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The effects of optical heating via infrared free carrier 

absorption on the electron magneto-transport properties of 

n-InSb at helium temperatures have been studied for the first 

time. Oscillatory photoconductivity (OPC) type structure is 

seen in the photon energy dependence of the transport proper-

ties. A C02 laser (hu = 115 to 135 meV) was used as the 

optical source. Concentrations between 1 x 1015 cm-3 and 

2 x 1016 cm-3 were studied. 

The photoexcited electrons generated by the free carrier 

absorption are found to relax their excess energy by emitting 

a maximum number of optical phonons (htoL = 24.4 meV) before 

electron-electron scattering distributes the remaining energy 

to the bulk conduction band electron gas. Thus, the fraction 

of the absorbed photon energy which finally reaches the elec-

tron gas depends upon the energy of the absorbed photon and 

the number, n, of phonons emitted. When the photon energy 

is such that an additional phonon can be emitted, n -* n + 1, 

the amount of energy reaching the electron gas, and the 



electron temperature, T , of the gas will decrease, giving 

rise to the OPC structure seen. 

The use of degenerate samples allows the Shubnikov-

de Haas (SdH) oscillations in the magnetoresistance to be 

used to monitor T . While the mobility (photoconductivity 

in optical studies) can be used to monitor T , the SdH effect 

remains sensitive at higher concentrations (stronger de-

generacy) . This study represents the first application of 

the SdH effect to the study of optical heating. The com-

parison of electron temperatures produced optically, with 

electron temperatures produced by known amounts of electri-

cal heating allows the calculation of an "effective" free 

carrier absorption coefficient, a*, equal to the true absorp-

tion coefficient, a, times the fraction of the photon energy 

reaching the electron gas. This a* is found to be from -ten 

to twenty-five percent of the estimated value of the true a. 

The conclusions of this study are that the energy re-

laxation of high energy photoexcited electrons, generated by 

free carrier absorption of C02 laser radiation in degenerate 

n-InSb at liquid helium temperatures, is by emission of a 

maximum number of optical phonons, and that this relaxation 

mechanism produces OPC type structure in the photon energy 

dependence of the electron temperature of the conduction band 

electron gas. This structure is seen, therefore, in the 



transport properties of the sample, including the Shubnikov-

de Haas effect, the effective absorption coefficient, and the 

photoconductivity (mobility) response (lower concentrations 

only). In addition, the highest concentration studied, 

ne = ~2 x 10
16 cm-3, sets an experimental lower limit on the 

concentration at which electron-electron scattering will be-

come the dominant energy relaxation mechanism for the photo-

excited electrons, since OPC effects were present in this 

sample. 
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CHAPTER I 

INTRODUCTION 

The purpose of this study is to investigate the effects 

of free carrier absorption of laser radiation upon the elec-

tron transport properties of degenerate n-InSb at helium 

temperature. The basic tool used to study these effects is 

the Shubnikov-de Haas (3,7) oscillations in the magnetoresis-

tance. Previously (5,6) these effects have been studied 

through the photoconductivity response, but at high concen-

trations (strong degeneracy) this effect becomes insensitive 

to small changes in the electron temperature (1, p. 18). 

The Shubnikov-de Haas (SdH) effect has been used for 

some time (1, pp. 18-22) to investigate the effects of elec-

tron heating by high, non-ohmic electric fields in degenerate 

n-InSb, but has not been applied previously to an investiga-

tion of optical heating. Free carrier type optical heating 

differs from electric field heating primarily in the presence 

of a few very high energy photoexcited electrons. An elec-

tric field heats the entire conduction band electron gas as 

a whole, and therefore it is very difficult to heat the 

electrons to energies much greater than the energy where they 

begin to emit optical phonons (2). In the case of infrared 



optical heating by free carrier absorption, the photoexcited 

electrons will reach an energy which is determined by the 

energy of the absorbed photon, which for CO2 laser radiation 

is four to five times the optical phonon energy. The trans-

port properties of the high energy electrons cannot be meas-

ured directly, since their number is small compared to the 

bulk concentration, but their energy relaxation mechanisms 

can be inferred from comparisons of the results of the opti-

cal heating studies with the results of electric field heat-

ing studies on the same samples. 

There are two possible energy relaxation models pre-

sented in this paper. Model I assumes that electron-electron 

scattering between the photoexcited electrons and the elec-

tron gas at the bottom of the conduction band will transfer 

the absorbed photon energy directly to the latter electrons. 

Model II assumes that the photoexcited electrons will emit 

one or more optical phonons before electron-electron scatter-

ing distributes the remaining fraction of the absorbed photon 

energy to the electron gas. 

Under the assumptions of Model I the comparison of op-

tical and electric field heating will allow the calculation 

of the free carrier absorption coefficient, a, at the wave-

lengths studied. This cannot be done if the conditions of 

Model II prevail, but here structure should be present in 

the photon energy dependence of the transport properties. 



This structure has been seen previously in the form of os-

cillatory photoconductivity in studies of impurity absorption 

and fundamental absorption (4,8), but has not been studied in 

degenerate materials or for free carrier absorption. 

In chapter II, background information on InSb, the SdH 

effect, and the effects of electric field heating will be 

presented. Chapter III will extend the discussion of hot 

electron effects into the area of optical heating and will 

present the two models for energy relaxation of the photo-

excited electrons. Chapter IV contains a complete descrip-

tion of the experiment and chapter V discusses data analysis 

procedures. The results of this study and the implications 

of these results for the models will be discussed in chapter 

VI. Finally, a summary of significant results and a dis-

cussion of conclusions will be given in chapter VII. 
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CHAPTER II 

MAGNETOTRANSPORT AND HOT ELECTRON 

TRANSPORT IN n-InSb 

In this chapter some aspects of the low temperature 

transport properties of n-InSb will be discussed. These 

topics are chosen to provide a foundation upon which the 

discussions of the present study may be built. The topics 

discussed include the properties of InSb, a discussion of 

electron-lattice interactions, a description of the SdH 

effect, and a survey of the use of the SdH effect to study 

electric field induced hot electron effects. 

Indium Antimonide 

InSb is a simple binary compound semiconductor formed 

of Indium, group III, and antimony, group V, in equal amounts. 

It crystallizes into the zinc-blend structure in which the In 

atoms and Sb atoms each form interpenetrating face-centered 

cubic lattices separated by one-fourth of the cubic cell 

diagonal [111]. The zinc-blend structure is identical in 

arrangement to the diamond crystal but possesses no center 

of inversion. 

The first consistent picture of the energy bands of 

InSb was developed by Kane in 1957 (24), and subsequent 



experimental studies have shown good agreement. The band 

structure of InSb near t = 0 is shown in figure 1. InSb is 

a direct band gap semiconductor, i.e., the conduction band 

minimum lies at ^ = 0. Cyclotron resonance experiments by 

Johnson and Dickey (22) have established the following 

parameters at 4.2 Kelvin (K): Band gap, E = 236 milli-
y 

electron volts (meV), conduction band edge effective mass, 
» ^ 

m = 0.0139 m e, band edge effective g-factor, g = -51.3, 

and = 0, longitudinal optical (LO) phonon energy, 

hwT = 24.4 meV. The sample concentrations used in these 
i_j 

experiments were ~1011+ - 1015 cm 3. Both the calculations 

of Kane and the measurements of Johnson and Dickey indicate 

that the conduction band of InSb is strongly non-parabolic, 

primarily due to its interaction with the valence band. 

This causes the effective mass and the effective g-factor 

to be functions of the electron energy. However, the con-

stant energy surfaces (in ic-space) near the conduction band 

minimum are almost exactly spherical (40) which eases cal-

culation of the Fermi level and density of states if the 

variation of m* with energy is known. 

Indium antimonide is thought to have conduction band 

minima along the X and L directions as do most other semi-

conductors, but these valleys lie at least 0.5 eV (19, p.7) 

above the conduction band minimum and are thus of little 

importance in the transport properties of InSb. The p-like 
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k (10® cm"̂ ) 
Fig. 1—Schematic diagram of the band structure of 

InSb near k = 0. Non-parabolicity effects are not included 



valence band of InSb consists of light and heavy hole bands 

which are degenerate at kf = 0, and a split-off hole band 

whose maxima lies at A = -0.81 eV below the degenerate 

maximum (19, p.14). 

Electron-Lattice Interactions 

In tellurium doped n-type samples of InSb, with concen-

trations above -1014 impurities per cubic centimeter, the 

broadened impurity states overlap the "tail" of the con-

duction band (11,26,27) so that no carrier freeze out occurs 

at helium temperatures. For this reason, neutral impurity 

scattering and excitation of electrons from impurities into 

the conduction band by either impact or optical processes are 

negligible above this concentration level. The processes 

which must be considered are ionized impurity scattering and 

acoustic and optical phonon scattering. Because InSb is a 

piezoelectric semiconductor, polar (coulombic) phonon 

scattering as well as deformation potential (non-polar 

phonon) scattering must be considered (25). 

At temperatures below 40K, the mobility of InSb is 

limited by ionized impurity (ii) scattering (5, p.15) , which is 

the dominant process for momentum relaxation for the con-

duction band electrons. This scattering is coulombic in 

nature and is therefore less effective at higher electron 

velocities. This is reflected in the temperature dependence 



of the mobility (y) at these low temperatures. The momentum 
3/„ 

relaxation time, xm is proportional to e , where e is the 

electron energy (20;39/ p.173), which produces a mobility 

dependence of 

y. . T3/2 (2.1) 
11 

Thus for temperatures below ~40K, the mobility and con-

ductivity will increase while resistivity decreases with in-

creasing temperature. 

Since this study will involve comparison of equilibrium 

results (where the electron temperature, Te, equals the lattice 

temperature, TL) with quasi-equilibrium results (where Tg f TL) 

it is important in these discussions to specify those 

portions of the temperature dependences of the scattering 

processes which are related to TL and those related to Tg. 

The temperature dependence of ionized impurity scattering 

is due to the increase of the average electron velocity with 

increasing electron temperature. Thus y ^ does not depend 

explicitly upon T . Were this not true, the comparisons, 
Xj 

discussed in a later section, between equilibrium and quasi-

equilibrium results would have little validity. 

While momentum relaxation is limited by ionized impurity 

scattering, energy relaxation is through phonon scattering. 

InSb is a polar material having two atoms per unit cell, 

therefore both optical and acoustic branches are present in 
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the phonon spectrum and both polar and non-polar phonon 

interactions must be considered (20; 39 pp.193-201). 

There are, therefore, four possible electron phonon 

interactions. The first of these is acoustic deformation 

potential scattering. The presence of an acoustic phonon 

produces a strain in the InSb crystal, altering slightly the 

lattice constants and band structure. These alterations 

disturb the periodicy of the crystal and perturb the crystal 

potential which the electron sees. Acoustic deformation 

potential scattering is an important process in InSb at low 

temperatures since acoustic phonons are present in the 

crystal at all finite temperatures. Acoustic phonons can 

also interact coulombicly with electrons and this is termed 

piezoelectric scattering. The strain produced by the acous-

tic phonon also creates a local dipole moment which causes 

electron scattering. Piezoelectric scattering is somewhat 

weaker than acoustic deformation scattering except at very 

low temperatures, however, it is not negligible (34,37). 

Electrons in InSb interact with optical phonons pri-

marily through a coulombic (polar) mechanism (12,13) similar 

to piezoelectric scattering with acoustic phonons. At high 

temperatures, polar-longitudinal-optical phonon scattering 

is important as an energy and momentum relaxation process, 

but because of the large Debye temperature, 6 = fia)T/k,, = 283K 
Li i3 

(23,43), of optical phonons, they are not present at very 



11 

low temperatures and therefore do not contribute signifi-

cantly to electron-phonon interactions. 

When the electrons are in equilibrium with the phonons 

(lattice) the phonons simply comprise another system 

(obeying a Bose-Einstein distribution) with temperature TL, 

but when T > Tt, phonon emission is the primary mechanism 
0 IJ 

by which the excess electron energy is relaxed to the lattice. 

Figure 2 shows the rate of energy loss from electric-field 

heated electrons to the various types of phonons for a 

lattice temperature of 4.2K. The dominant loss mechanism 

below ~12-16K is acoustic phonon emission, while above ~20K 

optical phonon emission dominates. In the intermediate 

range, both mechanisms as well as a third mechanism contri-

bute significantly. The third mechanism is speculated to 

be emission of a pair of band-edge acoustic phonons (43), 

but it is not well studied at this time. 

Finally, for studies of quasi-equilibrium electrons, 

electron-electron scattering is important since it redis-

tributes the excess electron energy to the entire population 

of conduction band electrons. The importance of this pro-

cess and the relative speed of this process compared to the 

energy loss processes just discussed will be covered in the 

later review of hot electron studies. However, since much 

of the hot electron work reviewed as well as the present 
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Fig. 2—Hot electron energy loss rate per electron 
versus electron temperature for n-InSb, from reference 23. 
The dash-dotted line is due to acoustic phonons, the 
dashed line is due to polar optical phonons, and the full 
line is the total calculated loss rate. The circles are 
experimental results. 
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report deal with the use of the SdH effect, it is appropriate 

now to attend to this subject. 

Shubnikov-de Haas Effect in n-InSb 

Oscillations in the magnetoresistance of single crystals 

of bismuth were measured in 1930 by Shubnikov and de Haas (41) 

at temperatures between 11 and 20K. This Shubnikov-de Haas 

(SdH) effect was then observed again in InSb (14) and in 

metallic zinc (2) in 1956. Alers (2) also saw SdH type 

oscillations in the thermal conductivity of zinc. Similarly, 

the de Haas-vanAlphin (dHvA) effect consists of SdH type 

oscillations which appear in the magnetic moment of degener-

ate materials, and its usefulness in the study of the band 

structure and Fermi surfaces of degenerate materials 

(28, p.272;36) is well established. In this section, the 

theory of the SdH oscillations in the magnetoresistance of 

n-InSb will be discussed, while application of the effect 

to the study of hot electrons will be discussed in subsequent 

sections. 

The period of the SdH oscillations is proportional to 

the inverse of the magnetic field strength and to the in-

verse of the cross-sectional area of the Fermi surface 

normal to the magnetic field (28, p.275). In addition the 

oscillations are seen to diminish with increasing tempera-

tures (41). Their periodicy was first explained by 
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Landau (31), who showed that in a uniform magnetic field, 

Schrodinger1s equation could be separated into two equations, 

The first equation describes the "free" motion of the elec-

tron parallel to the magnetic field lines, while the second 

describes simple harmonic (cyclotron) motion in the plane 

perpendicular to the magnetic field. For a spherical para-

bolic conduction band with 

E - & " 4 + + kz> <2-« 

where e is the electron energy measured from the k = 0 con-

duction band minimum, k , k , and k are the electron wave 
x y z 

vector components and m* is the isotropic effective mass, 

Landau's results yield 

h2k| 
£
n =

 <n + %lh"c + 1S5T <2'2> 

for a magnetic field (B) applied in the z-direction. The 

first term represents the cyclotron motion perpendicular to 

the magnetic field where n is the energy level quantum 

number 

n = 0, 1, 2, 3, . . . , (2.3) 

and the cyclotron resonance frequency is 

eB 
ID - zrjf • (2.4) c m* 
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Additional standard symbols are Planck's constant divided by 

2ir, ft, and the electron charge magnitude, e . 

The wave vector in the kx,k^-plane is also quantized. 

Comparing eqs. (2.1) and (2.2) yields 

k2 + k2 = (n + h) • <2-5) 
x y ft 

This equation is a circle of area 

A = tt (k2 + k2) = (n + h) • (2.6) 
n x y ft 

The set of allowed states in k-space is now seen to be a set 

of concentric right circular cylinders having quantized 

cross-sectional areas, An, and being quasi continuous in the 

kz direction. Figure 3 shows this set of allowed states. 

Since the motion of the electrons is now quasi-continuous 

in only one dimension, the appropriate density of states is (3) 

3 / n 

1 /2m*\ 2 m a x hw 
g(e) = — - ( — ) I 2

 r , (2.7) 
8tt \ ft2 / n=0 [ e - (n + h) hwc ]

 2 

where n is the largest integer value of n for which the max 

summand is real. The divergence which occurs when 

e = (n + 3$) ftwc 

is due to the fact that no collision broadening of the 

Landau levels has been included in eq. (2.7). This 
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Fig. 3—Cylindrical constant energy surfaces of n-InSb 
in a quantizing magnetic field. 
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broadening was added by Kubof et al. (30, p.269), who showed 

it to have a Lorentzian shape with a half width of r 12 h/2r, 

where t is the mean lifetime of an electron in a state 

e (k ,n). The density of states becomes 
z 

g(e) = 
flu /m*\

3/2 c / m* \ 

4tt' ft' 

n 
max 

X z 
n=0 

9 o 
e M n + ̂ )fta) + {[e - (n + ̂ ftu) ]z + r } 2 

c ^ 

[e - (n + J5)hocic] + T' 

( 2 . 8 ) 

where an energy shift much less than r has been neglected. 

Thus the quantization of the energy and wave vector of 

the electron in a magnetic field produces a density of states 

which is an oscillatory function of the magnetic field. In 

degenerate materials, this behavior of the density of states 

can be observed in the electronic properties of the material 

(36). At very low temperatures, only those electrons which 

are in states very near the Fermi surface can take part in 

scattering or transport processes. Thus, the scattering 

rates and electronic transport properties will depend strong-

ly upon the density of states at the Fermi energy, e p. As 

the magnetic field is increased g(£p) will oscillate and, 

from eq. (2.8), will go through maxima when the field is 

such that 

e = (n + %)fi <d_. 
F max c 

(2.9) 
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This condition occurs when the Landau level at kz = 0 coin-

cides with the Fermi energy, i.e., just as the Landau cylin-

der is tangent to the Fermi surface, where it reaches zero 

population. These oscillations in the density of states and 

scattering rates at cause the oscillations in the resis-

tivity known as the Shubnikov-de Haas effect (3). 

