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Abstract 

     Dynamical properties of impurities in electron-hole liquid 

in Ge are studied in transport and recombination phenomena. 

Impurities embedded in the electron-hole liquid are expected to 

play an important role in scattering and recombination process 

for electrons and holes in the e-h liquid. By inhomogeneously 

compressing a Ge specimen, a giant size strain-confined electron-

hole liquid (SCEHL) is produced on photoexcitation. 

     Three kinds of acceptor impurities, In, Be and Zn are 

studied. Indium impurity forms a hydrogenic shallow-level well-

described by the effective mass approximation. Beryllium and Zn 

impurities are double acceptors, having deep-levels. These 

impurities have been pictured by a helium-like model,of which 

natures have not been so well-known as shallow-level impurities. 

Direct comparison on impurity-induced effects on SCEHL properties 

is possible between shallow and deep acceptors. 

     Impurity-induced recombination in SCEHL is monitored by 

time-resolved photoluminescence experiments. Alfven wave 

dimensional resonance experiments using circular- or linear-

polarized millimeter waves provide an observation of impurity-

induced scattering. Deep acceptors Be and Zn are found to 

increase the scattering and the recombination in SCEHL 

drastically. Effects of the shallow acceptor, In, on the other 

hand, are found really small. 

     Difference between deep and shallow impurities is 

qualitatively predictable from the Mott criterion for ionization 

of impurities. The orbital radius of Be or Zn double acceptor is



smaller than the average distance of e-h pairs in SCEHL so that 

carriers will see quite deep or high potentials due to these 

impurities. The Bohr radius of In acceptor meanwhile is nearly 

equal to the average distance of e-h pairs, so that the potential 

of In impurity is screened. 

     Before observing the impurity effects, the properties of 

SCEHL in pure Ge are examined by magneto-acoustic measurements. 

Quantum oscillations inherent to Fermi liquid are observed in 

magneto-acoustic attenuation by SCEHL. From the oscillations,, 

scattering is found to be dominated by carrier-carrier 

interaction within SCEHL in pure Ge. The e-h pair density 

decreases with increasing temperature on account of the thermal 

expansion of SCEHL. The density shows a considerable increase in 

strong magnetic fields. 

     In addition, transport of ordinary e-h droplets is 

investigated by spatial resolution experiments for steady-state 

luminescence from the droplets. Spatial distribution profiles of 

free and bound excitons are also presented.



§1. Introduction 

      At low temperatures, non-equilibrium electrons and holes 

excited in a semiconductor can be bound into a hydrogenic state, 

called an exciton.1) In an elemental semiconductor such as Si or 

Ge, this bound state extends over thirty times of the lat-

tice distance or so, owing to a large dielectric constant and 

small effective masses of electrons and holes. The binding 

energy of an exciton is about 4 meV in Ge or about 15 meV in 

Si.3) Silicon and germanium are indirect-gap semiconductors. 

The electron-hole recombination requires participation of a 

momentum-conserving phonon. Then, the lifetime of excitons 

becomes relatively long up to an order of microseconds. High 

densities of excitons can be generated in those semiconductors 

using an intense light source. 

     In 1968, Keldysh proposed that excitons condense into a 

metallic phase forming compensated drops at a certain density.4) 

His proposal was based on the photoconductivity measurement by 

Asnin and Rogachev for Ge at 4.2 K with varying optical excita-

tion power.5) In their experiment, photoconductivity showed a 

plateau around exciton densities -1016 cm-3 . which was regarded 

as a sign of nucleation of metallic drops. The subsequent work 

by Pokrovskii and Svistunova supported Keldysh's idea.6) They 

measured photoluminescence spectra of Ge at various temperatures, 

observed a new line at a spectral energy lower than that of 

excitons and found the onset temperature for the new line. Since 

then, a great deal of works have been devoted to the new metallic 

phase, today well-known as electron-hole liquid or electron-hole

1



drops. Several reviews have been presented.7-1 0) 

     Electron-hole liquid is a Fermi liquid having Fermi energies 

of a few millielectron volts for electrons and holes in Ge.7) 

Quite different from usual Fermi liquid like that for electrons 

in a metal, e-h liquid is a non-equilibrium plasma. When the 

excitation source is switched off, it decays with a typical 

lifetime of 40 Vs in Ge.11) This liquid makes a good system for 

studying intrinsic features of the Fermi liquid because of the 

following reasons. Recent marvellous development of materials 

control enables us to obtain such ultra-high pure semiconductors, 

in which we can examine properties of the liquid practically free 

from any disturbance by impurities. The liquid in an elemental 

semiconductor has nothing to do with positive ions. Owing to a 

small Fermi energy, the quantum limit is easily achieved and 

experiments under this condition are possible. The liquid has 

many attractive aspectsf which cannot be seen in any other Fermi 

liquid. 

     Theoretical evidence for liquid condensation was presented 

by calculations of the ground state energy of the e-h plasma.12-

15) The ground state energy per e -h pair is expressed as an 

addition of kinetic, exchange and correlation interaction ener-

gies of electrons and holes. Fortunately, the level degeneracy 

at conduction band minima in Si and Ge reduces the kinetic ener-

gy. The liquid state is found more stable than the exciton 

state. It is characterized by the so-called work function-the 

relevant energy difference, or the binding energy of the liq
,ui,d. 

     A lot of experimental methods have been employed to investi-
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gate the excitonic condensation and properties of e-h drops. 

