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I. SUMMARY

Bal. Wil ui/w In this annual summary report a description of the

theoretical and experimental progress in the investigation
of laser optical biasing effects on the guantum transport
properties on n~InSb is given for the period October 1,
1977 - September 30, 1978.

We have shown that free-carrier absorption-induced
photoconductivity of tuned co, laser radiation is a valuable
new tool for the extraction of information on photoheated
hot carriers in degenerate n-~-InSb. The first measurements
that allow extraction of electron temperatures have been
carried out. A new hybrid technique which uses parallel

photoheating and dc-electrical heating experiments has

been developed to extract information on free carrier absorp-

tion coefficients in low concentration samples of n-InSb
where no previous information has been available. We had
originally proposed that carrier-carrier scattering trans-
ferred the optically absorbed power of the photoexcited
electrons to the electron gas directly. However, these
experiments and their interpretation have shown that a sub-
stantial fraction of the optically absorbed power is trans-
ferred to the lattice by optical-phonon cascading as the

photoexcited electrons scatter to energies where electron-

electron scattering then predominates in heating the electron

gas. The major difference being that only a fraction of the
optically absorbed power now is effective in heating the

electron gas.
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It was pointed out recently that the origin of the
absorption tail below the band gap of InSb has not yet
been resolved. The CO laser-induced hot electron effects
in n-InSb which we are investigating involve impurity-level
and interband transitions. In fact, these CO laser induced
hot electron studies provide an alternative means of unravel-
ing the nature of the absorption processes near the band gap

of InSb.

e e wms GBS TN N =N

The Shubnikov-de Haas effect was used to determine the

-

electron temperature of the electron gas at various CO laser
powers and wavelengths. For the wavelengths used free carrier
4 absorption processes can be neglected. Photoexcited electrons
. are created with an excess energy above the Fermi energy bv
impurity level or interband transitions. These photoexcited

electrons then heat the electron gas via electron-electron

scattering resulting in a quasi-equilibrium state with an
increased electron temperature Te’ In fact, the proposed
model explains all pertinent heating data obtained with the
CO laser:

(1) the increase of T with PI’ the peak incident laser power
(2) the increase of Te with increased photon energy

(3) the saturation behavior of Te at the higher values of PI

(4) the lack of any measurable change in electron concentration

for the lower photon energies

(5) the unusual behavior for A = 5.245 um, i.e. (a) the increase
[ in electron concentration with laser power, but not before

Te ~ 3.3 K and (b) the saturation behavior.
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III. INTRODUCTION

The effect of optical biasing, or optical control, of
electronic properties of semiconductors is an interesting
area of research into the dynamics of electrons in solids.
The overall objective of our research is to measure and
interpret the influence of laser radiation on the electronic
properties of n-InSb. In this regard we have developed and
pioneered in using the Shubnikov-de Haas Effect as a new
tool in determining electron temperatures at specific CO
and CO2 laser frequencies and intensities. 1In addition,
photoconductivity measurements have been also developed into
a quantitative tool for the investigation of the interaction
of laser radiation with semiconductors.

It is well-known that illumination of semiconductors
with intense laser radiation leads to carrier heating.
However, the physics or understanding of the hot carrier
generation processes is in many cases quite obscure. Even

the absorption processes themselves are not entirely known

and need to be studied.

In this annual summary report we review a number of
significant features of the research work that has taken

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

ing things we shall be doing in the coming year.




mass to be free electron mass, T

IV. REVIEW OF THE SHUBNIKOV-DE HAAS EFFECT

AND ITS ROLE IN HOT ELECTRON MEASUREMENTS

The Shubnikov-de Haas (SdH) effect is an oscillatory
variation of magnetoresistance with magnetic field which can
occur in a degenerate material at low temperatures. The
conditions necessary for the SdH oscillations to be observed

are wcT>>l and kBTe<ﬁwc<E where o = eB/m*c is the cyclotron

Fl
frequency, 1T is the lifetime of a state at the Fermi energy

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

FI

or may not be equal to the temperature of the lattice T As

L
the magnetic field B is increased, successive Landau levels
rise past E

and depopulate. As long as E_, remains constant,

F E
the magnetoresistance oscillations are periodic in B-l with
the period given by

Ph= ﬁe/EFm*c . (1)
Provided the magnetic field does not become too large, the

amplitude of the SdH oscillations in the longitudinal magneto-

resistance of the material such as n-InSb can be expressed
1,2

as
L}
A =[P 1/2 B T m' cos(mv) -8 T.m'/B (2)
={»5 . e D J
sinh (B Tem'/B)
where B = 2n2kB cm/file, m' = m*/m is the ratio of effective

b is the Dingle or nonthermal
broadening temperature, and v is the spin splitting factor
related to the effective g factor g* by v = m*g*/2m.

2
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Although the SdH oscillations can be observed with
straightforward dc techniques, magnetic field modulation and

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

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

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

quency, it measures an oscillatory signal with an envelope-

to-envelope amplitude of F
V=4a7 (a)

at a particular value of B. The argument of Bessel

function J, is given by a = 21TBM/PB2, where B, is the

I M

amplitude of the modulation field.

The first hot electron SdH experiment in rn-InSb was
performed by Komatsubara 3 who applied large electric
fields (>0.1 V/cm) to a 1.5 x 0 o sample and observed
a decrease in the SdH amplitude for the transverse config-
uration and a shift of the SdH extrema to higher B v3lues
as the electric field was increased. Later Isaacson and
Bridges v studied a 1.7 x 1015 cm-3 sample of n-InSb and
found that either an increase in the lattice temperature
or an increase in the large electric field would decrease
the transverse SdH amplitude and shift the extrema to
higher B values. By matching the SdH curves for various
lattice temperatures at a fixed low electric field with the
curves for various high electric fields at a fixed low
lattice temperature, Isaacson and Bridges determined the

electron temperatures corresponding to given values of the

electric field.

(3)
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Bauer and Kahlert have investigated the hot electron

T8

SdH effect in n-InSb (as well as in n-InAs 9 and

n-GaSb 10) using a pulsed electric field technique to

15 16 =3

avoid lattice heating 11. For 5.9 x 10 and 1 x 10 cm

samples, TD varied with TL’ so the Te values for various

electric fields were determined from the longitudinal

oscillations by the direct comparison method used by

Isaacson and Bridges 6. For a 6.9 X 1016 cm—3 (more highly

degenerate) sample, T, was independent of T so Te values

D 1574

were obtained using

) ) Te’lsinh(B Te,om'/B) el

3 )
) Te’051nh(8 Te,lm /B)

A(Te,o

from the amplitudes of longitudinal SdH oscillations. Little
or no shift in the longitudinal SdH extremal positons was
observed for these high concentration samples.

In the present studies the conduction electrons are
heated, not by a large electric field, but by optical exci-
tation. For photon energies much less than the band gap
enerqy Eg’ carrier heating should take place due to free
carrier absorption and thermalization by electron-electron
collisions. For larger photon energies, carriers should
also be excited from impurity levels and from the valence
band into the conduction band. A radiation induced increase
in the steady state concentration should raise EF and decrease

the SdH period. This would shift the SdH extrema to higher
12

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

N R E
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E ' even if the concentration remains constant, the B and Te depen-

dence of EF caused by incomplete degeneracy should cause P to

decrease and the extrema to move to higher B values as Te is
increased. To take period changes into account, we define
the function
1/2
VAT, o E R T e :

¢ (5)
1/2J1(a1)

e,l

V(T, ¢:Pg)Py

where V is given by Eq. (3). If P, T m', and v are all

D’

constant, F is equal to Eq. (4). ﬂ
The fact that ionized impurity scattering, which depends only

upon carrier energy, dominates the momentum relaxation in InSb

below 40 K insures that the SAdH amplitudes will be functions

of electron temperature Te and not lattice temperature. Thus

a decrease in the SdH amplitudes with increasing values of

lattice temperature T_ reflects an increase in To since the

L

electrons are in equilibrium with the lattice during these
measurements.
Plots of the function F, defined in Eq. (5) or the E

amplitude ratios in Eq. (4) versus T, and PI can be used to

L
F ' ‘ determine the value of Te for each laser, along with the

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

i

correspondence between the two curves. An electron temperature

can be extracted by the direct compuarison method since the

quantities compared are not explicit functions of the lattice

first used by Isaacson and Bridges e in high electric field g
measurements to extract electron temperatures from SdH data

l temperature. i As noted earlier, this comparison method was
' and has since been used extensively.




V. REVIEW OF IMPURITY ABSORPTION IN InSb IN THE

5 uym BAND GAP REGION

In any real semiconductor both donors and acceptors
are present to some degree. The normal case in one of

partial compensation of the impurities. If Np is the

number of donor impurity atoms per unit volume and NA is

the number of acceptor impurity atoms then partial compensa-

3 e if E . > < n-ty
tion oceuxrs 1f ND # NA £ Nd NA we talk about an n-type

semiconductor and if NA > Nd a p-type semiconductor.

The highest mobility samples of n-InSh are usually doped
with tellurium impurity atoms which have essentially zero
activation energy, i.e. the donor levels are merged with
the conduction band. Since there are always some acceptor
level impurities present, these acceptor levels acquire an

electron resulting in N, electrons occupying these compen-

A
sating states. Consequently, there is only an electron

density n = Nd - N, occupying the conduction band at low

A

temperatures. If NA << N then n = N

a’ a’

For review purposes we reproduce several published
figures dealing with the absorption edge region of InSb.
Figure 1 shows how the absorption coefficient a varies as a
15

function of photon energy for a relatively pure sample.

At low temperatures there is a sharp transition which is due

to direct interband transitions. At higher temperatures there

is some contribution to a on the low energy side because of
the presence of phonons. The way that impurities effect the
absorption near the band edge can be seen in Figure 2. i

6
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Curve No. 1 represents the variation of o of a p-type

sample of InSb of hole concentration =3 X 1015 cm-3 at 80 K.
The other two curves were taken on n-type, degenerate samples
on InSb with different ionized acceptor concentrations, with
curve No. 3 taken from the sample with the lowest acceptor
concentration. The results suggest that the absorption corres-
ponds to electron transitions to the conduction band from

an impurity level close to the valence band.

At low densities, the shallow impurities form discrete
localized energy levels in the forbidden gap. If the impurity
concentration is increased sufficiently, the impurity wave
functions can overlap, forming an impurity band in which
electrons and holes are free to move. If the concentration
is still further increased, the impurity bands broaden and
overlap the main band edge. Thus a density-of~states tail
is formed which extends into the forbidden gap. Realistic
calculations of the doping level at which overlap occurs
are difficult. Furthermore, in absorption experiments, the
effect of a band tail is usually masked by the Burstein-Moss
shift of the absorption edge to larger energies. Figure 3

schematically shows this situation. =
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VI. EXPERIMENTAL WORK

A. cw Cob Laser Characterization

The operating parameters of a CO2 laser must be character-
ized for the laser to be a useful laboratory research device.
It is useful to know the working ranges of output power, wave-
length, discharge current, gas pressure, and temperature. The
effect on other parameters as one parameter is changed should
be known. Repeatability of measurements and changing of output
power and parameters as a function of time would be useful

information also. Attempts were made when possible to study

these parameters and their effects on the laser.

Spectral Measurements

The wavelength of the output is controlled by a rotating
grating which is driven by a micrometer. The experimental
arrangement for the spectral measurements is shown in Fic. 4.
For a set current, mirror reflectivity, and pressure, the power
of each line was recorded using a beam splitter and a Scien-
tech Calorimeter as seen in Fig. 4. The micrometer reading was
recorded and the wavelength of the line was ascertained from
viewing the line using an Optical Engineering CO2 Laser Spectrum
Analyzer. For the laser operating in the TEMOO mode, the micro-

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

Calorimeter to maximize the power. Using the beam splitter,

only relative powers were obtained but could be directly com-
pared to full power readings. More than 90 lines with power

greater than one watt were obtained between wavelengths of

10
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9.192 and 10.885 um. Seventy lines are available over two

watts, 59 lines over 5 watts, and 25 lines over 10 watts. This
compares well with Molectron's IR 250 laser which produces 90 %
lines over one watt. Table I lists the observed laser lines
with their respective micrometer settings. The grating was |
tuned through the full range of wavelengths many times to check
repeatability of the grating settings and to see what difference
using the 62 or 70% output coupler would make. Also the
pressure was varied from 12 to 18, finally to 23 torr, and the
time the laser had been operating was varied from between 10
minutes to 3 hours. It is noted that repeatability of grating
settings varied as much as *0.04 mm. Some sets of data have
lines listed at settings that corresponded to different lines
in other data.

It is noted that stabilitv and repeatability of power
output varies considerable for the first thirty minutes to
an hour after turning on the laser. Heating effects in the
solid aluminum grating block might very easily account for
this instability. Taking into consideration that the power
incident on the grating varied while tuning from line to line,

and that the laser was on for varying amounts of time, variance -

T T ——————r———

in the micrometer setting can be accounted for. When tuning ;
from line to line, the laser should be allowed to run at least

30 minutes on one line for reliable results. For best accuracy {
in line selection, the Spectrum Analyzer should be used to view

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

B spectrum it is possible to lase on two and sometimes three l

— . = = ———— i __“4---!!.IJ




|
I
|
I
|

. 13
. TABLE I
IDENTIFICATION OF SPECTRAL LINES AND
' CALIBRATION OF MICROMETER
Grating Micrometer Wavelength Wavelength Sranaitian
' Reading in 0.001 mm in pm in em™
8187 9.149 1092.93 020 R(46)
8218 9.157 1691.98 R(44)
l 8253 9.166 1091.01 R(42)
8291 9.174 1090.01 R(40)
8325 9.183 1088.98 R[38)
| 8362 9. 192 1087.93 R(36)
8403 9.201 1086.86 R(34)
8434 9.210 1085.75 R(32)
8481 9.219 1084.62 R(30)
8516 9.229 1083.47 R(28)
8550 9.239 1082, 23 R(26)
8600 9.250 1081.08 R(24)
8647 9.260 1079.85 R(22)
8690 9.271 1078.58 R(20)
8743 9.282 1077.30 R(18)
8791 9.293 1075.98 R(16)
8840 9.305 1074.64 R(14)
8890 Sl Lgv3.27 R(12)
8940 94329 1071.88 R(10)
9001 9.342 1070.46 R(8)
9060 9.355 1069.01 R(6)
9104 9.367 1067.53 R(4)
9362 9.428 1060.57 020 P(4)
9415 9.442 1058.94 P(6)
9490 9.458 1057.30 P(8)
9553 9.473 1055.62 P(10)
9617 9.488 1053.92 P(12)
9686 9.504 1052.19 P(14)
9752 9.519 1050.44 P(16)
9819 9.536 1048.66 P(18)
9885 9.552 1046.85 P(20)
9971 9.569 1045.02 Pidd)
10027 9.586 1043.16 P (24)
10105 9.603 1041.27 P(26)
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TABLE I (CONTD.)
Grating Micrometer Wavelength Wavelength P
Reading in 0.001 mm in um in cm‘? ThEnRsEIan
10171 9.621 1039.36 P(28)
10258 9.639 1037.43 P(30)
10323 9657 1035.46 P(32)
10417 9.676 1633.48 P(34)
10495 9.694 1031.46 P(36)
10573 9. 714 1029.43 P(38)
10651 9. 733 G277 .36 P(40)
10745 9.753 1025.28 P(42)
10828 9 773 1623.16 P(44)
10917 9.794 1021.03 P(46)
11016 9.81L5 10Y8.87 P(48)
10 BIR R 9.836 1016.68 P(50)
12210 10.095 990.78 100 R(46)
12249 10.105 889.78 R(44)
12289 10. 115 988.76 R(42)
12352 10.126 987.71 R(40)
12396 10.137 986 .64 R(38)
12434 10.148 985.55 R(36)
12500 10.159 984.43 R(34)
12545 10171 983.29 R(32)
2592 10.182 982.13 R(30)
12648 10.195 980.94 R(28)
12708 10.207 979.73 R(26)
L2757 10220 978.49 R(24)
12840 L0233 .23 R(22)
12870 10247 975.94 R(20)
12945 10.260 974.63 R(18)
13017 10275 97 3. 30 R(1l6)
13055 10.289 971.94 R(14)
13145 10.304 570.56 R{12)
L3181 1@, 319 969.15 R(10)
13296 RO 333 967 .72 R(8)
13327 10.350 966.26 R(6)
13743 10.441 957 . 8B1 100 P({4)
13819 10.458 956,20 P(6)
13893 10.476 954.56 2{8)
13974 10.494 952.89 P(10)
14039 i3 INC S e 951.20 P(12)
14133 10..532 949.49 P(14)
14226 10.551 947 15 P(16)
14321 10.571 945.99 P(18)
10«59 944.21

14403

P(20)
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TABLE I (CONTD.)

Grating Micrometer Wavelength Wavelength y

Reading in 0.001mm in um in cm”™ TERBLEIOn
14500 10.611 942.40 P(22)
14575 10.632 940.56 P(24)
14680 10.653 938.71 P(26)
14728 10.675 936.83 P(28)
14862 10.696 934.92 P(30)
14964 10.719 933.00 P(32)
15059 10.741 931.05 P (34)
15153 10.765 929.07 P(36)
15263 10.788 927.08 P(38)
15368 10.812 925.06 P (40)
15449 10.836 923.02 P(42)
15575 10.860 920.95 P (44)
15690 10.885 918.86 P (46)
15801 10.911 916.76 P (48)
15910 10.936 914.63 P(50)
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lines with powers as great as single lines. The only way to
avoid this is to use the Spectrum Analyzer. It is found that
ounuce the laser is stable, the line will not move over a period
of several hours. The laser can be left overnight and turned
on without change in wavelength.