The period of the oscillations is determined from the 

magnetic field values at which successive Landau levels 

cross the Fermi surface, i.e. successive maxima in g(£p). 

At these magnetic field values, the area of the cyclotron 

orbit matches the extremal cross-sectional area, Ap, of the 

Fermi surface in k-space normal to the magnetic field 

(45, pp.512-523). Thus for two successive maxima 

2iTeB 
Ap = (n + H) (2.10a) 

and 

2ireB 
Ap = (n-1 + h) YT— ' (2.10b) 

where B .. > B . The period of the oscillations is there-
n-1 n 

fore defined as 

1 1 2 ire 
P = = 55T' < 2 - U ) 

n n-1 F 

For a spherical band, 

27rm*e _ 
A„ = irki = — , (2.12) 
F F h2 

where k„ is the electron momentum at the Fermi surface, and F 
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where m* is evaluated at the Fermi energy in non-parabolic 

materials. Combining eqs. (2.12) and (2.11) yields 

P = (2.13) 
»*F 

and 

P = jj$f- . (2.14) 

F 

Finally, for a spherical band at low temperatures, the con-

centration of carriers is related to the Fermi wave vector 

by (28, p.161) 

n = — kp , (2.15) 
3 T T 2 F 

which combines with eq. (2.13) to yield 

p = ^ (37r2n)"2/3. (2.16) 

Thus, from the period of the SdH oscillations, we know the 

Fermi wave vector, the extremal cross sectional area normal 

to the field, the carrier concentration and, when m*(eri) is 

known, the Fermi energy. 

Derivations of theories describing the SdH oscillations 

for various scattering mechanisms, and for both transverse, 

]_[§, and longitudinal, ;J| |B, magnetoresistance measurements 

have been made by several groups (1;3;7;10;30, p.269;33). 

Including the effects of collision broadening and spin-

splitting, their results can be summarized in the form 
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°° /2tte \ 
p = P Q { 1 + t I br cosU—- r - | + R} (2.17) 

r=l ^ c ' 

where 

, (-1) 7 h a ) c ^ gm'T/B , > 
r ^ \2eF/ sinh( gm'T/B) cos(Trvr) 

X e - ^ ' V B . 

In this equation, pQ is the classical zero field resistivity, 

t is a constant equal to 1 or 2.5 for the longitudinal and 

transverse cases, respectively, and R is a small additional 

series which appears in the transverse case only. Addition-
p 

al factors are r, the harmonic number, 6 = 2ir k0m /tie, a 
•D O 

constant, m'=m*/m0, the effective mass ratio, and v = m'g*/2, 

the spin splitting factor; where g* is the effective g-factor 

of the electrons. The effects of collision broadening are 

included in the non-thermal Dingle temperature, TQ, related 

to collision times, tc, by TD = ti/irkBTc (7;10;39, p. 309). 

For most conditions, except high magnetic field, this series 

can be adequately approximated by using only the first term, 

with r = 1 (39, p.309), so that in the longitudinal case, 

eq. (2.17) becomes 

Ap _ / p B g m ' T / B 

P o 
r sinMgm'T/B) C O s U v ) exp{-gm'TD/B} 

X G Q s f p - j ) . (2.18) 
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Inhomogeneity broadening has been included into T^, rather 

than being an addition to the temperature, T + T\ (42). 

This equation will be used subsequently as the final form 

for the SdH oscillations for this study. 

The decrease in the amplitude of the oscillations 

with increasing temperature arises from the blurring of the 

Fermi surface at finite temperatures (5, pp.25-26). 

Under circumstances where the temperature dependence of T^ 

is negligible, the ratio of amplitudes for two temperatures 

at a given magnetic field is given by 

A(TX) x^sinh Xj 

A(T2) x2/sinh x2 ' 
(2.19) 

where x = gm'T/B. From this dependence, an effective mass, 

the cyclotron mass, can be determined, however, masses 

measured by this method tend to differ somewhat from masses 

measured by other methods (42) . The reasons for this are 

probably related to the use of a short range scattering 

assumption in the theory (15). 

The magnetic field dependence of the amplitude of the 

SdH oscillation at a given temperature, T, involves both 

the temperature term, x/sinh x, and the broadening term, 

exp{xD>, where xD = gm'TD/B. The latter of these can be 

separated out and the Dingle temperature can be found ex-

perimentally by plotting the function 
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Fd = In {A(B) Slnx
h X B (2.20) 

against the inverse magnetic field, 1/B, where A(B) is the 

experimentally measured amplitude. The slope of this line 

is the Dingle temperature in Kelvin. 

The previous discussion has so far excluded considera-

tions arising from the system used to measure the magneto-

resistance, and the equations derived above are appropriate 

only to a d.c. measurement system. However better resolution 

of the low field oscillations can be obtained by using a 

magnetic field modulation system with an a.c. measurement 

system (16). This system involves the application of a 

small sinusoidally varying modulation field, B^osoj't, on 

to the main, d.c. (slowly increasing) magnetic field, B. 

Under the condition that B >> B^, Goldstein (16) has shown 

that the form of equation (2.18) becomes (see Appendix A) 

( M y = 2b1{cos^|| - j)[Jo(c0 + 2M-l)n J2n(ct)cos(2nw't) ] 

(2.21) 

+ sin^|^ - Z (-l)n J2n+1(«) cos{ (2n + 1) co' t} ] } 

where J (a) is the nth Bessel function evaluated at a = ^Tr^m. 
p B2 

The signal from the sample (sample voltage at constant 
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current) is then amplified by a lock-in amplifier or phase 

sensitive detector which is set to select only one of the 

terms from eq. (2.21) by selecting a single harmonic of the 

modulation frequency, to'. The effect of selecting the nth 

harmonic of u1 is a signal which is proportional to the nth 

derivative of — modulated by the nth Bessel function J (a). 
Po n 

By selecting Bm properly, the modulation of the Bessel func-

tion can be used to increase the amplitude of the oscilla-

tions at low fields relative to the amplitude at higher 

fields (4). In addition the form of eq. (2.20) must be 

changed to 

Fd' = ln{A(B) Sinx
h X Jn(a)

_1} (2.22) 

in order to obtain the correct Dingle temperature. However, 

since a contains no explicit temperature dependence, the 

ratio of amplitudes for two temperatures is still given by 

eq. (2.19). 

Hot Electrons in n-InSb 

In general, the concept of hot electrons in semicon-

ductors describes a situation where the mean energy of the 

electrons is greater than the mean energy which they would 

have in equilibrium with the crystal lattice at a tempera-

ture T (5, p.2). The heating of the electrons can be 

i-i 

produced by the application of either electric fields 
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(low frequency) or by optical excitation with various forms 

of light. In this section, the concept, validity, and appli-

cations of the electron temperature model and of the measure-

ment of the electron temperature, Te, will be discussed, 

primarily in the context of electric field heating. Optical 

heating will be discussed in a later chapter. 

To utilize an electron temperature model, electron-

electron (e-e) scattering must be considered. When the 

energy exchange rate between electrons is greater than the 

rate of energy loss to the lattice, the redistribution of 

the electron energy will bring about an electron distribu-

tion function which can be characterized by an electron 

temperature, T > T (5, p.9). This distribution may be 
0 L» 

either a Maxwell-Boltzmann or a Fermi-Dirac distribution 

function depending upon electron concentration and T . The 

utility of this model is that theBoltzmann transport equa-

tion need not be solved, since the shape of the distribution 

has been assumed. However, establishing that e-e scattering 

is the dominant energy exchange mechanism requires a de-

tailed knowledge of the various energy loss processes 

possible in a crystal. 

In the present study, two separate sets of electrons 

must be considered, first the electron gas with mean energy 

of the order of the Fermi energy, eF, and second, the photo-

excited electrons having energies equal to four to five 
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optical phonon energies. For the former group, Hearn (17) 

predicts that the assumption of an electron temperatue 

model will be valid for a concentration, ne, which is 

0 

greater than a "critical" concentration of nc = -10
8 - 109cm 

The concentrations used in this study are in the 1015 to 1016 

cm 3 range and thus should be sufficient to insure that an 

electron temperature model will hold for the electron gas. 

The applicability of Hearn's calculation to the photoexcited 

electrons will be discussed in chapter three. 

Once an electron temperature model has been established 

for a particular experiment, then a measurement of Tg is the 

next step. The various methods for determining Tg have been 

reviewed by Bauer in bulk semiconductors (5) and by Hess 

in MOS devices (18), and so only the method based upon 

Shubnikov-de Haas measurements will be discussed here. In 

general, the methods for measuring T £ using properties other 

than SdH oscillations are carried out in a manner similar to 

the one described here. 

The measurement of T e using the SdH effect is carried 

out in two steps (6,21). First, the magnetoresistance is 

recorded under equilibrium conditions, T = Tt , for various 
G i_i 

lattice temperatures. Equilibrium is assured by using 

small, ohmic E-fields and currents for the measurements. 

Second, the magnetoresistance is recorded for non-

equilibrium, quasi-steady-state conditions, with either 
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electric field or optical heating present. The lattice 

temperature is held fixed by either a helium bath or cold 

finger and a one-to-one correspondence is made between 

amplitude ratios or peak positions of the SdH oscillation 

for the two cases. For example, an incident laser power 

level which reduces the SdH amplitude ratio to, say, 0.5 

will be assigned a T„ value which is equal to the Tt value 
0 ±j 

which produced an amplitude ratio of 0.5 under equilibrium 

conditions. There is, however, a very strong condition 

which must be met before this procedure for measuring Tg is 

valid. The property of the SdH oscillations used for the 

comparison must not depend explicitly on T , since T is of 
J_j Li 

course different in the two cases. The explicit temperature 

dependence of the amplitude of the SdH oscillation is due to 

the blurring of the Fermi surface as the temperature of the 

electron distribution, T , increases, and thus contains no 
e 

T l dependence. The assumption earlier that the temperature 

dependence of T^ is negligible, now assumes greater impor-

tance. It should be noted that, at the temperature at 

which SdH oscillations can be seen, the dominant scattering 

process in InSb is ionized impurity scattering which is not 

dependent upon T . Therefore, if the temperature variation 

of Td is not negligible, which invalidates measurements of 

m* from eq. (2.19), the measurements of T e described above may remain valid. 
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A final note should be made concerning the effects of 

the magnetic field used to produce the SdH oscillations, on 

the measurement of Tg. In crossed electric and magnetic 

fields, the magnetic field will tend to turn electrons away 

from the direction of the electric field, thereby reducing 

the average energy absorbed from this field. Therefore, in 

cases of electric field heating, the effect of the magnetic 

field would be to reduce the electron temperature for a 

given electric field. Miyazawa (35) has clearly demonstrated 
_ 3 

this effect in n-InSb at a concentration of 1 x 10Ilf cm , 

where the electron temperature was measured by both mobility 

and Hall measurement comparisons, and agreement was obtained 

between the two techniques. Similar results were obtained 

by Sandercock (37), but others (8,9) do not obtain such 

agreement. In some cases the discrepancy has been explained 

by noting that the Hall coefficient, r, depends upon the 

degeneracy factor n = ep/kgT
e'

 s o that as the electron 

temperature increases, the degeneracy factor decreases and 

r changes values. 

In the longitudinal field case, E||B, the effects of 

the magnetic field are less studied in the hot electron 

region. One theoretical study by Lewiner (32) indicates 

cooling without reference to a field orientation but this 

is not confirmed experimentally. 
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In summary, this chapter has discussed a broad range of 

topics needed as a foundation for a discussion of the theo-

retical aspects of this study. The primary points have been 

the discussion of the process for determining the electron 

temperature for non-equilibrium, quasi-steady-state situa-

tions and the use of the Shubnikov-de Haas oscillations as a 

very sensitive effect for obtaining the electron temperature, 

Te* 
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CHAPTER III 

OPTICAL HEATING AND ENERGY RELAXATION 

In this chapter, topics relevant to the optical heating 

of electrons in n-InSb are discussed. For subsequent 

discussion, the electron distribution will be considered 

as two parts, the bulk of the conduction band electrons 

(the electron gas) lying near or below the Fermi energy, 

E , and the photoexcited electrons lying intially at sever-

al optical phonon energies above Ê ,. Those photoexcited 

electrons in the process of cooling, but still lying well 

above (>hw ) the Fermi energy will be considered to be part 
L 

of the latter group. The topics discussed in relation to 

these groups of electrons are photoexcitation, energy 

relaxation processes available to the photoexcited elec-

trons, and energy relaxation processes available to the 

electron gas. In addition a variety of short topics will 

be discussed where they are relevant. 

A number of single photon absorption processes have 

been studied in InSb (28), including absorption by the 

lattice, impurities, and free carriers as well as excitonic 

and fundametnal absorption processes. Two photon processes 

are not considered here because of the low intensities 

£ 100W/cm2) used for this study. For the range of photon 

34 
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energies (hou = 113 to 13 8 meV) produced by the CC>2 laser, 

fundamental, excitonic, and lattice absorption are not im-

portant. Fundamental and excitonic absorption require pho-

ton energies nearly equal to the band gap energy, e = 236 
y 

meV, about twice the energy available from the CC^ laser pho-

tons. There are two types of lattice absorption, mulitple 

phonon absorption in the bulk and absorption by surface 

states lying in the band gap. The former is discussed by 

Spitzer (28, p. 54-55) and is found to be important at ener-

gies less than 73 meV (A > 17ym). Also, in a study of the 

magnetoabsorption of n-InSb (ng = 2 x 10
16 cm 3), Weiler (26) 

found no structure in the absorption coefficient in the CC>2 

wavelength region for magnetic fields up to 14 Tesla(T) for 

S| |S and up to ~4T for E_]jl. The sample was prepared in a 

manner similar to that used in this study and was studied at 

30K. This result indicates that neither type of lattice 

absorption is significant under these conditions. 

Impurity absorption to the conduction level requires 

the presence of neutral donors or ionized acceptors within 

one photon energy of the conduction band. The ionization 

of such states by photon absorption would, if present in 

significant amounts, be detectable as a shift in the 

period of the SdH oscillations during laser excitation. No 

shifts of the period were seen which could be attributed 

to this effect. Thus it is assumed for subsequent dis-

cussions that neither the presence of deep impurity levels 
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(those not merged with the conduction level) nor magnetic 

freeze out of carriers into shallow impurity levels was 

significant. 

Finally then, only free carrier absorption by con-

duction band electrons remains for consideration. This 

process is complicated by the fact that the photon momentum 

is insufficient to allow simultaneous conservation of both 

energy and momentum during absorption by a free carrier. 

Therefore the presence of a momentum relaxing scattering 

event is required to complete the transition. Momentum 

relaxation typically involves either an ionized impurity 

or a phonon. 

If the momentum relaxing process involves ionized 

impurity scattering, the final energy of the electron will 

be its initial energy, e , in the conduction band plus the 

photon energy, iim, since ionized impurities absorb negli-

gible energy during a collision with an electron. In 

addition, the energy distribution of the photoexcited 

electrons will be peaked at an energy fito above the conduc-

tion band minimum. A point which will become significant 

later is the fact that the energy of this peak will be 

independent of the Fermi level. These statements arise 

from the fact that the absorption coefficient, a, for free 

carrier absorption goes as (20, p. 374) 
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a ~ /°° def(e) g(e) \ x (3.1) 

TmK
 ' 

where f(e) is the electron energy distribution, g(e) is 

the density of states, and tm is the (energy dependent) 

momentum relaxation time. For degenerate electrons, in 

a parabolic band at Tg ~ OK, this integral is 

a ~ feF de e+h (3.2) Tie) m 
3/ 

For ionized impurity scattering (20, p. 173), x °°e- , so 

that 

a ~ / ^ ' d e e 1 . (3.3) 

Thus most of the contribution to the free carrier absorbtion 

comes from electrons near the conduction band minimum (e=0), 

and thus the peak of the photoexcited electron distribution 

should be at e=fta) above the conduction band minimum. A 

schematic diagram of this distribution is shown in Figure 

4a. 

In the case of phonon assisted absorption, the energy 

of the phonon, hcô , must be subtracted from the final elec-

tron energy. This energy may be estimated from the momen-

tum required to satisfy conservation laws. For a mass of 

m*=0.014 mQ and fia)= 117 meV, the momentum required for the 

—2 

absorption process is ~10 times the phonon momentum at the 

Brillouin zone edge. This means that for optical phonons 
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(b) 
Fig. 4--Schematic diagram of the energy distribution of 

the ohotoexcited electrons for a) ionized impurity or 
b) phonon scattering. 
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hm =ho) =24.4 meV (12) may be used and that for acoustic 
P L 

phonons ftu)p may be neglected (ftu)p<-1.0 meV) . 

The photoexcited electron energy distribution for 

phonon assisted absorption will be peaked at an energy 

e = e„+ftu>-fc<o as seen schematically in Figure 4b. This 
F p 

is because for phonons at low temperature (20, p. 220), 

X (E)«E+^ so that equation (3.2) becomes 
m 

a ~ de £ (3.4) 

This means that the electrons near the Fermi surface 

contribute to the absorption process more than those at 

lower energies with the result of Figure 4b. It is impor-

tant to note that the peak of the energy distribution 

varies directly with the Fermi energy. As a final note on 

these processes, calculations (1) based upon the conditions 

of this experiment seem to imply that the most likely mo-

mentum relaxing process will be optical phonon scattering. 

At this point, a comparison of optical heating with 

electrical heating is pertinent. In electrical heating, 

at low temperatures, the electron gas is uniformly heated 

by the field up to the temperature at which the electrons 

in the high energy tail begin to emit optical phonons (8). 

