattering, and using approximate solutions of the appropriate

transport equation.

into cohsideration in two different approaches:

1. a phenomenological approach in which we require
that the average mobility of carriers for a given
field 19 maximm., This criterion is shown to
reduce to the well known principle of minimum free
energy and consequently maximum entropy at thermal

Non-Bquilibrium Distribution Punction of

the carrier distribution function in semi-

conductors in the presence of an external electric
field and a steady flow of carriers is presented,
It is shown that this distribution function reduces
to some well known forms under certain simplified
conditions. Some of the implications concerning
the ergodic hypothesis, the free energy and entropy
are discussed. The scattering mechanisms are taken

SESSION B: DEVICES AND BULK TRANSPORT

equilibrium. 2. & specific scattering mechanisa is
considered in setting up the energy balance equa-
tion, The skewness and cut-off value of the deduced
distribution function are given direct physical
interpretations, The variation of mobility with
tempersture is presented and is found to agree with
experimental result fairly well,

Wednesdey efterncon, 8 July 1977, Golden Eagle Suite st 2:00 P.M.; R. Bete, presiding

Invited Paper

B | Review of Theoretical and Experimental Aspects of Hot Electrons in Devices.

H. KROEMER, Department of Electrical Engineering and Computer Sclence, University of California, Santa Barbara. (30 min.)

Much of the early research on hot electron effects in devices utilized a quasi-
static local model in which the local carrier drift velocity was assumed to be
an instantaneocus function of the local electric field. The point of diminishing
return for such models has been reached, and recent work has streased non-local,
non-instantaneous dynamics effects. For example, the electrons in GaAs and InP
cannot scatter into the satellite vuloxn until they have acquired the necassary
energy, which requires both space and time. The spatial consequences lead to
drastic drift velocity overshoots, which improve the performance of FET's but
degrade that of TE devices. The static negative differential conductance of the
latter is also influenced. The temporal consequences govern the ultimate fre-
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-quuoy limits, particularly of TE devioces.
not the fastest operation, and InP ie

the speed. Mence LOA operation is

The higher the fields, the M‘hor
aster

than GaAs. Hypothetical superlattice negative conductance does not offer the

speed advantage often claimed.

The dynamics effects depend on the strength of

the intervalley scattering, and on the forward-scattering nature of polar scat-
tering in III-V compounds. At high fields the two effects combine to a leas
random electron dynamics than 4f the high electron energy were purely thermal,
leading to noise reduction, and simplifying the elactron dynamice, giving good
qualitative insights without much mathematice. For a quantitative analysis,
several numerical techniques have been developed. Displaced-Maxwellian tech-
nigues are reasonably simple and give a good qualitative account of the devia- ¢
tions from quasi-static models, but are incapable of modeling quantitatively

the effects of the sharp e¢nergy threshold of strong intervalley scattering.
Perhaps the best technigue is Rees' modeling of the actual distribution function
by time-dependent superposition of a carefully chosen set of ad-hoc functions.

Contribured Papers

B. Hot Electron Transport Effects in Field Effuct
Transistors (FET). *H. L. GRUBIN and T.M. MCHUGH, United

three-lavel operations). Their rasults were also com-
pared with amalogous experiments on GaAs.

Mttod by K. Yamamoto.

Tochnolc_»g_in Res. Cen.--Present semiconductor devices
may be placed in one of two groups acocording to whether
hot electron effects are or are not responsible for
their operation. Gunn . oscillators fall into the former
cateqgory whereas FET Adevices are in the latter. Current-
Iy used FET materials such as GaAs are, however, subject
to electron tramsfer with significant negative 4ifferen-
tial mobility and device operation may be expectad to
reflect this contribution., We have developed a progrem
that numerically simulates the space and time dependent
effects of negative differential mobility on FET opere-
tion. wWe will illustrate: (1) the transient formation
of high field domains within the conducting channel and
conditions necessary for propagation and recycling be-
twoen the gate and drain contacts: (2) stationary space
charge configurations specific to the presence of neg-
ative Aifferential mobility; and (3) the influence of
negative differential mobility on the FPET response times.
*Supported by the Office of Naval Research.

B3 Transferred Electron !flocuin_&_ge_fmm
Under Hydrostatic Pressure.* W. Czubatyj, M.S. and
M.P. Shaw, Wayne State U.-~Experimental results will be
presented showing the variation of the peak velocity,
peak electric field and saturated velocity of the
velocity-field curve for n~GaAs under hydrostatic pres~
sure. Similar data will be presented for the field at
pesk velocity for n-InP. The extraction of the data
from the current-voltage characteristice is based on an
exploitation of the influence of the boundary conditions
on the manifestation of transferred-electron induced
(Gunn) current instabilities. Our results, which differ
somewhat from those of Vinson et al.!, will be compared
with our Monte Carlo calculations of the velocity-field
curves for these materiale. This comparison should
allov us to verify important conduction-bend parameters
such as the energies and effective masses of subsidiary
minima and the coupling conetants for intervalley
scattering.

*Supported by ONR under contract N-0014-75-C0399

1P.J. Vinson, C. Pickering, A.R. Adams, W. Pawcett and
G.D. Pitt, Proc. 13th Int. Conf. Semicon., Rome (1976).

B4, High-Pield Properties of n-InP under Righ
Pressure.* T. Kobayashi, ** K, Takshars, T. Kimura, K.
Yemamoto and K. Abe, Kobe Univ., Japan--The high electric
fleld properties of n-InP at 300 K have been studied as a
function of pressure. Vydrostatic measurements are made
in the piston and cylinder apparatus, using liquid pres-
sure-tranemitting medium. The threshold fields (E.) for
transferred electron instabilities range from 7.5KV/cem
to B.5 kV/cm at atmospheric pressure. The resistivity of
the ssmples increases with incrassing pressure., The woet
reliable results show that E_ fe slightly incressed, but
is not sensitive to pressure below 40 kbar. These behav-
fours can be explained qualitatively in terms of possible
band structure changes and pressure effects on the elec-
trical contacts. By using known variations of parameters
such am effective mass and sub-band energy gaps, detailed
theoretical calculations are carried sut to fit the date
and to confirm the correct model of operation (two- or

pported im part by the Grant-in-Aid for Scientific
Research from the Ministry of RBducation.

BS. & i De, £ Hi rield
Ins 1-xPx Alloys. A. and
A.R.ADAMS, University of Surrey, UK, and M.L.YOUNG,
R.5.R.E,, Baldock, UK, -- Experimental and theoretical
studies have been made of electron transport and hot
electron effects in Inks;..Py &s a function of alloy
composition and hydrostatic pressurs, Pulsed I-V mea-
suremsnts were made on H shaped samples to detarmine
the threshold field, By, and the cuxvent, Iy, for the
onset of high field instabilities. These were compared
with Monte Carlo calculations of the wvelocity field
characteristics. At atmospheric pressure and x <0.J)
the Bigh field instabilities were caused by avalanche
sultiplication and at x >0,) by Gunn effect and By in-
creased ateadily with x from 0.9kV/cm in Inis to “9kV/
cm An InP. Por samples with x <0.) a pressure of lkbar
produced an increase in Ey similar to a 1% increase in
x, while for x 20.3, Ey remained constant or even de-

with increasing pressure. These variations of
By the Gunn regime are in agreement with the theore-
tical calculations. To try to determine abscluts values
for the peak velogity from I,, detailed studies were
mads of the Hall effect as a function of x, pressure,
tespérature and magnetic field. The pesults and calcu-
lationg give information about the alloy's usefulness
for Field Bffect Transistors.