Drop radius has been measured by means of light scattering ex-

periment,16) typically to be -5 pm in Ge. Photoluminescence 

spectroscopy has been widely used to get information of the e-h 

density,7) work function,7) transport, 17-19) nucleation7,,20F21) 

and recombination in the drop.7,22) In Ge, the e-h density is 

2.2 x1017 cm-3 and the work function is 1.7 meV. Far-infrared 

magneto-plasma resonance technique has given knowledge on plasma 

modes and transport properties within the drop.23-25) Transport 

of carriers in the drops has also been studied by techniques of 

acoustic attenuation by drops26,27) and time-of-flight detection 

of phonon pulses.28) Kinetics based on the cyclotron resonance 

of electrons coexisting with drops has also been discussed.29,30) 

     One of the remarkable phenomena characteristic of charged 

carriers in Fermi liquid is the quantum oscillation under mag-

netic fields,, caused by Landau levels crossing the Fermi level. 

A typical example of the quantum oscillation is the de Haas-van 

Alphen effect in a metal. We can observe such an oscillation in 

the e-h liquid. Oscillation in magneto-luminescence inten-

sity'31 ) and linewidth32) . as well as far-infrared magneto-

absorption intensity33), have been investigated for e-h drops in 

Ge. Intensity oscillation in magneto-acoustic attenuation by a 

giant size e-h drop in strained Ge has been another remarkable 

topic of the quantum oscillation. 

     It was in 1974, when a giant electron-hole liquid was caught 

by Alfve~n wave dimensional resonance in an inhomogeneously 

strained Ge crystal. That was a kind of resonant absorption of
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millimeter electromagnetic waves in standing wave conditions 

within a liquid sphere.35) Compressional strain along a < 11 1 > 

type direction lowers one of the four conduction band minima and 

lifts the rest. The bottom of the valence band is also lifted-

that is to say, the hole energy is decreased through the deforma-

tion potential coupling.36) Electrons favor to get populated in 

the single valley that is energetically lower than three others 

in the compressed Ge crystal. When the strain is spatially non-

uniform, a potential well is formed around the strain-maximum 

point. Photoexcited carriers migrate to the well and a strain-

confined electron-hole liquid (SCEHL) is generated in the well. 

Its spatial profile can be presented in a display of the infrared 

vidicon image. The image detection is made by monitoring recom-

bination luminescence from SCEHL.37) The radius of SCHEL amounts 

to -400 pm in high-strain condition.38) Vidicon images of SCEHL 

taken at our laboratory are shown in Fig. 1. Single valley 

population of electrons reduces the density of states in the 

conduction band and raises the kinetic energy. Consequently, the 

e-h density in SCEHL decreases to -6 x1016 cm-3 in Ge.38) 

Decrease in the density decelerates e-h recombination in SCEHL 

and the lifetime of SCEHL is prolonged, reaching -500 ps.38) As 

pointed out by Nozieres,39) SCEHL has an advantage that just one 

drop exists in the sample so that there is no such complication 

as arising from fluctuation in size and distribution of drops. 

     After the discovery of SCEHL in Ge, many works have been 

done to clarify its physical properties. Potential shape 

investigation of the strain well as well as the condition of
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space - confinement of the liquid have been made in detail.40) One 

has been able to determine strain dependence of the e-h pair 

density and the drop lifetime. Spatial resolution of photo-

luminescences spectra from SCEHL has also been performed.38) 

Quantum oscillation in the magneto- acous tic attenuation has been 

demonstrated and the Fermi level has been determined.34) Dy-

namical properties of SCEHL and atmospheric excitons surrounding 

SCEHL have been investigated by millimeter and submillimeter 

waves in magneto-absorption measurements. 41,4 2) Spatial dis-

tribution of electrons and holes around SCEHL has been clarified 

by millimeter waves cyclotron resonance experiments.43) 

     Based on the well-studied properties of e-h drops in a pure 

sample, we can step into the impurity ef f ect on the e-h drop in a 

doped material. Interaction of impurities with a Fermi liquid 

t raises a basi
c interest like the Kondo effect in a metal. it 

should be stressed that the e-h liquid in Si or Ge is the best 

material for studying the interaction, since in no other sub-

stances such a well-controlled doping as achieved in Si and Ge is 

possible.    

. Eff
ects of impurities and defects on drops have been studied 

by a number of authors both experimentally44-62) and 

theoretically.63-68) Excitonic condensation44-47) and spectral 

lineshape 48-51 ) have been examined in Si and Ge. Results ob-

 For a general review of the Kondo effect, see J. Kondo: Solid 

 State Physics 23 (1969) p.183.
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tained do not necessarily agree with each other. Recombination 

lifetime of drops in Ge doped with shallow impurities has been 

found unchanged compared with that in undoped Ge.52,53) Valley-

to-valley transfer of electrons in the drop in Si under uniaxial 

stress has been studied. Transfer probability due to phosphorus 

impurities is available.54) It has been said that e-h drops are 

negatively charged. That is due to a difference in probability 

of non-radiative recombination when becoming a state to have an 

extra electron or hole.55) In the presence of dopants, the sign 

of the drop charge is dominated by conductive type of dopants, 

either donors or acceptors.69) Enlarged drop radius has been 

reported in shallow-donor-doped Ge.56) Effect of defects and 

dislocation on the nucleation of e-h drops is also dis-

cussed.21,57,5.8) A special theoretical concern has been about 

the impurity effect on the ground state properties of the 

liquid.63-67) Impurity scattering within the drop has so far 

been studied 68) only in connection with the intervalley 

transfer.54)    

. Most of the experimental 
works are concerned with photo-

luminescence and dealing with shallow impurities. No noticeable 

effects have been observed. In case of deep-level impurities, 

practically nothing was known for long. Only recently, attempts 

have been made to study the effect of deep impurities. 59-6 2) A 

drastic lifetime shortening of the drop is found by means of 

transient measurements of photoluminescence.59,60) Anomaly in 

Alfven wave dimensional resonance of SCEHL in Ge doped with deep 

impurities shows up.61) Suppression of drop movement by deep
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impurities has also been observed.62) 

      In this work, impurity effects on e-h drops in Ge are 

studied using photoluminescence and magneto-absorption 

techniques. More emphasis will be put on SCEHL because of the 

above-mentioned reasons. As dopants, Be, Zn and In impurities 

are chosen. All of them make substitutional impurities in Ge. 