Because this process is very fast, the electron distribution 

becomes non-Maxwellian in the high energy tail. Thus even 

at relatively high fields, few electrons will have energies 
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very much above the optical phonon energy. However, in 

optical heating, the electrons are deposited in the conduc-

tion band at an energy of the order of the photon energy 

(23) (less the energy loss to the momentum relaxing process 

for free carrier absorption or less the band gap for funda-

mental absorption), and therefore these photoexcited elec-

trons may have energies of several optical phonons. Thus, 

photoexcitation processes can be used to produce high 

energy electrons for study. 

Energy Relaxation Processes 

In this section, the various energy relaxation pro-

cesses which take place among the electrons and between the 

electrons and the lattice are discussed. There are two 

steps to the energy relaxation processes, first the 

cooling of the photoexcited electrons to near the bottom 

of the conduction band and cooling of the bulk hot 

electron gas to the lattice temperature. 

Since the latter process is essentially identical to the 

relaxation of electric—field heated electrons of the same 

temperature, as discussed in Chapter II, it will not be 

discussed further here. 

Energy relaxation for the photoexcited electrons can 

follow two possible paths: Model I assumes that Hearn type 

(11) calculations discussed in Chapter II hold for the 

photoexcited electrons, and that electron-electron 
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scattering between the electron gas and the photoexcited 

electrons is the dominant energy relaxation process. 

Model II, on the other hand, assumes that optical phonon 

emission dominates the energy relaxation of the photo-

excited electrons, at least initially. It is possible that 

both of these two processes will compete at approximately 

equal rates, but the models above and their implications 

will be separated for clarity. 

Model I 

In this model, the energy of the photoexcited elec-

trons is given directly to the electron gas via electron-

electron collisions. It is assumed that collisions between 

the photoexcited electrons and the electron gas will 

dominate the energy relaxation process. All of the absorbed 

photon energy is deposited into the electron gas (23) which 

is then heated to a temperature T > T . The validity of 
0 ±J 

the electron temperature concept, and the cooling processes 

for the electron gas are dependent upon the same arguments 

which were used for the discussion of E-field heating. 

Once the energy of the photoexcited electrons is 

distributed to the electron gas, the cooling of this gas 

is identical to the cooling of an electric field heated 

gas of the same electron temperature. Therefore, the 

results of the studies may be compared. 
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The single electron energy balance equation is stated 

simply as 

^ = p (gained) - p(lost) , (3.5) 

where p is the power lost or gained per electron. For 

electric field heating, p(gained) is just the joule heating 

rate per electron given by 

PE = PE/neVE = ey(E)E
2. (3.6) 

Here P,, is the total power (current times voltage) dissi-
ri 

pated in the volume, VE, between the voltage probes of the 

sample, also e is the electronic charge, y is the (field 

dependent) mobility, and E is the magnitude of the electric 

field. For laser heating in model I, p(gained) is the 

rate at which optical energy is absorbed per electron. The 

calculation of the amount of power absorbed depends upon 

the effects of internal reflections in the sample. The 

simplest case of no internal reflections, where the power 

absorbed, P, in terms of incident power, Pj, is 

P = Pjd-e'^d-R), (3.7) 

where R is the surface reflection coefficient, a is the 

absorption coefficient and d is the sample thickness, is proba-

bly not valid because in InSb, R = -0.36 and thus the in-

ternally reflected power cannot be neglected. Multiple 
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internal reflections may be treated in two ways, first, 

including phase coherence, or etalon effects, and second 

ignoring them. Since the back surface of the sample was 

roughened slightly (3ym grit) to eliminate etalon effects, 

the second approach is used here. Summing the multiple 

reflections (see Appendix B) yields 

, -ad 

P = V l - R ) -cd ( 3" 8 ) 
1 (1-Re aa) 

which for ad<<l may be written as 

P = Pjtxd. 

Dividing by the number of electrons illuminated and sub-

stituting =
 PJ/AJ, and = dA^, where "*"s 

average incident intensity, and and are the illumi-

nated area and volume, respectively, yields 

n = al /n (3.9) PI AVG e 

for the rate of energy gain per electron from photon 

absorption. 

To compare the two forms of heating, the following 

assumptions are made: 1) that steady state conditions 

hold, 2) that the energy losses to the lattice depend only 

upon the energy distribution of the electrons (Tg) and of 

the phonons (T^), and 3) that the photoexcited electrons 

present during laser pumping have a negligible effect upon 

the electron distribution. Equation (3.5) thus becomes 
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P(gained) - P(lost) (3.10) 

where p(lost) now depends only upon and and not upon 

the type of pumping process which produced the temperature 

T . Thus for a given value of Tg, the power inputs must 

be identical whether the heating is done by laser or E-

field. Thus in equation (3.9) equals pE from equation 

(3.6). The first assumption is clearly justified since the 

energy relaxation times (~10 7 - 10 ^sec) (16; 19; 20, p. 

183) are short compared to measurement times (pulse widths 

~10~5sec). The third assumption is based upon estimations 

of the generation rate (G) and energy relaxation times 

(T ). The total power absorbed by the sample is 
e 

approx imately 

P = Pz (l-e~
ad) ~ ad P r (3.11) 

so that the number of photons absorbed per second, na^s/ 

is P divided by the photon energy. Experimental values for 

this study are of the order of hw = 117 meV, Pj = 1.0 watt, 

a = 0.1 cm"1, and d = 0.1 cm, which yield n a b s - 5.3x10
17 

sec"1. Assuming one photoexcited electron per absorbed 

photon the generation rate, G = na]3S - 5.3xl0
17sec 1. The 

photoexcited electrons can stay high in the band for a time 

much shorter than the optical phonon energy relaxation rate 

(since e-e scattering is assumed to be faster) which is 

~10~12 seconds (16; 19; 20, p. 183). Therefore 
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G x << 5.3x10s electrons. (3.12) 
e 

This is much less than the bulk electron concentration n g = 

1015 to 1016 cm - 3. The second assumption is based on the 

assumption that the electron temperature model is valid 

(Chapter II) and the assumption that the phonon distribution 

is not too much disturbed by the emission of phonons by 

the electron gas. Since the measured electron temperatures 

are low in these experiments, these assumptions are felt 

to be very good (8). The typical E-fields used were 

S 0.1 V/cm. 

Therefore, at a given electron temperature, and a 

fixed lattice temperature, then equation (3.2) and (3.3) 

can be combined to yield 

n„P 
a = e e (3.13) 

IAVG 

from which the absorbtion coefficient can be calculated. 

For this model, a, as calculated here, should be the true 

absorbtion coefficient for free carrier absorbtion. 

A second calculation based upon energy balance 

considerations can be obtained by replacing the power loss 

per electron with a relaxation time ansatz. For steady 

state, therefore, equation (3.10) becomes (3, pp. 12-13) 

<e(Tj> - <e(TL)> ( 3 > 1 4 ) 

p (gained) = — 
T 
e 
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where for a Fermi-Dirac energy distribution, 

kTF 3 / (n) 

<««')>-fTTkr- (3a5) 

/2 

where F (ri) is the Feirini integral of order 6 and T\ is re 

duced Fermi energy, • Thus an empirical energy 

relaxation time for the electron gas for relaxation to the 

lattice can be calculated as 

<e(T )> - <e(T )> 
T = e k _ (3.16) 
e p (gam) 

where for model I, p(gain) may be either Pg or p^. 

Explicitly, 1/T is the rate at which the excess energy 

of the hot electron gas, T = Tg > TL, is transferred to 

the lattice, T = T . T for this calculation is obtained 
L ® 

for this study from SdH measurements. 

The effect of x£ upon the electron temperature may be 

estimated from simple heat capacity arguments. The rela-

tionship between total input energy and Te is 

Te 
A £ = J dT Ce(T) (3.17) 

TL 
where C , is the electron heat capacity. Since the total 

el 

energy input is the per electron energy input times the 

number of electrons, equation (3.17) becomes 

Ae = n «Vol«{<e(T )> - <e(T )>} 
e « -Li 

= n * Vol«p(gain)«t . 
e £ 

(3.18) 
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Using the simple expression (14, p. 165) 

m*k T Vol i/ 
c = B e h ( 3 > 1 9 ) 
e l e 

yields 

/ m*k \-i 2/ 
H(T + T T ) ( T - T _ ) = ( 37-] n p (gain) x (3.20) 

e L e L yirfi23 2 J 

The effect upon of T and concentration for a constant 

p(gain) can be seen to be 

J*(Te + TL) (Te"TL) " ne^ "V (3.21) 

Since T tends to decrease with increasing n , the vari-
e e 

ation of T with x and n_ will depend upon whether x 
e e e c-

2/ 
decreases faster than ne or slower. 

Note that for a constant total input power, PE = 

p n Vol, that the dependence becomes 
e 

%(Te + TL) (Te-TL) - ne"
1/3 xe, (3.22) 

and thus Tq will always decrease with increasing ne-

Model II 

Model I assumes that the critical concentration calcu-

lations of Hearn (11) hold for all the electrons in the 

conduction band and thus all of the initial energy of the 

photoexcited electron reaches the electron gas. However, 

because of the very high initial energy of the photoexcited 
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electrons they may require separate treatment. From 

Conwell (5, p. 14), a formula for the critical concentra-

tion needed for very high energy (e>fto)L) electrons is 

(3.23) 
eE ho)T K

2 

o L 
nc 2 ire1* 

e-hu) 
sinh 1 

where it has been assumed that the optical phonon occupa-

tion number N^<<1 for helium temperatures. This is the 

concentration where energy losses to e-e scattering should 

equal losses to the optical phonons. The average dielectric 

constant, K, is given by 

K = %(K + K ) (3.24) 
00 0 

where K and K are the low and high frequency dielectric 
0 00 

constants, and Eq is found from 

m*e2fuj 
eE = 

L I 1 x 1 (3.25) 
o h7 K 

For InSb, where ha)L = 24.4 meV (12) =3.909x10
 21 J, Kro -

15.68 € , and K = 17.88 £ (13), this equation (3.23) 
o o 0 

yields 

n ~ 3x1015cm"3 (3.26) 
c 

for electron energies of e = 4 to 5 This is well 

above the value calculated by Hearn and is comparable to 

the concentrations of the samples used for this study. Both 

calculations of nc assume non—degenerate statistics. 
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Therefore, this model assumes that some of the energy 

of the photoexcited electrons is lost to the lattice through 

polar optical phonon scattering before significant electron-

electron interactions can take place. When the photoexcited 

electrons have insufficient energy left to emit further opti-

cal phonons, electron-electron scattering redistributes their 

energy to the electron gas. Cooling from this state is iden-

tical to previous discussion. 

As before, energy balance considerations force the elec-

trical and optical power gained per electron to be identical, 

but equation (3.9) must be modified to include the fact that 

not all of the absorbed photon energy reaches the electron 

gas. Therefore, equation (3.9) becomes 

01 I-ATT/-

Pi = (1-Y) < 3" 2 7 ) 

e 

where y is the fraction of energy lost to the optical phonons 

before significant e-e scattering takes place. In the ex-

treme case where no significant e—e scattering takes place 

before the electron energy is below h(uL (22) 

* = nMAX<h™L)/h"' 

where nw,v is the largest integer for which y < 1. 
MAX 

The subsequent formulas must also be changed to reflect 

the difference in the amount of energy lost to the phonons. 

Equation (3.13) becomes 
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c = (1-Y)"1 • <3-28> 

AVG 

However, since neither a nory are well known for the condi-

tions investigated, only their combination can be obtained 

as 

a* = a(l-y) = j& E (3.29) 
AVG 

The calculation of will be the same for use with 

the E-field heating data, but must be modified to 

[<e(Te)> - <e(TT)>] n 
Te ~ a* 1̂  

(3.30) 
AVG 

for the optical heating case, however, since a* is calcu-

lated from a comparison of !AVg
 anc^ ^E' n° n e W ^-n^ormat^on 

is contained in this form and, for both models, t£ will 

be calculated from 

[<e (T ) > - <e(T T)>] 
e h (3.31) 

PE 

The most important consequence of model II is the 

expectation of oscillatory photoconductivity effects (OPC). 

These oscillations arise from the fact that the final 

fraction of energy which reaches the electron gas depends 

upon the number of phonons emitted by the photoexcited 

electrons as well as their injection energy. This causes 

the photoconductivity to oscillate as a function of the 

initial photon energy. These oscillations are independent 
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of the SdH oscillatory effects which arise from the mag-

netic field dependence of the resistivity. Since several 

reviews of the aspects of OPC type effects are available in 

the literature (10,23,24,27), only a brief review will be 

given here. 

Oscillations in the photoconductivity of p-type InSb 

samples with photon energy were first reported by Blunt (4) 

and later by Engler, et al. (6,7). These OPC effects were 

measured for intrinsic excitation from deep acceptor levels 

(Au, Ag, and Cu), and were first attributed to oscillations 

in the absorption of the exciting radiation. However, later 

experiments (24) showed no absorption oscillations and the 

experiments were reinterpreted on the basis of carrier 

lifetime in the band (15,25). Holes which are injected 

at energies slightly greater than nfiu)L will cascade to near 

the valence band maximum where they will be very quickly 

captured by ionized acceptors, whereas holes injected 

slightly below nhu>L will cascade to an energy further from 

band maximum and will be captured less quickly. The photo-

conductivity is expected to be proportional to carrier 

lifetime, so that minima should occur where the initial 

injection energy is an integer number of phonon energies. 

This has been supported by recent Monte Carlo calculations 

(2 ) . 
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Intrinsic OPC effects have been observed in both 

n-type (17) and p-type (9,25) InSb, and in both cases the 

photoconductivity is due to electron conduction since hole 

mobilities are two orders of magnitude smaller than electron 

mobilities. OPC effects here are attributed to hot elec-

tron effects of the electrons whose residual energy is 

above the band minimum after losing their optical phonons 

(9,17). More recent studies by Weisbuch (27) have used 

the recombination radiation from photoexcited carriers to 

show that in fact the electron temperature as well as a 

number of other properties of the electron-hole system 

oscillate with the same period as the photoconductivity. 

However, no good quantitative theory has been advanced 

because of the number of interacting mechanisms involved, 

e.g., interband absorption, recombination, trapping, opti-

cal and acoustic phonon scattering, and electron-electron 

scattering (at high densities). 

Both excitation from impurities and intrinsic excita-

tion across the band gap are complicated by the fact that 

both changes in the mobility of the carriers due to hot 

electron effects and changes in carrier concentration due 

to injection into the band are taking place simultane-

ously along with the other effects mentioned above. 

In recent papers on n—InSb with a concentration of 

1.4x1015cm-1, Seiler, et al. (21,22) have used the 
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photoconductivity response under free carrier conditions 

where An = 0 to show that OPC effects may exist at this 
e 

concentration. These studies use changes in the mobility 

of the electrons under laser illumination to determine the 

electron temperature. The comparison is then made with 

mobility changes due to electric field heating and a value 

of ct* is calculated. Two results of these studies imply 

the presence of OPC effects. Firsts the values for ot 

calculated are typically of the order of 0.5x10 cm which 

is smaller than the value of ~2xl0 cm calculated from 

the work of Patel (18) by assuming a linear dependence of 

a upon n . Second, in the graph of a&ff(=a*) vs X shown 

in Figure 5 there is a minimum near X = 10.5ym which 

implies that what is shown may be part of one oscillation 

in the photoconductivity due to phonon emission. 

This indication of OPC effects supports model II as 

the correct interpretation of the energy relaxation scheme 

for the photoexcited electrons, in which case OPC effects 

would be expected to appear. This result also implies that 

for the photoexcited electrons (e>eF+ftu)oj electron-electron 

collisions do not dominate and thus < n c/ the critical 

concentration above which e-e scattering is dominant. The 

question of whether e-e scattering may dominate at higher 

concentrations cannot be answered through photoconductivity/ 

mobility studies since for very strongly degenerate materials 
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the mobility becomes independent of electron temperatures 

(3, p. 18) and thus free carrier photoconductivity 

disappears. 

The present study, which uses the SdH oscillations as 

an indicator of electron temperatures and thus allows the 

comparison of electric field and laser heating inde-

pendent of the presence of photoconductivity, has extended 

the investigation of OPC type effects to much higher con-

centrations than can be reached through photoconductivity/ 

mobility studies. 

In conclusion, free carrier absorption by degenerate 

conduction band electrons should lead to a hot electron 

distribution whose temperature, Tg, can be probed by 

Shubnikov-de Haas studies. A comparison of the hot elec-

tron effects due to electric field heating with those due 

to optical heating will allow a calculation of the effec-

tive absorption coefficient, a*(a*=a for Model I). Finally, 

for Model II, oscillations in the electron temperature which 

would give rise to oscillatory photoconductivity effects in 

low concentration samples, should be measurable with SdH 

measurements. 
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CHAPTER IV 

EXPERIMENTAL TECHNIQUES 

In this chapter, the equipment, procedures, and 

techniques used in taking the data found in this paper 

is discussed. The systems discussed are the cryostat 

system for maintaining and measuring the temperatures 

used in this equipment, the magnetic field and its modula-

tion, the electrical measurement systems, and the laser 

and its peripheral accessories. The techniques discussed 

are sample preparation and mounting, the measurement of 

the SdH oscillations with a combination of pulse, sampling 

and magnetic field modulation, and laser measurements of 

the spot size and power. 

Cryostat System 

The sample was maintained at liquid helium tempera-

tures in a Janis Supervaritemp stainless steel dewar. This 

dewar has separate containers for the liquid nitrogen 

used for initial cooling and shielding, the liquid helium, 

and the sample. The tail of the dewar uses a radiation 

shield cooled to nitrogen temperatures, so that the nitro-

gen and helium chambers do not extend into the tail. The 

liquid helium container is connected to the bottom of the 

sample chamber by a metering valve and a capillary tube. 