. B s N te Otk N,
Antypas, Varian Auocuus Pm Forty,
office o rm—-rm—brm'ﬁr . Eon, TE-- vk curves

urves . 3 K, and magneto-
resistance fm 4 2 to 203 K in mra to 8 T have been
measured on three samples. The samples were lattice
matched to (111)B semi-insulsting InP substrates.
THe following table summerizes some of the results:

-1§ -7
'np - n(77 X)x10 w(?7 K) v (77 X)x10
3 2
oV cm cm’/V-sec cm/sec
1708 .1 Tém 36
3.2 11, 11000 2.0
1.28 42. 6200 1.6

The mobilities 1 and "saturated" drift velocities

are lower than expected.' The only oscillatory
J toresistance observed was Shubnikov-de Haas
in the sample with the largest n, from which an effec-
tive mess can be computed.
+Supported by the NSWC IR Fund and ONR.
'M. A. Littlejohn, J. R. Hauser and T. H. Glisson,
Appl. Phys. Lett. 30,242(1977).

». Negative Resistance und Peak Vv

. « W L : L
N, C. 8 U.--h is |uun11y wllod that negative
reslitance and peak velocity of III-V semiconductors
arise from the trensfer of electrons at large flelds
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from the nentrel (000) valley te higher lying minime in
the wmduntion band. This madel leads to predictions
that higher peas velocities can Le schieved in materials
in which the energy separagion between the centrel valley
and higher minima {s as large se possible. One ternary
material which appears favorable on this basis is
AL, In As with x*0.76 since the separation is around

1 oV with a predicted low fleld mobility of 11,000
am?/V.sec. However Monte Carlo high f1eld4 trensport
calculations have not resulted in the expected large peak
velocity for this material. The peak velocity has been
found to be limited by fund tal pr ocourring
within the central valley. These effects appear to be
related to non-parabolicity and give rise to a peak
velocity and a negative resistance region for carriers in
only the centrel valley without high field transfer to
higher lying minima. These centrel valley limits have
also been calculated for GaAs by confining carriers to
the central valley. However for GaAs the transfer of
carriers to the upper valley is found to occur befere
these fundamental central valley limits ocour.
*Sypported by the Office of Naval Research, Wash., D.C.

88 Travelling Dipole Domains and Fluctuations for
2 Current Instability Due to Bragg-Scattering®. M.
BUETTIKER, H. THOMAS, University Basel.-~-We investigate
the stability of uniform and nonuniform current states
for a model in which Bragg-scattering of hot electrons
leads to bulk negative differential conductivity. The
system is described by phencmenclogical balance equa-
tions for momentum and energy densities of the carriersl.
For fixed total curremt, we find a family of periddic
travelling-wave solutions which are unetable againet
continuum of modes, and a solitary solution (dipole
domain) which can be stabilized by coupling to a suit-
able external circuit, if the static domain impedance
is negative. The model describes therefore a discon-
tinuous nonequilibrium phase transition to a large-
amplitude domain. In order to study fluctuations, we
add stochastic forces to the balance equations and
discuss the resulting fluctuation spectra.

*Supported by the Swiss National Science Poundation

In. Buttiker, H. Thomas, Phys. Rev. Lett. D8, 78 (1977)

9. High Field Transport in PbTe. W. JANTSCH, J.

ROZENBERGS, H. HEINRICH, Johannes Kepler mlnutst.
~~The drift velocity and Hall coefficient of n-

p-type PbTe at 77K were measured for various crystallo~
graphic directions of current up to field strengths of
1.5 kV/cm. Both the conductivity and the Hall effect

are anisotropic and the latter depends also

ongly

. SESSION C: MOSTLY MOSFET's

un the magnetic field. These effects are attributed
te monuniform hesting of the eguivalent conduct lon
band '~ valleys of PbTe and equivalent intervalley
tranefer. PFor field strengths beyond | kV/cm oscilla-
tions of the current and the potential distribution
ocouf. The Hall coefficient decreases sharply above
this threshold indicating ayalanche breakdown. Probing
the potential distribution, it could be shown, that
thie dmstability is caused by high field domains, which
travel down the sample with the drift velocity of the
cagriers. Possible mechanisms for the formation of
high field domains are discuseed.

B10. riers i nides. P.NM.
TOMCHUK, V.A. 1J, Institute for Physics,

Ukr. Academy of Sciences, Kiev.--Effect of the heating
electric field on galvanomagnetic coefficients of lead
chalcogenides i ited theoretically with account for
the complicated shape of constant-snergy surfaces and
the anisotropy of scattering mechaniems. The calcula-
tions are carried out on the basis of the approximations
which were shown realistic for the svbstances within
considered range of temperatures and (ield intensities).
Characteristic property of hot carriers behaviour is
shown to distinguish lead chalcogenides from Ge, 51 or
AyBg semiconductors. Anisotropy of the energy dis-
perpion essentially affects both the carriers distri-
bution function, due to the dependence of the electronic
temperature on the anisotropy parameter, and the values
1! the kinetic coefficients.

P.M. Tomchuk, V.A. Shenderovekij, Ukr. Pis. Zh. 21, 16,
(1976) .

. A e 0. R, W ,and T. H.
LC.WOE,_;\;.--TM- paper will present a Monte Carlo
evaluat the effects of random potential alloy
soattering on high field transport properties of GalnPAs,
GalnPSk, and AlInPAs. The extension of a ternary random
potential modell to the quaternaries will be discussed.
The manner in which quatemary material parameters are
predicted will be praesented, and the influence of the
scattering potentisl and degree of ardering on transpeart
properties and maximum achieveable drift velocity will be
addressad, A brief discussion of the effect of alloy
scattering on device figures of merit will also be given.
’-(:.’:.)nuﬂu. and J. R. Hauser, Phys. Rev. B 13 5347

197¢).

*Suppepted by the Office of Naval Research, Washington,

D.C.
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C 1. Transport of Hot Carriers in Semiconductor Quantized inversion Layess.
D.K. FERRY, Office of Naval Research, Ariington. Va. (30 min.)

e transport of varm and hot oarriers in quantised inverpion layers has recently become of con-
siderable interest, due in part to the quasi-two-dimensiomal ngture of the carrier system and to
the multitude of subbands present. Oepnerally, the number of carriers in the inversion layer is
sufficiently large that carrier-carrier scattering meintains & quasi-Maxvellian for the isotropic
part of the distribution function, but the inter-subband interections are sufficiently veak that
esach subband possesses s separste slectron tempersture. The treatment of carrier transport can
be naturally separated into two regimes. In the first, the carriers are hot. In this regime,
the transport can be found from energy and momentum balasce equations and the tranaport differs
little from a classical three-dimensional model, except in the field region in vhich inter-
subband transfer of carriers is important. In this field range, sudbtle changes in the velocity-
field curve are chserved and significant effects are found in the microvave conductivity at
frequencies on the order of the {nter-subband repopulation rete. In the warm electrom 1me ,
hovever, for lov and moderate electric fields, the degenerate nature of the ocarrier distribution
function must be considered. Although the electron temperature conoept remains valid in this
regime, the agreement between theory and experiment is not good and the lack of this agreement
makes it 4ifficult to assess the physical processes ocourring. The situation is complicated at
lov temperatures vhere many of the scattering mechanisms are sot fully understood and the
carrier densities and transport can shov activation behavior. This lack of understanding {s
especially true in warm carrier magnoto-transport. For this reason, care must be exercised in
evaluating the role played by the electric field. 1In thie paper, these various regimes are
discussed and compared to the available experimental data.
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C 2 Review of Experimental Aspects of Hot Blewtron Transport in MOS Structures,
K. HESS, Angewandie Physik and Ludwig Boltsmann Institut, Vienna, Austria. (30 min.)