Beryllium and zinc are double acceptors. The former has level 

energies of 24.77,, 24.87 meV (Beo) and 58.02 meV (Be-),70) while 

the latter 32.98 meV (ZnO ) 71) and 86.514 meV (Zn-).72) These 

are deeper than the ground level of In, that is 11.2 meV.73) 

Latest works report that free excitons can be bound by these deep 

impurities. Either bound single excitons (BE) or bound double 

excitons can be formed.74-76) A positively charged acceptor, 

called A+-center has also been discovered in Be or Zn-doped 

Ge.77,78) This is a bound state of an additional hole around a 

neutral acceptor. The deep impurities are, thus, found to act 

strongly on electronic states. In case of SCEHL in Zn-doped Ge, 

it has been observed that e-h recombination and carrier scat-

tering are enhanced by Zn impurities. 5 9,61 ) Deep impurities Be 

and Zn embedded in SCEHL in Ge are studied on the basis of 

transport and recombination phenomena, and compared with shallow 

impurities like In. Linewidth of the Alfven wave dimensional 

resonance gives information of the carrier scattering within 

SCEHL. From the temperature dependence of luminescence duration, 

recombination dynamics in SCEHL can also be discussed. By these 

two independent measurements, profiles of impurities in SCEHL 

will be clarified. Before going into these procedures, the
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properties of SCEHL in pure Ge are examined further in detail by 

magneto-acoustic techniques. 3 4,7 9) That is to make any impurity-

induced effect distinct as much as possible. Magento-acoustic 

oscillation due to SCEHL in In-doped Ge is then observed. In Be 

or Zn-doped Ge, however, the oscillation is not found, probably 

due to large damping by the deep impurities. 

     In section 2, basic theories and models are reviewed. In 

section 3, samples and experimental set-ups are described. 

Experimental data and analized results are presented in section 4 

and discussed further in section 5. Conclusion and future 

perspective are mentioned in section 6.
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§2. Theoretical Backgrounds 

2.1. Strain-confinement of the electron-hole liquid36,40,80) 

      Mechanical strain introduced in a semiconductor changes the 

energies of electrons and holes. In many-valley cubic semicon-

ductors the shift of each valley of the conduction band due to 

strain is written as 81) 

         E Ln 4 TV- F_ + (2-1)             C_ S U. 01 

where '-~d and Eu are dilation and shear - deformation potentials, 

 c is a strain tensor, ai is a unit vector parallel to the wave 

vector ki extending to the center of the i-th valley, and Tr C 

can be written as 

               ^1 (2 -2)       T
r E Eil + E27- + 

In Ge, four valleys in the conduction band lie at the L-points, 

the Brillouin-zone edges along the <111> type directions. Then 

the index i runs from 1 to 4, and ai is taken along four body 

diagonals in the reciprocal-lattice space. The mean energy shift 

of valleys can be written 

                   0 r-7 r_1 
                        + (2-3)     AEC 3 Tr 

The shift of the i-th valley relative to the mean shift AE 0 
c 

becomes 

                                  r-7 4-
       AE - AE' = 1.4                      C_ L-1 0 
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with 

                                                                   (2-5)                                     -Tr 3 

0 This shift is usually much larger than the mean shift of the 

conduction and the valence bands.36) The sign of E":' is defined 

plus for a tensile strain and minus for a compressional strain. 

In <111>-strained Ge, the valley parallel to the <111> direction 

goes down in energy, while the rest go up for compression. 

     The valence bands in Ge have a four-fold degeneracy at the 

maximum k=O, under no strain application, consisting of two-fold 

heavy hole bands and two-fold light hole hands. When a stress is 

applied to Ge, the top of the valence bands splits into two 

doubly degenerate bands. For a compression, the bands Mi = ± 1/2 

go up and those Mi = ±3/2 go down. The shift of the valence band 

with strain is expressed 

        T=- Tr E -F F_ (2 -6) 

with 

        'E (2-7) 

                                      C-

where a, b and d are valence band deformation potentials,82) and 

c.p. stands for cyclic permutation. 

     The increase of the indirect gap in strained Ge is given by 

                        0 + 
                          + & tc_ A 

                                                                  (2-8)                                a Ell + 
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with 

                                                                (2-9)      F_ 0 d 

The last term IE.I in eq.(2-8) is small compared to the third 

term AEC i_AEcO, and can be neglected except for at high-strain 

condition.80) The situation in the present experiment allows us 

to neglect JE,I. We can consider, within SCEHL, electrons are 

populated in a single valley, while holes in heavy and light hole 

bands. Deformation potentials in Ge36) are tabulated in table 1. 

Under an inhomogeneous strain such as introduced by a contact of 

a rod, Eq i± changes spatially. A potential well with decreased 

band gap is created inside the sample near the contact by a rod. 

The shape of the well is well approximated by a parabolic poten-

tial expressed as U(r) =asr2 . with r measured from the center of 

the well.40) The coef f icient as depends on the magnitude of the 

strain. 