59 
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Helium can therefore be introduced into the sample area as 

a liquid, or as a gas. Optical access to the sample is 

obtained through two sets of windows located on the front 

and rear of the dewar tail. The inner windows are in con-

tact with the liquid helium and therefore must be soldered 

into place. These windows are Germanium. The outer windows 

serve also as vacuum seals and are mounted with o—rings. 

The use of the dewar with several different lasers pre-

cludes the use of antireflection coatings on the windows, 

and for this reason the front outer window was replaced 

with a salt flat (NaCl), spectroscopic grade window. 

Fogging due to absorbtion of atmospheric moisture could be 

slowed by heating the windows, but these windows had to 

be replaced periodically as they lost their transparency. 

Temperatures below approximately 4.5K were maintained 

by immersing the sample in liquid helium, the temperature 

of the bath being determined by the pressure maintained 

on the helium. At 4.2K, the helium was at ambient atmos-

pheric pressure. Above 4.2K the sample chamber was sealed 

and the pressure allowed to rise until the pressure relief 

valve was actuated, this produced a very stable temperature 

of ~ 4.5K as long as the helium in the sample container 

lasted. For operation below 4.2K the pressure above the 

helium was reduced using a large volume vacuum pump. In 

this manner temperatures as low as 1.5K could be produced. 
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For optical experiments it was found that any bubbling in 

the helium disrupted the incoming laser beam, therefore all 

optical and electrical heating experiments were carried out 

below the lambda point of helium (TX=2.2K) with a lattice/ 

bath temperature of 1.8K. At this temperature, liquid 

helium is a superconductor of heat and does not bubble. An 

additional benefit is that the temperature of the bath and 

sample are very uniform under these conditions. 

Above 4.5K, the sample temperature was maintained 

by flowing cold helium gas over the sample. The tempera-

ture of the gas was controlled by a heater wound around the 

bottom of the sample chamber at the point where the capil-

lary tube enters. The current supply for this heater was 

controlled by a feedback system using the temperature sen-

sor as a reference source. The voltage from the tempera-

ture sensor was amplified by a Keithley 180 digital 

nanovoltmeter. 

The temperature sensor used in these experiments was 

a Southland Cryotronics, Inc. carbon-glass resistance 

thermometer. This sensor was supplied with calibration 

between 1.5K and 100K with resistance values specified 

at 0.2K to 10K intervals, depending upon the absolute 

temperature. Unlike Germanium, this thermometer is only 

slightly effected by magnetic fields. The readings 

changes which accompany sudden changes in magnetic field 



62 

amount to <~5 milliKelvin at 1.8 Kelvin for fields up to 

approximately 1.0 TESLA. Resistance values for tempera-

tures between calibration points were calculated using a 

cubic spline interpolation routine, and additional 

accuracy was assured by taking data primarily at temperature 

calibration points. 

Sample Preparation and Mounting 

In this section, the samples of n-type indium 

antimonide (n-InSb) used for these experiments along with 

procedures for their preparation and mounting are described. 

Oriented, single-crystal slabs of tellurium-doped 

n-InSb obtained from Cominco American, Incorporated were 

cut into rough parallelepiped samples on a Servomet spark 

cutting machine. The samples were ground to final dimen-

sions using aluminum oxide grinding power with a grit size 

of 0.3 microns. This grinding was done on a motor driven 

polishing wheel covered with a Buhler "microcloth" pad. 

Various grinding jigs were used to hold the sample suffi-

ciently accurately so that a uniform electrical cross 

section was produced, but optical parallelism was not 

desired, since this would give rise to etalon effects. 

The back surfaces of the samples were roughened 

slightly (grit size=3ym) in order to further prevent any 

etalon processes. 
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The electrical contacts to the sample were made using 

indium solder with ZnCl used as a flux. The current con-

tacts were applied to the ends of the sample; number 30 

gauge wire was used for these contacts and also served as 

support for the sample in the final mounting process. In 

addition, two voltage probes were made to the edge of the 

sample, these probes were made using small indium solder 

dots and 1 mil gold wire. As much as possible, these probes 

were placed at an interval of approximately one-third of 

the total sample length to assure accuracy of the voltage 

measurements (7). The leads to all electrical connections 

were run in a plane containing the longitudinal current 

axis of the sample, in the final mounting, this plane was 

aligned parallel to the magnetic field, minimizing any 

magnetic pickup due to current loops near the sample. 

The sample mounting consisted of a brass block hollowed 

out to form a semi-circular shield in front of the sample. 

A 2.0 mm diameter hole was cut in this shield to serve as 

an optical port and to restrict the area of the sample 

illuminated to the region between the voltage probes. A 

phenolic insert was placed inside the brass holder to 

provide a flat, insulating surface on which to mount the 

sample. 
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The external electrical connections to the sample were 

made with Lakeshore Cryotronics, Incorporated ultraminia-

ture coaxial cable having a characteristic impedence of 

50fi. Four of these cables were used to provide electrical 

connections. The input current to the sample was provided 

by the first of these cables whose shield was used as the 

ground return for the sample current. A ~51.1f2 (nominal, 

300 Kelvin) metal film resistor was placed in series with 

the samples to provide impedence matching between the 50Q 

cable and the very low resistance (<lft) sample. In addi-

tion since the series resistance was large compared to the 

sample resistance, constant current conditions were there-

fore maintained even during pulsed electric field studies. 

Tests on the series resistor indicated very little change 

in resistance with changes in temperature and magnetic 

field. The inductive properties of this type of resistor 

were not serious at the frequencies used here (pulse width 

"3 to 5 y seconds). A second coaxial cable (current probe) 

was connected to the low (sample) side of this resistor 

to provide for pulsed current measurements. 

Two additional cables were used to provide external 

connections with the voltage probes. Only the shield of 

the current carrying coax was connected to the sample, 

the other sheilds were grounded externally to prevent 

ground loops. It was found that there was no difference 
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between measurements taken with all of the shields con-

nected to ground return at the sample and measurements 

taken with the probe (sample and current) shields unconnec-

ted near the sample. 

To minimize current pickup from the magnetic field, 

all connections were made in the longitudinal plane of the 

sample, and connecting wires between sample and coax were 

kept as short as possible. All electrical contacts were 

soldered with indium. 

The sample was held in place by its current contact 

wires only, no adhesive was used on the sample. However, 

the coaxial cables and the phenolic insert were held in 

place with Duco adhesive. This adhesive was not suitable 

for use on the series matching resistor and it was plotted 

in RTV silicone rubber. This material was found to retain 

its flexibility even after several immersions in liquid 

helium, and could be removed cleanly when the sample was 

changed. Since optical alignment of the sample took place 

in the dewar at liquid helium temperatures, small shifts 

in the position of the sample due to thermal contraction 

were not critical. 

After allowing for sufficient curing time for the 

adhesives, the sample unit consisting of the sample, brass 

shield, mounting rod, and dewar head were inserted into the 

dewar. The coaxial cables were passed through small holes 
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in the dewar head. These holes were sealed with RTV 

rubber to provide a vacuum seal. These seals were at room 

temperature so that freezing of the RTV was not a problem. 

The seal provided by the RTV was found to be adequate for 

the vacuums (*1 torr) needed in the sample area of the 

dewar. 

Arrangements were made at the dewar head for the ver-

ticle positioning of the sample in the beam of the laser 

and for its rotation with respect to the magnetic field. 

This rotation was used to minimize the background, non-

oscillatory magnetoresistance in the sample and current 

loop pickup in the electrical connections where possible. 

Specific characteristics of the samples used in these 

studies are given in Table II in Chapter VI. 

Magnetic Fields 

The magnetic fields used in this experiment consisted 

of two parts: the d.c. field and the smaller a.c. modula-

tion field. The d.c. field was produced by a Varian model 

3600 12-inch electromagnet having a poleface separation 

of 2h inches and a poleface diameter of 9 inches. This 

arrangement produces very uniform fields over a very large 

area of the poleface. The field produced by this magnet 

was controlled by a Varian model 2500 "Field-dial" control 

unit which used a hall probe to control the field of the 

magnet to within ±0.25%at all fields above 0.1 TESLA. The 
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field of this magnet could be swept at various speeds, 

to either increasing or decreasing fields, over all or any 

part of its full range. A second Hall bar attached to the 

face of this magnet was used to drive the field axis of 

the X-Y recorder, either directly or through an electronic 

unit which produced a voltage proportional to 1/H. Be-

cause SdH oscillations are periodic in 1/H, this latter 

system of recording was more meaningful. 

The a.c. modulation system was used to induce a small 

low frequency a.c. component onto the signal (voltage) from 

the sample, for use with the lock-in amplifier. This field 

was produced by a pair of auxiliary coils mounted on the 

poles of the d.c. magnet. The coils were wound on phenolic 

forms using approximately 1750 turns of §20 enamaled magnet 

wire. As the coils were wound, each layer of wire was 

encased in 3-M brand electrical epoxy for rigidity. 

The low frequency a.c. signal used to drive these 

coils was generated by a Wien bridge oscillator whose fre-

quency output was stable to better than 0.1 percent. A 

frequency of ~ 43 Hz was chosen as the modulation frequency 

since this number is mutually prime with 60 Hz so that good 

rejection of interference of line signals could be ob-

tained. In addition, 43 Hz is in the audio band width so 

that conventional audio amplifiers could be used for the 

final drive element. Higher frequencies would have made 
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the use of the combined sampling/modulating detection sys-

tem discussed in a later section, much more difficult. 

The signal from the Wien bridge was fed through a 

constant amplitude control unit to a Mcintosh 350 watt 

audio amplifier which provided the final drive for the 

field. The inductive reactance of the coils was measured 

at various d.c. magnetic fields and it was found that 

17 yf of series capacitance was required to cancel the 

inductive portion of the load to the audio amplifier. This 

value for the capacitance was chosen to yield the best 

overall performance from the audio amplifier, but since the 

highest field achieved by the d.c. magnet was 1.3 T, 

saturation effects did not change the inductance of the 

modulation coils greatly. 

The amplitude of the modulation field was controlled 

by a feedback system using a reference coil in the magnetic 

field. This coil also produced the constant phase refer-

ence signal required by the lock-in amplifier. The ampli-

tude controller produced a constant amplitude to better 

than 0.1 percent for all d.c. fields above 0.1 T. Below 

0.1 T, the modulation field disturbed the Varian Fieldial 

control sufficiently that the d.c. field would oscillate 

slowly with a period of approximately one to two seconds. 

No readings were taken under these conditions. At fields 

above about 0.1 T the d.c. magnet control did try to "track" 
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the d.c. field so as to eliminate the a.c. modulation, 

however, the inherent time constants of the d.c. system 

were long compared to the period of the modulation signal 

and only a very slight distortion of the modulation field 

was produced. 

Various combinations of control and amplifier settings 

were tried and the final settings used were those which 

produced the best uniform results over the full sweep 

range of the magnet. The amplitude of the modulation field 

used in all experiments discussed here was 0.02 T (p-p) as 

measured at the pole face. The aluminum tail on this dewar 

attenuated the modulation field approximately 25 percent 

so that the effective modulation field in the vicinity 

of the sample was 0.015 T (p-p). This was probably due to 

eddy currents in the sides of the tailpiece. The a.c. 

field modulation system was turned off for those measure-

ments where it was not needed, i.e., d.c. electrical 

measurements, and where it produced interference, e.g., 

some measurements of photoconductivity. 

Electrical Measurement Systems 

The electrical measurements fall roughly into two 

categories, d.c. electrical measurements without modula-

tion and sampling techniques, and d.c. or pulsed electrical 

measurements with the magnetic field modulation and/or 

sampling techniques included. 
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The d.c. measurements made on the sample include zero 

field resistance measurements, d.c. SdH measurements, and 

photoconductivity measurements. The zero field resistance 

of the sample was measured under constant current condi-

tions by a conventional four-point measurement system. 

Current to the sample was provided by a Hewlett-Packard 

6177B constant current source. A one-hundred ohm standard 

resistor in series with the sample was used to monitor 

the current through the sample, the voltage drop across 

this resistor was measured on the same instrument, a 

Keithly 180 digital nanovoltmeter, as was used to measure 

the voltage drop across the sample voltage probe contacts. 

This provided consistancy in the sample resistance since 

systematic errors in the K-180 readings would tend to can-

cel. In the later stages of the experiments a Keithly 

174 digital multimeter was used in place of the K-180. 

This instrument was found to have approximately the same 

accuracy as the K-180 for the values in question but was 

much more convenient to use, since it required less 

resetting to maintain its accuracy. This system was used 

for constant current supply for all non-pulsed experiments. 

The zero field resistance values obtained in this 

manner can be used to calculate the mobility of the sample 

at various lattice temperatures, thus providing, along 

with zero field photoconductivity measurements, an alternate 
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means of evaluating the electron temperatures (5,6). The 

zero field photoconductivity measurements were made without 

the d.c. magnetic field, and with the a.c. modulation 

field either off, when it effected the photoconductivity 

pulse height, or blocked by filtration where its only 

effect was a symmetric modulation of the pulse height. The 

former condition being used normally. These measurements 

were carried out under constant current conditions as 

described above. The pulsed photoconductivity signal, 

having the same period and duration as the chopped laser 

pulse, was amplified by a Tektronix AM 502 differential 

amplifier, the filtration capabilities of this amplifier 

were used to remove the d.c. background and low and high 

frequency noise signals, but only to the extent that the 

photoconductivity pulse was not significantly distorted. 

The resulting pulse height was then measured on a Tektronix 

7A19/7904 oscilloscope system. 

For the d.c. SdH measurements, the field dependent 

voltage drop across the sample voltage probes was measured 

using the Keithly 180. The analog output from this unit 

was then recorded against the inverse magnetic field. 

Since the low field SdH peaks recorded by direct d.c. 

methods have very small amplitudes compared to the higher 

field peaks, the d.c. traces were used primarily to 

identify the maxima and minima in the magnetoresistance 
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Fig. 6--Comparison of AC and DC SdH oscillations 
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and to set the proper phase relationships in the a.c. 

field modulation system (see Figure 6). SdH period 

measurements taken from d.c. traces were also checked 

against those taken from a.c. traces, and showed good 

consistancy. 

The d.c. current measurements of the SdH oscillation, 

made with the 7S14/7904 sampling oscilloscope and the 

a.c. magnetic modulation system, were used for most of the 

studies discussed in this report. The a.c. field modula-

tion technique allowed more exact evaluation of the SdH 

oscillations by improving signal to noise ratios, espe-

cially at lower d.c. magnetic fields. The sampling oscil-

loscope is required, because the duty cycle of the laser 

must be kept small (approximtely three percent) to prevent 

lattice heating. The techniques for combining sampling 

and modulation measurement systems was first developed for 

use with magnetophonon studies in n-InSb by Kahlert and 

Seiler (2), and a number of experimental restrictions are 

forced by their combined use. 

Three types of SdH measurements were made using 

the combined sampling/modulation techniques, first, record-

ing the SdH oscillations against 1/H for various lattice 

temperatures, second, for various pulsed electric-fields, 

and finally, for various incident (pulsed) laser powers. 

The recordings of SdH oscillations for various lattice 

temperatures were made under constant current conditions at 



74 

the sample. The d.c. current used was determined by-

experiment to be large enough to provide a good signal 

to noise ratio, without being large enough to produce non-

ohmic effects in the sample as determined by the SdH 

amplitudes. The SdH amplitudes were plotted against the 

current, and the current used was chosen to lie well with-

in the linear region. 

The voltage drop across the sample probes was ampli-

fied by the AM502 differential amplifier, and the d.c. 

background was removed (low frequency roll-off frequency= 

10 Hz). This amplified signal was the input to the 7S14 

sampling unit. For the TL study, the sampling unit was not 

necessary, but was retained to provide consistency. The 

sampling rate of the 7S14 was controlled by an external 

oscillator. Here the first experimental restriction 

arising from the combined use of sampling and modulation 

appears. The sampling rate must be large compared to the 

modulation frequency in order to accurately reproduce 

the modulated signal for the lock-in amplifier. In fact, 

signal to noise ratio improved with sampling rate. Since, 

in this case, there was no limit on sampling rate, a rate 

of 20 KHz to 200 KHz was used depending upon the experiment. 

The modulated signal from the sampling unit was then 

fed to a P.A.R.C. HR-8 lock-in amplifier. This unit 

produces a signal which is proportional to the amplitude of 
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the input signal at the frequency for which the lock-in 

is set. The form of the modulated SdH signal from the 

sample is given in equation (2.21) as 

Ap 01 J 12ir tt 
— = 2b cos -5- - T P Q 1 1 \PB 4 

J (a) + I (-l)nJ2n(a)cos(2nw't 
n=l 

. | 2 TT IT + sm| - 4 I (-l)nJ2n+1 (a) cos{ (2n+l) to
11} 

n=0 

(4.1) 

where J (a) is the n-th order Bessel function of the first 
n 

kind, a is (2TTBm/pB̂ ) , and u>' is the modulation frequency 

and the rest of the notation corresponds to that given in 

equation (2.21). The frequency setting of the lock-in 

amplifier can then be used to select one of the terms 

(f=nu)') of this series so that the output of the lock-in 

amplifier will be proportional to the nth derivative (n^l) 

of the SdH oscillations with the nth Bessel function as 

an envelope. By proper choice of a, the oscillations at 

lower fields can be amplified with respect to the high 

field oscillations so that the information for all magnetic 

fields can be recorded together. 

The lock-in amplifier was set to 43 Hz (n=l) for these 

studies so that the signal recorded from its output was 

proportional to 

(fY - s i nfe - i) (4-2> 
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The phase at the lock-in was chosen by finding the phase 

such that the signal was nulled, and then adding or sub-

tracting 90 degrees to yield the proper relationship to 

the d.c. trace, i.e., so that a minimum of the first 

derivative corresponds to a negative slope in the d.c. 

trace. The constant phase reference for the lock-in 

was provided by the same reference coil used for feedback 

in the magnetic modulation amplitude control system. The 

output from the lock-in amplifier was finally recorded 

against 1/H on a EAI 1130 X,Y-recorder. 