A review of carrler-mobility massuresents in silicon inversion layars is given
with special emphasis on high-field phenomena., Measurements reported in the lite-
rature have Leen performed in a rdn,o of lattice temperatures 0.03 K g T g 300 K
for electric draln-flelds O <E ¢10%°V/om, whioh heat the charge carriers &p to
several thousand degrees Kelvin. Numerous transport quantities have Deen messured
in this tremendous temperature range. Special consideration is given to : ceénduc-
tivity, effective and Halli-mobility, magnetoresistance and Shubnikov - de Haas eof-
fect, the warm electron coefficient B and the saturation drift-velooity., Nost re-~
sults avallable are for n-channel MOS devices on (100), (110), and (111) silicen
surfaces. Only few results are published for the p-channel. The results are com-
pared with experimental findinge for bulk material. The comparison shows that no
drastic differences appear at temperatures above 10 K and high electric fields.
Unly the saturation velocity of inversion layers is lower and the temperature and
fiald dependence of the conductivity is weaker as compared to the bulk. At tempe-
ratures below 10 Kk, however, activated conductivities, glant B-coefficients and

in the high fileld region a voltage controlled negative differential resistance

are observed,

Contributed Papers

c3. Par lnfrared Emiassion From Ho ectrons

in Si-Inversion ers. FE. GO 8 .

Holmdel, NJ and 5 T. TSUI, Bell Labs. rray
an:

Hill, NJ-~We observed narrow- voltage
tunable, far infrared emission from hot elec-
trons in the inversion layers of n-channel 81
metal-oxide-semiconductor fleld-effect transis-
tors. The hot electrons were created by apply-
ing & pulsed electric fleld along the channel
and the radiation, emitted by the electronic
transition from the two-dimensional excited E
subband of the inversion layer to its ground-
state E subband, was detected and analyzed by
using a on-dopod Ge detector in combination
with several narrow-band filters. The data
ylelded information on the eleotric fleld
dependent electron temperature and the hot
electron relaxation process in the Si-inversion
layers.

ce Noise of Hot Carriers in the Channel of n q"&
Junction Gete Pileld Effect Transistors. D. SODINI, W.
ROLLAND, G. LEBCOY, J.P. NOUGIER, Universite des lcim.
et Techniques du Languedoc.--The noise temperature T,(®)
of bulk n-type silicon at 300Kk and 77K has been measured
versus electric field. These results are used in the
present paper to investigats the noise in the chamnel of
n~type 8i icon J.G. FET'S. A simple ~dipensional model-
ling, previously used for determinatioof the I-V charac-
teristics, is used to determine numerically the potential,
and the electric field at every point of the channel. This
allows to compute T, (E) and hence to deduce the noise cur-
rent speciral density at the drain electrode below drain
current saturation. These results are compared with the
usual theoretical expression of the thermal noise, apd
with nolse experiments performed by our group using a
pulse technique in order to avoid heating of the device.
The agreement between theory and experiment (s satisfac-
tory both at JOOK and 77K. At 77K, the measured and tom-
puted noises are 40 to 100 times (depending on the tran-
sistors investigated) higher than those predicted by the
thermal noise theory. This indicates that the excess
noise is essentially due to hot carrier effects, and

that other noise sources, for example generstion-recom-
bination, do not contribute significently.

s 9 Nolse and Diffusion of Mot Holes in =£ c.
JACOBONI, G. GAGLIANY, L. REGGIANI and O, TURCI,
Modena U.-~A recent attempt to interpret white nolse
data of hot holes in Si suggests the conflicting re-
sults of having an equilibrium carrier enargy in the
region Y' fields where non-ohmic behavior is clearly
avident This contradiction arises when different
theoretical approaches which make use of s gensralised
Nyquist relation at high fields are tested on the ex-
perimental data. Since, as is shown on basic princi-
pies, white nolse and diffustion describe the same
physical phenomenon, a microscopic interpretation of
the above experiments has been carried out by means

of the determination of the longitudinal diffusion
coefficient. Agreement between theory and experiments
resclves the previous contradiction and show that the
Monte Carlo technique can be an effective instrument
in studying noise phenomena.

17.L. Tandon, H.R. Bilger and M.-A. Nicolet, Solid-St.
Blectron. 18, 113 (1975).

cé. . D.C.T8UI and
J.M. o .y Murrey Eill, Ke-Although tunnel
injection 1s & method for cresting hot

electrons, tunneling techniques have only recently been
employed ir hot electron studies. In our earlier
experiments on InAs,’ we measured the electron tempera-
ture directly by using superconducting tunneling, and
the hot slectron relaxation time by using the magneto-
oscillatory effects in tunneling. In this talk, we pre-
sent nev results om PbTe. All these results indicete
that tunneling, Deing sensitive to alectroas close o the
Junction ‘dnterface, is & useful tool for probing hot
electron properties at the surfece, and thus complementary
to conventional techniques probing bulk properties.

1. J. M. Rowell and D. C. Teui, Phys. Rev. B Lk, 2456
(1976); D. C. Tsui, Phuys. REv. B 12, 5739 S).

€7. Current Controlled ti stance in GaAs

t ure. V.C. KIBU, mmt_g:@_qmu
des .N. ., MEUDON, Pr - ionization
of llow in freeze-ocut reg by electric fie.d

at temperature lower than some critical one lead to a
current instability typical of a cooperative aystem. The
variation of the Hall constant and the resistivity (o)
with temperature (T) and eslectric field (E) have been
measured on ted n-type GaRs. - (Np = Np) ¢
1014 « 10’5 cm"3 - the domain of instability in the (o,
T, E) diagram is similar to a first-order phase transi-
tion. The amalysis of transport properties is performed
in the ohliic and non-ohmic region. By assuming that mutu-
al interaction between the conduction and the bound elec-
trons would keep the two systems im equilibrium at the
same slectronic temperature Te, the concentration of
duction el 1s calculated as a function of the
applied field | the result is in better agreement with
the experimental data than that obtained from the impact-
ionisation theory. When the energy loss for the ionise-
tion of the impurity center is taken in account, our cal-
culation is in r able agr with the experimen-
ta! results, specially as regards the variation of the
breakdown field with temperature and the occurrence of
the inseabiliey.

”glr.um of the wﬁn D!"cnntul Resi-
i nce.+ rzburg,

» L. Boltzmann lnst Wien, G. m Forschungs-
ubontorun der Siemens AG MUnchen.
trolled tive diff tial resistivity (ndr) of n-
channe) ~transistors’) is investigated in transverse
megnetic fields up to 10 T for t atures 4.2 XeT<6 K, 4
The. ect of lattice heating, which was originally made .