2.2. Magneto-acoustic oscillation of SCEHL 

     Theoretical formulation of magneto-acoustic oscillation of 

SCEHL in Ge is considered here. Quantum oscillations inherent to 

a Fermi liquid in magnetic fields have been observed in 

metals83,84) and semimetals85-89) using magento-acoustic 

methods. Magneto-acoustic oscillation of SCEHL was first 

demonstrated by Ohyama et al.34 They used ultrasonic pulses with 

a wavelength much smaller than the diameter of SCEHL to observe 

quantum oscillations with negligible size effect. By using 

acoustic pulses short compared with the lifetime of SCEHL,
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acoustic attenuation by SCEHL can be treated in analogy with that 

by electrons in a metal. That is essentially like phonon absorp-

tion by metallic electrons quantized in Landau levels. The 

energy of an acoustic phonon excited by an ultrasonic pulse is 

-hW 
q' Here wq is an angular frequency of the ultrasound. In 

magnetic fields where the quantum oscillation is observed clear-

ly, the energy -hwq is much smaller than the spacing of electron 

Landau levels. It can be absorbed by an electron in its transi-

tion within a Landau level.79) This transition takes place with 

a change in an electron momentum Tikz along the field direction, 

like that appearing in a DC longitudinal magneto-resi stance. 90) 

The acoustic attenuation coefficient due to the transition is 

written as 91,92) 

      CA (4 Tr_ y~, 

Z 

          X DT' 
e j, (t? (2-10) 

Here vs is the sound velocity, n q is the phonon occupation 

number, kz and kz' are initial and final wave vector components 

parallel to the magnetic field, respectively, and f(E) is the 

Fermi-Dirac distribution function. The Landau-level broadening 

re is taken into consideration and we define 

               Ve 7e (2 -11) 

In the limit of Fe- 0, D re(E) becomes a 6-function. Only the
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oscillation due to electrons will be considered here. The 

valence band Landau levels are so much complicated under a 

strain,91) that the magneto-acoustic attenuation by holes seems 

to contribute merely a constant background. 3 4,7 9) Hamiltonian H' 

denotes the electron-phonon interaction through the deformation 

potential coupling,i.e., 

            C I)e -& V- (2-12) 

where C is a constant, De is the deformation potential for an 

electron, that can be written as qZ) 

               Q r.-.? (2-13)              L-A A " , / 3 . 

We denote phonon wave vector As usually the case, bq and bq+ 

represent phonon annihilation and creation operators, 

respectively. 

       Ultrasonic frequency used in the experiment is -100 MHz and 

the energy'hwq is quite small in comparison with thermal energy 

kBT even at liquid helium temperatures. Only electrons having 

energy within -kBT around the Fermi level EFe are allowed to take 

part in the transition. The term related to f(E) is reduced to 

            ~ I - -

                Ck t(~-_ E (2-14) 

The energy of electron Landau levels is
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                                                                z 
2- YtA                                                                (2 -15) 

where 

             W C- z: e- B YA C- C- (2-16) 

with magnetic field B and cyclotron mass mcl, and m// ,is an 

electron translational mass. Density of states p(En(kz)) of the 

Landau levels has an extremum at kz=O, diverging as the 

broadening re diminishes. Attenuation coefficient a. 

accordingly, has a maximum around a field satisfying EFe 

En(O); or equivalently, when 

            t 7- C- C P- (2-17) 

If the magnetic field is increased, the Landau levels cross the 

Fermi level in the order of decreasing quantum number n, and a 

series of peaks are observed in magneto- acoustic attenuation due 

to SCEHL. As expected from eq.(2-17), these peaks appear 

periodic in the inverse of the magnetic field, 1/B. The basic 

feature expected is shown in Fig. 2. 

     The matrix element in eq.(2-10) seems to be weakly dependent 

on the wave vector, and can be taken out of the summation. 

Expressed in the integral form, eq.(2-10) is reduced to 

        0( 2- 3/2- -W LA) YVN 3/2- lb, 

                                          + E, CE 

                                                                 (2-18) 

                             14



Here Mq is the matrix element in eq.(2-10), P
+ (E,B) is density 

of states having the form 

             + t L _Q C_ 2-

T 
                                                         4t 

                                                 /2. (2-19) 

with 

                    Vc (2-20) 
               C, 

and 
12 

                                                               (2-21)              C -E) + A~ Pe Ch'-t /-Z) tw, t- 'PS 

The term ±9*PBB/2 reveals the spin-splitting of the Landau levels 

and g* is the effective g-factor of the conduction bands, or 

                                       S LAI% (2-22) 

where the angle~ is measured from the principal axis of the 

valley with g // =0.87 and g _L =1 .91.93) The single valley 

population of electrons allows definite determinations of 

translational and cyclotron masses: m 0.584mo and mc=O.l 35mo 

for B//<110>. 

     In SCEHL, the Fermi energies EFell EFh for electrons and for 

holes are not very large compared with the thermal energy kBT. A 

careful treatment is needed in carrying out the calculation of 

eq.(2-18). According to Dingle's approach for the de Haas-van 

Alphen type susceptibility, 94) df(E)/dE is calculated exactly, 
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and we have 

                                                               (2-23) 

with 

     tcg) 

                    Y, C'OS 

                +WS Ir + PS'9/2) (2 -24) 

              Y, U~ C-x-WV-PQ I 
Here a (0) is the attenuation coefficient in the absence of a 

magnetic field. Equations (2-23) and (2-24) yield theoretical 

lineshapes under an assumption that Fermi energies are 

independent of magnetic field. This assumption is justified in 

metals having a Fermi energy of -1 eV. In SCEHL, however, Fermi 

energies are too small, a few meV. The cyclotron energy -hwc is 

comparable with Fermi energies even at a few tesla. The quantum 

limit condition that all the carriers are populated in the lowest 

Landau level can be satisfied at reasonable fields. Effect of 

magnetic field is, thus, quite strong for SCEHL. Increase in the 

e-h density with magnetic field, for example, is indeed observed 

as will be seen in section 4. 