The study of the heating effects due to high (pulsed) 

electric fields required a slightly different approach, 

since constant d.c. currents could not be used. For this 

study electrical pulses of approximately three to five ysec 

duration and having a duty cycle of approximately three 

percent, were applied to the sample, by either a Tektronix 

PG502 250 MHz pulse generator or an E-H 132A high power 

pulse generator. The sampling rate in this case was equal 

to the pulse repetition rate, approximately 5 KHz to 10 KHz, 

The current through the system was determined by 

measuring the voltage drop across the input coaxial cable 

and the 51.1FI impedence matching resistor. This could be 

done without disturbing the system by putting a tee into 

the connection to the input coax from the pulse generator 

and running an additional coax from the low (sample) side 
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of the matching resistor. The voltage drop across the com-

bined cable-resistor unit was then measured on a D-67 1MJ2 

oscilloscope. The resistance of this cable-resistor unit 

was determined at various temperatures and magnetic fields 

by a four-point measurement system using the Keithly 180 

and found to be constant to within 0.5 percent over the 

range of temperatures and fields of interest here. 

The voltage from the sample probes was amplified by 

the AM502 differential amplifier and fed to the sampling 

unit. In this case, the sampling unit was required to 

convert the amplitude modulated pulses into a modulated 

d.c. signal for the lock-in amplifier. This was accomplished 

by triggering the 7S14 sampling unit from the pulse genera-

tor and manually setting the unit to sample every pulse 

at the same instant in time, typically the center of the 

electrical pulse. These pulses were kept sufficiently 

broad and flat-topped to eliminate problems due to trigger-

ing errors. This is a slightly different use of a sampling 

unit than normal, where each succeeding pulse is sampled 

at a slightly later point in time until a complete picture 

of the pulses is built up. Here the output signal is 

proportional to the height of the pulses and detects the 

modulation of the pulse heights, much as in the demodu-

lation of an A.M. radio. The output from the sampling 

unit will again be the modulated d.c. as given by 
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equation (4.1) and the remainder of the process is identi-

cal to that described earlier. 

The effects of laser heating on the SdH oscillation 

were measured under constant d.c. current conditions as 

described earlier. Since the change in resistance of the 

sample during the laser pulse was small compared to the 

resistance of the 100ft standard and 50f2 matching resistors, 

the current remained constant even under transient heating 

conditions. The effect of the laser on the sample was to 

produce a photoconductivity pulse whose height and duration 

were determined by the laser pulse. This photoconductivity 

signal was then amplified by the AM502 differential ampli-

fier and decoded by the sampling unit. The low frequency 

roll-off of the AM502 was set to 10 Hz in order to pass the 

43 Hz modulation frequency. Since the amplitude of the 

modulation was proportional to the voltage drop between the 

sample probes, and the effect of the laser heating was to 

change (decrease) that voltage drop, the signal output 

from the differential amplifier could best be described 

as the 43 Hz signal whose amplitude was modulated during 

the laser pulse. This interpretation is supported by the 

fact that if the sampling unit was not synchronized to 

sample during the photoconductivity pulse, no effects 

due to the laser were seen, and also by the fact that if 

the high frequency roll-off was set so that the amplifier 
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could not respond to changes in the signal of the duration 

of the laser pulse, again no effects of laser heating were 

seen, even when the sampling unit was properly synchronized 

with the photoconductivity pulse (this pulse was also no 

longer passed by the differential amplifiers). 

Synchronization of the sampling unit with the photo-

conductivity pulse was accomplished through an optically 

produced trigger pulse generated by each opening in the 

chopper blade just prior to opening for the C02 laser beam. 

To produce this trigger pulse, a Helium-Neon laser beam 

was focused on the chopper blade at a point just ahead (in 

terms of blade rotation) of the point where the beam from 

the C02 laser was focused. Therefore, as the blade rotated, 

a pulse from the HeNe laser was produced just prior to a 

pulse from the C02 laser. The HeNe laser pulse was then 

detected by a Silicon p.i.n. photodiode, and the resulting 

pulse, filtered to remove high frequency noise, was ampli-

fied by either two (xlOO) or three (xlOOO) stages of a 

Keithly 106 wide band amplifier. This pulse was used to 

trigger the synchronization electronics. The advantage of 

this method is that fluctuations in trigger timing due to 

differences in spacing of the chopper blade openings is 

completely eliminated, and, by careful alignment of the HeNe 

beam, fluctuations due to misorientation of the chopper 

blade openings can be greatly reduced. Because the trigger 
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and heating beams were very close together at the chopper 

blade, fluctuations in the trigger timing due to changes 

in the blade rotation speed were also minimized. 

Although the 7S14 sampling unit has a dual time base 

system and could be set directly for the delays needed to 

synchronize the sampling time with the photoconductivity 

pulse, better results were achieved by using an external 

delay system. The trigger from the pin photodiode was 

first sent to a Tektronix RC-501 ramp generator which was 

used to generate a ramp of slightly longer duration than the 

time between trigger and heating pulses. The ramp was 

used as the source for the variable output delay section of 

a Tektronix PG-505, whose output could then be delayed 

over the entire range of the ramp duration. In addition, 

a Tektronix PG 502 pulse generator was used to give a faster 

(<lnsec) rise time pulse which was used to trigger the 7S14 

sampling unit. The sampling rate was equal to the number 

of openings in the chopper blade times the blade rotation 

frequency. Duty cycle considerations as well as mechanical 

limitations on the chopper set an upper limit to the sam-

pling rate of ~1700 Hz. The noise levels in the laser 

heating experiments tended to be somewhat larger than in 

the lattice temperature and electric field heating experi-

ments for this reason. 
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Finally, demodulation of the sampler output and 

recording of the data were identical to the procedures 

previously described. The procedures used to analyze the 

data recorded in this manner will be discussed in the 

next chapter. 

Laser System and Optics 

In this section the laser and its associated systems 

are discussed along with the various procedures for charac-

terizing the laser output and coupling the laser power 

into the sample. The entire optical system was mounted 

upon an NRC optical table for stability. 

The laser used in these experiments was a continuous 

wave (cwj carbon dioxide (CC>2) laser. Excitation was by 

a continuous low pressure gas discharge inside the active 

medium (gas mixture) of the laser. The electrical power 

for the discharge was provided by a constant current 

power supply (3). 

The optical resonator for this laser consisted of 

a concave output coupler having a seven meter radius of 

curvature, and a flat infrared grating blazed at ~10.6ym 

by Baush and Lomb. The resonator was stabilized against 

thermal drift with invar rods. This type of optical resona-

tor allows operation of the laser at many different wave-

lengths corresponding to the various vibrational-rotational 

transitions available in the CO2 molecule. For this laser, 
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the available wavelengths having sufficient power levels to 

be used lay between ~ 9.2 micrometers and ~ 10.8 micro-

meters. This wavelength span is covered by four "branches," 

corresponding to two different sets of rotational transi-

tions for each of two vibrational level transitions. 

Between these branches, there were voids in which no laser 

lines were available with this system. More detailed 

discussion of these transitions and of the operation of the 

CC>2 laser are available in the literature (8) . From this 

wavelength range, a number of lines were chosen on the basis 

of the power and stability of the line. Initially, one 

wavelength per branch was chosen, and additional lines 

were added where more detail was required. The lines used 

were checked on a Coherent Radiation, Inc. C02 laser spectro-

graph to determine the precise wavelength. 

The beam from a laser with spherical and/or planer 

mirrors ideally has a cross section which is a linear com-

bination of Gauss-Hermite or Gauss-Legandre modes labelled 

as TEM^m where 1 and m and the orders of the mode (4, pp. 

328-331). The lowest order mode is referred to as the TEM 
oo 

or Gaussian mode since the normalized intensity distribution 

is given by (4, p. 307) 

r 2 

I = EE* = - \ e-2 co2" (4.3) 
7T (0 
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where u is the Gaussian waist parameter or spot size. At 

the electric field of the beam is e 1 times the cen-

tral field. It can be shown that ninety-nine percent of 

the energy of the beam is contained within a radius 

r=3w/2, and that an aperature of diameter d=3w will trans-

mit a Gaussian beam essentially undisturbed (4, p. 312). 

For most of the discussions which follow, the C02 beam 

cross section will be assumed to be approximated by a 

Gaussian distribution. 

The optical path between the CC>2 laser and the sample 

is diagramed in Figure 7. This system was aligned ini-

tially by using a helium neon visible laser to align the 

path between mirror four and the dewar window. Mirror 

four was removed to allow the visible beam into this path. 

The alignment beam was then centered on the dewar window 

and adjusted parallel to the table surface. The position 

of the beam was then marked by centering the iris diaphrams 

D3 and D4 on the beam. Finally, the lenses, Ll, L2, and 

L3, were added and centered on the beam. Lenses Ll and L2 

reduced the size of the beam and recollimated it for final 

focusing on the sample by lens L3. In addition, Ll served 

to focus the beam onto the chopper blade. A mathematical 

study of the shape of the pulse produced when a semi-

infinite slot passes in front of a Gausian laser beam 

indicated that the rise time of the pulse was proportional 
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to the velocity of the slot edge and inversely proportional 

to the radius of the beam. In addition it was found that 

the full power of the laser would be passed by the slot 

only if the slot width was greater than approximately three 

times to. This result is consistent with similar calcula-

tions done for stationary circular aperatures (4, p. 312). 

The portion of the optical path between mirror m4 and the 

CO2 laser were then aligned by reinserting m4 and rotating 

it until the visible alignment beam followed the desired 

path. Mirrors m3 and m4 were used to adjust the alignment 

beam parallel to the table surface and level with the center 

of the C02 laser output coupler. Iris diaphrams Dl and D2 

were then used to mark the beam position. Mirrors ml and 

m2 are then used to align the visible beam with the optical 

axis of the CC>2 laser resonator, which is then aligned to 

the visible beam. In this manner the optical axis of the 

CC>2 laser is aligned with the entire optical path to the 

dewar. However, in practice, the optical resonator required 

fine adjustment to achieve maximum output power in a 

usuable Gaussian (TEMqo) mode, so that final adjustments 

of the four mirrors were made using the CC>2 laser beam. 

Under optimum conditions, the far-field mode pattern 

of the laser was a Gaussian spot surrounded by a faint 

halo of energy in higher order modes. This halo could then 

be removed by spatial filtering using the irises Dl through 
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D3. Scattering of the beam inside the laser cavity due 

to window fogging, misalignment of the laser tube or 

irises, etc., caused more of the energy to be distributed 

into higher energy and non-symmetric modes, however, if the 

distortion of the central beam was not too great, spatial 

filtering would still produce an approximately Gaussian 

beam. Under these circumstances, the power dissipated at 

the various irises was a significant fraction of the laser 

output, so that the power available at the sample was 

reduced. 

In order to check that the beam profile was in fact 

approximately a Gaussian profile, rather than, for example, 

a Fraunhoffer or Fresnel distribution, a rotating mirror 

beam scanning system was designed which could be placed 

into the beam path. This system consisted of a series of 

mirrors, one rotated about its verticle axis, which would 

scan the beam horizontally across the face of a gold 

doped germanium (Au:Ge) detector. An iris diaphram closed 

to a small aperature was used to let the detector look at 

only a small portion of the beam at a time. In this manner 

the time response of the detector reproduced the profile 

of the beam in one direction (4, p. 326). The beam could 

be raised or lowered on the detector to examine the energy 

distribution of the beam in two-dimensions. It was found 

that any outlying "halo" of energy could be eliminated by 
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proper selection of the opening sizes of iris Dl through 

D3. The profile check was made at the position of D4, 

after the beam was reduced and recolumnated by lenses Ll 

and L2. In addition, thermal imaging plates were used to 

check the cross section of the beam from D4, through lens 

L3, and beyond the position of the dewar (raised) to see 

that no structure appeared in the beam over this region. 

The waist size of the beam at the sample could be 

controlled by adjusting either the distance between L3 and 

the sample, or the spacing between Ll and L2 where the beam 

was recolumnated. The first method was found to be unsatis-

factory at short wavelengths where more movement of L3 

was required than was practical, and the second method was 

used exclusively in this wavelength region. Both methods 

produced similar beam sizes at the larger wavelengths. The 

beam size for all experiments was OJ > 0.66 mm, which filled 

the 2 mm aperature in the shield in front of the sample, and 

the region of the sample between the voltage probes. A 

waist size much smaller than 0.66 mm would have produced a 

small "hot spot" on the sample, leaving sections unillumi-

nated, while a much larger beam would have lost a signifi-

cant fraction of its power at the shield. 

Because there were significant changes in the focal 

lengths of lenses over the wavelength range used in these 

experiments, and because the beam size at the laser changed 
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with wavelength, it was necessary to measure the beam spot 

size at the plane of the sample for each wavelength. 

Initial attempts to measure the beam spot size inside the 

dewar proved unreliable, and an external spot size procedure 

was developed. This method assumes that the laser beam 

can be approximated by a Gaussian distribution, so that 

the power passing through an aperature of radius a is 

Pa = P^ ^1-e
 2oT2"̂  (4.4) 

where P is the power passing through an aperature large 
oo 

compared to the spot size. (See Appendix C.) To make the 

measurement, the dewar was first raised above the level 

of the laser beam. A Laser Precision infrared power meter 

was then aligned with the beam and used to measure P^. A 

pin hole having a diameter of 1.08 mm was then aligned 

on the beam and the power Pa was measured. From the ratio 

P /P the waist size, to, could be calculated. If w was 
cl oo 
found not to be "0.66 mm either lens L2 or L3 was adjusted 

until the ratio P /P indicated the appropriate waist size. 
a oo 

The position of the pinhole in the beam was carefully 

adjusted for each power measurement to be centered on the 

laser beam. The distance between L3 and the pinhole was 

calculated by determining the distance from L3 to the sam-

ple and allowing for the changes in the optical path length 

caused by the removal of the windows of the dewar. In 
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addition, the error in this measurement due to misposition-

ing of the pinhole with respect to lens L3, could be mini-

mized by using a small beam diameter at L3 and columnating 

the beam so that the focus (minimum spot size) lay at or 

just behind the pinhole. In this case the Rayleigh range 

of the beam (4, p. 313) was long and the spot size remained 

nearly uniform throughout the sample chamber area. 

Once the spot size of the beam was set, the dewar was 

again lowered into place and realigned with the beam. The 

laser was then aligned with the sample so as to provide 

a maximum in the photoconductivity signal. For this 

alignment, the lens L3 could be adjusted perpendicularly 

to the laser beam using fine micrometers. If necessary 

the sample could be translated vertically or rotated 

slightly to improve the alignment, however, rotation 

also effected the non-oscillatory background magneto-

conductivity as the sample was turned transverse to the 

magnetic field, so that rotation for alignment purposes 

was very limited. Care was taken not to illuminate the 

voltage probe solder dots as these areas produced photo-

voltaic signals which interfered with SdH and photoconduc-

tivity measurements. Improper alignment could produce 

photovoltaic signals as large or larger than photoconduc-

tivity signals. 
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All optical measurements made on all n-InSb samples 

were made with low duty cycle pulses. These pulses were 

produced by mechanically chopping the CW CO2 laser beam 

with a Laser Precision, Inc. rotating blade chopper. For 

these measurements, a blade having 12 slots, one-sixteenth 

inch wide each and turning at approximately 140 revolutions 

per second was used to produce flat topped pulses having a 

rise/fall time of ~2yseconds, a duration of ~20pseconds, 

a repetition rate of ~1700 pulses per second, and a duty 

cycle of approximately three percent. At high laser 

powers, the liquid helium flow rate had to be increased 

slightly to maintain a bath temperature of 1.8K, but 

even at pulse durations of approximately one millisecond, 

the photoconductivity remained flat as long as the liquid 

helium bath remained superconducting (of heat) and did not 

bubble. Bubbling caused a loss of cooling at the sample 

due to loss of contact as well as scattering the beam, 

so no data could be taken when bubbles were present. 

Estimates of the peak incident power, P-j-, striking the 

sample were made by measuring the power level after lens 

L2 and allowing for the effects of the succeeding elements. 

The position following L2 was chosen to follow all spatial 

filtering and the recollimation process. The power level 

measurement was made with the chopper blade removed using 

a Scientec, Inc. calorimeter. This reading therefore 
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represented the full beam power at this point, and, 

because the chopper blade opening widths exceeded 3u>, 

the peak power of the optical pulse as well. 

The wavelength dependence of the transmission of the 

elements following L2 were determined in various ways. The 

outer dewar window (NaCl) was assumed to have a trans-

mission of ninetytwo percent for all wavelengths of interest. 

This estimate is based upon calculated surface reflection 

losses and manufacturers transmission data (1). The 

transmission of the BaF2 lens L3 was measured on a dual 

beam comparative spectrometer. This transmission data is 

given in Table I. The transmission of the original 

germaniun outer dewar window was measured and found to be 

flat at forty-seven percent over the entire CC^ wavelength 

range. Since this window was the same grade and thickness 

as the inner dewar windows their transmission was also 

assumed to be forty-seven percent. 