- TM voltage con-
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responsible for the ndrZ) has been examined by varyi
length and repetition rate of the current pulses. It 1s
shown that lattice heating 1s not the reason for the ndr.
The ndr shows & marked dependence on the netic
field B: the critical electric field strength at which
the current drops is shifted to higher values and the
peak to valley ratfo fs lowered with fncreasing 8 values.

SESSION D: OPTICALLY EXCITED

Cuurm‘ these results with the charecteristics of Gunn-
devices in magnetic fields we suspect, that the ndr in in
version layers s also ceused t electron effects.

1) Y, Katayama, I. Yoshida, N, Kateras and K.F. Komatsubara
App!.Phys.Lett. 20, 1, 31, 1972

1. no et al. J. of the Faculty of Eng., Univ. of
Tokyo 11, i, 1973

Thursdey sfternoon, 7 July 1977; Gokden Eagle Suite at 1:30 P.M.; R. Leiws, presiding
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D 1. Picosecond Spectroscopy of Semiconductors. D.H. AUSTON, * Bell Labaratories. Murray Hill. (30 min.)

This talk will summarize recent experimental studies of carrier dynamics in semiconductors
in vhich extremely fast temporal resolution has been acheived with the use of picosecond
optical pulses. BSpecific topics to be discussed include transient photoconductivity, time
resolved reflection and transmission of optically generated electron-hole plasmas, high

density carrier transport, and Auger recombination.

Time resolutions varying from 1 to 10

picoseconds have been obtained by using picosecond optical pulses both for the generstion of

carriers and for the measurement of their dynamics.

In the case of ivity, fast

current transicnts have enabled the development of electrenic devices vith picosecond rise
times. Present vork on this topic is concerned with the influsnce of hot carrier Shermalization
rates on transient photocurrents. Optical reflectivity messurements vith picosecomd pulses

in GaAs and CdSe shov evidence of bototmtor thermalisation rates of typically 0.5 eV/ps for

carrier temperature in the range of 1

°K. The influence of earrier-carrier coattering on

carrier relaxation rates will also be discussed vith refsrence tO recent messurements of
carrier drift mobilities by picosecond transiest photocobduetivity.

*This vork vas done in collaborstion with C. V. Shank, E. P. Ippen, O. Teschke,

A. M. Johnson, and 8. R, McAfee.

D 2 On the Physics of Ultrafast Phenomena in Solid State Plasmas.®* MARLAN O. SCULLY, University of Arizona. (30 min.)
Over the past half decade, measurements on a picosecond time scale of the nonlinear nonequilibrium
optical properties of the germanium solid state plassa have been carried out in several labora-
tories. These measurements involve, for example, the ultrafast relaxation of optically excited
ilibrium electron-hols distributions in semiconductorels2.3 and the photoluminescence spec-

trum of germanium at high excitation iptensities.

A review of our present state of theoretical®

understanding of these experiments as well as the theoretical limitations and extensions will be

discuased.

*work performed in collaboration with Arthur L. Smirl and Ahmet Elci, North Texas State University

and supported by the Office of Ngval Research.

1p.H. Auston and C.V. Shank, Phys.Rev.lLett. 32, 1120 (1974).
2C.J. Xennedy, J.C. Matter, A.L. Smirl, H.Weichel, F.A. Hopf, and S.V. Pappu, Phys. Rev.

Lett. 32, 419 (1974).

Ia.L. smirl, J.C. Matter, A. Elgi, and M.O. Scully, Opt. Comm. 16, 118 (1976).
4u.M. van Driel, A. Blci, J.8. Sassey, and ¥.0. Scully, Soliq State Comm. 20, 837 (1976).
SA. Elci, M.O. Scully, A.L. Smirl, and J,C, Matter, Phys. Rev. B (to n’-wbu-noa).

Contributed Papers

D3, The Role of Phonons and Plasmons in Doog‘alm
the Pulsewidth Dependence of the Transmission of Ultra-
short Optical Puises Through Germanium. *ARTHUR L. SMIAL,
W.P. LATWAM, AMMET ELCI, Morth Texas State mﬂ{.“l‘
and JOMN §. BESSEY, University of Arisona.--Recently, we
developed a first principles model! that accounts for the
generation and transient behavior of dense electron-hole
plasmas produced in germanium by picosecond optical
pulses. In this model the temporal evolution of the hot
electron plasma is sansitive to the relative strengths
of the slectron-phonon relaxation and the plasmon emis-
sion. The agreemant between this model and early experi-
ments is substantial. However, further experiments,
involving optical pulses of varying width, have indi-
cated that the initial model is incomplete. Im this
taik ve emphasize the dependence of the opticel proper-
ties of the Ge plasma on the electron-phonon coupling
conatant and the energy band structure, and we suggest
modificationa to the original model that produce agree-
ment with the more recent experiments.

IA. Blet, M.0, Scully, A.L. Smirl, and J.C. Matter, Phys.
Rav. B (to be puslished).

*Supported by Office of Naval Research.

w, and F.C. JAIN, ity of icut -~ Over
last few years several studies have been made on the
non-linear interaction of ultrashort optical pulses with
semiconductors. These have been primarily carried out on
single orystal thin films of germanium ground and
polished from bulk intrinsic material. These samples
havé been limited to thicknesses of the order of 5 um due
to mechanical problems inherent in the sample preparation.
We now present the results of measurements extending the
previgusly developed tachaiques to Ge samples of thick-
nesses from around 8 to less than 1 um obtained by vapor
phase epitaxial deposition on GaAs substrates. These show
marked variations in properties which will be discussed
!iehtn the framswork of the model proposed by Elci et a1l,
A. Elci, M. O. Bcully, A.L. Smirl, J.C. Matter, Phys.
Rav. B (to be published).

*Permanent address: Al Hazen Institute, Baghdad, Iraq.

DS. L80! on_8pect. of Optie Gads
Band t Ele ts. R. F. LEHENY
and JA . el, N. J, --Measure-
ments of transmission spectra through thin layers of
GaAs (¥ 0.5 u) in the presence of an intgnse optical
pumping by & tunable infrared (8100-7500A) laser are
described. Bffects of band filling and carrier heating
due to the optical pumping can be determined directly
from changes in the transmission spectra. Carrier
temperatures of Y k0°K for samples {mmersed in liquid
helium are deduced from fitjing absorption spectra for
& pump wavelength of ~ . >
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&) Properties of Hot Photoexcited Holes in Cu-doped
Cearmanium at Low Temperature. A. NOGUERA, Ui

de _log Andes, V. uela and C. J. MEARN, oA
thecretioal u£ is made of the properties o t
photoexcited holes in Cu-doped Germanium as & function
of the lattice temperaturs and compensation density (W ).
Wumerical solutions of the rete squation, obtained by
fterative technique, give the steady-state energy distri-
bution of hot photoexcited holes dus to approximately
blackbody room temperature radiation. Considering only
a spharical heavy-hole band, simple scoustic deformation
scattering and instantaneous optical phonon emission it
is found that for the lowest values of Ny the energy

Invited Papers

distribution function is approsimstely Maxwellian and 1
gives a good fit with experimental photoMall mobilities.
Por higher valuee of N_, a spherical light hole band is
included in our calcullitions and this involves the use of
& two-parameter deformation potential for inter- and
intra-valley transverse and longitudinal sosttering, and
#1880 Lnetantaneous inter- and intra-valley optical scat-
tering. The experimental photo-Hall mebilities then can
be used to give information on the deformation potential
paraseters for the valence band of Ge which cannot be de-
rived from equilibrium transport te.

lp. Norton and W. Levistein, Phys. Rav. 6, 478 (1972).