Along with the micrometer setting for each line, the
relative powers for each line in the four branches were
recorded. Figure 5 shows three sets of data for the R
branch of the (001+020) transition. Shown is data for the
70% reflector and different pressures. The 62% reflector
shows no noticable difference in data. Superimposed upon
the data is a curve showing the general shape of the data.
This curve follows the general behavior observed for the
gain and power of this branch. Other people have noticed
similar scatter in the data around the general curve. This
scatter might be somewhat explained by the heating effect on
the grating. When left on one particular line for a period
of at least 30 minutes, the power level will stabilize and
remain stable for hours.

Figure 6 shows the P branch of the (001+020) transition
with a general curve shape drawn through the data. The curve
shows the highest powers for the lines 22-18 as also shown in
Figure 5, although overall power levels are slightly higher
than in Figure 5. The peaks and the relative powers are as

would be expected. e

Figure 7 shows the R branch of the
(001+020) transition. Again the powers and curve shape are

as expected.
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In Figure 8 quite unexpected behavior is seen in the P
branch of the (001+020) transition. It would be expected
that the data would follow the general curve shape as in
the previous figures and that the largest power output would
occur at 10.6 um or the 18-22 lines. In all the data taken,
the same general shape is seen, notably a considerable lack
of any power around 10.6 um. In trving to find the reason
for the power drop, transnission curves were obtained on
the output couplers and the NaCl windows. Both showed
proper transmissions at 10.6 um and did not vary enouah at
other wavelengths to appear to be causing problems. We are

still investigating the cause of this behavior.

Effect of Discharge Current and Gas Pressure

In order to characterize a laser properly, it should be
known how the output power varies with varying pressure and
discharge current. The laser output was taken directly into
the Scien-tech Calorimeter. The output of the calorimeter
was fed into the Y-axis of the chart recorder. Provisions
are incorporated into the power supply for automatically
sweeping the current. The value of the current is fed into
the X-axis of the chart recorder. The current was swept from
12 mA, the lowest current to sustain high pressure discharcges,
to 30 mA, the maximum current output of the power supply.
Pressure could then be varied and a current sweep made at each
pressure. Pressure was varied in steps of two torr to get the

general range of usable pressures. The results can be seen in

Figure 9. The curve for 22 torr is left off because it closely




|

1

|
"

10
o
9 Sa . n
@ e
5 8 b
; AOD A
=l S °
o Ja)
s SRR Y
Q. o &> 5
s 0
T ¥
L Ja)
ti A‘ ® E a
] o
Lol g O
3 oo o
. o)
22 : op
4 10 6 22 28 34 40 46
I044um (OO0I-100) 109um
Jig,

8--Relative Power for Lines of COZ(lOO) P Branch.

21




e ey 3

*S9INSSaI4 [RISBASS I0J JUSIIND “SA IamOd DATIRIaY--§ °*Db1g

(VW) INJHHNO

0 8¢ 9  Pe &f ON w_ w_ v_ 2l |
. B e S et SEC = 19, ~

%z{

401037434 %0/
wr799'6 =Y

22

— e

—

S e

A
m
¥
&
<
M_..J
.vd
S =
3
N)
=
8 -
l
G

. {¥HOTT 3HNSS 3 ,

o .

e

o




23

coincides with the 20 torr curve. To find the pressure at
which maximum output occurs, curves were taken starting
with 19 torr increasing in steps of one torr. The results
are given in Figure 10. The last pressure is 22 torr since
the output power is dropping. It can be seen that maximum
output occurs at 21 torr pressure for 16 mA. All curves
were repeated at least twice to make sure they were repro-
ducible. The dependence on current shown is cuite under-
standable considering that increased current increases
pumping rates and gas temperature. Above a certain current,
temperature effects overcome the enhanced pumping, and
population inversion is lessened reducing gain and power.
The effect of pressure is also well known. Increasing
pressure increases gain and power as more active co, and

N2 molecules are fed into the system. With increased
pressure, comes increased field intensity, increasing the
gas temperature. At a certain pressure, gas temperature
dominates and depopulates the upper level, decreasing gain

and power.

Amplitude Stability
In order for the laser to be a useful laboratory instru-
ment the variation of output power with time should be known.
It is important to know long term stabilitv over periods of
hours and short term stabilityv over periods of seconds. After
an initial warmup period of one hour, typical long term
stability can be seen in Figure 1ll. Power fell from 9.9 watts

to about 9.4 watts in a period of 3 hours. This gives a long
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term stability of about #3%. This stability has been main-

tained for periods of 5 hours and longer. This compares
very well to Molectron's Model IR250 laser which has a long
term stability of #3% over 4 hours. Often original power
levels can be regained bv simplv adjusting the grating
micrometer indicating a misalianment due to thermal drifts.
Short term stability was measured using a gold doped Ge
detector. After an initial warmup of one hour the laser
reached maximum short term stability. Amplitude stability
for less than one second is *0.75%. Stability for 30 seconds
is approximately *1% and for five minutes is approximately
+1.5%. This compares favorably with the Molectron Model
IR250 which reports stabilitv for less than one second of

0. 5%

Summary

A working carbon dioxide laser capable of producting
over ten watts of power on many lines from %-11 um has
been constructed and characterized. The tube is built
with the best designs and materials readily available.
The tube diameter is large enough that an intracavity
iris can be used for mode control. Cooling is accomplished
using tape water although plans are made to use a better,
variable temperature cooling system. The gratina and

output coupler mounts have been found to have sufficient

precision and reproducibility.




-

Measurements on wavelength selectibility show that

the number of lines available compares well with commercial
lasers. Left on one line, the grating assembly allows for
excellent reproducibility after turning the laser on and off
several times. Varying the pressure and current had not
noticeable effect on line selectability. The overall power
of the strongest lines was less than can be obtained in
commercial lasers. All the power versus wavelength curves,
except the one centered on 10.6 u, gave the expected results.
A lack of power was noted around 10.6 pu. It is suspected
that it may be a grating related problem. Trying a new
grating will supply more information on this problem.

Varying the current and pressure and noting the output
power showed that the maximum power output for the 12.5 mm ID
tube was for 21 torr and 16 mA. This is the behavior that was
expected. It would be desirable to have output couplers of
differing reflectivities to use in the power measurements so
that the reflectivity could be optimized for the other
optimized parameters.

Long term stability for periods of over five hours has
been achieved that equals that of commercial lasers. The
stability and line selectibility are the features of the
laser that compare most favorable with commercial lasers

available.

e —




B. Installation and Operation of Electro-Optic Switch

Electro-Optic devices are very attractive for beam
chopping. Currently we are installing one that will provide

variable laser beam pulse widths from about 50 nsec to 5 usec.

With this device we shall be able to directly measure the
energy relaxation time of the electron gas that is controlled
by acoustic phonon processes. These time scales sometimes
approach hundreds of nsec.

The difficulty in operation has been in removing the
unwanted signals produced by the radiation emmitted durina
the fast rise and fall times of the voltage pulse applied

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

solved by proper shieldino and termination techniques.




VII. CO-LASER INDUCED HEATING OF THE ELECTRON

GAS IN n-InSb

Absorption in InSb in the 5 uym region is interesting,
since it involves a variety of processes such as interband
and impurity level transitions, as well as free carrier
absorption. In fact, it was pointed out by Dr. A. Miller in
an invited talk ("Nonlinear Effects Induced by Lasers") at
the 14th International Conference on the Physics of Semiconductors.
Edinburg, Scotland that the origin of the absorption tail below

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

hot electron effects which we are investigating involve these
absorption processes. In fact, we shall show in this section
that laser induced hot electron studies provide an alternative
means of unraveling the nature of the absorption near the
band gap of InSb.

As described earlier, the SdH effect can be used to
determine the electron temperature of the heated electron
gas. The results of our first study on CO laser heating in a
sample of concentration = 1015 cm—3 are presented in Figure 12.
A model consisting of a valence band, conduction band, and an
acceptor level lying 7-10 meV above the valence band is shown
to adequately describe these results. The effects of free

carrier absorption are negligible compared to those of direct

interband and acceptor level absorption processes. Photoexcited
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Fig. 12--Variation of electron temperature T_ with peak
incident laser power P_ for several differeng CO laser
wavelengths. Also shown are several data points obtained
for CO, laser heating.
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electrons are created with an excess enerqgv AE above the
Fermi enerqy, EF' by impurity level or interband transitions.
These photoexcited electrons then heat the carriers in the
conduction band via carrier-carrier scatterino resulting in
a quasi-equilibrium state with an increased electron temper-
ature Te'

The 5.39 and 5.315 um wavelenaths used correspond to
photon energies of 230.2 and 233.5 meV respectively. The
pertinent features of these impurity-to-band transitions are
shown in Fig. 13. These photon energies are sufficient to
stimulate transition from the acceptor level (but not the
valence band) to the conduction band. The value of Te is
seen to rise with PI since the number of photoexcited electrons
and hence the amount of electron heating is increased as PI is
increased. Te finally appears to level off due to depletion
of the acceptor level (as there are only about 1013 uncompen-
sated acceptors), the change in concentration of a 1015 cm—3
n-type sample is limited to approximately 1%. The value of Te
is higher for the higher photon energy line for a fixed PI
since the excess energy AE is greater, so more heating occurs.

The photon energy of the 5.245 um wavelength is 236.6 meV
and is sufficient to excite acceptor level transitions but falls
just short of being energetic enough to excite direct interband
transitions at Te = 1.8 K. Electrons excited from the impurity
level have a larger excess energy than in the 5.315 um case

and therefore substantial heating of the electron gas occurs

for small incident laser powers. However, as the electron
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Impurity<>Band Transitions

e-e Scattering Heats
The Electron Gas

Photo Excited Electron
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____3Ea
Valence Band

Fig. 13--Schematic depiction of impurity-to-band photo-
transition and band-~to-impurity radiative transition.
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gas is heated, the electron distribution function or the
occupied density changes so that states are made accessible
for direct interband transitions. These case is shown schem-
atically in Fig. 14. Hence, initially at lower electron
temperatures no direct transitions could take place, but
after heating of the electron gas by the photoexcited electrons
produced from the acceptor level, these transitions become
possible. However, the electrons excited from the valence
band have very little excess enerqgy and thus make no significant
contribution to the electron temperature. Thus, the electron
temperature is seen torise quickly and then level off as the
acceptor levels are depleted and interband transitions commence.

This interpretation of the variation of the electron
temperature with peak incident laser power is also confirmed
by the observed changes in SdH period at 5.245 um. The electron
concentration (as determined by the SdH period) remains constant
until the electron temperature reaches about 3.3 K at a peak
laser power of =40 mW. Thereafter, the electron concentration
increases with laser power. There is about a 25% increase in
concentration when the laser power is increased from 40 mW to
240 mW, even though the electron temperature remains fairly
constant over this rance.

The two shortest wavelengths studied (5.185 and 5.155 um)
have photon energies of 239.3 and 240.7 meV which are sufficient
to excite direct interband transitions with a significant AE

remaining as well as acceptor level transitions. The absorp-
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tion coefficient here becomes extremely large, so that the
sample is probably no longer uniformly illuminated through
its entire thickness. 1Instead, the radiation is absorbed
almost entirely in the first part of the sample resulting
in intense carrier heating there. Consequently, Te shows
a rapid rise to high values for relatively small PI'
The optical heating data presented here can be compared
to that which is obtained using only pulsed, dc electric fields
to heat the carriers. The increase of electron temperature with
applied electrical power is controlled by energy loss rates of
the conduction electrons to the lattice from some combination
of deformation-potential, piezoelectric, or polar-optical
phonon scattering. We find that it takes an applied electric
field of =70 mV/cm to heat the conduction electrons up to
an electron temperature of 5 K with the lattice at a temperature
of 1.8 K. 1In contrast, the increase of electron temperature in
the optical case is controlled by absorption and recombination
processes, as well as the above energy loss rates.
In summary, Shubnikov-de Haas experiments have been used
to determine the increase in temperature of the electron gas
in InSb irradiated by a CO laser. The dependence of the
electron temperature upon incident laser power and photon
energy is shown to provide information on the absorption

processes in InSb in the vicinity of the band gap.




NELE, COZ-LASER INDUCED HEATING

OF THE ELECTRON GAS IN InSb

A. Extraction of Mobility Values from Photoconductive
Voltage Measurements

The illuminated region of the model shown below has a
different conductivity than that of the nonilluminated regions,
namely o = %)+ Ao where 9, is the conductivity of the nonillum-

inated regions and Ao = g - Oy

U |

contact
leads

The voltage drop Vp read off of the oscilloscope is the
difference between the voltage drop with illumination and
without illumination. In terms of the geometry of the sample
Vp can be calculated in the following manner. The resistance

of the shaded area above is added in series:

= R & 2 2 (1l-sind)

Rsitver = Rin1 * Raarx ~ 5@ @@ ¥ T sinn av (1)
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Adding the slivers of area 3 in parallel and integrating:

E S - 1
R ;
3 6 2 i 2 (1l-sinb)
(o} od dé %)d sinf de6
(2)
T
“ sinf df
- g
=g \Sﬂ 1«29 oinn
2 % o
where ag J 29 and 6 = cos_l B Making the approx-
o o 0 ?r; .
imation that %g << 1, approximates the quantity
Kol Al Ag .
(l- T Slne) ~ 1 + -U_ sinf .

The integral now becomes:

=0
(0] (¢]
- o S' sind (1 + %" sin8) d6 , so that finally
e0
B ' ol &, .
§§- > cod[;?oseo + 751 3" eo + 51neocoqu:7 s (3)

The resistances of areas 1 and 2 are both:

L - 2r

Rl = R2 = To‘o——Wd . (4)

Adding the areas 1, 2, and 5 in series the final total resis-
tance of the illuminated sample between the contact leads is:
1 1 L - 2r (5)

= +
1L od Ao /m N T W
0o COS@O + 35 7 - 90 + 5 sin 290)
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The sample's resistance between contacts without illum-
ination (Rdark) is
1 L
o Wd

o

Rdark

The difference in resistance is thus

R = Riys " R gark 7

which produces a change in the voltage drop across the leads.
This change in voltage, defined as Vp, leads to the follow-
ing relationship:

V_ = 1AR
p =1

I - Agf m Ty s L-2r L
—. - [Eoseo + 73(%'_ 80 + 5 sin 269 t Y TR . (6)

By simplification and expansion we have:

1

18 Ao m s
& - = = 0 feed 7
Vp 5 coszq 5 [:2 ) + 5 s1n26O ? (Z)
0
where Ac = ¢ - 9, and I is the constant current throucgh the
sample. Note that when Ac = 0, Vp = 0. The photoconductive
voltage when 80 = 0 or (W= 2r) is:
LI R _
Vp 4 4 e v . =
0 :
; i . 2L Q
which agrees with Hattori et.al. Now

i | J
I[§ = OO + 751n28;] . (9)

[ —

PLOTE VR
4G Au V_20d cos?8
p o
and
R T — : (10) ]
0 0 EL? - 8 + 3 sin 2%] e i

20 V.4 cos?6
o P 0
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Thus the mobility ratio defined as

AR W
T N ’
is given by -1
2V R d cosze
ﬁi. =I: (11)
¢ (—2-—6 +-2-Sln 26

This is the mobility ratio for when the beam diameter is
greater than the sample height (W). For the case in which
the beam diameter is equal to the sample width (6O = 0),

the mobility ratio is

Dt o SR i)
o] o ETTIO
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B. Photoconductivity
InSb is a well-known photoconductive material often used
for detecting electromagnetic radiation via several types of

electronic transitions. 22-25

Alternatively, photoconductivity
measurements have been utilized for obtaining information on

26
properties of InSb such as two-photon absorption rates, donor

“1=30 LO phonon energies, =32 and enercay band

impurity levels,
parameters. =4 To a small extent, hot carrier effects aenerated
by dc electric fields have even been found in the photoconduc-
tivity. 4 However, we know of no attempt to use the free carrier
absorption induced photoconductiviy to investigate photo-heated
electrons at the 10 ym wavelengths of the co, laser.

Free carrier absorption processes at 10 um wavelengths

result in very small absorption coefficients in low concentra-

tion samples of InSb. Consequently, guantitative information
about the laser-induced heating process is not available

because experiments have been difficult to carry ocut. In

this section we describe the first measurements of the electron
temperature from photoconductivity measurements that describe
quantitatively how the co, laser affects the degenerate electron

gas in a sample of concentration =1 x 1015 _3_

cm
Figure 15 shows a block diagram of the equipment used in
these experiments. The sample, immersed in liquid helium in a
variable temperature optical dewar, was illuminated with a laser
pulse produced by mechanically chopping a beam (TEM00 mode)

from a gratinag-tuned cw CO2 laser which provided single line

outputs of several watts from ~9.2 um to ~10.9 um. Typical

a < . e i 3 SO ey .
———s. e M et ettt ettt ————. S——
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short term amplitude stability of this cw CO

5 laser as measured
by a gold-doped germanium detector is ~+1%, with the longer
term (4-8 hours) stability being ~+4%. The laser pulse width
could be varied by using different slot widths on the chopper
blade. The repetition rate could be varied bv using blades
with different numbers of slots and by changing the blade
rotation speed. To avoid sample lattice heating by the laser
the duty cycle of the chopper was kept below 3%. ELven so, at
the highest laser powers, a large pumping rate and liquid
helium flow rate of the variable temperature dewar were needed
to maintain the lattice temperature of the sample at 1.8 K.