2.3. Thermal expansion of SCEHL 

     Thermal expansion as observed for a normal liquid is 

expected also for SCEHL. The expansion is considered within the

16



framework of the Landau theory for Fermi liquids. 

     Let us write the free energy F(n,T) per an e-h pair as 

follows: 

      -F 0
), T) =- Ec, (YO - T (2 -25) 

where EO(n) is the total interval energy per pair and S is the 

entropy. To express EO(n), it is convenient to replace n by rs, 

a non-dimensional quantity defined as 95) 

                        Ok (2-26) 

with the mean distance between e-h pairs, 

                                                               (2-27) 

and the exciton Bohr radius,l) 

            Ck. 1A (2-28)           /P e 

In eq.(2-28), KiS the dielectric constant of the lattice and P 

is the reduced mass of an exciton. The total interval energy 

Eo(rs) consists of two terms: 

        EO(rs) = Ekkl% Ur . ) _-~ E~ X C ( Ir. (2-29) 

The first term is the kinetic energy of an e-h pair, expressed as 
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       T--:: Cr5' ) = ~ ( E r, g- ~" iv-'C~ ) / S7 

                     o, q 6 Tr / 11 (2-30) 

for Ge.13) The second is the exchange and correlation and can be 

written as the following universal form, 96) 

       'E 
KC (r" CL + e, c + Ir. (2-31) 

with a=-4.8316, b=-5.0879, c=0.0152 and d=3.0426. Using a. 

127 A8) and n = 6.5 >~ 101 6 cm-3 r 79) we obtain rs = 1.2 for SCEHL 

in Ge. For the entropy, a form similar to that for metal, being 

proportional to temperature T, is taken, namely, 

                            2-
               T v5 T 2~ (2-32) 

Equation (2-25) is rewritten, in terms of the e-h density n, as 

the following9): 

       'F(
V%,-T) 'EoCv%) C kS T 2- 

(2-33) 

with 

                                   2-/3 

                  C-V/3VI) C"e- + (2-34) 

Here me and mh represent the dens ity-of -state mass of electrons 

and holes, respectively. The energy Eo(n) can be expanded about 

the density at the absolute zero temperature no, to the second 
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order as 

        E c E (VI. 4 VI- Y%c, 2.              0 0 

                                                               (2-35) 

with 

            0 (A. V%- (2-36) 

Substituting eqs. (2-35) and (2-36) in (2-33), we get 

                 EOCY~0) F_ CV% 0) Y\ -

0 

                          0% C VaiaT /2- (2-37) 

at a finite temperature, the equilibrium pair density n(T) is 

determined by minimized F(n,T) and becomes 

       Y~ CT) + 2-'F= (V\ o)                                                                (2-38) 

Here, the density derivative r'(n) is negative, and n(T) 

dec reases quardraticly with temperature. As seen in section 4, 

temperature dependence of the density in SCEHL is well fitted by 

the thermal-expansion term in eq.(2-38). We can define the 

isothermal compressibility KT Of SCEHL as 

      K-T V ow P 

                    3 E                    V\ " 3 (2-39) 

where V is the volume and p the pressure of SCEHL.
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2.4. Photoluminescence lineshape of SCEHL and free excitons 

      Photoluminescence from SCEHL occurs when electrons and holes 

recombine radiatively in SCEHL. The recombination scheme is 

depicted in Fig. 3. Photon energy hv emitted in the 

recombination is 

                       CT + e- + 'PA                                                                (2-40) 

where EG' is the band gap reduced by the liquid binding energy. 

At low temperatures, recombination by emitting phonons is 

dominant. Energies of electrons and holes, ce an ch are measured 

from the bottom of each band. At the absolute zero temperature, 

the conduction and valence bands are filled up to the Fermi 

levels EFe and EFh, At a finite temperature, occupation in each 

band is described by the Fermi-Dirac distribution function, f(Eer 

EFe) or f(F-h,? EFh)* Luminescence line width from SCEHL is 

determined by the Fermi levels, since the emitted photon energy 

lies within the energetic region between EG' and EG' + EFe + EFh-

The lineshape is given as a convolution of the densities of 

states and the distribution functions. Theoretical lineshape of 

the luminescence from SCEHL is represented as 7,9) 

                                                                      -V -f 
       StiL CvA 0                              00 Ck IL 

                tC~Ce_ ) L_'Fe_ 
                                                               (2-41) 

with the densities of states,
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                                                               (2-42a) 

for electrons and 

                                                             (2-42b) C 

for holes with the distribution functions, 

             , r=Te- ) - (2-43a) 

for electrons and 

      ~ ( ~_A , ET- C' ) 1= T] (2-43b) 

for holes. Equation (2-41) is reduced to 

                     kv-

      T-rB4J~ 

        + A2YT3 I t ti- F i c v 2-44) 

-Fitting eq .(2-44) to the experimental data, we obtain the Fermi 

energies. From the Fermi energies, the e-h pair density in SCEHL 

is given by the following relation: 

                                          + ey, 01 OL- -E -e ) /NT 

                                                                  (2-45)
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Charge neutrality within SCEHL is assumed here, and the evidence 

for the charge neutrality is given by observation of the Alfven 

wave dimensional resonance characteristic of a compensated 

plasma. Chemical potential of SCEHL is defined as 

                         'E 
4 F_- F'.. * E , P e, -46)                                                (2 

     Distribution of free exciton is well approximated by a 

Boltzmann function with the exciton density of states, 

                         31                    vA Y. / a v2- ~') FE (2-47) 

where vx is the degeneracy of the exciton states and mx is the 

dens ity-of -states mass of excitons. In strained Ge, valley 

degeneracy in the conduction bands is lifted, and vx is reduced 

from 16 in unstrained Ge to 4. The density-of -states masses of 

electrons and holes are me = 0.22mo and mh = 0.33mo, 

respectively. 9 6) The mass of a heavy-hole-like exciton is 

0.55mo.2) The luminescence lineshape of excitons is denoted as 

                                                               (2-48)        JX.(1AV)=j" Px(Vtv-E*)                                cm 

with the reduced band gap EGx for excitons. The entire 

luminescence line shape is the sum of eqs.(2-44) and (2-48). The 

work function ~of SCEHL is given by subtracting IJEHL from EGx1 

or 

                                                               (2-49)
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Here, EG' and EGx must be measured at luminescence replicas 

involving the same kind of phonons, since these quantities are 

actually shifted by an energy lost by emission of phonons. 