D 7 Field Effects for Laser Excited Carniers. C.J. HEARN, Warwick University, Coventry. (20 min.)

D 8 Radiative Spectra from Hot Photocarriers. R.C.C. LEITE, UNICAMP, Campinas, Brazll (20 min.)

Radiative recombination from non-equilibrium carriers ir semiconductors are compared with single
particle scattering in GaAs. The raman scattering data is obtained by two photon absorption in
bulk material whereas the photoluminescence spectra are obtained by regular one photon absorption.
The results are in close agreement with current theories.

D 9 Photocarrier Thermalisation by Laser Excitation Spectroscopy.
C.C. WEISBUCH, Ecole Polytechnigue, Polaiseau, Fronce (20 min.)

Lineshapes of luminescence lines in photoexcited semiconductors provide a conve-
nient way to measure effective temperatures of hot electrons and excitons. Exci-
tation spectroscopy of such lines, i.e. the study of the variation of intensity
and lineshape of these lines with varying exciting photon energy permits to fol~-
low in a very detailed manner the energy relaxation path of hot photocreated
electrons. This has been performed in GaAs using a c.w. tunable dye laser and
leads to the observation of an oscillation of electronic temperature with chan-
ging exciting photon energy. This is due to the efficient energy relaxation by
L.O.phonon emission for those electrons created in the conduction band with a
initial kinetic energy equal to an integer number of L.O.phonons. The simulta-
necus oscillations of electronic and excitonic densities, temperatures and life-
times show the dependence of nn{.quneitun such as exciton formation time, ex-

citon thermalisation etc... on t

effective electronic temperature. It also pro-

vides new experimental insight on oscillatory photoconductivity phenomena, as it
separately gives information on earrier density and temperature.

Conrributed Papers

D10. Mean energy of photoexcited hot electrons in
high magnetic ne‘%{f’ . 3

: ] 3 ECKI, Groupe de Physique des
Solides de 1'E.N.S., Université Paris VII, Toyr 23, 2
place Jussfeu, 75005 Paris (France).

Several authors’+? have determfined the mean y
energy of a photoexcited electron gas in the absence of
magnetic field. Assuming a maxwellfan distribution for
the main electrons, they used the power balance equa-
tion to find the electron temperature T,.

Noting that, when a str magnetic field 1s
applied, the electron-electron collision integral
vanishes in the extreme quantum limit?, we derive a
theoretical expression for T using & similar approach.
Radiative recombination and various scattering proces-
ses (by optical and acousticel phonons) are considered
and the dependence of Te On magnetic field, Tattice
temperature and laser frequency excitation s studied.
'R. Ulbrich, Phys. Rev. B 8, 5719 (1973).

Zy.L. Komolov, 1.N. Yassfevich, Sov. Phys. Semicond. 8,
732 (1974).

JA.M. Zlobin, P.S. Zyryanov, Sov. Phys. J.E.T.P. 31,
513 (1970).

Dll. Energy Relaxation of Photoexci
at Very Low Temperatures. Y.B. LEVINSON, u I
Theor g .*=At very low temperatures TEms

and eslectron energies e<1/2 e’ (m-effective mass, o~
sound velocity) neither of the known energy relaxation
mechanieme i# operative. In this ensrgy segion not only
optical phonon smission is forbidden, but acoustical
phonon esmission is aleso. Such a situation appears in
experimants &t liquid helium temperatures when slectrons
in quantizing magnetic flelds are excited by laser light.
Por exasple, !n Ge with K||(111) the longitudinal mase
w=l.64 and ms Oi..l. We have shown that in the passive
region t<1/2 me" the energy relaxation is due to & two~

step poattering: the electron in some state in the pas-
sive region first absorbs an !couuul phonon and passes
to the active region ¢>1/2 ms“; then the electron emits a
phonon and returns to a new gtate in the passive region.
Such a two-step scattering is not a two-phonon process
since the intermediate state is & real one, and not a
virtual one. To some éxtent, it is similar to the two-
step optical phonon scattering. The two-step acoustical
phonon energy relaxation rate is of the order of 1t

ame? exp (-a(me3/T)] where “a® is the mmber of the order
of unity, and o=i0"3-10"4 is the nondimensional electron-
acoustical phonon coupling constant.

pi2, Ho te in PN

< . - . »
mlh N, ~==When & pn junction

of semiconductor (vith bandgap energy Eg) is illuminated
by light beam (with photon energy Av) in the condition of
Eg>hv, swch a8 in Ge pn junction flluminated by CO2 laser
beam, an electyomotive force (emf) was induced betwean
the terminale of the pn junction, which indicated tha
cpposite polarity to the ordinary photovoltaic effect
like in a soler cell. Such an anomolous photovoltaic phe-
noagnon was discuesed with many other photovoltaic mecha-
nisms, and it was explained by an optically exited hot
carrier effect, through the following experiment with e-
lectrical excitation. Using a vod of n- or p-type Ge with
& pn junction at the surfaca of its center and an ohmic
contact at each terminal of the rod, the same kind of
phanomana was observed when electric field is applied
along the length of the rod. The vertically induced
voltage or current had the same polarity in spite of the
reverse change of the applied field, and increases with
increasing the applied field stremngth. The vertically
induced emf was csused by warm or hot carries crossing
the potemtial barrier of the pn junetion, which is very
sensitive to the deperture from thermally equilibrium
velocity distribution of carriers.
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F | Hot Slectron Quantum Magneto-Transport. J R. BARKER, Warwick Untversity, United Kingdom (30 min.)

A review is given of recent experimental findings and theoriss on hot electrons in quantising
magnetic fielde. Particular attention is paid tc instability phenomena and the magnetophonon

effect.
Contributed Papers
E2. Quantum Theory of Nonohmic Gelvanomagnetic

Effects in Semiconductors. H.N. Spector, I.I.T. and
V.K. Arora, Univ. of Riyadh.--We have extended the
quantum transport formalism developed by Arora and
Paterson’ to calculate the magnetoresiatance of semi-
conductors by taking into sccount nonohmic effects.
Our calculstions yleld expressions for the magneto-
resistance wnich are valid for arbitrary electric
fleld and which reduce to the correct ohmic results for
low electric flelds. Although our expressions are
valid for arbitrary electric fialde, they have to be
supplemented by an energy balance equation to take
electron heating imto account and by kimatic equations
which yleld the nonequilibrium phonon distribution
when acoustic phonon scattering is dominsat and we
have acoustoelectric amplification. An expression for
the nonohmic magnetoresistance is obtained in the
quantum limit when acoustic phonon scattering is
dominant .

'V.K. Arora and R.L. Petersom, Phys. Rev. na,

2285 (1975).