In the present experiments, a laser pulse with a width
of ~20 usec (F.W.H.M.), a rise and fall time of ~2 usec, and
a repetition rate of ~1700 Hz were employed.

The laser pulse was focused to a diameter of approximately

1.8 mm at the sample and positioned to illuminate the region

-

of the sample between the potential contacts. The laser spot

size was determined using a 1 mm diameter hole mounted in the
plane of the sample. The ratio of transmitted power through
a 1 mm hole to the power transmitted without the hole agives

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

We ascertain the spatial beam profile with thermal imaging
plates, and by scanning the beam across a small area detector
using a rotating mirror. The optical components, including
an intra-cavity iris, are aligned to produce a Gaussian beam

profile. Calibrated filters of either CaF, sheets or sheets

2

of Teflon or some conbination of both were used for beam

attenuation.
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Figure 16 shows a plot of the photoconductive voltage Vp
as a function of dc bias current I through the sample for

several different laser powers P_ incident on the sample.

E
The negative sign means that the mobility increases with
incident laser power. The linear behavior is understandable
on the basis of a detailed analysis of the photoconductivity
At high currents, a nonlinear behavior is observed which is
attributed to either nonohmic electric field behavior or to
lattice heating (since pulsed-current techniques were not
used). We restrict all our measurements to a dc bias current
of 2 mA which is way below this nonlinear region.

Figure 17 shows a plot of the photoconductive voltage
Vp versus PI the peak incident laser power for two different
laser wavelengths. Again at low laser powers Vp seems to
follow a linear behavior with PI‘ At higher laser powers
some deviations from linearity is observed. Using these
voltages, the sample dimensions and lead placement positions,
and the laser beam width one can then calculate the mobility
of the sample region illuminated by the laser.

Figure 18 shows comprehensive results obtained from

three separate experiments on how the mobility changes with

(1) applied electrical power Po (obtained from electrical

heating experiments as euEZ) as shown in Fig. 2(a); (2) lattice

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

L
as shown in Fiag. 2(c). The electron concentration is
15 -3

power P,

determined to be 1.4 x 10 cm from the period of Shubnikov-de
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Haas (SdH) oscillations and is constant at these lattice
temperatures and low laser powers where two photon absorption J

processes are completely negligible. Consequently,

Ly .20 ) (1)

where Ao = (o - %) R U T %)and AV = V-%)are the changes in
the conductivity, mobility, and voltage drop across the sample

leads, as either TL’ PI or PE are varied while the other two

variables are held constant. The values of % W and'%

are determined at zero laser power (PI = 0) under ohmic con-
ditions at a lattice temperature of 1.8 K.

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

i

using ohmic electric fields increases with lattice temperature

which is consistent with completely dominant ionized impurity

momentum relaxation. % We find (" ~19.3 (ohm - cm)-l,

4

w ~8.6 x 10 cmz/V sec, in agreement with other experimentally

0
determined mobilities with similar electron concentrations and

35,36 d

lattice temperatures.
5

At 77 K, o and u_ rise to 75 (ohm-cm)

and 3.2 x 10 cm2/v sec, respectively.

The CO2 laser radiation is partially absorbed via free

carrier absorption processes and subseguently leads to a
mobility increase as observed in Figure 18(c) where Au/u is

plotted versus P the peak incident laser power at a constant

II

lattice temperature of 1.8 K. An electron temperature TZ can

be determined for each wavelength and value of P. by making a

i §
one-to-one correspondence between the mobility changes in the




two cases shown in Figure 18(b) and 18(c). For example,

Figure 18 (c) shows that for a peak incident power of about
1.6 W, Au/u - 0.10, which corresponds to a temperature T ~6 K.
The lines shown in Figure 18 are the "best fit" lines
through the data points. Consequently, a plot of Tg versus
PI can be made as shown in Figure 19. Provided the steadv
state is controlled by inter-carrier collisions, the carrier
distribution will be heated Fermi-Dirac distribution with a
true electron temperature Te which may be identified with
TZ if the carrier heating maintains the system within the
regime dominated by ionized impurity limited mobilities.
The steady state remnant excitation pulse at e~hw + Ep will
have negligible effect on the mobility at our low excitation
rates: the low energy carrier assembly is only minutely
depleted by photoexcitation.
Electric field heating experiments were carried ont at
zero laser powers in order to calibrate the amount of optically
absorbed power fed into the electron gas. A pulsed dc electric
field of 20 usec duration was used to avoid sample lattice heat-
ing so that only the electron gas was heated, while the lattice
temperature remained at 1.8 K. Figure 18(a) shows the resultant
mobility chance versus applied electrical power PF per electron

for the same sample. The extracted effective electron temper-~

atures TeE (PF) may be again identified with the true electron

temperature Te under appropriate conditions. In which case,

B E
(PI) and Te = Te (P.)

0O
we may invert the functional relations To==Tg




i

9.0 [——r—r———— v

] 1048 1
8.0 - A=10.72 '/ 1026 &/-

7.0

6.0

Te (K)
T T T
>
©
N
ﬂ
1

5.0

4.0

‘_\
O
'S 'S 4 l 4 A s

' L] L] Ll v ' L L] L v

3.0

S
—
"
(0¢]
PN
PR

_— " . l 4 - e

o) e ‘Oi54 1.0
P (W)

Fig. l9--Electron temperature T _ versus peak incident laser

power PI for various CO2 laser wavelengths.

49

1

|
1
- nl

‘
a
j




— _— . oy i i v e -

50

to deduce the thermodynamic relationship PE = Pa (PI) under the
constraint Tg = ng = Te’ where Pa is the portion of absorbed

optical power transferred to the carrier assembly via inter-
carrier collisions prior to dissipation to the lattice. The
extreme case (Model I) occurs when the inter-carrier energv
loss rate Tee (scattering out term) exceeds all other energy-
loss rates Feph due to phonon scattering at all energies up to

and exceeding the photo-excitation energies (~e_ + 4 kB Te + Aw) .

i

In this instance P, = a(A)dpP where o (X) is the steady state

II

free carrier absorption coefficient and 4 is the sample thick-
ness. It follows that a(A,Te) may be extracted exactly as

the ratio:
G e PE(Te) 1
SO PIITe N ed
' 4

—~
[N
~

where we make the wavelength A and electron temperature T
dependences explicit.

Our estimates of the critical carrier concentration n,
for which Fee>> Teph ensures a valid electron temperature
model are based on similar calculations to Stratton 49 but
for relaxation againse a degenerate distribution in the pre-
sence of Thomas-Fermi screening. While the present sample

concentration satisfied n>>n_ for energies e<e_ + fiw , where

i
€p is the Fermi energy and ﬁmo the LO phonon energy, we find
n<n for higher energies where energy loss to the lattice is
controlled by fast polar-mode optical phonon emission processes.

In these circumstances (Model II) we might anticipate that a

substantial fraction B of the optically absorbed power
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Pg = miPI is transferred to the lattice by optical phonon

cascading as the photo-excited electrons scatter to energies

below the threshold for which T ' . The residual power,

eph a ee

o
Pa = [1 - B(X)]Pa ; will then be effective in heating the

carriers into a Fermi-Dirac distribution with electron tem-
perature Te via inter-carrier collisions. The subsequent
quasi-thermalized distribution will then lose energy to the
lattice via predominantly acoustic phonon processes at the
rate [1 - B(X)]Pg . In this case we find

RLUED
[1-8Mlar,m) = —2—2°— =2 (3)
PI(Te A) d

’

L Plots of PE(Te)/PI(Te,A)d versus A2 for the range of
available wavelengths indicate an approximately linear varia-

E tion with values extrapolated to zero wavelength being negative.
These non-zero negative extrapolated values are consistent with
a non-zero loss factor B (A) ~ 1/)\2 in the physical regime. The

finite width of the excitation pulse Ae~e_ + 4 kBTE precludes

I
a strong oscillatory photoconductivity effect (R(X) ~1). 1Indeed,
the presently available spread of photoexcitation energies

Ac<ﬁ%)is not sufficient to expose any definite oscillatory

structure.

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

general expression

:' aeff()\rTe) — pE(Te)/pI(TeIA)d (4)

NE——
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which relates an effecrive free carrier absorption coefficient
Coff = afl - Bl to experimentally accessible guantities. Model

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

¥ 1

find values for o in the range 0.005 cm =~ - 0.03 cm_

eff
for the electron temperature and wavelength ranges 3.5 - 6 K,

and 9.271 - 10.719 um, respectively. We note that at 10.6 um

typical values for o have been reported in the range 0.3 to
016 cm'3

0.6 cm—l for a higher concentration of ~1 at low

38 ; 2 3
temperature. The ratios A[PE(Te)/PI(Te,k)d]:Aaeff(A,Te)

= Aa(k,Te), evaluated at constant wavelength, indicate a

weak variation of the true absorption coefficient @(A,Te)

with electron temperature.

C. Shubnikov-de Haas Studies
Shubnikov~de Haas effect studies have been carried out

15, 15
’

in samples with electron concentrations of ~1 x 10 7 e A

and ~2 x 16°° em™?. when = Co, laser pulse is incident upon
the sample, carrier heating occurs and the amplitude of the
SdH oscillations decreases. We have carried out a compre-
hensive investigation in which the carrier heating in these
samples was investigated as a function of incident laser
power for various laser frequencies. In addition, electrical
heating experiments have also been carrier out in order to

determine Oofge Currently we are in the process of analyzing

these experiments and thus will report on them next time.
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X. FUTURE PLANS

A. CO2 Laser Heating

Continued studies on samples with different electron
concentrations will be carried out. In addition, we are in
the process of carrying out time-resolved hot electron measure-
ments in order to measure T the phenomenological eneragy
relaxation time. This will enable a direct calculation of
Ly without having to do a parallel electric heating experi-
ment on the sample. Production of higher laser intensities
by O-switching will continue to be a hiah prioritv. This will
enable us to extend our measurements into regions where the
electron gas loses energy to the lattice via optical phonons.
The application of the techniques for investigating laser-induced
heatinag can also be apnlied to investicate other semiconductors
of technological importance, such as GaAs. Continued emphasis
will be placed on a quantitative theoretical understanding of

the hot carrier generation process.

B. CO Laser Heating

The investigation of laser-induced hot electrons in InSb
produced with the CO laser promises to be very fruitful in
understanding the absorption processes near the band gap region.
We shall continue to study the relationship between the absorp-
tion processes and the carrier heatina. Samples with different
electron concentrations and NA values will be studied. An
investigation of the photoconductivity in this complex region
will be undertaken. There is also the possibility of observ-

ing laser-induced electron coolinc effects.
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ELECTRI!C FIELD DEPENDENCE OF THE
POSITIONS AND AMPLITUDES OF MAGNETOPHONON
OSCILLATIONS IN n-InSb AT 77 Kt

H. KAHLERT? and D. G. SEILER
North Texas State University, Denton, TX 76203, U.S.A.

and

J. R. BARKER
University of Warwick, Coventry, England

Abstract—The influence of pulsed electric fields on the magnetophonon strcture in the transverse and longitudinal
magnetoresistance of n-InSb at 77 K has been reexamined using a magnetic field modulation technique. For the
transverse configuration, a shift to higher magnetic fields with increasing electric field is observed for the resistance
maxima up to N =8. The amplitudes decrease monotonously and disappear at about 60V/cm for N = 3. In the
longitudinal case, the extrema shift to lower magnetic fields as the electric field is increased. In contrast to the
transverse case, the amplitudes increase by a factor of 1.8 up to 15V/cm, and then either decrease or become
saturated, depending on the harmonic number of the extremum under consideration. These experimental results are
discussed within the context of calculations based on a quantum kinetic equation approach and predictions

obtained from a simplified analytical theory.

1. INTRODUCTION

Several experimental investigations have been reported
on the changes in the magnetophonon effect in n-InSb at
77K under application of electric fields[1]. For the
transverse configuration B LJ, Curby and Ferry[2)
found a shift of the resistance maxima to higher mag-
netic fields with increasing electric field. However, their
experimental resolution only allowed the detection of the
N =1, 2 and 3 extrema and no quantitative information
on the dependence of the amplitudes on the electric field
was given. Restricting the applied electric field to values
<1V/cm, Hamaguchi et al.(3,4] observed mag-
netophonon oscillations of the warm-electron coefficient
B, but no shift of the extremal positions at these low
fields was observed. For the longitudinal case B || J, Ito et
al.[5] reported the disappearance of the normal mag-
netophonon series by applying electric fieids up to
70V/cm and the emerging of two new series of extrema
which tentatively were explained by applying electric fields
up to 70V/cm and the emerging of two-LO-phonon
scattering processes [6]. No shift of the positions of the
ordinary series was reported. In contrast, Curby and
Ferry(7] found a shift of these extrema in the longitudinal
configuration to higher magnetic fields and gave an inter-
pretation of this shift as being produced by the hot-electron
induced population of higher Landau levels similar to the
transverse case. No information on the electric field
dependence of the amplitudes was determined for this
case. In addition, it should be noted, that the duration of the
electric field pulses was a few microseconds in both
experiments[5, 7], so that the generation of acoustic flux

via the acoustoelectric effect may have affected the
results.

tWaork supported in part by the Office of Naval Research.

1On leave from Ludwig Boltzmann Institute fiir Festkorper-
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Some of the inconsistency of these findings might have
been caused by the relatively poor resolution of the
experimental techniques which were used to detect the
hot-electron magnetophonon structure. The use of mag-
netic-field modulation techniques along with short elec-
trical pulse sampling techniques has recently been
demonstrated to increase the resolution dramatically (9]
compared to conventional methods and to provide data.
which are of the same quality as in the ohmic case. The
purpose of this paper is to report high resolution
measurements of the hot-electron magnetophonon struc-
ture in both the transverse and fongitudinal configuration
using these techniques with the electric field pulses short
enough to prevent either generation of acoustoelectric
effects or lattice heating. These experimental results are
compared to predictions obtained from a simplified
analytical theory and to calculations based on a quantum
kinetic equation approach(10].

2. EXPERIMENTAL

Samples were cut from a single crystal of n-type InSb
having a carrier concentration of 3x10”cm™ and a
mobility of 6.3x 10°cm*/Vsec at 77K. They were
needle-like with their long axis parallel to a (211) direc-
tion. They were polished to a thickness of about 60 um
and subsequently etched in a Br-methanol solution. Two
current contacts were soldered to the ends using pure
indium. The experimental set up and the measurement
technique are described in detail in Ref.[9]. The resis-
tance of the samples at 77 K was in all cases greater than
5002, so that the voltage across them -vas mainly
determined by the current through a 50} parallel resis-
tor. Consequently, the voltage remained approximatel
constant even in the transverse configuration, wherc the
sample resistance increases strongly with magnetic field.
Since in the actual measurement of the magnetophonon
oscillations no potential probes were used to determine
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the potential drop, the electric-field values might have
been erroneous because of potential drops across the
contacts. Therefore, after finishing the modulation
measurements, potential probes were attached to the
samples and it was verified that the contact resistance
was negligible compared to the sample resistance in the
range of electric and magnetic fields used in the experi-
ment. The electric field pulses had a duration of 75 nsec
and a repetition rate of 3kHz. To prove the absence of
any lattice heating effects, traces of the sample current
versus magnetic field at the highest electric field were
taken at 3kHz, 300 Hz and 30 Hz: no change of the
magnetoresistance as 2 function of the pulse repetition
frequency could be detected.
3. RESULTS

The second derivative of the sample current with
respect to the magnetic field strength B is plotted in Fig.
1 as a function of B L J. The obmic trace was obtained
with a constant d.c. current of | mA at an electric field of
0.5 V/em. The other traces were recorded by setting the
manual sweep control of the sampling oscilloscope to a
time position of about 40 nsec after the application of the
electric field pulse. The applied electric field strength is
the parameter of the different traces and had values of
11, 21, 32 and 42 V/cm respectively. At electric fields
exceeding 20 V/cm, anomalous structure appeared besides
the magnetophouon structure. For clarity, these parts of
the traces were replaced by dashed curves. The crigin of
this structure is not completely clear at present, but
seems {0 be related to contact properties, since different
samples from the same material exhibited this structure at
different values of electric and magneuc field strength. The
dashed line in Fig. | marks a field of 8kG and helps to
demonstrate the shift of the N =4 and N = § extrema to
higher magnetic fields with increasing electric field.

The normalized position of the transverse mag-
netoresistance extrema defined as B(E)/B(0) is plotted
as a function of E” in Fig. 2. For all extrema the
magnetic field is shifted initially proportional to the squ-
are of the electric field and then tends to saturate. The
slope of the increase is biggest for the high harmonic
number extrema. However, their shift saturates at the
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Fig. 1. Second derivative of the resistance with respect to the
magnetic field B versus B L J. The lowest trace is obtained under
Ohmic conditions. parameter of the other (races is the applied
electric field
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Fig. 2. Normalized extremal positton B(E)/B(0) versus sguare of
the apphed electric field for different harmonic number extrema
and B L J

lowest electric fields. The normalized amplitude defined
as the quotient

AI(E) /AI(3 Vicm)
[EY/ TG Viem) ®

E =3 V/cm being the lowest electric field where pulsed
measurements could be performed, 1s plotted in Fig. 3
versus the electric field for the extrema with N =3, 4
and S.