In addition to these fixed elements, additional 

calcium fluoride and barium fluoride flats were inserted 

into the beam as attenuators. These flats attenuated by 

absorbtion and did not appreciably alter the size of the 

laser beam. Insertion of one or more of these flats 

reduced the beam from full power to a few percent to study 

the dependence upon incident power. The transmission of 

each flat was measured by inserting it into the laser beam 



TABLE I 

TRANSMISSION DATA FOR BaF2 LENS 
AND DEWAR WINDOWS 
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Transmission Factors For 

Wavelength BaF2 NaCl Ge 
(ym) Lens Window Window 

10.765 93.9% 92% 45.6% 

10.719 94.3 92 45.6 

10.632 94.6 92 45.6 

10.494 95. 3 92 45. 6 

10.233 95.5 92 45.6 

9. 621 95.6 92 45.6 

9.271 95.6% 92% 45.6% 
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and measuring the change in response of the Au:Ge detec-

tor in the linear response region of the detector. 
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CHAPTER V 

DATA ANALYSIS 

In this chapter the methods and procedures used to re-

duce the measurements into useful data will be reviewed. 

The measurements made upon the samples include d.c. resis-

tivity measurements, d.c. and a.c. longitudinal SdH measure-

ments at various lattice temperatures, and the non-equilibrium 

resistivity/ photoconductivity, and SdH measurements. Where 

possible the data reduction was carried out on either the 

North Texas State University Hewlett-Packard 2000 mini-

computer system or the Colorado State University CDC 6600 

computer system. The use of computer analysis was primarily 

for time saving and accuracy reasons and only standard numeri-

cal analysis techniques were used. 

System of Units 

While in electrical work, it is necessary to choose a 

particular set of units, S.I., Gaussian, etc., in which to 

write the formulas, it is often not convenient to work with-

in the bounds of any single system. In practice, solid 

state and semiconductor physics use a mixed system of practi-

cal laboratory units. For example mobility is measured 

traditionally in centimeters squared per volt*second, a mix 

of S.I. and Gaussian units. 
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For this report, then, the system of units chosen for 

all calculations was the SYSTEME INTERNATIONAL d'UNITES 

(S.I.)/ and appropriate conversion factors are chosen to 

convert measurements to these units for calculation purposes. 

However, for reporting purposes and for comparison with other 

work, the more practical and traditional units have been used, 

and appropriate factors applied to calculated results to con-

vert them from S.I. units to the values given. In the com-

puter algorithms used for data reduction the two sets of 

conversion factors were combined where possible and often 

cancelled so that some calculations were carried out more or 

less directly in the system of the practical units rather 

than S.I. units. However, all results are completely con-

sistent with S.I. units and formulations. Formulas given 

in this chapter will be given for S.I. units. 

Data Reduction 

From the period of the SdH oscillations, equation (2.16) 

was used to calculate the concentration of the sample, ng, 

which was needed for calculations of the power per electron, 

mobility, and effective absorption coefficient. In addi-

tion equation (2.14) could be used to obtain a value for the 

Fermi level, eF, if the effective mass were known. The 

period of the SdH oscillations was obtained from a linear-

least-squares (4, p.74) fit of the positions of the SdH 

extrema to the integers and half-integers. In addition an 
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analysis of the variance and covariance of the points was 

used to determine the error in the slope of the line 

(peak position) = (SdH period)*(INTEGER) + INTERCEPT (5.1) 

The concentration was calculated from the relationship 

in equation (2.16) 

1 (2e\S/2 
n = j— (5.2) 
e 3IT2 \ftP/ 

The SdH period was found to be very sensitive to the Fermi 

level and therefore to concentration. In the higher con-

centration samples, no shifts were seen in the periods, indi-

cating no change in the Fermi level. Thus the concentrations of 

these samples were constant. In the lowest concentration 

sample, n ~ 1 x 1015cm 3, an increase in the period was seen 

at higher temperatures, both T_ and T_. From equation (2.14) 
S J_i 

it can be seen that this implies a decrease in the Fermi 

energy at higher temperatures. However, a decrease in con-

centration at higher temperatures is inconsistant with any 

freeze out models, so another explanation was sought. 

Figure 8 shows the calculated Fermi level for a constant 

concentration, along with eF vs. T^ data points, for the 
^ 

ng = 1.09 x 10
15cm sample. The agreement is good, indi-

cating that the changes in eF and the SdH period are due to 

the decrease in the degeneracy factor, rt = e^/k^T, for this 
r JD 

sample. 
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Fig. 8—Fermi level versus lattice temperature. Data 
points are from sample #la. The solid line is calculated 
for a concentration of 1.09 x 1015cm_:i. 
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The electron temperature was obtained by comparing the 

amplitudes of the SdH oscillations measured under equilibrium 

and non-equilibrium, quasi-steady-state conditions. However, 

because of the difficulties involved in attempting to pre-

cisely calibrate the absolute amplitudes of the oscillations 

recorded, only the relative amplitudes were used, with the 

reference oscillations being taken at an equilibrium tempera-

ture (T0 = Tl) of TJ. = 1.8 + <0.005k. Currents used for these 

measurements were ohmic (as determined by SdH measurements) 

and no laser illumination was present. Reference oscilla-

tions were recorded regularly so that each set of data could 

be compared with a reference taken at the same time and under 

identical conditions. 

All curves for which amplitude data were required were 

enveloped using a K & E spline and weight kit and the 

amplitude for a given magnetic field was taken to be the 

width of the envelope at that field. For each sample, the 

amplitudes were measured for six different magnetic fields. 

The magnetic field values for each sample were chosen for 

convenience within the useful limits of the recordings. The 

lowest field in each case was limited by the noise levels in 

the recording process, while the highest useable field was 

limited by the breakdown of the theory at the high field 

quantum limit. This limit is the magnetic field value at 

which less than approximately three Landau levels are occupied. 
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In order to have a continuous set of amplitude ratio 

versus lattice temperature values from which to determine 

the electron temperature, the equilibrium data taken at 

various lattice temperatures for a fixed magnetic field 

was fit by a non-linear least-square curve fitting procedure 

to equation (2.19). For the purposes of curve fitting this 

equation was modified to 

A(T j T ) 
^ — = F[(BmIT /B)/sinh(Bm'T /B)] (5.3) 

o 

where constant, F, has been used to replace the amplitude 

factor {sinh(Bm'TQ/B)/(Bm'TQ/B)}. This fit factor was found 

by a standard linear least-squares procedure. In addition, 

the effective mass ratio, m 1, was found with a non-linear 

step-search routine (2, pp. 64-73). A new value of F was 

computed for each value of m' until the best fit of both 
? k 

parameters was obtained. The function, (x /N) , where N is 

the number of points fit, was taken as the r.m.s. error for 

the fit procedure. 

The electron temperatures for all non-equilibrium runs 

were then found by solving the equation 

A 
F{ ( B m ' T / B ) / s i n h ( B m ' T / B } = 0, (5.4) 

o 

for T, where F, m', B, and A Q are the appropriate values (con-

stants) for the particular non-equilibrium amplitude, A n o n« This 
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equation was solved by a Newton-Raphson (2, p.6 6) root 

search method, and an estimated error in each electron 

temperature, ATe, was computed on the basis of the esti-

mated amplitude error from the enveloping process and of 

the r.m.s. error from the lattice temperature fit process. 

Other related parameters calculated for each oscilla-

tion recorded were, for E-field heating, total power input 

to measured volume (between probes), 

PE = V I , (5.5) 

the power per electron in the measured volume, 

PE - v V V E ' <5-6) 

the electric field between probes, 

Es = V/Lp, (5.7) 

and the mobility, 

y ~ ne A^V (5*8) 

For optical heating, the average surface intensity 

I = Pt/At (5.9) 
avg I I 

where P-j. is the beam power at the sample surface, and Aj is 

the illuminated area, is also calculated. 



102 

The electron temperature measurement for the optical 

heating case is complicated by the fact that the volume 

heated by the laser does not exactly correspond to the volume 

measured electrically. Thus, the SdH oscillations corres-

pond to a mixture of oscillations from illuminated and non-

illuminated parts. In the appendix, a linear correction 

formula is derived which corrects (to first order) for this 

effect. This formula is: 

(CORRECTED) = 1 - (l - ~ (MEASURED)), (5.10) 

0 I 0 ' 

where = Aj/W, and W is the sample width. This correction 

formula appears to over-correct some of the data slightly, 

producing negative values for the calculated amplitude ratios. 

This effect was noticable only where the ratio, A/AQ (measured) 

was initially small, i.e., at low magnetic 

fields and high laser powers. Under these circumstances, 

the intrinsic errors in the measured amplitudes (recorded 

noise plus curve fitting errors) amounted to a much larger 

proportion of the amplitude (r.m.s. fit errors range from 

30% to 100% in the worst cases) than where the measured 

amplitudes were larger. In addition, the amount of correc-

tion is less for larger measured values of A/AQ and thus 

errors in the correction will be less significant. No nega-

tive amplitudes were produced by this correction formula, 

at the higher magnetic fields, where most of the data analy-

sis took place. As a final note on this effect, it was 
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found that carrying out the calculations, leading to eq. 

(5.10), to second order increased the magnitude of the 

correction and thus produced even greater amounts of over 

correction. 

Once the corrected amplitude has been used to determine 

the electron temperature for a given incident laser intensi-

ty, the comparison between pE and may be carried out. 

The values of Pj were found in equation (3.27) to be 

Pj = I A V G c*/ne (5.12) 

where a* is the effective absorption coefficient. a* will 

include the effects of energy losses to the phonons. The 

value of a* can now be determined if the value of p,-, 

corresponding to the same values of T and T can be deter-
0 j_j 

mined. a* was calculated from equation (3.29) as 

n p„ 
a* = ^ . (5.13) 

AVG 

To determine the appropriate value of p„, the T_ vs. p_ 
£j " E 

data was fitted with a second order polynomial by least 

squares (3, p.122). Since the graphs of Tg vs. pE for the 

three samples were found to be nearly linear (see chapter VI), 

the second order fit was very accurate. The value of pE 

corresponding to a given electron temperature was then 

determined by solving the equation 

a2PE + a l P E + aQ - Te = 0 (5.14) 
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where the a's were the coefficients of the polynomial least-

squares fit. This equation should be very good over the 

range of electron temperatures measured under electric field 

heating conditions, which in general was greater than the 

range of electron temperatures obtained from laser heating. 

Extrapolation of a polynomial least-squares fit is typically 

poor for high order polynomials, but for n = 2 as here, short 

extrapolations should not be too unreasonable (2, p.122). 

For a given value of T e (obtained from the laser heating 

data), equation (5.14) was then solved by a modified Newton-

Raphson method (2, p.69) which gives improved convergence 

to the value of the root, especially in the case of multiple 

roots, which can occur with polynomials. The value of p E 

obtained from the root search was then used in equation 

(5.13) to obtain a*. Error estimates, Aa*, were made on 

the basis of the error in the electron temperature (laser) 

at this point in the analysis. 

Finally, the energy relaxation time t£ was calculated 

from equation (3.13), where <e(Te)> is given by (3.6). 

These calculations were made somewhat difficult by two 

problems, first, for all samples, the calculation of Fj (n) 

and F3^(n) must be done numerically, and second, for the low 

concentration sample, the shift in the Fermi level must be 

contended with. Fortunately, both of these problems can 

be handled simultaneously. The former problem was handled 
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with a twenty point Gauss-Legendre integration routine 

(2, p.154) using the form of Fj(n) taken from Blakemore 

(1, p.346). The latter problem was solved by using this 

same integration routine to solve the equation 

F (n) - n = 0 (5.15) 

where (5, p.42) 

m*k_T 
(5.16) 

2irfî  

and to then use the value of n thus obtained to evaluate 

<e(T)>. Care was taken to see that the value of n obtained 

from (5.15) at 1.8K agreed with values obtained from 

equation (2.14) for the measured SdH period of the sample. 

As a further check, the values of F, (n) and F3, (n) were 
*5 /2 

checked against the tables of values given in Blakemore 

(1, p.346). 

The results of the calculations explained here will be 

discussed along with conclusions drawn from them in the next 

chapter. 
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CHAPTER VI 

RESULTS 

The specific and general results of this study as well 

as comparisons with other work and conclusions of the study 

are discussed here. 

Sample Characteristics 

The sample characteristics obtained from the d.c. and 

a.c. equilibrium measurements are given in Table II. With 

the exception of the effective mass value obtained for 

sample #la, all values agree with both manufacturers speci-

fications and other experiments done on samples cut from the 

same boules. 

The effective mass calculated for sample#la is an 

example of the error which occurs when less than three 

Landau levels are occupied. The magnetic field range for 

which data was available for sample #la was above the limits 

for which equation (2.17) holds completely and thus m' is 

erroneous. However, its value to this study was only as a 

fit parameter and its unusual value was thus not extremely 

critical. For calculations which require a value for the 

effective mass, the value m* = 0.014mo was used. 
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Characteristic 

Sample 

Characteristic #la #lb #2 #3 

Concentration (xl015cm 3) 1.09 1.03 6.72 19.4 

From Amplitude Fit: 

Effective Mass Ratio 0.0124 • • • 0.0139 0.0147 

Fit Parameter 1.503 • • • 1.214 1.1042 

For B-Field of (TESLA) 0.2 0.2 0.3 0.5 

Mobility (x105cm2/V'sec) 

At 1.8K 1.34 . . . 1.20 0. 81 

At 4.5K 1.43 . . . 1.20 0. 81 

Sample Dimensions (mm) 

Length 5.73 5.63 6.22 5.56 

Width 1. 51 1.65 1.96 

r̂
 

00 • 
1—1 

Thickness 0.75 0.10 0.81 0. 80 

Probe Separation 2.07 2.29 1.80 1.34 

Illuminated Area (mm2) • • • 2.873 3.024 2.402 
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Dingle Temperature 

From equation (2.22) the Dingle temperature is obtained 

as the negative of the slope of a graph of this function, 

F^, against inverse magnetic field. An example of this 

graph is shown in Figure 9, and the results, plotted against 

Tl are shown in Figure 10. It can be seen that there is no 

significant change in the Dingle temperature over the range 

of temperatures plotted. At higher temperatures, above 4.5K, 

there was much greater uncertainty in the value of since 

the oscillations were damped at low fields and thus, few 

data points were available to be fit. The data point shown 

at 10K, illustrates this point and is the only data point 

with T l > 4.5K for which error limits were reasonable. The 

assumption in chapter II, that the Dingle temperature is in-

dependent of the lattice temperature, is thus supported. 

This removes the final possible source of lattice temperature 

dependence. The fit equation (5.3) may be used to calculate 

the temperature dependence of the amplitude ratios and the 

comparisons between equilibrium (T0 = T^) data with non-

equilibrium (Tg Tl) data may be carried out directly. 

The comparison of data sets, which is used to obtain a 

value for Tg, was discussed in chapter II and will not be 

repeated here except to say that in all further discussions, 

the value of Tg obtained is based upon the assumption of a 

constant Dingle temperature, and thus no extraction of the 

Dingle temperature is possible for the hot electron data sets. 
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Magnetic Field Dependence 

In a study of the effect of the magnetic field upon 

electron temperature, the expected strong magnetic cooling 

seen by Mizawa in the transverse case does not seem apparent 

in the longitudinal case. Figures 11 and 12 show plots of 

Te vs. 1/B for constant (arbitrary) electric field and in-

tensity, respectively. In both cases, the electron tempera-

ture shows some variation but none which is greater than the 

error in the points. Because there is no significant varia-

tion of the electron temperature for either the electric 

field heating case or the laser heating case, the bulk of 

the subsequent analysis of the data was carried out only for 

one magnetic field value for each sample. This is the rep-

resentative field listed in Table II. This value was chosen 

so that the measured amplitudes would be large, thus reducing 

noise problems. 

Hot Electron Studies 

The results of the hot electron studies are pre-

sented in three sections: first the electric field heating 

data and results, second, the optical data and results for 

samples #la and b, where the photoconductivity response of 

the sample is compared to the SdH study results, and third, 

the optical data and results for samples #2 and #3, showing 

the extension of the SdH techniques into the range of 
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Fig. 11—Variation of electron temperature with inverse 

magnetic field for electric field heating. Data for all 
three concentrations are shown. 
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Fig. 12—Variation of electron temperature with inverse 
magnetic field for laser heating. Data is given for all 
three concentrations. 
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concentration where photoconductivity can no longer be used. 

Finally, a discussion of the concentration dependent effects 

obtained for all the samples will conclude the chapter. 

The Electric Field Heating Studies 

To introduce this section, the method for extracting 

the electron temperature graphically from the SdH data is 

presented. Representative curves recorded for the various 

samples are shown in Figures 13 through 18. These curves 

show the effects of lattice temperature and electric field 

on the SdH oscillations. All data were taken as described in 

chapter IV and is presented here at the appropriate, repre-

sentative magnetic fields. 

The amplitude data for the three samples is shown in 

Figures 19 through 21 and the technique for extracting the 

electron temperature is illustrated in Figure 20. The left 

hand graph of Figure 20 shows the lattice temperature de-

pendence of the SdH amplitude ratio, where the data have been 

fit with equation (5.3) using the fit parameter, F, and mass 

ratio, m1, as given in Table II. The fit to the data is 

quite good and the effective mass obtained is reasonable 

for this concentration. On the right hand side of the 

figure, the dependence of the amplitude upon the power 

dissipated in the sample is given. This power is simply 

the ohmic losses due to the resistance of the sample. The 



116 

SAMPLE #1a 

\ 
\ 

\ 

1/B (T"1) 
Fig. 13—SdH oscillations for sample #la for various 

lattice temperatures. 
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Fig. 14--SdH oscillations for sample #la, for various 
electrical heating power levels. The multiplying factors 
indicate the amount of magnification included in the 
recording process. 
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Fig. 15—SdH oscillations for sample #2 for various 
lattice temperatures. 
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lattice temperatures. 
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electron temperature is obtained by drawing a one-to-one 

correspondence between the two graphs. This procedure is 

illustrated for a power level of 1.48 milliwatts, at this 

heating level, the amplitude ratio is 0.310. On the left 

hand side this amplitude ratio is found at a lattice tempera-

ture of 5.29 Kelvin. Therefore, the electron temperature 

Te = 5.29K is assumed for a power dissipation of 1.48 milli-

watts in this sample. 