2.5. Drift motion and spatial distribution of e-h droplets 

     Migration of photoexcited carriers into the strain well 

generates SCEHL. Since exciton formation and condensation into 

e-h drops are very rapid process,7,,22) photoexcited carriers are 

immediately transformed into free excitons and drops near the 

illuminated spot of the sample. Spatial resolution measurements 

of photo lum ines cence exhibits the distribution of excitons and 

drops throughout the sample as will be mentioned in section 4. 

In a doped sample, the distribution of bound excitons is also 

observed. Migrating flow into the well is, thus, considered to 

consist mainly of free excitons and e-h droplets. A part of free 

excitons are captured and lost by impurities to form bound 

excitons in the course of migration under strain gradients. From 

the spatial profile of strain-induced motion of excitons and 

droplets, we can investigate the transport of these systems in a 

drift motion. A model to derive a drift mobility of e-h droplets 

is constructed, based on one-dimensional drift equation for 

droplets.62) The model is only valid at such low temperatures 

that the number of excitons is quite small and the flow is 

limited by the droplet drift. Photon energy of the excitation 

light used in the present measurement is much higher than the 

band-gap energy of Ge. The light is absorbed just near the 

exposed surface, where e-h drops are created. The droplets in 
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weakly strained region have almost the same properties as those 

of ordinary e-h droplets (a-drops) in a strain-free crystal. It 

has been confirmed that the flow of a-drops toward the well is 

linear in dimension.97) In the present experimental scheme, the 

distance between the excited spot and the center of the well is 

-0 .3 cm. This is larger than the depth from the excited surface 

to the center of the well, -0.07 cm. Then, a one-dimensional 

drift model for the motion of a-drops can be taken along the 

sample diameter. The strain gradient is assumed constant in the 

whole sample. The assumption fails as a-drops approach the well, 

because the strain potential changes its shape quadratically with 

distance.40) Drift motion of d-drops is also caused by phonon 

winds98) produced by carrier thermalization around the excited 

spot. Forces due to phonon winds may be excluded because of a 

weak contribution at 0.03 cm off the illuminated region.97) 

Spatial profiles of a-drops in drift and SCEHL are pictured in 

Fig. 4. 

     The drift equation for e-h pairs within a-drops under the 

strain force F is 

                 T- ok A VC-0 AYC 

       + t* (2-50) 

Here, v(x) is the number of constituent e-h pairs of a-drops per 

unit length at the position x. The coordinate x runs along the 

sample diameter and its origin is taken at the end of the 

diameter on the opposite side of the strain well. The first term 
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is the e-h recombination rate in a-drops with a recombination 

lifetime Ta. The second term represents the drift of e-h pairs 

characterized by the velocity vd. The last term is the effective 

generation rate of e-h pairs in a-drops per unit length by the 

laser beam focussed around x = XI* The factor Go corresponds to 

the generation rate integrated over the laser spot. It is 

supposed that the distribution of e-h pairs around the spot is 

Gaussian. 

     Strain-confined EHL is located around x Xs with radius R. 

When a -drops reach the surface of SCEHL at x Xs - R, they flow 

into SCEHL. At the surface, the e-h pair distribution in a-drops 

determined by eq.(2-50) is associated with that in SCEHL by the 

following equations: 

                    -C
O (2-51) 

and 

                    /3 y~ (2-52) 

Here, SCEHL has the e-h pair density n, total number of e-h pairs 

No and lifetime To. The first term in eq.(2-51 ) denotes the e-h 

recombination in SCEHL and the second term represents the 

reinforcing flow of a-drops. Strain-conf ined EHL grows into a 

size determined by combining eqs.(2-51 ) with (2-50). It is 

assumed that the radiative efficiency of an e-h pair in SCEHL is 

the same as in a-drops. This assumption is justified both by the 

density dependence of the lifetime of SCEHL presented in section 
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4 and by the work of Betzler et al.31 ) for a-drops. The 

luminescence intensity distribution, accordingly, directly 

reflects the e-h pair distribution. Fitting the equations to the 

data, the drift velocity of a-drops is obtained. The drift 

mobility Pd is given by 

                                                             (2-53) 

The strain force F acting on an e-h pair can be estimated from 

the luminescence peak shift AE of e-h drops over a distance Ax, 

using the relation97) 

           F = & 1L / c~ -)(- (2-54) 

     The experimental data for spatial resolution of luminescence 

f rom e-h drops at 1.8 K is well explained by the above model. At 

higher temperatures, however, the drift of excitons has to be 

included and it is necessary to solve coupled equations for e-h 

dro ps and excitons instead of the above equations. The 

distribution of drops and excitons is observed at 4.2 K and will 

be discussed later in this thesis.