The second derivative of the sample current with
respect to the magnetic field 1s plotted in Fig. 4 as a
function of B for the longitudinal configuration B | J.
The lowesi trace was obtained under ohmic conditions.
whereas the other curves were measured at various
applied electric fields. Two important features can be
observed in these (races: (1) In accordance with results of
Shirakawa et al.|S], additional structure appears at the
right and left wing of the ordinary extrema. However, in
contrast to their findings, (1) the ordinary extrema do not
disappear but are shifted to lower magnetic fields with
increasing E. This shift is shown as a function of E in Fig.
S. After an initial decrease of about 4% the normalized
extrema position B(E)/B((0) finally saturate at about
40 V/cm fairly independent of the harmonic number of
the extremum under consideration

Fig. 3. Normalized amplitude as a function of the applied electric
field for B L J
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Fig. 4. Second derivative of the resistance with respect to B vs
B J. The lowest trace is obtained under Ohmic conditions:
parameter of the other traces is the applied electric field E.
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Fig. 5. Normalized extremal position B(E)/B(0) versus the appl-
ied electric field for different harmonic number extrema and
B J

The normalized amplitude, defined simifarly as in the
transverse case, is plotted versus the electric field in Fig.
6 for the extrema with harmonic number N =3, 4 and S.
The curves are guides for the eye only and show, that
after an initial increase of the amplitude by a factor of
1.8, the amplitude decreases again, eventually exhibiting
a second extremum at about 40 V/cm for N =3 and 4,
but saturates for the N = 5 extremum.

In order to investigate a possible influence of acousto-
electric amplification on the peak shift in the longi-
tudinal configuration, which was considered by
Peterson[l] to be important under the experimental
conditions used by Ferry and Curby(8], measurements
were performed on a [110] oriented sample in the [on-
gitudinal configuration as a function of time after the rise
of the electric field pulse at an electric field of 46 V/cm.
The sampling time was varied between 20nsec and
2usec. The result is shown in Fig. 7. For all times the
extrema are shifted by the same amount to lower mag-
netic fields with respect to the positions under ohmic
conditions (dashed lines). This experimental finding
apparently rules out the acoustoelectric effect as a pos-
sible source for time dependent peak shifts in the fon-
gitudinal magnetophonon effect in the samples and the
range of fields under consideration.

4. DISCUSSION

4.1 Transverse configuration B 1 J

The theoretical possibility of peak shifted magneto-
phonon structure was first emphasized by Barker and
Magnusson[10] in numerical calculations based on solv-
ing the quantum Kinetic equations for the electron den-
sity matrix in the crossed field representation{ii]. The
calculations have been recently extended[12] to include
effects of non-parabolicity and inelastic acoustic phonon
scattering. Since the numerical calculations are restricted
to five Landau sub-band occupancy and single LO
phonon processes in the vicinity of the first two mag-
netophonon extrema, only a qualitative comparison with
the present data is possible. Nevertheless, the general
experimental features appear to be interpretable via
quantum transport theory. There are essentially four
physical processes which could lead to electric field
induced peak shifts and we discuss these separately.

(a) Repopulation effects. The first possibility is that
carrier heating varies the effective electron temperature
to successively populate higher Landau levels in the
non-parabolic conduction band. Resonant mag-
netophonon transitions of the type L+ N =L(N = har-
monic number; L=0, [, 2...) will then become in-
creasingly contributory to the resistivity, and since the

PO
o e -
& e A - e it
=) s 0
= lo\«g‘/ BuJd |
o e Py FTECK =
- R
: - _
. ~
e S i N
{,_11‘,2»— ." |
S L/ e
E LA ens : y
& - CN:4 L N
= aN S5 N
08L— SO T s S
9] 0 20 30 40 0 6 7
E(V7em)

Fig. 6. Normalized amplitude as a function of the applied electric
field for B (| J.

DETECTOR RESPONSE
LU

PO (VA L - v

S
B (kG)

Fig. 7. Second derivative of the resistance with respect 1o B vs

B J for an electric field of 46 V/cm applied to a (110) oriented
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higher level sub-bands involve a decreasing cyclotron
frequency, the resonance condition:

Nhw, = hw,

predicts an extremum shift (o higher magnetic fields.
Within an electron temperature model[10] the effective
temperature T, is approximately quadratic in the total
field E, which is not inconsistent with the data of Fig. 2.

Now the conductivity mobility g, is controlled by the
dominant montonic part of the response and is found
experimentally to decrease with increasing magnetic
field. It follows that carrier heating will be more
significant at fower magnetic fields, i.e. high harmonic
number N. since the energy input rate is proportional to
w.E?. The stronger peak shifts at high harmonic numbers
are therefore not unexpected.

On the other hand it is by no means certain that an
electron temperature argument is strictly operable since
the numerically determined distribution functions [10, 12,
13] are markedly non-Maxwellian.

{b) Electrically distorted band structure. So far we
have not included the electrical distortion of the non-
parabolic spectrum {12, 14] which becomes significant for
high total electric fields E (the resultant of the applied
field and the much larger Hall field). Within a second
ordei perturbation theory of the Kane two-band model it
is known that significant sub-band mixing for small gap
media resuits in a Stark shifted Landau structure. which
lowers the higher Landau levels faster than the lower
ones: the result is an additicnal decrease in the effective
cyclotron frequency and a consequent extremum shift to
higher fields. Thus for the two lowest sub-bands the
electrically distorted energy levels are obtained as[12):

el E) = €,(0) - 3(eE! (€, - €)

r 2
(E) = €,(0)—3(eE? | —=— - :
S P et

where €y(0) is the Landau-Kane band structure, and
1= (#/mw,.)'" is the cyclotron length for the band-edge.
In these expressions we have suppressed a linear shift
term eEk,?, which is the same for ali levels. As befroe,
the resultant peak shifts will be strongest for the higher
harmonic numbers. Evidentlv , for large gap media, for
which  €4y(0) - exA0) = Aw (N ~ N'), the Stark shift
becomes independent of N and the peak shift contribu-
tion will vanish.

(¢) Intra-collisional field effects. The third possibility
is essentially a feature of the field assisted hopping-like
diffusive conduction, which occurs in the transverse
configuration. Here the current J parallel to the total
electric field has the structure[10, 12):

J =3¢ 3, (X = XY MRAA) = fAIRO, )]

AA
where for a parabolic band

X = ~(hk,JeB + m*EleB?),

68

R(A,A) is the electric field dependent scattering rate
between crossed-field states A(=N. X, p,) and A", whilst
f(A) is the diagonal part of the eleciron-density matrix
and satisfies the rate equation:

S ARG A) = FAORM, A)) = 0.

Now, within a collision-broadening second Born approx-
imation the rates R(A, A') involve an energy conservation
factor

-~‘»I‘M AMle, — g, +A(A Q)
mw
+hw, + cE(X — X +T 0.2

for a parabolic struciure, where I'(A,4), &(A. A"} are the
joint level damping and level shifts assoctated with mul-
tiple scattering. For weak fields: eFAX <T| it suffices to
compute J from a linear expansion of R{A.A") in powers
of the total field E. The entire field dependence is then
manifest in the distribution function f(4 ). In the opposite
extreme, which occurs for Eee=5Vem ' in our
samples. such an expansion is not permissible and the
electrically-induced inelasticity eE(X - X" by itself
leads to a removal of the Gurevich-Firsev singularity,
progressively damping the magnetophonon amplitudes,
and again entails a neak shift in the second derivative
extremum positions to hicher magnetic fields. It i1s useful
to recall from earlier studies [15-17] that for strong
collision damping the magnetophonon amphitudes for
akmic conditions are modulated by aa exponential factor
exp(—yN), where N ic the harmopic number and v is the
damping parameter. Second-derivative extrema are
therefore displaced shghily to hugher magnetic fields. If
we heuristically argue that y is controlled by the zero
magnetic field mobility y = l/u (D). and note that g,
decreases with mncreasing apphed electric field. u follows
that collision damping will shift the second derivative
extrema further for higher electric fields than for low
fields. However, making use of the tabulated peak shifts
as a function of y given by Blakemore and
Kennewell[18], we deduce from a change of y(E)/y(0) =
1.25 for E, pica =42 Viem an extremum shift of 0.4%
compared with the observed 15% shift of the N =3
extremum. On the other hand, for E__;.a> 35 Vicm, the
cattering contribution to y is overwhelmed by the intra-
collisiona! field effect[10]. and much bigger shifts
may be expected. To illustrate, we refer to a recent
heuristic calculation due to Barker{12], which argues for
an  electrically induced modulation  factor:
expl-2mleE(IoNIC  hw, )], where 1= (Rm*we)'",
which replaces the factor exp{~yN). The effective dam-
ping. v = 2alel]1,/(2" hw,), is evidently strongest for
low magnetic fields so that the high harmonic number
second-derivative extrema are shifted most.

(d) Distortion of the distribution function. All
theoretical calculations to date[1C. 12, i3] predict severe
distortion of the carrier distribution f(1) at high electric
fields. The main feature at high fields appears to be a
pronounced hot carrier pile-up close to the LO-phonon
emission threshold followed by a cold high energy
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regime. Such a situation could lead to extremum in-
version, which superficially resembles a peak shift effect.
The continuous evolution of extrema reported here,
however, would dictate against this possibility.

4.2 Longitudinal configuration B||J

The conduction process is relaxive for this configura-
tion and the much weaker peak shifts must be understood
on a physically different basis from the diffusive picture
outlined in Section 4.1. Here our data is reminiscent of
recent calculations due to Barker[19] for n-GaAs at
120K, which report a slight extremum shift to lower
magnetic fields, which levels out at about 50 V/cm and is
ascribed to a barrier effect whereby the relative popu-
lation of sub-bands below to above the optical-phonon
threshold is enhanced at high electric fields. Con-
sequently, resonant contributions from higher Landau
sub-bands, which are enhanced in the warm-electron
regime E~0-2V/cm, are suppressed in the hot elec-
tron regime. Thus, for the hot-electron regime the lower
cyclotron effective masses are expected to be more
efficacious in non-parabolic InSb, and a slight saturating
extremum shift to lower fields is not unexpected.
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OBSERVATION OF MAGNETOPHONON STRUCTURE IN DEGENERATE n-InSb
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We report the observation of magnetophonon structure in the transverse
nagnetcresistance of degenerate n-InSb at 77 K in a sample of

concentration 7.5 x 1015 cm~3

The positions of the resistance

maxima appear at higher magnetic fields than those found in pure

(51014 cm™3) samples.

THE MAGNETOPHONON (MP) effect is a
powerful tool for studying the band structure
and transport properties of many
semiconductors L2, However, most of the
experiments have been carried out at
relatively high temperatures on non-degenerate
samples with low carrier concentrations.
Magnetophonon structure has been reported for
several degenerate semiconductor samplss:
n-HgTe3'5, n-GaSbS, n-PbTeb and p-PbTe’. In
this paper we report the observation of
magnetophonon structure in the magneto-
resistanc- of the highest concentration
sample of n-InSb yet studied. To our
knowledge this is the first time where the
concentrstion has been high enough for the
sample of n-InSb to alsc be degenerate at
17 K.

Studies of the magnetic field positions
of the MP extrema in n-InSb have allowed a
determination of the band-edge effective mass
and its dependence on temperature, pressure
and electric fieldl. However, up to the
present time, no concentration dependence of
the MP extremal positions in n-inSb has been
reported. In contrast to previous studies,
our measurement technique and high quality
samples have permitted observation of an
unambiguous concentration dependent shift to
higher magnetic fields for the extremal
positions in the transverse MP effect.

The single crystal n-InSb :Jmpl?g 3
studied had concentrations of 9 x 10°° cm”
and 7.5 x 1053 em™3, with mobilities of
6.1 x 10° cu?/Vsec and 1.6 x 10° cm?/Vsec,
respectively. A constant current was passed
through the InSb samples which were kept at
77 K in a glass Dewar system. Conventional
ac magnetic field-mwdulation and phase-
sensitive-detection techniques® were utilized
where the resistance voltage from two
potential preobes on the sample was detected
at the gsecond harmonic of the modulation
frequency. The electric field applied to the
samples was kept in the ohmic range to avoid
electric~field-induced shifts of the
extrema’,
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Fig. 1 - Reproduction of x-y recorder traces

of oscillatory magnetoresistance data
taken on two different ncencration
samples of n-InSb at 77 X using

field-modulation and phase-sensitive
detection techniques. The detector
response was obtained while
detecting at the second harmonic o
the modulation frequency and thus

to a second-derivative

correspon

like behavi

Figure 1 shows the recorded MP
structure for the transyerse configuration in
pure InSb (9 x 1013 en™”) and in a much
higher concentration (7 x 10%cm™3) sample
of InSb. The observed positions of the MP
maxima in the pure sample agree quite well
with those reported by Stradling and WoodlV,

The MP structure for the N = 3, & and S
maxima are clearly shown in 1 for the
high concentration sample. This sample is

weakly degenerate at 77 K according to the
calculation presented in Fig. 1 of a paper
by Kahlert and Bauer'' where the Fermi
energy of n-InSb is plotted as a functicn of
temperature with the electron concentration
as a parameter, The reduced Fermi energy
Ep/kpT of this sample is +0.5 at 77 K,
which means that the Fermi energy is above
the bottom of the conduction band.

Not only does Fig. 1 show the first
observed shift in the MP extremal position

-




62 OBSERVATION OF MAGNETOPHONON IN DEGENERATE n-~InSb

of n-InSb yith electron concentration, but
it also shows for the first time that MP
structure can be observed in degenerate
samples of n-InSb.

In principle, two different effects may
contribute to the shift of the extrema in the
transverse magnetoresistance to higher
magnetic fields with increasing doping of the
samples: (i) changes of the mobility and the
related damping factor Y because of an
increasing importance of ionized impurity
scattering, (ii) changes of the Fermi energy
and a related change of the population of
higher Landau levels. The importance of the
damping for the actual extremal positions
observed in a magnetophonon experiment was
already pointed out by Stradling and Wood 10,

Theoretical work describing the magnetic
field dependence of the magnetophonon
structure has not been carried out in detail
for InSb, but often an empirical relation of
the following form has been used to describe
the structure in the resistivity 10

A P xexp(-yBo/B) cos(ZnBO/B)(l)

where Y is a constant depending upon the
sample mobility and temperature and B, is a
parameter characterizing the semiconductor
and is defined by

B = m* wo/e (2)

In Eq. (2), m* is the carrier effective mass,
Wy is the longitudinal optical phonon
frequency and e 1is the magnitude of the
electronic charge.

The presence of the exponential damping
factor shifts the extrema obtained by second

71

derivative techniques to higher magnetic
fields compared to the extrema of just the
simple cosine term, which occur at the
magnetic fields where the resonance condition
for transitions ending at the L-th Landau
level €4y - € = Puw, is satisfied for

N =1, 2, 3, ... For the pure sample a value
Y = 0.72 could be deduced from the
undifferentiated traces. From the difference
of the mobility of the samples under
consideration, it is reasonable to expect a
value of Y of about 2.5 for the high
concentration sample, assuming that it is
inversely proportional to the Rall mobility
of the sample. For the N = 4 extremum we
estimate a damping-induced shift of 3.67Z to
higher magnetic fields by using tabulated
values of the damping—iﬁguced shift given by
Blakemore and Kennewell*“, This shift has to
be compared to the actual observed shift of
67 for the N = 4 extremum.