The results for three samples #la, #2 and #3 are shown in 

Figure 22. The electron temperatures are seen to decrease 

with increasing ng as expected from eq. (3.22). These same 

results plotted against the power per electron are shown in 

Figure 23. Between samples #la and #2, the increase in con-
2/ 

centration (n 3 -3.4) dominates the decrease in T (-0.5) e e 

thus from equation (3.21) the electron temperature should 

rise as seen here. Conversely, the decrease of T£ dominates 

at the higher concentration, sample #3, and Te decreases. In 

both figures, the sublinear behavior of T0 with increasing 

power is due to the sublinear dependence of T , the energy 

relaxation time, upon Tg. The dependences of T£ upon pE and 

Tg are shown in Figures 24 and 25. These values were calcu-

lated from equation (3.31), using electric field heating data. 

Also shown in Figure 25 are the values of T£ obtained 

by Bauer andKahlert at TL = 4.2K (2). These values agree in 



126 

h ? 

I 

P E ( m W ) 

Fig. 22—Variation of the electron temperature with 
electric heating power level for the three concentrations. 
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Fig. 23—Variation of the electron temperature versus 

electrical power per electron for the three samples. The 
solid lines are the second order polynomial best fits used 
to calculate the effective absorbtion coefficients. 
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Fig. 25--Variation of the phenomenological hot electron 
energy relaxation time with electron temperature._ Open data 
ooints are from the present study. Solid data points are 
from reference 2. 
A - 6.9 x 1016cm-3. 

I- nA = 5.9 x 10
15cm~3, I- 1 x 1015 cm 



130 

general with the values obtained in the present study, and 

with the observation that t£ decreases as ne increases. 

Calculations by Sandercock (4) yield a value of > 100 

nsec between 4.2 and 12K for very low concentration samples, 

n = 7 x 1013cm-3, and again are in general agreement with 
e 
the values obtained in this study. Extension of Sandercock's 

work to yield values of power loss rates to the phonons by 
-1 7 

Stradling and Wood (7) has yielded a value of ~3 x 10 
15 — 3 

watts/K at 4K for a concentration of 1.1 x 10 cm . The 

present study shows that an electrical power level of 

-3.2 x 10~17 watts/Kelvin is required to maintain a tempera-

ture 4K. This is excellent agreement. 

The agreement between the results of the present study 

and the published data of similar studies produces confi-

dence in the validity of the present results. This is im-

portant, since this data forms the basis of comparisons for 

the optical studies which follow. 

Optical Heating Studies at 

the Low Concentration 

The first result of the optical heating studies at 

n = 1015cm" is shown in Figure 26. The photoconductivity 
e 

voltage from sample#lb, for an intensity of -11.5 w/cm2, is 

plotted against the incident photon energy. In addition to 

the fall off at high energy which is expected from the 
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Fig. 26—Variation of the photoconductivity voltage with 
photon energy for constant incident intensity. 
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wavelength dependence of the absorption coefficient 

(1, p. 374), there is a sharp minimum at Yio> = 115.7 meV. 

This minimum gives the appearance that Figure 26 represents 

part of one oscillation of the photoconductivity. If in-

deed this is oscillatory photoconductivity (OPC) then the 

next minimum should lie at one optical phonon energy above 

115.7 or at 140.1 meV. This is equivalent to a wavelength 

of 8.85ym, which lies outside the useful range of the C02 

laser, the next peak at lower energy would be at 13.58ym 

which is also outside the range of possible wavelengths for 

C02. Thus using only the C02 laser it is not possible to 

map out a full oscillation if the period is the optical 

phonon energy, = 24.4 meV, as expected. 

For this to be OPC then the electrons are relaxing via 

optical phonons (Model II) and this minimum should show up 

in the electron temperature under laser illumination condi-

tions. The electron temperature, of the conduction band 

electron gas, can be extracted from the SdH measurements in 

precisely the same manner as illustrated in Figure 20 for 

the electric field heating case. 

To obtain these temperatures, the SdH oscillations for 

the laser heating case were recorded and their amplitudes 

measured. Representative curves recorded at various inci-

dent laser wavelengths are shown in Figure 27, and the amp-

litude data for the representative field is shown in Figure 2 8 
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presented here were taken at the same intensity as the 
photoconductivity data in Figure 26. 
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The lattice temperature variation is reproduced here from 

Figure 19 for comparison. The results of the electron 

temperature measurements for sample lb are given in Figure 

29, and the data for A = 10.719ym ( hw = 115.7 meV) lies 

below the group of data for the other wavelengths (except 

X = 9.271 which is expected to be low). When this data is 

plotted against hu> for a constant intensity level, the 

minimum at hu> = 115.7 meV corresponds exactly to the minimum 

seen in the photoconductivity. This plot is Figure 30. 

Both the photoconductivity minimum and the minimum in 

the electron temperature arise from the oscillations in the 

fraction of energy, y, lost by the photoexcited electrons 

to the optical phonons before electron-electron scattering 

can distribute the energy throughout the electron gas. From 

a very simple argument the maximum loss to the optical 

phonons should occur when flu = n^wL such that the electrons 

are essentially placed back at their initial energy level by 

the phonon cooling and no energy is thermalized by electron-

electron collision. Thus minima would be expected near 

3hw = 97.6 meV, 4hcoT = 122 meV, etc. However, pure optical 
L 1J 

phonon cooling must compete with acoustic phonon scattering 

and electron-electron scattering which will tend to broaden 

the width of the distribution of the photoexcited electrons. 

And the phonon cooling process may also be complicated by 

reabsorption of optical phonons by the electron gas. Without 
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studies outside the wavelength range of the C02 laser, it 

is impossible to tell whether this minimum at ho) — 115.7 

meV corresponds to the resonance raised to 115.67 meV 

by competing processes or the 4hu)L resonance lowered by some 

mechanism. Weisbush (9) presented evidence of such lowering 

in GaAs. 

The third parameter which is affected by the energy 

loss factor, y, is the effective absorption coefficient, 

a*, where 

a* = (1 - y ) a. 

Therefore, while a shows no structure for this wavelength 

range (5), a* should show the same structure as the photo-

conductivity and the electron temperature. The values of a* 

calculated from eq. (3.27) is shown in Figure 31, and again 

the values calculated for A = 10.719ymandA = 9.271ym appear 

below the other data. Thus when a* is calculated for a 

specific temperature and plotted against ftoo , as in Figure 

32, the result is a minimum at hto = 115.7 meV, corresponding 

exactly to the minima in V p and T 0. Estimates of the true a 

may be made from the spin flip Raman laser work of Patel (3) 

and Weiler (8), these estimates lie in the range from 0.02 

cm-1 to 0.05 cm 1 which is approximately an order of magni-

tude larger than the values shown in Figure 31. Thus (1 - y) 

is of the order of -10%. 
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A H of this evidence is consistent and argues strongly 

for Model II in which energy relaxation of the photoexcited 

electrons is dominated by emission of optical phonons until 

the energy of these electrons has been lowered sufficiently 

that electron-electron scattering can effectively thermalize 

them with the rest of the conduction band electrons. 

Before going on to discussion of the other sample con-

centrations studied, some general features of Figures 29 and 

31 warrant some attention. In Figure 29, the electron temp-

erature is seen to be sublinear at higher incident intensi-

ties. In part, this is due to the sublinear behavior of the 

energy relaxation time at higher electron temperatures, but 

a second factor is seen in Figure 31, in which it is shown 

that a* decreases with increasing electron temperature, 

rapidly at first and then slowing and possibly even rising 

slightly at higher temperatures. This effect was explained 

qualitatively by Seiler,et al. (5,6) in terms of energy 

balance considerations. From equation (3.30) a* can be 

written as 

a* = V4<£>1/IAVGTe (6-1> 

where 

[A< e >] = [<e(Te)> - <e(TL)>]. 
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The factor [ A < E > ] is plotted against temperature in Figure 

33 and is seen to rise very slowly at low temperatures. In 

the classical limit heat capacity arguments yield an ~Tg 

dependence for [A<e>]. Thus at low temperatures where I A V G# 

T , and x are all linearly related the result should be 
e E 

approximated by 

a * 
2 

- 1 / Te-

At higher temperatures [A<E>] will begin to increase more 

rapidly with increasing electron temperature so that a* will 

drop less rapidly. Since the incident intensity required 

to heat the electrons to a temperature T e increases non-

linearly as T increases, while t saturates, the behavior 
0 £ 

of a* at higher temperatures may be complicated. 

Optical Heating Studies at 

Higher Concentrations 

The use of the SdH effect to investigate oscillations 

in the electron temperature and effective absorption co-

efficient means that OPC effects can be investigated at con-

centrations where there is little or no photoconductivity. 

To this end, two samples of higher concentration were in-

vestigated. In sample #2, n e = 6.72 x 10*^ cm , the photo-

conductivity voltages are an order of magnitude smaller than 

in sample#!, and in sample #3 at n = 1.94 x 1016 cm ~ the 
3 

e 

photoconductivity voltage was of the same order as the noise 
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Fig. 33—Variation of the mean-energy difference with 
electron temperature. 



144 

in the system. In each sample the d.c. voltage drop across 

the probes was ~1.0 — 1.5 mv, so that the differences in the 

photoconductivity voltages represent decreases in the 

temperature dependence of the mobility with increasing 

degeneracy. 

The recorded SdH curves for these samples, the measured 

amplitude ratios, and the electron temperatures obtained are 

shown in Figures 34 through 39. In general the electron 

temperature produced by a given intensity remains approxi 

mately the same for sample #2 as in samples #1, and diminishes 

in sample#3. Since from equation (3.18) and (3.27), the 

total energy to the electrons is 

A p z= T V T t (6.2) Ae a AVG I e' 

and the heat capacity is proportional to n^3!^, then the 

electron temperature will be given by 

Js(TE + T L) (TE - T L) - N;1/3 T£ a* I A V G . (6.3) 

Therefore, the value of t must diminish approximately as 

n ^ for concentrations -10*5 cm 3 and then diminish some-

what faster for concentrations near 1016 cm 3. The electron 

temperature is plotted against ne in Figure 40 for various 

wavelengths, and shows the decrease in Tg with increasing ne< 

The plots of the photoconductivity for sample #2, and 

the electron temperature for samples #2 and#3, all against 

ftu , are shown in Figures 41-43. The minimum in the 
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Fig. 34—SdH oscillations for sample #2 for various 
incident intensities. 
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Fig. 38—Variation of electron temperature with 
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photoresponse of these samples is seen to remain at 

fiu>_ = 115.7 meV. This implies that the electrons are ex-
Li 

cited in a manner which "tracks" the Fermi level of the 

sample, since otherwise the rising Fermi level would shift 

the photoresponse minimum by raising the lowest energy to 

which the electrons can cool via optical phonon emission. 

In chapter III, it was shown that the peak energy of 

the photoexcited electron distribution would be a function 

of the Fermi level only for momentum relaxation via phonons. 

Therefore, the fact that the minimum in the photo-

conductivity and electron temperature remain at fiw = 115.7 

meV argues against ionized impurity scattering as the momen-

tum relaxation process in free carrier absorption at these 

photon energies. It is not possible at this point, however, 

to distinguish between acoustic or optical phonons as the 

momentum relaxing process, since both processes produce the 

same type of energy distribution for the photoexcited 

electrons at helium temperatures. The fact that the emission 

of optical phonons is apparently the dominant energy relaxa-

tion process is not a sufficient argument on which to rule 

out acoustic phonons as a momentum relaxing process. 

The similarity between samples is seen again in the 

plots of a* vs. T£, Figures 44 and 45, and in the plots of 

a* vs. fico. Figures 46 and 47. However, while the variation 

is similar, the magnitude of a* increases with increasing ne. 
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This increase is approximately linear over the range of con 

centrations investigated. 

In addition to the general scaling effects of increasing 

concentration on the photoconductivity, two additional effects 

may occur which would tend to wipe out the oscillations. The 

first effect occurs because of the increasing width of the 

electron distribution with increasing concentration the 

shape of the photoelectron distribution should have a full 

width half maximum of ~%ep (see Figure 4b). This broadening 

should smear out the oscillations and eventually wash them 

out completely. In comparing the plots of a* vs. ft to for 

samples #1 and #2, the minimum near 115.7 meV remains very 

sharp on the high energy side. However, the slope of a* 

between 118 and 135 meV seems to be diminished in sample 2 

as if the minimum has been broadened on the low energy side. 

Unfortunately, the C02 laser wavelength range does not cover 

a complete cycle of 24 meV, so that this hypothesis cannot 

be clearly confirmed. In sample #3, the data is erratic and 

inconclusive. 

The second effect of increasing concentration is in the 

influence of electron—electron scattering on energy relaxa-

tion. The formula from Conwell, eq. (3.23), indicated a 

critical concentration of nc ~ 3 x 10
15 cm which lies in 

the range of concentration investigated. However, this cal-

culation is made for non-degenerate statistics and thus does 
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not consider the effects of degeneracy. In degenerate 

samples state filling, as well as screening, will act to 

reduce the influence of electron-electron scattering. To 

see if electron-electron collisions are becoming more 

important as the concentration increases, the factor (1 - Y) 

must be examined. This factor can be estimated from the 

ratio of <**/<*. In Table II, the value of a* averaged over 

T e is compared with a value of a estimated from Patel (3). 

TABLE III 

n n 1 5 - 3. 
n0(10 cm ) a(cm 1)* * ( ^ \ * * a* (cm ) 

a 

O
 

U>
 

0.024 0.0037 0.15 

6. 72 0 .16 o • o to
 

0 .13 

19. 4 0 .45 0.07 0.16 

• # • 

13 

• • • 
0.30 

From Ref. 75 

• • • 

• • • 

**Average value. 

The ratio of a* to a remains approximately the same 

as n increases, which implies that over 
e 

the range of concentrations studied, the energy loss from 

the photoexcited electrons is still dominated by losses to 

optical phonons. 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

The Shubnikov-de Haas effect has been used to investi-

gate the effects of infrared optical heating of free carriers 

in n-InSb. From comparisons of the amount of optical power 

required to heat the electrons to a given temperature with 

the amount of electrical power required to produce the same 

amount of heating, the energy relaxation mechanism of the 

very high energy photoexcited electrons have been studied. 

The results of this study fall into two major areas. 

Energy Relaxation 

Two results of this experiment support the assumptions 

of Model II. First, the structure in the photon energy de-

pendence of the transport properties of all three samples 

appears to be approximately eighty percent of a full photo-

conductivity cycle. It was not possible to measure a com-

plete cycle because of the limits of operation of the C02 

laser used in this study, and thus the period could not be 

measured, but there is no evidence which conflicts with the 

expected period of 24.4 meV for Model II. 

Second, the measured value of the effective absorption 

coefficient, a*, is approximately fifteen percent of the 
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value estimated for the true absorption coefficient, a, for 

all samples. While this is expected for Model II, the ratio 

of the two values should be one for Model I. 

Thus, the energy relaxation of the photoexcited elec-

trons takes place primarily through the emission of optical 

phonons, and a minimum will occur, in the fraction of the 

absorbed photon energy reaching the electron gas, at a photon 

energy such that the photoexcited electrons can begin to 

emit an additional optical phonon during their relaxation. 

Oscillatory Photoconductivity Effects 

This study represents the first investigation of OPC 

effects in the transport properties of a degenerate semi-

conductor under free carrier absorption conditions. Pre-

vious studies of OPC effects have used impurity absorption 

and fundamental absorption to inject carriers into the 

conduction band, and, thus have included electron generation-

recombination effects as well as hot electron transport 

effects. However, the number of carriers present in the 

conduction band is a constant for this study, and the inter-

pretation of the results is unambiguous. The structure in 

the transport properties of the samples arises from fluctua-

tions in the electron temperature which are produced by the 

Model II type energy relaxation of the photoexcited electrons 
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In addition to the primary conclusions above two 

further statements may be made on the basis of this study. 

First, in chapter III, the peak energy of the photoexcited 

electron distribution was found to remain constant with re-

spect to the Fermi energy of the sample only when the momen-

tum conserving scattering event of the free carrier absorp-

tion process was due to phonon emission (or absorption). In 

all three samples, the minimum in the electron temperature 

occurred at hw = 115.7 meV. This evidence strongly supports 

phonon assisted free carrier absorption as the correct mech-

anism. It is, however, beyond the scope of this study to 

determine whether acoustic or optical phonons are primarily 

responsible. 

Second, while it was not the purpose of this experiment 

to determine a critical concentration at which Model 1 re-

laxation begins to dominate Model II processes, the presence 

of OPC effects in the highest concentration sample, 

n = ~2 x 1016 cm-3, establishes a lower limit to this criti-
e 

cal concentration. Since the estimations in chapter II and 

III of critical concentrations based upon non-degenerate 

statistics are well below this figure, it is apparent that 

these calculations cannot be carried over into the degenerate 

regime. 
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In summary, the SdH effect has been found to be an 

effective tool for the measurement of non-equilibrium 

electron temperatures, and can be used to investigate a 

wide range of hot electron transport effects at helium 

temperatures. 

Suggestions for Further Experiments 

A number of suggestions for extensions or improvements 

to this experiment are possible. The first and most obvious 

is that if this effect is true oscillating photoconductivity, 

then there will be further oscillations at both higher and 

lower photon energies and these need investigation possibly 

through the use of other types of lasers. The second sug-

gestion is that perhaps a method other than laser heating at 

discrete energies which will allow a more detailed study of 

the structure of the oscillations may be found and utilized 

now that the existence of the oscillations has been 

established. 



APPENDIX A 

In this appendix, the Fourier analysis of the effects 

of the magnetic modulation system used in this study are 

examined. The results obtained here were first derived by 

Goldstein (1). 