E3. Appiication of a pew high figld quantum magneto-
transport theory for polar semicondugtors. F. BELEZNAY,
M. SERENYI, Res. Inst. Techn. Phys., Budapest, Mungery.--
High field quantum magneto-transport theory based on
Feynman's Path Integral method! has been derived. The
first approximation gives implicit relations between
applied fleld and drift velocity of electrons in magne=
tic field. Calculations for InSb at 77K explains
seasured low fileld longlitudina! magnetoresistance”, low
and high field transversal mobility data’ and warm
electron coefficientd for Aifferent wmagnetic fields and
predicts high field longitudinal properties. The
validity of our approximation in frame of the general
transport quantus My’ is discussed. Extension of our
calculations for intermediate and strong coupling cases,
initiated by recent msasuremants on Silver Halides, are
in progrees.

;u.x. Thornberg and R.P. Peynman, Phys.Rev.Bl,4098.

M. Tokumoto, C.Yamanouchi, and K.Yoshihiro, J.Jap.Phys.
Soc. 17, 878 (1974).

JH.Pujisada, §.Katacka, and A.C.Beer, Phys. Rev. B3, 1249
1971).

x‘?,lhunnvl, C.Hamaguchi, and J.Nakai, J.Jap.Phys.Soc.,
!s. 1098 (197)).

J.R. Barker, J.Phys.C. 6, 1663 (197)).

E4

' I

Magnetores's

K. von KLITZING, U, Wirzburg--Low temperature magnetore-
siste meagurements on weskly doped te)lurium gmlu
(p«104° cm™9) show a large number of structures which
appear only under nonohmic conditions. Depending on the
electric field strength and the chemical nature of the
impurities, different types of structures in the neto-
resistance are visible. The most remarkable effect is the
appearence of sharp maxime in the magnetoresistance (half-
width aB~0.07 T) which show up at relatively low elec-
tric flelds of about 1 V/em. The magnetic field positions
of these peaks are correlated with the chemical nature of
the impurities. The resonance appears for the different
fmpurities at B « 3 41 7 (BY), E» 3 617 s”). and

B« 3,777 (As) (Bucj. Further structyures in the magneto-
resistance under hot carrier conditions are correlated
with & resonance between the lowest impurity excitation
energy and the cyclotron resonance mrg{ rom hot me-
gnetophonon measurements, ‘mpurities with quite different
binding energies could be identified,

ES. Electrig-Field Dependance of the Positions and
Amplitudes of Magnetophonon Osc¢illations in n-InSb at

77 XK. H. KAHLERT, D. G. SEILER, North Texas State
4., and J. R. BARKER, » Coventry. U. K. ==
The influence of pulsed electric fields on the magneto-
phonon structure in the transverse and longitudinal mag-
netoresistance of n-InsSb at 77 X has been reexamined
using & magnetic field mofiulation technique. For the
transverse configuration, a shift to higher magnetic
fields with increasing electric field i{s observed for
extremal positions up to N = 8. The amplitudes decrease
monotonously and disappear at about 60 V/cm for Ne3. In
the longitudinal case the extrema shift to lower magne-
tic fields as the electric fields is increased. In con-
trast to the transverse case, the amplitudes increase
by a factor of 2 up to 15 V/om, and then either decrease
or becoms saturated, depending on the harmonic number
of the extremum under consideration. These experimental
results are compared to calculations based on a quantum
kinetic equation approach and to predictions obtained
from a simplified analytical theory.

*work supported in part by the Office of Naval Research
**On leave from Ludwig Boltzmann Institut fuer Fest-
koerpexphysik and Institut fuer Angewandte Physik,
Universitaet Wien, Austria

E6. r nation in
W.MULLER, F.KOHL,
H.P L, a E.GORNIK®, Technische Universitit Wien,

A-1040 Vienna, Austria. — We have studied the r. ve

of hot electrons between Landau levels' in
n~InSb at. 4.2 K in order to aobtain detailed information
on the hot carrier digtribution function and energy re-
canbination processes. Tho measurements were performed
in the mégnetic field range from .5 to 3.0 T on variocus
samples with different free electron and total impurity
concentration. The hot electron cocupation mumbers of the
first Landau level were derived in depsndence of the
electric and megne’ic field applied. Information on the
electronic lifetime in the first Landau level was ob~
tained fram the direct cbeervation of the electric field
response of the recambination radiation intensity. Eleo-
tron lifetimes of less than 10 ns, which are found ex-
perimentally, can be explained by an Auger-like recombi-
nation process. The hot electron distribution function
has a nearly Maxwellian shape in good agresment with an
imgroved theoretical approach taking electron-electron
interaction into account.

present &iress: Bell Telephone Laboratories, Holmdel, N.J.
TE.GORNIX; Phys.Rev.Lett.29, 595 (1972).

B7. Optical Field Induced lntervalley Transfer and
% Oo%uutgm in GaAs.™ A. V. NURMIKXO and B. D.

N U, == Intense infrarsd laser fields near
10ym wavelength have bees used to enhance intervalley
transfer of conduction band electrons and to trigger Gunn
instabilities in n-type CaAs on nanosecond timescale. In
theas experiments samples in the form of thin epitaxial
layers (n = 8 » 1014 em=3, u(300°K) = 6700 em?/V sec)
have bean subjected to simultaneous excitation by a dec-
field and a laser fieald from & mode-locked high pressure
COy laser. Vor optical fields fn the range of a few
kV,n and exceading a critical threshold value, Gunn
oscillations can be inttiated and controlled by the
subnancsscond laser pulses. In addition, the axperimen-
tal technique has been used to study the formation and
the cs of the instabilities with hieh temporal
resolution. An attractive device application is the
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use of infrared radiation for high-epeed optical ecemtrol
of Gunn microwave sources.
-

Supported by the Materialas Research Laboratory at
Brown University.

. €Oy Laser-Induced Hot Ele.tion Eff

ts in p- .
B.T. MOORE, D.G.SFILER, and H. KAMLERT, =~ North Texas
State U.-- The influence of a 2-usec wide CO; laser
pulse on the Shubnikov-de Haas (8dH) effect in a 1.4 x
10'% @™ sample of n-1nSb has been investigated at a
lattice temperature of 1.8K. During the time the
sample is jlluminated the SAM amplitudes are found

to decrease with increasing laser powery. For a peak
incident power of about 1 watt, the SdH oscillatory
behavior corresponds to that measured at 3K for the
non-illuminated sample. For peak powers greater than

J watts, the S4H amplitudes are damped out, correspond-
ing to a non-illuminated temperature greater than 4. 2K.
These results form the first direct and quantitative
evidence for electron heating induced by CO; laser
radiation and permit the evaluation of a phenomeno~
logical energy relaxation time.

*work supported in part by the Dffice of Naval Re-
sgarch

On leave from Ludwiqg Boltzmann Institut fuer Fest-

SESSION F: MAINLY BULK TRANSPORT

kosrparphysik and Institut fuer Angewandte Physik,
Universiteet Wien, Austrias

29, growth of an Electron-Hole Lisuid in CdSe?*

T. DALY, and H. MANR, Cornell U.%¥ iy o cence spectra
of highly photo excit piatelets wore taken at
1.8°K at various delay-times after pulee excitation by

10 ps duration light pulses from a o.v. mode locked dye
laser. During the firet 150 ps after excitation a con-
siderable narrowing and a emall shift of the maximum
position of a main luminescence feature centered at about
68207 takes place. A narrow band of 6 meV bandwidth
(YWiM) persists up to 2 nsec after exoitation with un-
changed width or shape although its intensity decays with
s time conistant of about 500 ps. We tentatively inter-
pret these results as being due to the growth of an elec-
tron-hole liquid phase from an initial, denser and hotter
plasma. A quantitative fit of the results to a theoreti-
oal line shape function of recombination rediation in
CdSe is being carried out.