The second reason for the shift of the
extrema to higher magnetic fields is a
consequence of the nonparabolicity of the
InSb-conduction band, where the energy of the
Landau levels does not increase linearly with
magnetic field. Consequently, transitions are
expected to occur at higher magnetic fields,
which involve a lower Landau level with
quantum number L>0. An increasing contribution
of these transitions and therefore a shift of
the extrema to higher magnetic fields is
expected for an increasing population of
these levels when the sample is highly doped.
More detailed theoretical work is needed in
this area before a firm understanding of the
doping-induced shift can be obtained.
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Magnetophonon-0Oszillationen wurden im transversalen Magnetowiderstfgd
von entartet dotiertem n-InSb bei 77 K in einer Probe mit 7.5 x 10
Elektronen/cm™ beobachtet. Die Magnetfelder, bei denen
Widerstands-maxima guftreten. sind hoeher als jene, die fuer reine

Proben (n< 1014 cm™

) gefunden werden.
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ABSTRACT 18

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 = 5 X 10‘3 |4
cm_3 ton =7 x 1016 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
F 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
F determined halfwidth A(N) proportional to the harmonic number N

and weighted with the value of the Fermi distribution function
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at the energy of the lower level is shown to give a good fit
to the data yielding a band-edge effective mass of m; = 0.0138mo.
In higher doped samples, the shift of the extrema to higher
magnetic fields is partially caused by the larger value of the
damping parameter X’because of the lower mobility. After apply-
ing an appropriate correction to the extremal positions of the
high concentration samples, a shift remains, which gqualita-
tively can be explained by the increasing contribution of higher
order transitions because of the higher population of these
levels. Finally, the shifts in extremal position as a conse-
quence of an increased electron temperature, e.g., induced by

application of electric fields or photoexcitation, are dis-

cussed within the framework of this model.
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I. INTRODUCTION

Since its theoretical prediction by Gurevich and Firsov,l
the magnetophonon (MP) effect2 has frequently been investi-
gated in n-InSb in the transverse and longitudinal configu-
ration.}-7 Whereas in this early work the nonparabolicity
of the conduction band of n-InSb has besen neclected, it was
clearly pointed out by Stradling and Woodg’9 in the discussion
of their extensive measurements of the MP effect in various
ITI-V semiconductors using improved experimental techniques,
that particularly in the interpretation of the extremal posi-
tions of magnetophonon oscillations in n-InSb the nonparabo-
licity of the conduction band plays an important rcle. How-
ever, in their evaluation of the band-edge effective m5538
only extrema with harmonic number up to N = 6 were included.
The application of the magnetic-field modulation and phase
sensitive~detection technique has significantly improved the
resolution of the oscillatory structure in the magnetoresi-
stance and has allowed the detection of extrema up to N = 12
in the MP effect in n - Ingb.10 13

The MP effect is generally accepted to be distinguishable
from the Shubnikov-de Haas effect by the fact that it does
not depend on the carrier concentration and nc such dependence
has been reported so far.2 This can be understocd by examining

* *
the resonance condition No, = wg with w_ = eB/m , where m 1is

the effective mass and 5 is an optical phonon fregquency,

since no quantity depends on the carrier concentration. However,
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this relation is only correct for a parabolic band, where the

Landau level enerqgy increases linearly with magnetic field.
In a nonparabolic band, the energies of the spin-split Landau
levels do not increase linearly with magnetic field. Aas a
result, the optical phonon energy fits between a pair of
Landau levels characterized by quantum numbers L and L + N
at higher magnetic fields for higher values of L.8 The
observed resistance maxima in the transverse configuration
are therefore superpositions of all the lines produced by
these transitions, which have to be weighted by the occupation
factor of the lower level. If the population of higher levels
is enhanced with increasing carrier concentration or mean
carrier energy, we expect an increasing contribution of trans-
itions between higher levels and consequently a shift of the
extrema to higher magnetic fields. Such shifts have in fact
been observed by Curby and Ferry14 in the transverse MP effect
in n-InSb at 77 K as a result of the application of pulsed
electric fields up to 50 V/cm and the associated carrier
heating. A quantitative study using an improved experimental
setup15 was recently reported by Kahlert et al.16

It is the purpose of this paper to describe a systematic
study of the resistance extrema in the transverse MP effect
measured in a set of eight different samples of n-InSb having

carrier concentrations in the range between 5 X 1013cm—3

7k lolecm“3 at 77 K. In Sec. II the experimental technique

to

is outlined and the sample properties are listed. The results

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

tance extrema to higher magnetic fields with increasing doping
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of the samples, are described in Sec. III. For a few samples,
values of the damping parameter y are derived from the undif-
ferentiated magnetoresistance versus magnetic field. 1In Sec.IV
the shifts of the experimentally observed extremal positions
away from the actual resonant magnetic fields are corrected,
which arise from damping-dependent exponential prefactoer to

the oscillatory term in the magnetoresistance. Calculated
extremal positions are found by superimposing resonance lines
centered at the resonant magnetic fields, which depend not

only on the harmonic number N, but also cn the guantum number

L of the lower level. These lines are weighted with the Fermi
occupation factor of the lower level and added to form a com-
posite line, the extremum of which is computed numerically.

A superposition of cosine functions cannot explain all extremal
fields in the range from N = 2 to N = 12 for the pure samples.
Using Lorentzian lines with an empirically determined haif-
width proportional to the harmonic number N, a good fit is
obtained yielding a value of the band-edge effective mass

*
m = (0.0138t0.000053mo. The shift of the corrected experi-

o
mental positions of the higher doped samples to higher magnetic
fields is compared to calculations for varicus Fermi energies.

Fair agreement between the observed and the calculated shifts

u

is obtained. Finally, shifts are calculated as consequence of
an increasing electron temperature. The conclusions concer-
ning the interpretation of MP effect measurement in semicon-

ductors having a nonparabolic band are drawn in Sec. V.




II. SAMPLE PROPERTIES AND EXPERIMENTAL TECHNIQUE

Unoriented samples were cut from eight different single
crystals of n-InSb using a spark-cutting machine. They were
polished with 0.3um A1203 polishing powder and subsequently
etched in CP4A twice for three seconds. Two end contacts,
two potential probes, and two Hall contacts were provided by
soldering 25um gold wires with pure Indium solder. The
samples were mounted in a holder equipped with six coaxial
cables and suspended in a glass dewar between the pole faces
of a 21kG electromagnet with the sample axis perpendicular to
the magnetic field. Care was taken not to surround the sample
with any conductive material to avoid the shielding of the
magnetic modulation field by eddy currents. Prior to the MP
effect measurements, the transverse magnetoresistance and the
Hall effect were recorded by impressing a constant current
and measuring the potential probe voltage and the Hall voltage
in magnetic fields up to 20 kG for both directions of the cur-
rent and both directions of the magnetic field. The carrier

concentration n = l/(eRH), where R is the Hall coefficient,

H

the Hall mobility u and the value of the damping coefficient

q
vy tc be discussed in Sec. IV are listed in Table I.

The experimental equipment to produce an ac modulated
magnetic field and to extract the second derivative of the
magnetoresistance with respect to the magnetic field is des-
cribed in detail in References 15 and 17. In order to in-

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

concentration samples where the MP oscillation amplitudes are




very small, a modulation field of 400 G peak-to-peak was
used. However, with the high mobility samples like 51 and
S2, where the oscillations were observable with as small
modulation fields as 50 G peak-to-peak, the extremal positions
did not depend on the amplitudes of the modulation field.

The dc magnetic field was swept at a rate of 500 G/min. &
trivial shift of the recorded traces was caused by the fact
that the time constant of the lock-in amplifier had to be

set to 10 sec for a sufficient noise suppression. This shift
was carefully eliminated by sweeping the magnetic field up
and down and taking the average value of the magnetic fields,
where extrema occurred in the upsweep and in the downsweep,
as the true position of each extremum. The validity of this
procedure was checked by taking traces on a high mobility

sample with a 100 msec integration time, where at a magnetic-

field sweep rate of 250 G/min no differences between the up-

sweep and downsweep positions were observable. The so determined
positions coincided with the positions obtained from an aver-
aging of the traces taken with a 10 sec integration time. The

"magnetic field was calibrated using NMR technigues.




III. EXPERIMENTAL RESULTS

The output signal of the lock-in amplifier set at 2fo'

where f0 is the ac magnetic field modulation frequency of

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

This signal corresponds to the second derivative of the
resistance R with respect to the magnetic field. It shows
minima at the resonant positions, since the transverse MP

effect exhibits maxima of R whenever ¢ = ﬁwo , where

L+N °L

€1, is the energy of the Landau level characterized by the

quantum number L, N is the harmonic number, and ﬁwo is the LO-

phonon energy. By a proper setting of the phase of the lock-
in amplifier the background magnetoresistance could be com-
pletely eliminated in most cases. Therefore, the actual
extremal positions could be determined with high precision.
The estimated error in the determination of the extremal
magnetic fields is about * 10 G for the purest samples Sl
and S2, increasing to about + 30 G for the highly doped
sample S6. In sample S7 only weak structure corresponding
to the N = 3 and N = 4 peaks was observed. No attempt was
made to determine the position because of the comparably
strong background magnetoresistance. No structure resembling
MP oscillations could be found in the second derivative of
the magnetoresistance of sample S8 within the given experi-
mental resolution.

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

The higher the doping of the sample under consideration, the

19
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more shift of the N = 4 extremum away from this line to higher
magnetic fields is observed. Similar shifts were found for
all other extrema. In addition, the traces show a more sinu-
soidal type of oscillation only for the impure samples. The
peaks for the samples S1, S2, and S3, particularly those with
N < 6, exhibit an appreciable amount of sharpening.

In considerations concerning pessible explanations for

the observed shift of the extrema to higher magnetic fields,
the damping parameter y plays an important role. This para-
meter shows up in an empirical formula for the amplitudes of
the MP oscillations as a function of the magnetic field,

which in many cases can be described by a term of the form
exp(—yBo/B) times an oscillatory term, where Bo is obtained
from the relation eBO/ m* = mo.8 Unfortunately, it is not
possible to determine Y from the second derivative traces

in Fig. 1. They are distorted because of the peculiarities

of the magnetic field modulation technique, because of changes
of the phase for optimum detection during the field sweep,
while the phase setting of the lock-in amplifier is kept con-
stant, etc. However, for three samples, S2, S3, and S4, the
oscillations in the undifferentiated raw magnetoresistance
data with N = 2, N = 3, and N = 4 were sufficiently prominent !
to allow a determination of y. These experimental values of

y are plotted versus the Hall mobility of the respective

samples in Fig. 2.




IV. ANALYSIS AND DISCUSSION

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

It was already pointed out by Stradling and Wood8 that
the experimentally observed MP extrema are shifted away from
the fields where the resonance condition is satisfied, since
the oscillations are modulated by an exponential term of the
form exp(-YBO/B). Later theoretical work by Barker18 has
related the damping factor to various scattering processes
and has shown how the amplitude and lineshape may be expected
to vary as a function of temperature and impurity content.

In an extensive numerical study, Blakemore and Kennewelllo
have calculated the shifts introduced by such an exponential
prefactor, with both the harmonic number N and the value of

Y as parameters. Particularly, they have found a linear de-
pendence of the shift of the minima in the second derivative
of the transverse magnetoresistance as a function of Yy for a
fixed value of N, thus allowing easy interpolation between
their tabulated correction factors.

As discussed in Sec. III, a determination of Y was pos-
sible only for the samples S2, S3, and S4. In order to enable
a correction of the positions in those samples, for which Y
could not be determined directly, a curve was fitted through

the data points in Fig. 2. An optimal least squares fit was

obtained with a relation of the form y = a + b/u, which is a
reasonable result, since one expects the damping to decrease
with increasing mobility. Inserting the coefficients a = 0.117

and b = 3.48 x 105 Vsec cm—2 the curve in Fig. 2 was obtained
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and used to determine Y- values for the samples S5 and Se¢,

for which the undifferentiated traces were unsatisfactory.
Obviously, there is an appreciable amount of uncertainty
connected with this procedure. However, a convincing check
for the validity of this correction was obtained from the
following observation: By inspecting Fig. 1, one finds that
the shift of the extremal positions is substantially different
for the samples S4 and S5, although thev have almost the same
carrier concentration of 1.5 % 10%° and 2 x lOlSCm-3, respect-
ively. Consequently, they have almost egual values of the
Fermi energy and therefore almost equal contributions of
higher order transitions to the resistance maximum. However,
sample S5 has a substantially lower mobility, probably due

to a higher impurity scattering contribution because of a
higher degree of compensation. Deriving the appropriate y-
value corresponding to its mobility from the curve in Fig. 2
and applying the correction to the extrema according to Ref. 19
one arrives at corrected positions for the extrema of these
two samples, which are very close to each other (see the B/Bp
values of these two samples with €p = ~9 meV and -7.5 meV,
respectively, in Fig. 7 and Fig. 8). All experimental data,

which in the subsequent paragraphs will be compared to calcu-

lated extremal positions, have been corrected accordinag to

this procedure using the correction factors tabulated in Ref. 19.

B. Calculated Extremal Positions as a Superposition of Cosine

Functions

The corrected experimental magnetic field positions of MP

extrema for sample S2, multiplied by their respective harmonic

Sm——y
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number N, are plotted versus N in Fig. 3. The lines connect
calculated NB products, where B is obtained from the general

resonance condition

S . T (1)

£148,8 " “L,s o

The energy e of a Landau level with quantum numbers L and

L,s

s is given by8

€L,s = (eg/Z){[l + 4(L+35+sgom;/2mo)"}‘m)c/s:g]!5 - 1} (2)
where eg is the energy gap, 9% is the electron g factor at the
bottom of the band, and m; is the band edge effective mass.
The full curves are for the lower spin levels with s = %, and
the dashed curves are for the upper spin levels with s = -X%.
Only spin-conserving transitions were considered. The num-

erical constants were - —51.3?0 eg = 0.225 eV at 77 K,

hw, 24.0 mev20

and m; = 0.0138 m - Evidently, the observed
NB-values cannot be explained by transitions involving only
one particular pair of Landau levels, for example, by trans-
itions starting (phonon absorption) or ending (phonon emissior)
on the L = 0, s = % level. The fit cannot be improved by a
better choice for m; or'ﬁwo, since the curvés are merely
shifted to higher or lower NB products without the curvati:e
being significantly altered. If one neglects the NB-val « for

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

equal within the experimental accuracy. Consequently, a plot
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of 1/B versus N gives a straight line through the origin,
which leads to the wrong conclusion that the effective mass
can be evaluated from the parabolic formula ch =, The
value of the effective mass m* = 0.0157 m_ so deduced 1is
appreciably different from the band-edge effective mass ob-
tained by other techniques and leaves the position of the

N = 2 and N = 1 extrema unexplained.

A method to determine the band edge effective mass by
taking into account higher order transitions was proposed by
Stradling and Wood? They tried to explain the corrected
experimental positions by a superposition of cosine functions
centered at the appropriate resonant magnetic field for each
of the contributing transitions, which were weighted by a
Boltzmann factor to account for the population of each level.
We repeated this procedure by adding contributions from eight

levels (L = 0,...3, s = %,-%) to obtain a resulting line of

the form
3 ] 21 NB
A By = § - 1 sos(——2Bly gre (@) (3)
N e A B L,s
L=0 o-—)’ﬁ
where BL sN is a solution of Eg. (1) for the appropriate value

il

of L, s,and N,and f is the Fermi distribution function giving

the population of the energy level & The values of B for

L,s’
which AN(B) has a maximum were multiplied by N and plotted
versus N in Fig. 4 for different values of the band-edge ef-

*
fective mass. With mO = 0.0138 mO a reasonable fit to the ex-

perimental data for N 2 8 can be obtained (full curve), whereas

o
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*
great discrepancies occur for N < 6. Reducing m to a value
of 0.0136 m, yields a reasonable fit (dashed line) to the
data for N< 6 similar to that obtained by Stradling and Wood?

but fails to explain the higher harmonic number extrema.

C. Calculated Extremal Positions as a Superposition of
Lorentzian Lines
The reason for the failure to explain the observed positions
by a superposition of cosine functions is found by inspecting
the actual shape of the extrema in Fig. 1. Not all extrema
exhibit a cosine-dependence on 1/B, but some are more sharpened,
particular for the pure samples and for extrema with N< 6.
This effect is clearly demonstrated, if one plots the second
derivative of the resistance with respect to B versus l/B.21
In order to account better for the observed line shape, the
extrema were described by a superposition of Lorentzian lines

centered at the resonant positions and weighted with the Fermi

occupation factor £ in the form

1 2 ,A(N)+=2 }-l

3
Ay (B) =£ flep (B, (4)
where A(N) is the full width of the line at half amplitude.
For each harmonic number N the value of A(N) was determined
in such a way that the line calculated according to Eq. (4)

had the same linewidth as the experimentally observed line

@!
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for sample S2. It was assumed that A(N) depends on N only
and is independent of the value of L and s for a given N.
The halfwidth so determinded is plotted in Fig. 5 versus N.
Obviously A(N) increases linearly with N and can be written

8 l. The values of B for which

as A(N) = kN with k = 1.93x10 °G_
KN(B) has a maximum were multiplied by N and plotted versus

N in Fig. 6 for different values of the band-edge effective
mass, together with the corrected experimental data for sample
S2. The best fit was obtained using a value of m; = (0.0138 +
0.0000Skma,which is very close to the mass determined from
intraband magnetooptical effects at lower temperatures by
Johnson and Dickey.20 Extending the summation in Eg. (4)

up to L = 7, which means the inclusion of contributions of
eight more possible transitions, did not significantly change
the calculated curves. A comparison of the calculated and
experimental line-shape is difficult, since the experimental
lines are distorted both by the measuring technique and by

the fact that they are multiplied by a magnetic-field dependent

exponential, as discussed in the first paragraph of this section.

D. Concentration Dependence of the Extremal Positions
In order to determine the concentration dependence pre-

dicted by the two models discussed above, the magnetic field B

for which the functions AN and AN have a maximum, is calcu-

lated as a function of the Fermi energy £p for several values

of N. The extremal magnetic field obtained for a particular
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Fermi energy divided by the field calculated for a large
negative Fermi energy of -30 meV is plotted versus the Fermi

energy €, in Fig. 7 for the N = 3 extremum and in Fig. 8 for

P
the N = 6 extremum. The full lines are calculated from Eq.

(3) and the dashed lines are obtained from Eq. (4). The data
points were found by dividing the corrected extremal magnetic
fields for a particular sample by the corresponding corrected
field Bp for the pure sample S2. Use was made of the relation
between the carrier concentration and the Fermi energy for

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

Good agreement between the experimental and the calculated
shifts was obtained for the N = 3 extremum as evidenced in

Fig. 7. For the N = 6 extremum the agreement was less satis-
factory. This might be caused by the fact that no attempt

was mace to make the halfwidth dependent on the amount of
doping. This assumption of a doping-independent halfwidth

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

at a given N apparently does increase with increasing doping
(see Fig. 1). Part of this linewidth increase is certainly
caused by the stronger contribution of higher order transitions.
A quantitative description, however, calls for a more refined
model than that used for the description of the extrema in the

pure sample S2.

E. Electron Temperature Dependence of the Extremal Positions
An obvious consequence of an increase of the electron temp-

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

e Cas R SRRENSRISTTNS -
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Egs. (3) and (4), is again an increase of the contribution i
of higher order transitions and a resulting shift of the ex- 1
trema to higher magnetic fields. The calculated shift of ]
the extrema in a pure sampie (EF = -30 meV) as a function of
the electron temperature for the harmonic numbers N = 3 and 6
is shown in Fig. 9. Such shifts of transverse MP effect 4
extrema in n-InSb at 77 K have in fact been observed as a ﬁ
14,16 |

consequence of the application of pulsed electric fields.