The initial form for the Shubnikov-de Haas oscillations 

is assumed to be equation (2.18) which includes only the 

first term of the SdH series: 

^ - bjcos ( p ~ f> -

where p is the period of the oscillation, B is the magnetic 

field, and b1 is the amplitude of the first SdH term as 

given in chapter II. With the modulation, the magnetic 

field B becomes 

B = B + B cos ( a)11) , 
o m 

where B is the d.c. field, Bm is the modulation amplitude 
o IU 

and a)' is 2ir times the modulation frequency. In the ampli-

tude, b , the effects of the modulation will be neglected 

(this will be discussed later). 

Substituting for B in equation (A.l) yields 

^ = b. cos [4̂ - (B + B cos w't)"1 - f], (A.2) 
P o 1 p o m * 
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For B << B , this equation can be expanded to first order m o 

in B /B^ to yield m o 

2ttB 
— = b cos(-^- - -j - — cos oi't). (A.3) 
Po 1 *PBo 4 pB 2 ' r o 

2ttB 
Letting a = j, and using a trigonometric identity, 

pB * o 

— = b. cos(-^- ~ t) c°s(a cos co't) 
Po 1 P 0

 4 / 

+ sin^^- - sin(a cos w't) (A.4) 

Fourier analysis of the cos(a cos w't) term yields 

cos (a cos co't) = £ An cos w't, (A.5) 
n 

where 

1 +7T 

A = — f cos(a cos U)'t) cosmaj't d(a)'t) (A.6) 
M IT * 
m n 

- 7 T 

The integrand can be written as 

9 it ix -ix 
A = — / cos m<f>d<f) (A. 7) 

m it J 2 

o 

where <|> = w't, x = a cos<f>, and m is an integer. These terms 

can be written as 1 7T / 1 X Itl 7T . , 
A = — / e1X cos m(j)d(j) + -— / e X cos m̂ 'dc))1 (A. 8) 
HI TF 7T 0 

where <j>1 = (j) + it has been used in the second term. By com-

parison with (2, p.620) 
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j (z) = - e " i T O / 2 jVzcos
 • cos n<fi <J+, (A.9) 

n IT 

equation (A.8) becomes 

= e
1 m/2 {J (<x) + (-i)

m J (a)} (A.10) 
m m m 

which yields A m
 = 0 f o r o d d values of m. 

Similarly, 

S in(a cos u't) = Z B cos m w't, (Aill) 
n 

where 

1 v 

B = — f sin(a cos u't) cos m w't d(u)'t) 
m *7T * 

- I T 

7T / t \ ̂  ^ * I 
= f e

l x cos m<f)d(j> - • / e l x cos m̂ 'dtf)1. (A. 12) 
I T T I T T ' 

0 0 

This integrates to yield 

B = 1 e
i^ni/2{J (a) - (-l) mJ (a)}. (A.13) 

m i m m 

_. 1 -ifr/2 
Since, j = e , 

B = e"
lir(in"1)/2{J (a) - (-l)mJ (a)}, (A.14) 

m m m 

such that B = 0 for even values of m. 
m 

Equation (A.5) becomes 
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cos (a cos u)11) = E A m cos m w't 
m 

= 2 E (-l)m//2 Jm(a) cos u't 
m,even 

oo 

= 2{J (a) + E (-l) n (a) COS 2n (A.15) 

° n=l 2 n 

and equation (A.11) becomes 

sin (a cos co't) = E cos m u't 
m 

= 2 E (-l)m~1//2 J (a) cos m w't 
m,odd m 

00 

= 2 E (-l)n J2n+l^a^ c o s ( 2 n + D ^ ' t (A.16) 
n=0 

Therefore, equation (A.4) becomes 

oo 

^ = 2b {cosf-^- - -j] [J (oc) + E (-l)n J 2 n(a) cos{ 2n co't} 
Po l P 0 n=l n 

(A.17) 
00 

+ sin(-^- — [ E (-l)n J2n+l^a^ c o s { ^ n + l ) ) 
P <"> n=0 

which is equation (2.21) in the text. 

The magnetic field dependence of b^f from equation 

(2.18) is 

bj c B-"5 e- B m' TD / B < S i n h
e m " r / B r 1 . (A. 18) 
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Substituting B = B + B cos u't, yields 

-V -J- Bm 
= ( B q + B m cos u>'t) 2 = B q

2 ( 1 - 2 § ~ cos w't) 

= B ^, to order B 2, (A. 19) 
o o 

B 
where the term n h a s a value of 0.038 at the lowest 

O — i 
measured values of Bq. Similarly/ the factors of B become 

_ 1 B 
B 1 = (B + B cos aj't) = B (1 - cos w't) 

o m o 

~ B-1, (A.20) 
o 

to -7.6 percent at the lowest fields measured. In both 

cases, the neglected terms are only one-half as large at the 

lowest representative field, Bq = 0.2 Tesla. 
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APPENDIX B 

This appendix will discuss the various treatments of 

optical reflection inside the semiconductor and the equa-

tion for multiple reflections without phase coherence will 

be derived. 

For an incident intensity, IQ, impinging upon the sur-

face of a semiconductor with absorption coefficient, a, the 

intensity of the light at a depth, x, inside the sample is 

given by 

I = (1 - R) IQ e , (B.l) 

where 

= (n-1)2 + k2 

(n+1)2 + k2 

is the surface reflection coefficient. The total absorbed 

intensity, for a sample of thickness, d, is simply the in-

tensity at x = 0 minus the intensity reaching x = d. This 

yields 

^BS " ( 1 - R) V 1 " e"°d )- (B"2) 

At the second (back) surface of the sample a fraction, 

R, of the energy reaching this surface, will reflect back 
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into the material, and on the second pass, the amount of 

radiation absorbed is 

IABS = (1 ~ R ) Io 6 a d R ( 1 ~ e a d )' (B*3) 

-ad where (1 - R) I e a reaches the back surface, the fraction, 

""" ot ci • 

R, is returned to the sample, and a fraction (1 - e ) is 

absorbed on the second pass through the sample. Summing the 

contributions of the multiple passes yields 

T = I { 1 ) + I(2) + I ( 3 ) + + I ( N ) 

ABS ABS ABS ABS ' * ABS 

= (1 - R) I (1 - e"ad) I (R e"ad)n, (B.4) 
° n=l 

where N is the number of passes through the sample. As N 

goes to infinity, equation (B.4) becomes 

XABS = U ~ R) Io { 1 " e _ a d^ ( 1 " Re"0"3)"1, (B• 5) 

since Re~ad is less than one. This is equation (3.8) as used 

in the text, with P = Aj an<^ Pj = 

The validity of this derivation assumes that there is 

no phase coherence in the reflected beams, ie., that the 

phase of the light is essentially randomized after the first 

reflection. To this end, that is to eliminate any elaton 

effects in the absorption process, the back surfaces were 

not ground with better than 3ym grit size. This produced a 

surface which was random over distances of the order of 3ym, 
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which is approximately the wavelength of the laser light in 

side the semiconductor, A1 = A/n, where n is the index of 

refraction (n = 4 in InSb). In practice the front surfaces, 

which were polished with 0.3 m grit were not significantly 

smoother in appearance than the back surfaces, thus no etalon 

type effects should have been present. 

The roughness of the back surface also would have the 

effect of scattering the light and diffusing it. This would 

have two effects: 1) an evening-out effect which would tend 

to "average" the illuminating intensity, and 2) a dispersing 

effect which would prevent the number of passes, N, in equa-

tion (B.4) from reaching infinity. The fraction of light 

lost to dispersion, and thus, the amount not available for 

absorption, will depend upon the comparison of the rate of 

dispersion to the rate of absorption. From these considera-

tions, it can be seen that the correct value for the absorbed 

intensity will lie somewhere between the single pass form of 

equation (B.2) and the multipass form of equation (B.6). 

Thus, by using (B.5) in the text, some error is probably 

introduced into the value of a*. However, this error should 

not be large when compared to the losses to the phonons. 

For the largest possible error, ie., I going to (1 - R)IQ/ 

a loss of -35 percent is absorbed intensity, a* would in-

crease from -15 percent to -20 percent of its estimated true 

value in chapter VI. This change would not significantly 

effect the conclusions of this study. 



APPENDIX C 

Several topics concerning the transmission of a light 

-2r2/u2 . . . . . . 
beam having a Gaussian, e , intensity distribution will 

be covered in this appendix, primarily dealing with trans-

mission through openings of various shapes and dimensions. 

Circular Apertures 

The intensity distribution of a laser beam propagating 

in the TEM mode is from equation (4.3) 
oo 

K * , y ) = I c e- 2 ( x 2 +y 2 ) / u 2, (C.l) 

where I is the peak intensity at the center of the beam, and 

03 is the Gaussian width of the beam, the radius from the 

center at which the amplitude has a value of e 1 times the 

maximum amplitude at the center. The total power in this 

beam is 

oo 

P a = !! I (x,y) dxdy 
— oo 

0 T r°° - 2 r 2 A 2 

= 2 it I I e ' rdr o J 
o 

= I (C.2) 
2 O 

Therefore, the power striking the area dxdy at the position 

(x,y) is 
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2P ^ 0 \ / 9 
I(x,y)dxdy = — ~ e ^ X ^ dxdy. (C.3) 

2 
TT 03 

The fraction of power passing through a circular area 

of radius a (centered on the beam) is 

p = ff I(x,y)dxdy 
a 

2P~ - -?r2A>2 

? 
TT 03 

/ e~ / M 2irrdr 

= P / V 2 R 2 / " 2 2 ^ D ^ 
oo J 0) 0) 
o 

= P (1 - e~2a2/a)2) . (C. 4) 
oo 

P has a value of -0.99 P for 2a = 3<o. 
a 00 

Moving Semi-infinite Slit 

Since the experimental conditions required that the 

optical heating duty cycle be approximately three percent, 

a chopper having small slot type openings was used to reduce 

the duty cycle. In studying the pulses produced by this 

type of chopper, it was found that the pulse width and 

height were related to the width of the slot and that the 

rise time of the pulse is proportional to the ratio of the 

slot speed, v, to the beam width, u. 

These conclusions can be seen by treating the chopper 

slot as a laterally moving semi-infinite opening of width, 

d, and moving with speed, v. If the slot is moved in at a 
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constant speed from -°°, the power transmitted past the first 

edge is 

(1) 2 P ~ f
s + d / 2

 f°° -2 (x2+y2) /u)2 p v ' = J dx J dy e J 

,2 _ f IT CO 

2P„ » -2y2/o)2 . s + d / 2 -2x2/u>2 

/ dy e y / J e 7 dx, (C.5) 
2 

TT 03 ~ 

where S is the position of the middle of the slot. The y-

integral is just ^ ̂  m, so that 

/ \ P S+d/2 - 2 / 2 
p(D = /2A — / e / w dx (C. 6) 

0) ̂  — 00 

which can be written as 

p(').p erf (^±3) (C.7) 
00 0) 

where 

1 ^ — 4- 2 / o 
erf(x) = / e dx 

/2TT -°° 

is the standard error function for a "normal (Gaussian) 

curve" of distribution. For an edge moving at speed v, with 

s = vt-d/2, equation (C.7) can be written as 

P ( 1 ) = P erf ( — ) . (C.8) 
oo 0) 

A plot of P ^ / P ^ versus time (in units of to/v) is shown in 

figure 48; at t = 0 the beam center coincides with the slot 
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t (UJ/V) 

Fig. 48—Transmission of a Gaussian beam past a moving 
semiinfinite edae. Tims is in units of beam waist size 
over edge's latteral velocity (v). The ten percent to ninety 
percent rise time-is approximately 1.25 time units. 



180 

edge. The 10-90 percent rise time, tr,is found to be 

-1.25 w/v. 

Similarly, the second edge of the slot will block an 

amount of radiation 

P ( 2 ) = P erf , (C. 9) 
oo 0) 

so that the total power transmitted by the slit will be 

P = P [et£(^l - erf <22=4)1. (C.10) 
T 00 (JL) to 

The maximum power transmitted is found by setting s = 0 in 

equation (C.10) to get 

p = P [erf(—) - erf(- — ) ]. (C.ll) 
max » a) to 

This reaches a value of P m = v = 0.99 Pm for a slot width of 
IUclX 00 

d = 3co. 

Thus, the best pulses (flat topped, fast rise time) are 

obtained by making w small, or by increasing v and d. 

However, since the mechanical limitations on the upper 

limits to the size of v and d were more stringent than the 

practical limits on the lower limit to w, the former method 

was chosen. 



APPENDIX D 

In this appendix, equation (5.10) which corrects for 

the difference between illuminated and electrically measured 

areas is derived. 

For this calculation, the illuminated area is assumed 

to be circular, and to be uniformly illuminated. It is 

also assumed that the diameter of the illuminated circle ex-

ceeds the width of the sample, w. The probe separation dis-

tance, Ln, is taken as greater than the illumination diameter, 
IT 

for the initial calculation, but the more general case where 

L is arbitrary, will be included in the final result. The 
P 

various parameters and coordinates for this calculation are 

shown in figure 49. 

' I ' V ''•% 
\ ! / V 
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Fig. 49—Diagram of the illuminated area of the sample 

The total resistance of the sample between the probes 

is the sum of resistances of regions I, II, and III. In 
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all cases, the resistance of the two unilluminated regions, 

is 

i - 2r 
R + R T T = — (D.l) 

1 1 1 1 0 W 6 

where a is the unilluminated conductivity, W is the width of 

the sample and 6 is the thickness of the sample. 

The resistance, RJJ, found by calculating the resis-

tance of slivers of the region with the thickness, <5, and 

width, r sin e d 0, and then adding the resistances of the 

slivers in parallel. The length of the illuminated section 

of the sliver illustrated is 2 r sine, while the width is 

r sin ede. Similarly, the length of the unilluminated part 

of the sliver is 2r(l - sine) so that the resistance of the 

sliver is 

p - l r
 2 r s i n 9 i + 1 r2 r (1 - sine), (D 2 ) 

s a' 6 r sine d 0 a 5 r sin 0 d 0 ' 

where a! is the illuminated conductivity. 

Thus, the resistance of region II is determined from 

the equation 

-L. = /""6°d o s i n 9 { 2 j % l + 2(1- sine) j"
1 

R n 2 e0 

Using the relation that o' = a + ACT, eq. (D.3) becomes 

1 £ 1T~® A ~ 1 
1 - 6 0 / °d e sine{l + sine (- ̂ -) }. (D.4) 

J rr RII 2 90
 0 

For the case where Aa << o, the term in brackets is, to 

first order, 
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1 + sin0, (D.5) 
a' 

so that 

_L_ = i£ J °d0 (sine + ~r sin20) 
RII 2 e« 

-^[cose + ̂ .(3s(ir-2e ) +3ssin2e )] 1. 
6a o a' o o 

(D. 6) 
ir- e 

= 4r [~ c o s e + -^r^6 - %sin2 6) ] ° 
2 a e0 

This result can be written as 

RII = ^ [ c o s e
0
 + + 32 s i n e

0
c o s 6

0
) ]-1 (D*7) 

Thus, the total sample resistance is 

L - 2r 
R = R]; + R1X + R X I I = ^ 6 w

 + 

(D. 8) 

This is simplified by using the following relationships, 

1) coseQ = w/2r, and 2) the area of a circle which is 

"missing" two segments which each subtend an angle of 26q is 

Therefore, 

A = r2(ir -26 + sin26 ). (D.9) 
o o 

L - 2r , a i "I 
R = -E-. + TH#- + — At] , (D. 10) 

a 6 w 6a 2r a 4̂ 2. 
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where A is the illuminated area of the sample. It should 

be noted that eq. (D.10) is the correct general form for the 

case where L < 2r as well as L > 2r. 
P P 

If the term in brackets is expanded to first order 

2rr, Ac 1 ,-1 » 2r n Ao 1 , , _ 2r _ Act ^1 , 
~w" a"7" 2rw I " V [ 1 a'2rw AI 3 w a' w 2'

( D' i i ) 

equation (D.10) becomes 

R = - 2 £ + 2 r _ A a ^ I } = , (D.12) 
6a w w w o 2 a a L ow 

w P 

where = Aj/W. 

The measured resistance, R, can be written in terms of 

the apparent conductivity, om, as 

p = R 
om 6w ' 

so that 

-L = _L {i _ (D. 13) 
°m 0 0 Lp 

which can be written as 

7T" - ir = - ir> • (D-14) 

om o p 

This is the basic linear correction equation. To con-

vert it to an equation for amplitudes, the relationship be-

tween conductivity and resistivity for longitudinal fields is 

used, 

p = V 



185 

to yield, 

Lt 
p - p = j—(p1 - p) / (D.15) 
m Lp 

which is then solved for p' to get 

L 
p' = p + j-^(pm - p) . (D.16) 

Finally, taking the resistivity ratios yields 

p! = i + - 1) . (D. 17) 
P Li p 

The recording and enveloping procedures of this experi-

ment measure only the amplitudes of the oscillatory portions 

of the sample resistivities, so that eq. (D.17) becomes 

L 

^-(corrected) = 1 - 7^(1 - —(measured)) (D.18) 
A0 -L«j 

which appears in the text as eq. (5.10). 

Throughout this derivation, the assumption that 

|^x| << 1 (D.19) 
1 a 1 

has been made. This is equivalent to assuming that 

Ap 
P0 

<< 1, (D.20) 

that is, the absolute change in the resistivity (with or 

without magnetic field) is small compared to the reference 

resistivity, p . Under conditions where strong degeneracy 
0 
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(n > 20) holds, this assumption (D.20) should hold rigorously, 

but at low concentration or high temperatures where the 

electron distribution is no longer strongly degenerate, and 

the effects of laser heating, e,g., photoconductivity, are 

larger, these assumptions will be somewhat weaker. This is 

consistent with the results discussed in the main text. 
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