"rm. work is supported by a National Science Foundatiom
“Oraut to Cornell’'s Material Science Center and by the
U. 8. Office of Naval Research.

Friday aftemoon, 8 July 1977 Golden Eagle Suite at 1:30 P.M.; H. Heinrich, presiding
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F | High Fuwid and Breakdown Effects in $10, * R.C. HUGHES, Sandla Laboratortes, Albuquerque. (30 min.)
Amorphous 810, (s widely employed as an insulator in applications where very high electric field

standoff is required; an example is the metal-ocxide-semiconductor trensistor.

The ultimate

breakdown strength of the bulk material depends on the high field behavior of excess electrons
and holes. One mechaniam for dielectric failure in the bulk is the avalanching of the excess
carriers when the electric field is too high for energy loss mechanisms to stabilise the car-

rier arift velocity.

We have measured the high field transport of both electrons and holes in

840; in flelds up to 5 x 100 V/cm, and find intrinsic mechanisms for energy loss to the lattice
by both electrons and holes which sccount for the stability of the drift velocity at these very

high fields.

In amorphous 8107 eléctrons sre gquite free in spits of the dlsorder and nave a

mobility of sbout 20 am?/V-sec at room temperature which is in §ood agreement with theory for

scattering of the electron by longitudinal optical (L0O) phonons. We bave
velocity of the electrons as a function of field and find that above 5 X

the drift
V/em the drift

velocity begins to saturate, which is in agreemeut with a theory for electron energy logs in

polar materials by emission of LO phonons, Memsurements of elsat

rou yleld fram pulsed ioniring

redistjon indicate that no avalanche multiplication of electrons is cccurring up to at least

6 x 1

V/am; the theory of Thornber and Feymdan predicts stability up to sbout 107 cm/sec.

Experimental results fram other laboratories for dark currents, electronic switching phencmens
and laser induced breakdown, which are in rough agresment vith the idse of the doaminance of 1O

phonons in the high fleld behavior of electrons, will be discussed. We have #trong experimental
eyidence that holes in 540; form small polarops within a few vibrational periods (< L sec).
The mobility of the mmall polarons has been seasured with cond time resolution and found

to be very low and thermally activated.

Plelds up to 5 x

V/mm do not change the mobility;

the self-trapping of the hole is clearly a strong energy loss mechanism which prevests

avalanching of the holes even at these high fields.

*Work supported by U.S, Energy Research and Development Administretion.

F 2 High Field Electronic Conduction in Insulators. K.K. THORNBER, Bell Laboratories, Murray Hil. (30 min.)
The ?unmum theory of electronic transport phenomena in large ejectric fields

in h

ghly dissipative media is critically examined.

Serious cohceptual problems

and computational difficulties arise because neither the fileld nor the dissipation

can be treated as a perturbation,

We review a decade-old calculation of the

velocity acquired by an electron in a finite electric field in a polar crystal
and subsequent work which expanded our understanding of our method and results.
A key feature of the earlier work was that in a single curve of electric field
versus velocity, all the expected phenomena appeared, including a threshold field

for producing

ot electrons, in quantitative agreement with experiment, and a
decreasing rate of energy loss with velocity for very fast electrons.

A more

recently studied problem, that of electron acceleration below the threshold field

will be discussed.

This problem is very important since such acceleration is the

necessary precursor of fonization and breakdown. The Yhyﬂcnl significance of

dissipation processes far from thermal equilibrium wil

Contributed Papurs

3 vigh Field Colltsion Rates in Polar Semicon-
ductors. J.K. BARKER, Wzrwick U., U.K.--Quantum trane-

also be mentioned.

port calculations for hot electrons in polar semicon-
ductors reveal a strong distortion of the high-momentum
transfer proeess by interference of the electric fleld
with the collisions. The effect is analysed in terms
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of the non~Markovian natute of the conduction process
and in dependent upon a finite collision duration.
Implications for high field polaron transport in ineu-
lators are diascussed.

re. Mot Blectrons, Impact lonieation and Dielectric
Breakdown in Thin Pilm 610;. P.N. SOLOMON, ISM, Thomas
J. Watson Research Center --Vacuus electron emission
Beasurements have been carried out on 81-810 Au tunnel
structures to study the hot electron energy distribution

Invized Paper
F 5 Hot-Electron Emission from Silicon Dioxide

in the Ooxide. Blectrons of enargies up to SeV relsative
to tha gold counter slectrode vacuus level have been
observed at oxide fields up to § W/ cm. Electron tem-
peratures, based on a quasi Maxw:llian distribution
were in excess of 1.5V and increase with applied
field, supporting the possibility of bandgap impact
fonisation in the oxide. Impact ionization is required
by some recent theories for breakdown in 510, and offers
an explanation for experisentally observed current in-
stabilities znd positive charging of the oxide at high
fields.

T.H. NING, /BM Thomas / Watson Research Cemter, Yorktown Heights. (30 min.)

Recent progress in the study of hot-electron emission from silicon into silicon dioxide is
discussed. Experimental techniques include avalanche Injection using gated diodes and

MOS capacitors, nonavalanche injection using IGFET structures with an underlying supply
p-n junction, and optically induced i{njection using silicon-gate IGFET structures. IGFET
structures allow the fields in the SiO, layer and in the sllicon depletion region to be varied
independently. In addition, IGFET structures of reentrant geometry allow absolute emission
probabilities of the hot electrons to be determined. Such absolute emission characteristics
are useful not only for designing silicon devices but also for quantitative testing of theoretical
models of the emiasion process. Several mechanisms of importance in the emission process
rave beern ldentified, including Schottky lowering of the emission barrier, scattering of hot
electrons in the {mage-force potential well in the S10, layer, tunneling of hot electrons, and

the effect of lattice temperature on electron heating,

There {s also experimental evidence

of the dependence of the hot-electron energy distribution on electric field gradient. At
present, only phenomenoclogical models based on the lucky-electron concept have been
developed to the point where quantitative comparison with experimental results is possible.
The essential features of these models are discussed.

Contributed Papers

re. Semiconductor Surfece Emiseiop of Hot Electrons®.
R. R. TROUTMAN, IBM, Essex Junction, VI. A new emiesion
model, based on a probabilistic treatment of electron
trajectories, has been developed for hot electron emis-
sion from a semiconductor surface. Primary electrons,
generated thermally or optically, are heated by a normal
electric field and cooled by phonon collisions and by im-
pact ionisation. Unlike the case in previous wodels, the
semiconductor field need not be uniform, and sultistage
phonon processes are included. The model pr hot
electron energy distributions in the semicondu and as
they are emitted. It shows that the most probeble tra~
jectory of an emitted aelectron is not ome of gero colli-
sions (as assumed in the analysis of Verwey et al.l!), but
one favolving the gensration of sany optical phomdms.

The model, used together with photo-excited hot electron
messurements (as developsd by Ning end Yu?), also pro-
vides an accurate method for deteruining phonon and iomi-
zation mean free paths.