An increase of the mean carrier energy is also expected to

result from an illumination of an n-InSb sample with co, laser
St 23 : Yy

radiation. However, because of the predominance of polar

optical scattering at 77 K in n-InSb, an electron temperature

model is certainly inappropriate. It has to be replace

i

by
a calculation of the distribution function which takes into
account the Landau-level structure of the conducticon band.
Therefore, the result of Fig. 9 cannot immediately be compared
to observations in an actual electron-heating experiment,

but merely demonstrates one of the basic physical processes

: 26 .
which are to be expected. !

e e




V. CONCLUSIONS

The transverse MP effect in a nonparabolic band is con-
siderably more complex than in the simple parabolic case.
The observed resonant magnetic fields can only be understood
by a superposition of lines, which are centered at different
magnetic fields because of the nonlinear dependence of the
Landau-level energy on B, and which are weighted with the
Fermi occupation factor. As a consequence, shifts of the
extremal positions occur, whenever parameters of the distri-
bution function, like the Fermi energy or the electron temp-
erature, are changed. As a further consequence, the inter-
pretation of the shift of the extrema as a function of lattice
temperature becomes exceedingly complicated. Not only have
the changes of the energy gap and the related changes of the
band-edge effective mass to be considered as well as changes
of the LO~phonon energy, but also an increase of the contri-
butions of higher order transitions to the position and shape
of the lines with increasing temperature. These implications
do not only concern the MP effect in n-InSb, but in all small-
gap semiconductors having nonparabolic bands. In particular,
shifts of the extremal positions of the longitudinal and
transverse MP effect in Hgo.SCdO.ZTe with lattice temperature
have been interpreted as resulting from the change of the
band gap and the band-edge effective mass only, without giving

24,25

proper consideration to the above described effects. The

temperature coefficient of the band gap derived to explain

89

«d




90

the data was found to be a factor of two higher than obtained
from independent determinations.26 A calculation cf the
temperature dependent shifts including the higher order trans-

itions, which were neglected in this interpretation,24 might

well remove this discrepancy.
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TABLE I. Sample Properties

f No. n (em 3 P (10° cmz/(Vsec))
3 | H

1 s1 5.0 x 1043 6.29

} | s2 9.0 x 1013 6.11 0.72

! s3 6.7 = 10t* 4.22 0.88

| s4 1.5 x 10%° 2.92 1.33

| S5 2.0 x 10%° 2.13 :
s6 7.5 x 10%° 1.64 'l
s7 3.0 x 10%° 1.03 |
S8 7.2 = 10 0.87
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FIGURE CAPTIONS

Second derivative of the resistance with respect
to the magnetic field B versus B for the samples
listed in Table I.
Damping parameter y versus Hall mobility at B = 0.
The curve is a least squares fit through the data.
Experimental NB values for sample S2 versus har-
monic number N. The curves connect points cal-
culated from Eq. (1) and (2) for L = 0,...3.
The full lines are obtained for s = %, the dashed
lines for s = -%.
Experimental NB values for sample S2 versus N. The
curves are calculated from Eg. (3) with different
values of m;/mo. Double-dash dotted: m;/mo = 0.0139;
full: m_/m_ = 0.0138; dash-dotted: m_/m_ = 0.0137;
*
dashed: mo/m0 = 0.0136.
Halfwidth of the resonance lines for sample S2 as
a function of the harmonic number N. The straight
line is a least sguares fit through the data.
Experimental NB values for sample S2 (dots) as a
function of the harmonic number N. The curves are
calculated from Eg. (4) with different values of
m_/m_; dash-dotted: m_/m_ = 0.139; full: m_/m_ =
0.0138, dashed: m;/mo = 0.0137. The square repre-

sents a corrected data point taken from Ref. 8.
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Fig. 7:

Fig. 8:

Fig. 9:
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Dependence of the normalized position of the N = 3

extremum on the Fermi energy ¢ Bp is the extremal

F*
position found for a pure sample. Full curve:
Cosine functions, dash-dotted curve: Lorentzian
lines.

Dependence of the normalized position for the N = 6

extremum on the Fermi energy ¢ Bp is the extremal

F
position found for a pure sample. Full curve: Cosine
functions; dash-dotted curve: Lorentzian lines.
Calculated dependence of the normalized position of
the N = 3 (full curve) and the N = 6 extremum (dashed

curve) versus electron temperature Te for a sample

with Ep = ~30 meV according to Eg. (4).
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CO. LASER-INDUCED HOT ELECTRON EFFECTS
IN n-InSbt

B. T. MooRE, D. G. SEILER and H. KAHLERT}
Department of Physics, North Texas State University, Denton, TX 76203, U.S.A.

Abstract—The influence of a 3-usec wide CO, laser pulse on the Shubnikov-de Haas (SdH) effect in a
1.4x 10" cm™ sample of n-InSb has been investigated at a lattice temperature of 1.8 K. During the time the sample
is illuminated the SdH amplitudes are found to decrease with increasing laser power. For a peak incident power of
about | watt, the SdH oscillatory behavior corresponds to that measured at a lattice temperature of 4.6 K for the
unon-illuminated sample. These results form the first direct and quantitative evidence for electron heating induced
by CO, laser radiation and permit the evaluation of a phenomenglogical energy relaxation time.

1. INTRODUCTION

Hot electrons in InSb created by d.c. electric fields have
been extensively studied by a variety of experiments, both
for nondegenerate and degenerate statistics. However,
for the case of optical heating, much less information is
available. In pure (<10"cm™) samples of InSb illu-
minated by long wavelength radiation, free carrier
absorption is known to cause an increase in the mean
energy of the electron gas as observed by changes in
conductivity resulting from a mobility variation(l1, 2].
Determination of electron temperatures from photocon-
ductivity data depends upon the assumptions made con-
cerning the dominant scattering mechanisms. In addition,
this technique is not as sensitive in degenerate samples
of InSb since the mobility is not strongly dependent upon
temperature.

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

2 THEORY

(a) Free carrier absorption and electron heating

For sufficiently low intesities where two photon pro-
cesses can be neglected, the absorption of CO, laser
radiation at wavelengths between 9 and 1lum (hv =
0.117eV) in n-InSb will take place through interaction
with free electrons in the conduction band. Electrons
excited to high energies by absorption of a photon may
undergo energy relaxation through two competing pro-
cesses: electron-electron scattering and polar-optical
phonon emission. This phonon emission transfers the
absorbed energy of the photoexcited electrons to the
lattice. Electron-electron scattering, on the other hand,

tWork supported in part by the Office of Naval Research.

$On leave from Ludwig Boltzmann Institut fuer Festkoerper-
physik and Institut fuer Angewandte Physik, Universitaet Wien,

Austria.
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distributes the absorbed photon energy within the elec-
tron gas. If this process is sufficiently fast, i.e. if the
concentration is high enough, a non-equilibrium carrier
distribution will be established, which is characterized by
an clectron temperature, T,. It should be noted that the
polar-optical phonons emitted by the photoexcited elec-
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 electron-electron thermalization process.

The ultimate transfer of the absorbed photon energy to
the environment surrounding the sample 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 emission of acoustic phonons is
slow compared to that for emission of optical phonons,
this will not become a significant energy loss mechanism
until the electron gas has cooled below the point where
optical phonon emission can take place.

Hearn[4, 5] has made calculations for InSb at liquid
helium temperatures which indicate that, for concen-
trations above a critical value of n. = 10® to 10" cm™>,
electron-electron scattering should dominate. High mag-
netic field calculations(6, 7] raise the estimated concen-
tration at which T, is valid to n. ~ 10'“cm™>. However,
the assumption used in these papers that the Landau
levels above the bottom N =0 level will not be popu-
lated is not valid under the conditions of this experiment.
We assume for the electron concentrations of interest
here (n = 1.4 x 10" cm ™), that the energy distribution of
the electron gas with laser heating will be characterized
by a temperature, T,, which is greater than the lattice
temperature, T,. This distribution will then be cooled by
a combination of optical and acoustic phonons. The
effects caused by emission of optical phonons prior to
thermalization of the photoexcited electrons present
additional complications.

(b) Shubnikov-de Haas effect under carner heating
conditions

Isaacson and Bridges(8) first used the SdH effect in
InSb to obtain hot electron temperatures with applied
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electric fields. Further electric field induced hot carrier
studies were made using the SdH effect by Bauer and
Kahlert[9-11). In this paper, we show that the SdH effect
can also be used to study laser-induced hot electrons.
The SdH oscillations in the longitudinal magnetoresis-
tance of a degenerate semi-conductor can be observed
under the following conditions[12]:

o T>1, ho, > kgT,, € > ho, Q)]

where w.=eB/m*c, is the cyclotron resonance
frequency and T 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

A _ X,/sinh(X,) @
A,  X,/sinh(X,)

where
X, =21k Tl A, A3)

The use of eqn (2) to extract the temperature of the hot
electron gas is presented in Section 4 of this paper.

(c) Relaxation time

The calculation of a phenomenological relaxation time
is based upon the balance of energy gain and loss pro-
cesses for the electron gas in the illuminated sample
volume. The energy gain is due to the absorption of laser
photons and subsequent thermalization of photoexcited
electrons while the loss is due to energy transfer from
the electron gas to the lattice. The energy balance equa-
tion for a single electron has the form

de  €(T,)—-e(T))
a"__:—' - p : +Pnbs (4)
where P, is the absorbed power per electron in the
iiluminated sample volume and 7 is the energy relaxation
time. The temperature dependence of the mean energy of
an electron in a degenerate semiconductor 1s taken to be

{131

«(T) = *eTEantn) s)
Flrz(n) y d

and where
€r

"ol

is the reduced Fermi energy.
If a steady-state condition can be established under
laser illumination so that

—==0, (6)

then r may be calculated from the equation

o e(T,) - e(Ty)

P ()]

The assumption was made earlier that thermalization
of the photoexcited eiectron occurs through electron-
electron scattering before significant optical phonon
emission from the photoexcited carriers takes place.
However, when phonon emission takes place prior to
thermalization, e.¢. to satisfy momentum conservation
during photon absorption, a more detailed theoretical
treatment would be required.

3. EXPERIMENTAL WORK

The samples used were cut from a bulk sample of
n-type InSb having a concentration of 1.4x 10" cm :
and a Hall mobility of 12 x 10°cm?/V sec at 1.5 K. The
optical surfaces were ground with ALLO, polish with a
grit size of 0.3 um (~x/30j. The absorption coefficient at
106 um is taken to be 0.032cm™ which is an
extrapolated value taken from Patel[14], who measured
0.3cm ' for a sample 1.3x 10" cm . The final sample
dimensions were 6 Smm X% 1 8 mm x0.07 mm thick. Two
current contacts and two potential contacts were made
with 25 um diameter gold wire using indium solder.

Figure | shows a schematic diagram of the equipment
as used in this experiment. The sample was illuminated
with a pulse produced by mechanically chopping a beam
(TEMg mode) from a cw CO, laser. The puise width
used in this experiment was ~3 usec (FW.H.M.) with a
rise time of ~2 usec. The repetition rate was 2000 Hz.
The pulse was focussed to a diamcter of 1.8 mm 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 mos: of the 9 um fo 11 um wavelength range.
The experiment reported here was carried out at A =
10.3 um with powers up to 10 watts available. A He-Ne
laser used in conjunction with a silicon PIN photodiode
produced a trigger pulse for the pulse generating and
delaying electronics.

The magnetoresistance of the sample was then
measured using a short (S asec) electrical probe pulse
generated by a fast rise time (<1 nsec) Tektronix puise
generator. The electrical pulse, kept small to avoid heat-
ing by the electric field, was syncronized to coincide with
the peak of the laser pulse. The difference voltage be-
twecen the two potential probes was measured with a
Tektronmx 7904/7S14 sampling oscilloscope

Previous pulsed d.c. SdH measurements|1S] reported
by the authors were made by directly recording the
output of the sampling oscilloscope vs. magnetic field.
However, significant improvements in signal-to-noise
ratio have been obtained through the use of magnetic
field modulation in combination with the fast sampling
methods. This combined techmque was first developed
by Kahlert and Seiler[16.17) for observing hot electron
magnetophonon structure in n-InSh at 77 K. When used
to observe the SdH effect, this technique produces a
detector response which is proportional to the first
derivative of the magnetoresistance oscillations, but it
does not affect the ratio of amplitudes as given n equa-
tion (2). In this method. the output of the sampling
oscilloscope is fed into a lock-in amplifier. the output of
which is then recorded
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Fig. 1. Biock diagram of experimental apparatus.
4. RESULTS AND ANALYSIS [y
Figure 2 shows SdH oscillations for lattice temperatures, Ve
T., between 1.8 and 9.6 K. The oscillations recorded for \
various incident laser powers are shown in Fig. 3 for § A o
T, = 18K. Qualitatively, it can be seen that the oscil- Bl \J
lations are damped by increasing laser power in a manner g u — A\ '
analogous to the damping caused by elevated lattice se % |
temperatures. These data show directly that the mean § g //\/ BB
energy of the electron gas increases with laser illumination. - e T N\
The SdH amplitude ratios as a function of lattice E jot== A

temperature (without laser illumination) are plotted on \ 41
the left-hand side of Fig. 4 and exhibit the characteristic ol Jz % J
dependence given by eqn (2). The variation of the BKG)

ampl!tude mm.w“h mf:ldcm laser power is plt_med on Fig. 3. SdH oscillations for various incident laser powers at a
the right-hand side of Fig. 4. The reference amplitude Ao copstant lattice temperature of 1.8K. Power levels listed are
for both graphs was taken at 1.8 K with no laser illu- peak incident power at the sample.
mination.

The electron temperature corresponding to each laser
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 peak incident laser o 1 7 e
P:0 TL-IBK
———— ap ) oo BB
\ o 7 1 1= 4
o Vi onst b IR {ozs
§ 180K — '/ ! i
{0 peo =N P S SN S
E \ 3 ? ; 48 ; Ll 2 ' 2
8 20 e LK P(watts)
’—
:L:,’ s e Fig. 4. SdH amplitude ratios versus lattice temp (left) and versus
W 437 — 7 N incident laser power (right).
957 — RN power, an amplitude ratio of 0.22 was obtained. From the
) R temperature dependence it is seen that an amplitude of
2 )
BkG) 0.22 corresponds to a temperature of 4.6K. Thus, a

Fig. 2. SdH oscillatcry magnetoresistance for several lattice phenomenological electron gas temperature of 46K is

temperatures taken while detecting at the first harmonic of the Ob@"“’ for an incident laser power of 0.98 watts at a
modulation frequency (no laser illumination). lattice temperature of 1.8 K. The electron temperatures
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obtained in this manner for the various laser powers are
plotted in Fig. 5. A distinct non-linear behavior is obser-
ved which cannot be accounted for by experimental
uncertainties.

In order to determine that lattice heating did not
contribute to the effects discussed, a very broad
(~30 psec) 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
input to the sample was ~50% 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 to the temperature of the electron gas during
laser illumination for these times.

Results of calculations of energy relaxation times
based upon eqn (7) yield a value of about 25 nsec for
electron temperatures between 32 and 52K

s el
° o
Te 4 e 4
K |,
AL’ -
2k g
»
P(watts}

Fig. 5. Electron temperature T, versus laser power.

|
|
= ;_JCOO
N 40
t( 1 sec)
Fig. 6. Time dependence of the electron temperature T, in
conjunctioa with the corresponding faser pulse of long duration

that was used to check for lattice heating effects. No lattice
heating effects are observed on these time scales

Sandercock (18] calculated values of 1/7 < 10" sec ' be-
tween 2 and 12K.

5. CONCLUSIONS

The Shubnikov-de Haas cffect has been shown to be a
valuable tool for investigating laser induced hot efectrons.
Qualitative comparison of the SdH oscillations as record-
ed under illuminated and non-illuminated circumstances
show that the mean energy of the electron gas is in-
creased by absorption of the laser radiation. In addition,
these comparisons show that the SdH amplitude damping
caused by laser heating 1s very similar to the damping
which occurs at elevated lattice temperatures. This
similarity tends to support the electron temperature
model. Quantitative comparison 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 energy relax-
ation time has been determined. Further experiments are
planned which should provide additional insight into the
physical nature of this relaxation process.
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New Hybrid Photoconductivity Technique for the Investigation
of CO,-Laser-Induced Hot-Carrier and Free-Carrier

Absorption Effects in Degenerate #-InSb at 1.8 K
D. G. Seiler, J. R. Barker, (¥ and B. T. Moore

Department of Physics. North Texas Stale University, Denton, Texas 76203
(Received 12 April 1978)

Free-carrier absorption of tuned CO,-laser radiation is shown to be a valuable new
tool for the extraction of information on photcheated hot carriers and the free-carrier
absorption coefficients in low-concentration, degenerate n-InSb at liquid helium temper-
atures, The technique exploits parallel photoheating and dc-heating experiments con-
ducted in a regime where conductivity changes are unambiguously determined by mobil-

ity changes.

Illumination of semiconductors with intense la-
ser radiation leads to carrier heating.'** Studies
of hot-carrier distributions are important be-
cause they yield information concerning the elec-
tron-electron and electron-phonon interactions
in semiconductors. Here, we report for the first
time free-carrier absorption-induced photocon-
ductivity measurements on degenerate n-InSb un-
der optical excitation at CO,-laser wavelengths
that allow extraction of electron temperatures.
Furthermore, we present the results of a unique
combination of independent electrical and laser
experiments carried out at liquid helium tempera-
tures on the same low-concentration sample of
n-InSb, that allows, in principle, the precision
extraction of the free-carrier absorption coeffi-
cient as a function of CO, laser frequency and
laser power. These absorption coefficients are
so small at 10 um that their dete rmination from
classical optical absorption measurements alone
would prove impractical. Consequently, these
novel hybrid experiments and their interpretation
result in the first reported estimates for the free-

© 1978 The American Physical Society

carrier absorption cu cient of low-concentra-
tion (1.4 x10'® ¢m ™*) n-InSb.