2.6.

and

 Rate equations for SCEHL coexisting with free excitons and 

   bound excitons 

 Time-resolved measurements of photoluminescence from SCEHL 

coexisting excitonic systems gives valuable information on e-h
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recombination processes in SCEHL. Especially, examining the 

temperature dependence of the luminescence decay time, one can 

characterize the recombination process. Approximate solution of 

rate equations for a-drops coexisting with free excitons was 

discussed by several investigators and compared with the 

photoluminescence data7) and with the millimeter waves cyclotron 

resonance data of electrons around the drops.29,30) An exact 

treatment of the relevant equations and comparison with time-

resolved luminescence were first made by Westervelt et al.22) 

However, some complications existed in front of them. Determina-

tion of the number of drops was ambiguous. Volume occupied by 

free excitons was set to be in the cubic power of the exciton 

diffusion length, using the diffusion constant D
x = 1500 cm2 S-1 

measured in ref.7, and supposed to be independent of delay time 

after the excitation photopulse. In case of a-drops, volume of 

the cloud occupied by the drops actually expands with the time 

after the excitation.97) 

     Such complications can be removed in SCEHL. Furthermore, 

the volume of the excitonic cloud around SCEHL is easily 

estimated. By means of submillimeter and millimeter waves 

magneto-absorption technique, dynamics between SCEHL and 

coexisting excitons has been studied by Ohyama et al.41,42) They 

have found the number of excitons decays with almost the same 

lifetime as the radial lifetime of SCEHL after the pulsed light 

excitation. Simple Boltzmann statistics for the excitons around 

SCEHL in the parabollic potential show that the excitons are also 

confined in the strain well and exist in a volume of a thin shell
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around SCEHL having a thickness of 

          ,i!~, R - ~,B T / ~-' c4 t R (2-55) 

whereasis the strain coefficient of the parabollic potential 

described above.40) In this model, the density distribution of 

excitons in the shell decays nearly exponentially as a function 

of a distance from the surface of SCEHL just like the atmospheric 

pressure around the earth.41 ) The volume of the shell is shown 

to be proportional to the radius of SCEHL. Since the exciton 

density is supposed constant, the decay time of the number of the 

excitons is governed by the decay of volume. It is 

experimentally confirmed that the decay time of the excitonic 

cloud and that of the radius of SCEHL coincide. General forms of 

the rate equations for SCEHL and free excitons are 

(Av/at 
(2-56a) 

and-

cLOY./,Lt N%1-C, rg' A'9 e"- c /ke-T Y- 1\4 3 (2-56b) 

where and Nx are the total numbers of e-h pairs in SCEHL and in 

the excitonic cloud, respectively. The volume of the excitonic 

atmosphere is Vx, and vx is the exciton thermal velocity written 

as
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                 R~ lzs T (2-57) 

Strain-conf ined EHL is assumed to have a uniform pair density n 

and v is equal to 

                e+-M /3 (2-58) 

Each term in the rate equations is depicted in Fig. 5. The first 

term in eq.(2-56a) is e-h recombination within SCEHL with a 

lifetime 'ro. The term corresponds to the process (1 ) in Fig. 5. 

The recombination rate defined as the inverse of the lifetime is 

given by 

         I / -cc, A v\ (2-59) 

where A denotes recombination through impurities or traps, Bn is 

radiative recombination and Cn2 corresponds to nonradiative 

recombination by passing a recombination energy to an additional 

electron or hole.31 ) The second terms in eqs.(2-56a) and (2-

56b) represent evaporation of free excitons from the surface of 

SCEHL, having the form of thermionic emission with a Richardson-

Dushman coefficient A. and a work function ~, shown as the process 

(2) in Fig. 5. The last terms are reverse process of the second 

terms, known as back flow of free excitons into SCEHL, the 

process (3) in Fig. 5. In eq.(2-56b), the first term is given as 

an addition of recombination of free excitons (the process (4) in 

Fig. 5) and free-exciton capture by neutral impurities (the
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process (5)), namely 

               -C C T- A, (2-60) 

Here, CX is the capture rate of free excitons by neutral im-

purities 99,100) and NA is a concentration of doped impurities. 

Free excitons captured by neutral impurities form bound excitons. 

It is natural to consider impurities are neutralized, since 

temperature is quite low and a large number of free carriers 

exist in the excitonic atmosphere. The capture term in eq.(2-60) 

will actually be -Cx(NA-nBX)Nx with a density of bound excitons, 

nBX- In the luminescence spectra, intensity of the bound exciton 

line is small, compared with those of SCEHL and free excitons. 

It is not so unreasonable, accordingly, to replace NA-nBX by NA' 

Generation source for excitons is neglected in eq. (2-56b) , since 

the decay behavior is studied, here, after the illumination is 

cut off. 

     The volume of the excitonic cloud is calculated from the 

following equation: 

          V'~ -= 41,-T~ ( R 
                                  40 

              4 IK (2-61) 

The above assumption that the free-exciton density remains 

unchanged as SCEHL shrinks through several decay channels becomes 

invalid in solving the rate equations exactly. It is because 

that a constant density of excitons does not satisfy the rate 
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equations. Then, the exciton density has to be allowed to depend 

on delay time. Thickness,'AR of the excitonic cloud is estimated 

by a somewhat di f f erent way from that of Ohyama et al. 41 The 

way stands, however, on the similar basis to their idea in the 

aspect that the excitonic atmosphere is treated as an ideal gas 

having a finite lifetime of free excitons. The thickness is 

determined by a balance between a drift motion of excitons 

towards the center of the well and a reverse drift escaping from 

the well. The up-stream diffusion length LU characterizing an 

upward flow in a constant potential gradient F is expressed asiol)

                                                                                                - - I 
   LL, (2-62) 

Herel L p is a diffusion length under zero force. The strain well 

extends over so a wide distance, that at each point the formula 

(2-62) may be used with the strain force, 

                 Q L Y- lr I r 
(2-63) 