*Submitted by E.E. Gardner

1J.7. Verwey, et al., JAP 46, 2612 (197%).
27.4. Ning and H.N. Yu, JAP 45, 5373 (1974).

7. Interrelationship between Impact Ionisation
R.Crowel

mean free path A, for optical
phonon -cnttortn|.¢£pv.1ho average eneargy a8 per
phonon collision and :fh'"‘ fonfzation threshold obtain-
ed from band structure’ );the velocity-fleld relationship
(characterized mainly by Ap and <Ep>),and the mean and
variance ({.e.Fano factor) of the energy per electron-
hole pair production {n the cascade process (which cali-
brates the energy dependence of the ilonization mean free
path A((C) in terws of Ap) are correlated as a function
of temperature. This study uses a finite Markov ahain
formulation based on transition matrices defined by the
optical phonon and loniszation scattering probabilities
in energy space. For lsotropic scattering in nompolar
semicanductors, this approach facilitates paremetric (Ay
and A((E)) studies of both transient and steady state
transport properties of the hot carriers. Results are

in excellent agreement with available experimental data
for S{ and Ge.

1¢.L. Anderson and C.R.Crowell,Phys.Rev.BS5,2267(1972).

*Research supported by U.S. Army Research Office under

Grant No. DAAG 29-75-0002.

F8. Blectron Transport and lonization in Silicon at
. H.P.D. LANYON, ﬁt%lu: Polytechnic ln-

.= The saturated drift velocity measured for
electrons at high fields is inconsistent with Shockley's
wodal for impact ionization in sflicon. It {s explained
io terme of & field-dependent meen free path for high
energy phonon creation in the electric field direction,
electrons creating & high enargy phonou as soon as they
bave acquired sufficient energy from the field. Assuming
that the electron wavepacket travels at the saturated
drift velocity without dispersion, it can be shown that
the incressed scattearing rate at high fields sust
result in & large spread in the carrier energy. If a
drifted Maxwellian distribution is assumed, a unique ex-
pressiou can be obtained for the carrier temperature T
which ie in good agreemsnt with the measured field
dependence of the fontization coefficient. In this model,
# cylindrical hot carrier diatribution must be assumed
with the hot carrier energy in a place perpendicular to
the applied field. Exact calculations of the magneto~
resietance of such a distridbution can be made verifying
ghat the drift welocity is indeed saturated.

”. Elactric Field Orientation and Magnitude Depen-
of Rle ic t Induced Hot Carrier

t loniza in Semi 8t . T.P. PEARSALL,
CSF, F. CAPASSO*, R.E. RAHORY, Bell Labora-

tories, Murray Hill.-- We have measured the impact ioni-

zation rates for both electrons, (a), and holes (B), as a
function of electric field at 3J00°K for three principal
orisntations of electric field in GaAs: <100>, <110>,

and <111>. We show for the firet time that the lonisa-
tion retes, and more specifically their ratioc k=a/8, can
display & pronounced dependence upon both the orientation
and magnitude of elecgric field. Our measurements
were made for 3x10° V.om lem<gx10® v.cm™l. In this range
K<l for B in the <111> , K%l for B in the <1105, lndsln
the <}00>, K<l for E<axl0® v.om"! and x>1 for ®>Sx10
V.om™%. These results can be understood by considering
in detsll the electronic band structure of GaAs, and how
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it determines the transitions assoclated with impact
ionization by hot carriers. Measuremants of the tempera-
ture and bandgap dependence of (mpact jonization in GalAs
will be used to further clarify this relationship.
*Permanent address: Fondazione <<UGO Bordoni>>, Rome,
Italy.

Fl10 Negative Electron Diffusivity in High Electric

Fieids. D CHATTOPADHYAY and B.R. NAG, Inst. of Radio-
physics and Electronics, India.-~Relation between current
fluctuations and diffusion constaant for near-equilibrium
onditions suggests that the diffus! . n constant cannot be
negative In the presence of strong electron-electron
¢ollisions in the non-equilibrium state as in hot-electron
onditions, it is, however, found that this general result
may not be valid and the diffusion ~onstant may be nc'ql-
tive. Nag had given a formula for parallel diffusion con-
stant from phenomenological conaiderations, which explains

the experimental results of silicon. It also follows from
this formula that under certain conditions the Aiffusion
constant may be nagative, even {f the differential con-
ductivity iw positive. This paper presents results of a
Jjutatled study of the problem atarting from the Boltgmann
equation and uming a moment method. It is found that the
di1ffusior metant s positive for predominant acoustic

But the constant may be negative when affects of non-
parabolicity are important and enerqgy relaxatior is )imi-
ted by non-polar gptical phonon scattering but the momen-
tum relaxation is dominated by impurity atom scattering.

Pyl Impact Ionisation of §
& K-13.59¢. W. PICKIN, ENEP-Cuasutit
efficienta for phonon and impact processes, for given
electric fleld E, are calculated in the effective-mavn
approximation for transitions ameng donor eneryy lavels
and between these levels and the conduction hand, using
Stratton, equipartition, and Mawwellian Aistribution
functions in the band; downward tranaitions are treated
explicitly, without use of detailed balance. The rate
equations for the system of band and donor levels are
solved to give an equation for electron concentration
n(E) in the band; this is interpreted i{n terms of the
concept of “sticking probability"”, which is thus clari-
fied and extended. The effect of the donor excited
states 18 shown to be aignificant; regimes in which it
is dominant, snd {n which it can lead to S-breakdown,
are jdentified. Error estimates are given, based on
explicit varfation of uncertain donor parameters.
*Address for ocorrespondence: Milén 18-A403, Col.

llow Do in Germanium,

phonon, polar opticel phonon or impurity stom scattering.
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IX. SUMMARY OF PRINCIPLE ACCOMPLISHMENTS DURING

OCTOBER 1, 1976-SEPTEMBER 30, 1977

Papers Published

1. "Magnetic Field Modulation Technique for the Study of Hot
Carrier Oscillatory Magnetoresistance Phenomena", H. Kahlert

and D. G. Seiler, Rev. Sci. Instrum. 48, 1017 (1977).

Papers Accepted and To Be Published

% "Co2 Laser-Induced Hot Electron Effects in n-InSb", B. T.
Moore, D. G. Seiler, and H. Kahlert, 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,

D. G. Seiler, and J. R. Barker, to be published in Solid State
Electronics, about January, 1978.

4. "Observation of Magnetophonon Structure in Degenerate n-InSb",
H. Kahlert and D. G. Seiler, to be published in Solid State
Communications.

5. "The Magnetophonon Effect in a Nonparabolic Band: n-type InSb",
H. Kahlert, 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 Measurements of the Hot-Electron Magnetophonon
Zffect in n-InSb at 77K", 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",
B. T. Moore, D. G. Seiler, and H. Kahlert.
3. "A Magnetic Field Modulation Technique for the Study of Hot

Carrier Oscillatory Magnetoresistance", D. G. Seiler and H. Kahlert.

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. Kahlert, D. G.
Seiler, and J. R. Barker.

5. "CO. Laser-Induced Hot Electron Effects in n-InSb", B. T. Moore,

2
D. G. Seiler, and H. Kahlert.

Patent Activity

The process of applying for a patent through ONR procedures is
being followed for the magnetic field modulation technique that was

discovered this year.
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