Figure 1 shows a block diagram of the equip-
ment used in this experiment. The sample, im-
mersed in liquid helium in a variable-tempera-
ture optical Dewar, was illuminated with a laser
pulse produced by mechanically chopping a beam
(TEM,, mode) from a grating-tuned cw CO, laser
which provided single-line outputs of several
watts from ~9.2 to ~10.9 um. In the present ex-
periments, a laser pulse with a width of ~20
usec [FWHM (full width at half-maximum)], a
rise and fall time of ~2 usec, and a repetition
rate of ~1700 Hz were employed. The laser
pulse was positioned to illuminate the region of
the sample between the potential contacts. Cali-
brated filters of either CaF, sheets or sheets of
Teflon or some combination of both were used for
attenuation.

Figure 2 shows comprehensive results obtained
from three separate experiments on how the mo-
bility changes with (1) appiied electrical power
P per electron (obtained from electrical heating
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FIG. 1. Block diagram of experimental apraratus,
experiments as ¢ uk*) as shown in Fig. 2(a); are completely negligible. Consequently,
(2) lattice temperature T, as shown in Fig. 2(b); o ,
= ; o=Aau/u=avV/V,, 1
and (3) peak incident laser power P, as shown in ARCo =y =Ny Ty (1)
Fig. 2(c). The electron concentration was deter- where 40=0-~G,, Au= =L, and AV=V -V,
mined to be 1.4 ~10"" ¢m ™ from the period of are the changes in the conductivity, mobility,
Shubnikov-de Haas (SdH) oscillations and is con- and voltage drop across the sample leads, as
stant at these lattice temperatures and low laser either T,, P, or P is varied while the other
powers where two-photon absorption processes two variables are held constant. The values of
(a) (b) (c)
020f T :18K R =05x10"°W R =Ix10®wW 020
PA =0 / PI =0 T R]K "!
/ 04y
Ole f ; :’“’2; Ole
/ 7 360
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FIG. 2. Mobility changes with (a) applied electrical power per electron Py (which for a given clectric field E is
calculated from epE?), (b) lattice temperature 7,, and (¢) peak incident laser power P,. Note that in all cases
the mobility increases with either Pg, T, or P,.
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9, M, and V_are determined at zero laser pow-
er (,=0) under Ohmic conditions at a latticc
temperature of 1.8 K,

As shown in Fig. 2(b), the mobility at £2, -0 ob-
tained using Ohmic electric fields increases with
lattice temperature which s consistent with com-
pletely dominant io.. - d-impurity momentum re-
laxation.” We find 0,~19.3 (2 em)™, u,.~8.6
» 10" em®/V - sec, in agreement with other experi-
mentally determined mobilities with similar elec-
tron concentrations and lattice temperatures. ®
At 77K, o, and y, rise to 75 (2 cm)™ and 3.2
710" cm*'V e« sec, respectivley.

The CO,-laser radiation is partially absorbed
via free-carrier absorption processes and sub-
sequently leads to a mobility increase as ob-
served in Fig. 2(c) where Au/u is plotted versus
P, the peak incident laser power at a constant
lattice temperature of 1.8 K. An electron tem-
perature 7,° can be determined for each wave-
length and value of P, by making a one-to-one
correspondence between the mobility changes in
the two cases shown in Figs. 2(b) and 2(c). For
example, Fig. 2(c) shows that for a peak incident
power of about 1.16 W, Au/u=0.10, which corre-
sponds to a temperature 7,°~6 K.

The lines shown in Fig. 2 are the ‘“best fit”
lines through the data points. Consequently, a
plot of 7,° versus P, can be made as shown in
Fig. 3. Provided the steady state is controlled
by intercarrier collisions, the carrier distribu-
tion will be a heated Fermi-Dirac distribution
with a true electron temperature 7, which may
be identified with 7,° if the carrier heating main-
tains the system within the regime dominated by
ionized-impurity-limited mobilities. The steady-
state remnant excitation pulse at €~ hw + € will
have negligible effect on the mobility at our low
excitation rates: The low-energy carrier assem-
bly is only minutely depleted by photoexcitation.

The procedure may be repeated at zero laser
power (P,=0) with 7, =1.8 K but instead using a
pulsed dc electric field of 20-usec duration to
heat the carriers into the warm-electron regime.
These pulsed-current techniques were used to
avoid sample lattice heating at high electric
fields. Figure 2(a) shows the resultant mobility
change versus applied electrical power P for
the same sample. The extracted effective elec-
tron temperatures 7, 5(P ;) may be again identi-
fied with the true electron temperature 7, under
appropriate conditions. In such a case, we may
invert the functional relations 7,°=7,%P,) and
T,%=1T,5P;) to deduce the thermodynamic rela-
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FIG. 3. Electron temperature T, vs peak incident
laser power P; for various CO,-laser wavelengths,

tionship P, =P, (P,) under the constraint 7,°=T,~
=T,, where P is the portion of absorbed optical
power per electron transferred to the carrier as-
sembly via intercarrier collisions prior to dissi-
pation to the lattice. The extreme case (Model I)
occurs when the intercarrier energy-loss rate
I',, (scattering-out term) exceeds all other ener-
gy-loss rates T, due to photon scattering at all
energies up to and exceeding the photoexcitation
energies (~e€p+ 4k 37T, + hw). In this instance P,
=0o(A)dP,, where a(2) is the steady-state free-
carrier absorption coefficient, d is the sample
thickness, and P, is the incident lasér power per
illuminated electron. It follows that a(}, 7,) may
be extracted exactly as the ratio

PAT.) 1
a(a, T")-P—‘(Efm I 2)
where we make explicit the wavelength (1) and
electron temperature (7,) dependences.

Our estimates of the critical carrier concentra-
tion n, for which the condition that I',,>T,  en-
sures a valid electron temperature model are
based on similar calculations due to Stratton® but
for relaxation against a degenerate distribution
in the presence of Thomas-Fermi screening.
While the present sample concentration satisfies
n>n, for energies € s €+ w,;, where €; is the
Fermi energy and /w, the LO phonon energy, we
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FIG. 4. Effective free-carrier absorption coefficient,
o1, VS wavelength of the CO, laser at various elec-
tron temperatures T,.

find »<n_ for higher energies where energy loss
to the lattice is controlled by fast polar-mode op-
tical-phonon emission processes. In these cir-
cumstances (Model I’) we might anticipate that a
substantial fraction B of the optically absorbed
power per electron, P,°=adP, is transferred to
the lattice by optical-phonon cascading as the pho-
toexcited electrons scatter to energies below the
threshold for which I', > I',,. The residual pow-
er, P,=[1~AX)]P,° will then be effective in
heating the carriers into a Fermi-Dirac distribu-
tion with electron temperature 7, via intercarri-
er collisions. The subsequent quasithermalized
distribution will then lose energy to the lattice
via predominantly acoustic phonon processes at
the rate [1 - A1)]P,° In this case we find

. __Pg(T,) 1
[1=p0)]a(x, T")_P,(T,,A)d' (3)

The analysis of Models I and IT may be summa-
rized by the general expression

esf(A, T,)=Pg(T,)/P(T,, N, (4)

which relates an effective free-carrier absorp-
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tion coefficient a . =a(l - ) to experimentally
accessible quantities. Model I involves 2=0.
Experimentally, as shown in Fig. 4, we find val-
ues for a@.¢¢ in the range 0.005-0.03 cm ™" for the
electron temperature and wavelength ranges 3.5-
6 K and 3.27-10.72 um, respectively. We note
that at 10.6 pum typical values for @ have been
reported in the range 0.3 to 0.6 cm ™ for a higher
concentration of ~10°" em ™ at low temperature.’

Plots of & . versus }* for the range of avail-
able wavelengths indicate an approximatelv linear
variation with values extrapolated to zero wave-
length of order —0.03 em ™. These nonzero nega-
tive extrapolated values are consistent with a non-
zevo loss factor Ha). The finite width of the ex-
citation pulse A€~ ¢€; + 4k 7, precludes a strong
oscillatory photoconductivity effect [ Zx)~1]. In-
deed, the presently available spread of photoex-
citation energies Ae< /iw  is not sutficient to ex-
pose any definite oscillatorv structure although
2 minimum in @ .. may be indicated at A =10.49
pm. Further experiments are in progress on
other concentration samples to investigate the
physical origin of the nonzero loss factor S.

The authors gratefully acknowledge the partial
support of this research by the U. S. Office of
Naval Research and helpful discussions with A. L.
Smirl.
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PHOTOQONDUCOTIMITY -OF LASER EXCITED HOT ELECTRONS IN"DEGENERAIE~neInSb:ﬁ

M |

D G Seiler, J R Barker, B T Moore, and\ K E Hansgg)
Department of Physics, North Texas State University
Denton, Texas 76203 |

C02 laser-induced hot carrier and free carrier absorption effects!
are investigated at 1.8 K. Electron temperatures are extracted
for various laser frequencies and powers. Parallel photo- and
electrical heating experiments provide information about the
photoexcitation and hot carrier generation process.

Optical heating of carriers in semiconductors illuminated by intense
laser radiation has been extensively studied with transmission or
photoluminescence measurements. Here we examine CO2 laser-induced
heating of electrons in degenerate n~InSb at liquid helium tempera-
%ures by investigating the corresponding conductivity changes. The
ifree carrier absorption of this Co2 laser radiation is thus shown to
pe a valuable new tool for the extraction of information on photo-

heated hot carriers.

The sample of n-InSb, immersed in liquid helium at 1.8 K, was illumi-

nated with a laser pulse produced by mechanically chopping a beam
(TEMOO mode) from a grating-tuned cw co2 laser. The laser pulse had

a width of ~20 usec (F.W.H.M.), a rise and fall time of ~2 usec, repe-
tition rate of 1700 Hz, and a peak power of several watts over a num-
ber of lines between 9.2 and 10.8 um. Calibrated filters of either

CaF2 or BaF2 were used after the chopper for beam attenuation.

Figures 1(a), (b) and (c) show results of three separate experiments
on how the mobility ratio u/uo changes with (a) applied electrical
(c) peak

L
15 =3
The electron concentration (1.4x10" " cm )

power per electron PE(=euEZ); (b) lattice temperature T
incident laser power PI.
is constant at these lattice temperatures and low laser powers where
two-photon absorption processes are completely negligible. Conse-
quently, the measured changes in conductivity are simply related to
the changes in mobility. As seen in Fig. 1(b), the mobility increases
with lattice temperature, TL' which is consistent with dominant ion=-
ized impurity momentum relaxation. Pulsed dc electric fields of

20 imde Aurdt IBh IWdudNgdedi RBCelectricatly heat the carriers—tmto—the—
warm electron region as shown in Fig. 1l(a) for zero laser power. Addi-

tional mobility ratio data were taken at higher values of Ty, and Py |
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Fig. 1. Mobility changes with (a) PE' (b) TL' and (c) P_.

than are shown on these two plots. The CO2 laser radiation is par-
tially absorbed via free carrier absorption processes which subse-
quently leads to a mobility increase as seen in Fig. 1(c) where u/y.

is plotted versus PI' The laser beam was positioned to illuminate the

region of the sample between the potential contacts. In 21) cases the
beam diameter was larger than the width of the sample, but smaller
than the distance between the potential leads. From the measured
voltage drop across the leads, which contain resistances from both 11«‘
luminated and uvnilluminated regions and geometrical consideraticns of
the laser spot size, one can calculate the mobility of only the illum~

inated region. It is this mobility u which is plotted in Fig. 1(¢).

Electron temperatures can be determined for each wavelength and value
of PI by making a one-to-one correspondence between the mobility
changes in the two cases shown in Fig. l(b) and (c¢). For example, for
A=9.27 um and PI=0.5 W, u/uoll.04 which corresponds to the same mobil-
ity ratio for a temperature TL=3.5 K. Provided the steady state is
controlled by intercarrier collisions, the carrier distribution will
be a heété&bFéng:ﬁt?géAéiggﬁibution with a trué‘eléétroﬂzﬁempéfaiuré«;
Te if the carrier heating maintains the sstem within the regime domi-

nated by ionized impurity limited mobilities. Aplcot of Tg versus Py |




117

D

: S meien is shown in Fig. 2. PCE TY TP (ol
810 T - - o bk 9 - g— i - N i
We have estimated the initial car- |
60 rier concentration n; for which the:
< energy loss rate Fee(e) (scattering
= out; due to an excited electron of
40 VXxgn#ﬁ* high energy €& scattering against the
mAy :
8'-023 background carriers equals the '
O =960 i
A =927 ener loss rate T (e) due to pho-
san! ¥ ?gvz oY eph p ,
18 L& =927, norn scattering using a similar cal-
00 05 10 15 ! 1 |
R(Vv) culation to Stratton but allowing | |18
Fig. 2. T, versus P; for sev- for the degeneracy of the low energy '
eral CO, laser wavelengths. }

2 carrier distribution and Thomas-Fermi

; 8 - ]
screening. For the present sample, n<<nc“~10l cm 3, for energies

e>>aF+th, where energy loss is controlled by polar mode optic phonon

emission (phononenergy,th). However, for e<eF+th, n>>nc~1014cm-3, ;

|

where n, is the electron concentration for avalid electron temperature?

model computed using a modified Hearn criterion.

We assume therefore that a fraction R of the optically absorbed power
°_
Pa—adPI

|
!
(Multiple reflections, but not interference effects, are '
|
taken into account here. The sample thickness is d, a is the free f

carrier absorption coefficient and ad<<l.) is transferred to the lat-

e The

tice by optic phonon cascading as the photoexcited electrons scatter
to energies below the threshold, e~eF+th for which rep >T
residual power Pa=[l-8(k)]P; is then effective in heating the car- i

riers into a Fermi-Dirac distribution with electron temperature Te

via intercarrier collisions. The subsequent quasi-thermalized distri-. @

bution will then lose energy to the lattice via predominantly acoustic,

phonon processes at the rate [1- e(k)]P:.

By comparing the power balance in the electric field and separate laser

heating experiments, we are able to extract an effective free carrier

absorption coefficient o related to the true value Q(X,Te) by

eff’
aef;=ﬂll-5(l)]a(A,Te) and determined experimentally by the ratio

&eff=?g$¢ez/dgixthj&ﬁ%KRBQEO?' as defined previously, is the

AR

alectrical power per electron producing an electron temperature T
e

at zero laser power and Pi(Te,A) is the 1incident laser power per

—_— e e — v et et
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1ilominated electron. For samples A
with n>n ¥, we have R=0 where 2 __=a i
c eff )
and a precision extraction of the ? | v x=gzg#m
true absorption coefficient becomes 3H T “2 'gég —
\ ®) 8
possible. ' 4 9.27
. i (LY |
Figure 3 shows the variation of a .. w ZFJ \ y
with T_ for different constant values = LW
w R
of A for which we expect B=constant. C? #~QQ“
% The behavior of ¢ gg Can be under- e ':ﬁiif' .
1 stood from energy balance consid- fa B S Ao o
" S NS A
erations for a degenerate electron xS ﬂfl 3

gas where a

=pe (T )/dP.T_ and T
e e €

£
b SEE : Q2 < S 8
is the phenomenological energy relax- T.(K)
t’:\ N/
ation time and Ae (T )=&(T )-e(T.)
e € L
where € (T) is the average energy Fig. 3. oag gf Versus T for

several values of i.
of an electrcn.[:At low values of

e eff
and t. increase with increasing Te. At the higher Te values shown,

-3 s 7 =
As~;e and o ff becomes independent of Te', A plot of 1eff versus A at
a constant value of TP shows that extrapolated values of S at A=0

gives nonzero negative values which are consistent with a non-zero

o oo decreases because Ae is almost independent of T and both Pi

3 loss factor B(X). 1In addition a minimum in A ge At 10.42 um is ob-

served and is consistent with a maximum occuring in B8(A) close to the

: oscillatory photoconductivity (OPC) condition hw=5th. A strong (8=1)

CPC effect is excluded because of the finite width of the excitation
pulse ~EF+4kBTe. The presently available range of photoexcitation
: enexgies from the CG2 laser 1is not sufficient to expose other minima
expected neaxr ﬁu=NﬁwL (N integer). Experiments are in progress on

other corncentration samples to investigate the physical origin of the

i non-zero loss factor B.

*Work supported in part by the Office of Naval Research.
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Shubnikov-de Haas Effect Studies on Optically
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Heated Electrons in n-InSb*
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ABSTRACT
CO laser-induced hoit electrons in n-InSb at 1.8 K have
been studied with the Shubnikov-de Haas effect which permits

extraction of the electron temperature as a function of

peak incident laser power.
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I. INTRODUCTION

Hot electrons generated by dc electric fields in InSb
have been widely studied using a number of experimental
methods. However, optically induced hot electrons generated
by intense laser radiation have been much less extensively
investigated. Recently, the Shubnikov-de Haas {(SdH) magneto-
resistance oscillations have been used as a tool to deter-
mine the temperature of hot electrons produced by a C02 laser
in degenerate n-InSb [1,2]. OCnly free carrier absorpticn
processes needed to be considered because of the low inten-

sity of the cw CO., laser and because the photon eneray of

2
the 10 uym CO, laser radiation is about half of the direct

2
band gap energy Eg of InsShb. 1In contrast, both intra- and
inter-band effects are expected to be important in CO laser-
induced hot electron effects in InSb where the photon energies
can be tuned from below Eg to above E_.
g

In this paper, we present the results of an investigation
of the SdH effect in a sample of n-InSb irradiated with a
CO laser. 1In Section YT, we describe features of the sdl
effect pertinent to its nse in studying hot electrons. The
1 experimental work, including sample properties and the appa-

ratus, is given in Section III. The results and conclusions

are then presented in Section IV.
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II. THE SHUBNIKOV-DE HAAS EFFECT

The Shubnikov-de Haas (SdH) effect is an oscillatory
variation of magnetoresistance with magnetic field which can
occur in a degenerate material at low temperatures. The
conditions necessary for the SdH oscillations to be observed

are wc1>>1 and k Te<ﬁwc<EF, where wc==eB/m*c is the cyclotron

B
frequency, 1 is the lifetime of a state at the Fermi energy

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

Fl

or may not be equal to the temperature of the lattice T As

L
the magnetic field B is increased, successive Landau levels

rise past E_, and depopulate. As long as Ep remains constant,

F
the magnetoresistance oscillations are periodic in B.l with
the period given by

P =1'1e/EFm*c . (1)
Provided the magnetic field does not become too large, the
amplitude of the SdH oscillations in the longitudinal magneto-

resistance of a material such as n~-InSb can be expressed

as [3,4]

. (2)

[P]l/z BTem'cos(nv) -8 T._m'/B
3B e D

sinh(BTenU/B)
where B8 = 2'n2 kB cmMfe, m' =m*/m is the ratio of effective mass
to free electron mass, TD is the Dingle or nonthermal broadening

temperature, and v is the spin splitting factor related to

the effective g factor g* by v = m*g*/2m.

—— g




Although the SdH oscillations can be observed with

straightforward dc techniques, magnetic field modulation and
a lock-in amplifier are often used to improve the signal
to noise ratio and to observe a larger number of oscillations.

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

quency, it measures an oscillatory signal with an envelope-
to~-envelope amplitude of [5,6]

v =4 A‘Tl(a) (3
at a particular value of B. The argument of Bessel

is the ampli-

function Jl is given by 3==21TBM/PB2, where B

tude of the modulation field.

L |
M

The first hot electron SdH experiment in n-inSb was
performed by Komatsubara [7], who applied large electric
fields (>0.1 V/cm) to a 1.5x 1015 cm.3 sample and observed
a decrease in the SEH amplitude for the transverse config-
uration and a shift of the SAdH extrema to higher B values
as the electric field was increased. Later Isaacson and

Bridges [8] studied a 1.7 x 1015 cm_5 sample of n-InSb and

found that either an increase in the lattice temperature

or an increase in the large electric field would decrease
the transverse SdH amplitude and shift the extrema to
higher B values. By matching the SdH curves for various
lattice temperatures at a fixed low electric field with the
curves for various high electric fields at a fixed low

lattice temperature, Tsaacscn and Bridges determined the

electron temperatures corresponding to given values of the

electric field.




Bauer and Kahlert have investigated the hot electron
SdH effect in n-InSb (9,10] (as well as in n-InAs [11] and

n-GaSb [12]) using a pulsed electric field technique to

avald lsttice Beating (131, For 5.9%10°° and 1x 107" cm °

samples, TD varied with T so the Te values for various

Ll
electric fields were determined from the longitudinal

oscillations by the direct comparison method used by

Isaacson and Bridges [8]. For a 6.9 x 1016 cm™3 (more highly

degenerate) sample, T, was independent of T

D L’ sO Te values
were obtained using
s '
A&Te'l) 2 Te’151nh(BTelom /B) -
s ]
A(Te,O) Te'osmh(s Te,lm /B)

from the amplitudes of longitudinal SdH oscillations. Little
or no shift in the longitudinal SdH extremal positions was
observed for these high concentration samples.

In the present study the conduction electrons were
heated, not by a large electric field, but by optical exci-
tation. For photon energies much less than the band gap
energy Eg' carrier heating should take place due to free
carrier absorption and thermalization by electron-electron
collisions. For larger photon energies, carriers should
also be excited from impurity levels and from the valence
band into the conduction band. A radiation induced increase
in the steady state concentration should raise EF and decrease
the SdH period. This would shift the SdH extrema to higher

B values. Also, according to the work of Kalushkin et al. [14],
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even if the concentration remains constant, the B and Te depern-
dence of EF caused by incomplete degeneracy should cause P to
decrease and the extrema to move to higher B values as Te is
increased. To take period changes into account, we define

the function

1/2
s V(T, /P )PG7 % T, (ag)

1/2
where V is given by Eg. (3). If P, TD' m', and v are all |
constant, F is equal to Eq. (4). The use of I in determinirg [

Te values is given in Section 1IV. ﬂ

ITI. EXPERTMENTAL WOPK

A block diagram of the experimental apparatus is shown
in Fig. 1. The laser is a sealed off, electric discharge

cw CO laser capable of up to 2 W on many lines between 5.15

and 5.6 um. The laser is grating tunable and has a short
term (~1 sec) amplitude stability of +1% {[15]. The TEMg
laser beam is passed through a Galilean type collimator %o
reduce the spot size and is then mechanically chopved to
produce 20 psec wide pulses (F.W.H.M.) at a repetition rate
of 1700 Hz. The 3.3% duty cycle of the chopper prevents

lattice heating by the laser. The beam is focused onto the

sample so that the region between the potential probes 1is

e

as uniformly illuminated as possible. A He-Ne laser is

used with a silicon PIN photodiode to produce a trigger
pulse for the sampling oscilloscope. Calibrated filters are

used after the chopper for beam attenuation. '
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The SdH oscillations are recorded using magnetic field
modulation and sampling techniques developed by Kahlert and
Seiler for pulsed experiments [16]. In the present work a
constant dc current of 0.5 mA is applied to the sample. An
ac magnetic field with an amplitude of 75 G modulates the
sample conductivity at a frequency of 43 Hz. The signal at
the sample potential contacts, produced by the laser pulse
and the field modulation, is fed through a high impedance
differential amplifier into a Tektronix 7904/7S14 sampling
oscilloscope. The output of the sampling oscilloscope is
fed into a lock-in amplifier tuned to 43 Hz. The lock-in
output is then plotted on an X~-Y recorder against 1/B.

The sample was cut from a bulk specimen of n-InSb with
an electron concentration of 1 x 1015 cm-3 and a Hall mobility
ofabouthscmz/Vsec at 1.8 K. The front surface was optically
polished with 0.3 um A1203 polishing grit. The rear surface
was left rough to eliminate multiple reflections and etalon
effects. The sample dimensions were 5.63 mmx 1.65 mm x 0.1 mm

thick. Two current contacts and two potential contacts were

made using indium solder.
IV. RESULTS AND CONCLUSIONS

Figure 2 shows SdH oscillations for lattice temperatures
TL of 1.8 to 11 K. It is quite apparent that the SdH ampli-

tudes decrease with increasing values of T One also

L*
observes a slight shift of the extrema to higher magnetic
field positions as observed in previous SdH work by other
authors ([7,8,14]. This reflects an increase in electron temp-

erature since the electrons are in equilibrium with the lattice

during these measurements. The fact that ionized impurity

¥
- - — & J




scattering, which depends only on carrier energy, dominates 126

the momentum relaxation in InSb below 40 K insures that the
SdH amplitudes will be functions of electron temperature

and not lattice temperature,

Figure 3 shows several SdH traces takenrwith a constant
TL = 1.8 K. The bottom trace was taken with the laser blocked
fi.e.: PI = 0). For all wavelengths used, increasing the
laser power decreases the SAdH amplitudes and again a slight
shift of the extrema to higher magnetic fields is generally
observed. Lattice heating effects are not present during
the time scales of the 20 usec laser pulses. This has been
verified by measuring the electron temperature at different
time positions during the 20 usec wide laser pulse. No changes
in electron temperature were observed during the 20 pseconds
where the laser power was constant. These measurements show
that any lattice heating makes an insignificant contribution
to the electron temperature for illumination on these time
scales. The lattice time constants have been estimated else-
where and are found to be on the order of milliseconds. e Thus
the SdH oscillations are damped by increasing laser power in a

similar manner to the damping caused by higher lattice temp-

eratures. Also shown in Fig. 3 is a SdH trace for ) = 5.39 um
for which P, = 42.5 mW. The decrease in the SdH amplitude
is less than that observed for A = 5.155 um with P, = 11.8 mW

even though the laser power is almost a factor of four areater.
This indicates that the laser heating is certainly much
greater for the shorter wavelenagth where the photon eneragy

is greater than Eq + Ep. The direct gap is =235 meV and the
Fermi energy is 2.5 meV.

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

and P_. can be used to determine the electron temperature for
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each particular wavelength and value of P_ as shown in Fig. 4

I

by making a one-to-one correspondence between the two curves.

An electron temperature can be extracted by the direct compar-
ison method since the quantities compared are not explicit
functions of the lattice temperature.18 As noted earlier,

this comparison method was first used by Isaacson and Bridqe38

in high electric field measurements to extract electron

temperatures from SdH data and has since been used extensively.19

For example, for A = 5.315 um, a value of P_ = 72 mW corresponds

I

to a temperature of about 2.8 K. The electron temperatures

determined from the SdH data in this manner are shown in Fig. 5,

together with some results for the case of electron heating with

a Co, laser. There is a quite striking non-linear behavior

observed for all CO wavelengths. In addition, for A = 5.245 um

an unusual dependence of Te on PI is seen, i.e., Te rises rapidly

and then remains relatively flat. At the highest powers used,

a decrease of about 20% is observed in the SdH period at

A = 5.245 pm compared to the period at the other CO wavelenghts.
Comparing the CO laser heating data with the CO2 laser

data shows that for fixed laser power :T_ increases with decreas-

ing wavelength in the 5 uym CO region while Te increases with

increasing wavelength for the two different wavelengths shown

) o~ B




in the 10 um CO2 region. Clearly, different absorption

processes are at work in the two spectral recions. Free
carrier absorption mechanisms must be used to analyze the
co, laser data; this 1is obviously not the case with the
current CO laser measurements.
Absorption in InSb in the 5 um region is interesting,
since it involves a variety of processes such as interband
and impurity level transitions, and free carrier absorption.
The results presented in Fig. 5 are due to hot eliectron effects
which involve these absorption processes. The results can be
partially explained from a three level model consisting of a
valence band, conduction band, and an acceptor level lying
7-10 meV above the valence band. The effects of free carrier
absorption are negligible compared to those of direct inter-
band and acceptor level absorption processes. The photoexcited
electrons are created with an excess energy AE above the Fermi
level by impurity level or interband transitions. The photo-
excited electrons then heat the carriers in the conduction
band via carrier-carrier scattering resulting in a guasi-equilibrium
state with an increased electron temperature To-
The 5.32 and 5.315 um wavelengths used correspond to
photon energies of 230.2 and 233.5 meV respectively. These
photon energies are sufficient to stimulate transitions from
the acceptor level (but not the valence band) to the conduc-
tion band with a rather small AE remaining. Te is seen to
rise with PI since the number of photoexcited electrons and
hence the amount of electron heating is increased as P is
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increased. Te finally appears to saturate due to depletion
of the acceptor level; as there are only about 1013 cm-3
uncompensated acceptors, the change in concentration of a 1015 cm
n-type sample is limited to approximately 1%. T is

higher for the higher photon energy line for a fixed PI
since here the excess energy AE is greater, so more heating
occurs.

The photon energy of the 5.245 um wavelength is 236.6 meV
and is sufficient to excite acceptor level transitions but falls
just short of being energetic enough to excite direct inter-
band transitions at Te = 1.8 K. However, the electrons excited
from the impurity level have a larger excess energy than in
the 5.315 uym case and therefore substantial heatina of the
electron gas occurs for small incident laser powers. As the
electron gas is heated, the electron distribution function
changes so that states are made accessible for direct inter-
band transitions. Hence, initially at lower electron temper-
atures the direct transiticns were forbidden, but after heating
of the electron gas by the photoexcited electrons produced from
the acceptor level, these transjitions become possible. However,
the electrons excited from the valence band have very little
excess energy and thus make no significant contribution to the
electron temperature. Thus, the electron temperature is seen
to rise quickly and then level off as the acceptor levels are
depleted and interband transitions commence.

This interpretation of the variation of the electron

temperature with peak incident laser power is also confirmed

-3

-
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by the observed changes in SdH period at 5.245 ym. The electron
concentration (as determined by the SdH period) remains constant
until the electron temperature reaches about 3.3 K at a peak
laser power of = 40 mW. Thereafter, the electron concentration
increases with laser power. There is about a 25% increase in
concentration when the laser power is increased from 4C oW to
240 mwW, even though the zlectron temperature remains fairly
constant over this range.

The two shortest wavelenygths studied (5.185 and 5.155 .m)
have photon energies of 239.3 and 240.7 meV which are sufficient
to excite direct interband transitions with a significant AE
remaining as well as acceptor level transitions. The absorp-
tion coefficient here becomes extremely large, so that the
sample is no longer uniformly illuminated through its entire
thickness. Instead, the radiation 1s absorbed almost entirely
in the first surface layers, resulting in intense carrie:
heating there. Consequently, Te shows a rapid rise to high
values for relatively small PI.

The optical heating data presented here can be compared
to that which is obtained using only pulsed, dc electric fields
to heat the carriers. The increase of electron temperature with
applied electrical power is controlled by energy loss rates of
the conduction electrons to the lattice from some combination
of deformation-potential, piezoelectric, or polar-optical
phonon scattering. We find that it takes an applied electric

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

an electron temperacure of 5 K with the lattice at a temperature of
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1.8 K. In contrast, the increase of electron temperature in
the optical case is controlled by absorption and recombination
processes, as well as the above energy loss rates.

In summary, Shubnikov~de Haas experiments have been used
to determine thi» increase in temperature of the electron gas
in InSb irradiated by a CO laser. The dependence of the
electron temperature upon incident laser power and photon
energy is shown to provide information on the absorption
processes in InSb in the vicinity of the band gap. Further
experiments using different concentration samples, higher powers,
and more wavelengths will be performed to provide additional
information on these absorption and hot carrier generation

processes.
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FIGURE CAPTIONS

Block diagram of experimental apparatus.

SdH oscillations for various lattice temperatures without
laser irradiation.

Effect of laser irradiation at different wavelengths and
incident powers on the SdH oscillations at constant
lattice temperature.

Plots of the function F of Eq. (5) vs. lattice temperature

and peak incident laser power. The electron temperature
is extracted by comparing the two graphs for a fixed
value of F. The wavelengths are in micrometers.

Electron temperatures (from Fig. 4) vs. peak incident CO
laser power for different wavelengths at TL= 1.8 K,
together with CC, laser heating data.
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DETECTOR RESPONSE
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XIV. SUMMARY OF PRINCIPLE ACCOMPLISHMENTS

DURING OCTOBER 1, 1977 - SEPTEMBER 30, 1978

Papers Published

3 4

"Flectric Field Dependence of the Positions and Ampli-
tudes of Magnetophonon Oscillations in n-InSb at 77 K,
H. Kahlert, D. G. Seiler, and J. R. Barker, Solid-State
Electronics 21, 229 (1978).

"Observation of Maagnetophonon Structure in Decgenerate
n-InSb", H. Kahlert and D. G. Seiler, Solid State
Communications 25, 61 (1978).

"CO, Laser-Induced Hot Electron Effects in n-InSb",
B. . Moore, D. G. Seiler, and H. Kahlert, Solid-State
Electronics 21, 247 (1978).

"New Hybrid Photoconductivity Technique for the Investi-
gation of CO,-Laser-Induced Hot-Carrier and Free-Carrier
Absorption R%fects in Degenerate n-InSb at 1.8 K," D. G.
Seiler, J. R. Barker, and B. T. Moore, Physical Review
Letters 41, 319 (1978}).

Papers Accepted and To Be Published

1F

"The Magnetophonon Effect in a Nonparabolic Band: n-tvpe
InSb", H. Kahlert, to be published in Physical Review.

"Photoconductivity of Laser Excited Hot FElectrons in
Degenerate n-InSb" D. G. Seiler, J. R. Barker, B. T. Moore,

and K. E. Hansen to be published in Proceedings of the

l4th International Conference on the Physics of Semiconductors,
Edinburg, 1978.

"Shubnikov-de Haas Effect Studies on Optically Heated

Electrons in n-InsSb" D. G. Seiler, L. K. Hanes, M. W,

Goodwin, and A. E. Stephens to be published in Journal
of Magnetism and Magnetic Materials.

Talks Given at International Conferences

L.

14th International Conference on the Physics of Semi-
conductors, Edinburg, 1978. "Photoconductivity of Laser
Excited Hot Electrons in Degenerate n-InSb" bv D. G. Seiler.

International Conference on Solids and Plasmas in Hiagh
Magnetic Fields, Cambridce, 1978. "Shubnikov-de Haas
Effect Studies on Optically Heated Flectrons in n-InShb",
by D. G. Seiler.
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Talks Given at American Physical Society Meetina -
March, 1978 in Washington, DC

3. "wWavelength Dependence of CO, Laser-Induced Hot Electron
Effects in n-InSb, B. T. Moo%e and D. G. Seiler, Bull.
Amer. Phys. Soc. 23, 329 (1978).

4. ‘"Determination of CO, Laser-Induced Hot Electron Temper-

atures from the Photdconductivity of n-InSb", D. G. Seiler
and B. T. Moore, Bull. Amer. Phys. Soc. 23, 329 (1978).

Other Accomplishments or Honors

Invited to be a chairman of a scientific session at the
international conference on The Application of Hich Maonetic
Fields in Semiconductors Physics, Oxford, 1978.