                   0~ 

We then have for the thickness of the cloud 

      (Pe;T /Ok R I + 0 t 2~ST /C JP4 T /) d' P, r                                                yk (2 -64) 

where Dx is the diffusion coefficient of free excitons, and free 

excitons, and Tx' is an free-exciton effective lifetime given in 

eq.(2-60). Impurity effect on exciton transport is considered 

only for the lifetime Tx' on the supposition that exciton capture
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by impurities is dominant, and that exciton scattering by im-

purities is small. Diffusion coefficient is, thus, set free from 

impurity effects. Recently, the exciton diffusion coefficient, 

300 cm2/s has been derived from spatial resolution measurements 

of exciton luminescence in pure Ge at 4.2 K.102) In pure Si, 

temperature dependence of free-exciton transport has been studied 

and found that exciton mobility Px is limited by scattering by 

phonons showing T-3/2 dependence and that Einstein's relation, Dx 

= 11 X kBT, holds well.1 03) Temperature dependence of DX in Si has 

been found to be Dx = 300 T-1/2 CM2/s.103) Silicon and germanium 

are quite similar to each other, so that T -1/2 _ depend-

ence of D x may be available also in Ge.. Using the value 

for Dx at 4.2 K11 02) we obtain DX = 614 T-1 /2 CM2/s. 

     The capture rate Cx of free excitons by neutral Zn 

impurities has been available. 99, 100) No values have been 

reported, however, for the capture rates by another deep impurity 

Be and by a shallow impurity In. To obtain the capture rates by 

these impurities, free-exciton effective lifetime cx' has to be 

measured in each sample doped either with Be impurities or with 

In impurities at such an excitation power that e-h drops may not 

be created. In this case, the rate equation for free excitons is 

simply 

                                                             (2-65)               t Y' 

with the same nx and Tx' as in eq.(2-60). Equation (2-65) tells 

that the decay form of free excitons is exponential in time with 

an effective lifetime -cx'. Collapse in the bound exciton peak 
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has been observed under uniaxial stress.76,104) The capture 

rates measured in unstrained Ge samples are used in the rate 

equations (2-56a) and (2-56b), though capture rates have strain 

dependence. In a strained sample, SCEHL is formed even under so 

weak an excitation power that time-resolved measurements are 

almost impossible. The free-exciton capture rates Cx is 

associated with a capture cross section ax by the relation 

            C ', = T.~                                                              (2-66)

2.7. Alfve-n wave dimensional resonance of SCEHL105-107) 

     Electromagnetic waves having a frequency lower than the 

plasma frequency associated with an interacting conducting medium 

cannot propagate into the medium. The plasma frequency w p for a 

compensated electron-hole plasma is defined as 105) 

                   -e+ Tt V) 'e 
JU (2-67) 

with 

                                                               (2-68) 

For SCEHL in Ge with n = 6 x 1016 CM-3, Me = 0.22mo, mh = 0.33mo 

and K = 16, we have w p /2Tr=1500 GHz. In a magnetic field, the 

dielectric function of a plasma is strongly modified. Low 

frequency waves can propagate in the plasma when the frequency of 

the waves is lower than the cyclotron frequency wc.105) In a
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single-component plasma such as an electron plasma, only the 

cyclotron-active circular-polarized waves can propagate. Such 

waves are called helicon waves. In a two-component plasma having 

equal numbers of opposite charges, on the other hand, waves with 

both polarizations can travel. These waves are called Alfven 

waves. An example of such a compensated plasma is SCEHL in Ge. 

     Dispersion relations for propagation of helicon and Alfv~n 

waves will now be considered. Let us start from the equation of 

motion for a carrier in one-component plasma corresponding to the 

helicon case. Supposing that the carrier has a scalar mass m and 

a momentum relaxation time T, the equation is described as 105) 

                                                -k- Y, VA     VA e (2-69) 

                                               4. 

where c is the light velocity, and E and B are the electric field 

of the electromagnetic waves and the static magnetic field 

applied to the plasma. There fields can be expressed as 

                                                                  (2-70)                   X 0 
                  T__ WO 
                       2-

and 

                                                                  (2-71) 

B 

The angular frequency of the helicon waves is w, and the magnetic 

f ield is set parallel to z-direction. The solution of eq.(2-69) 
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has the form v voexp(-iwt), with vo given as a function of the 

electric field. Substituting v into the current formula, 

                      h e- LT 

                     o- (2 -72) 

we have for the conductivity tensor 

          0-

                                   0-1 0 

                      0 0 (2-73) 

with 

and (2-74) 

                13-1 = 0--, / C i - k 

Here, 00 is the DC-conductivity, or 

              0-0 Y1 e- T- M (2-75) 

with a carrier density n. In a representation with the basis of 

circular polarizations, we have 

                            0 0 

0 

                         0 03 J (2-76) 

where 
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                     Z-               V~ e 7,- 4- C LI) --T L 

            + -C Q W C, (2-77) 

In the Faraday configuration that the wave propagation is 

parallel to the magnetic field, propagation constants k+ have 

the forms, 

           CW / C- + A W 

                                      2- C -3C                                                             CL'OTL -)2 
                  L LA) 

                     %, (2-78)               4- LCI /T-)1 + V) --T W, 
with 

                   C~--W Y~ e-'- Vr- VV" (2-79) 

Dispersion relation for dielectric functions c+ in case of 

helicon waves are as follows: 

                        CL,3=F WC Z. + (LA)=F WC (2-80a) 

and 

                VIL Uj + ~w-+ WC. (2-80b) 

In the helicon limit, wc >> w , 1 /T , dielectric constants as a 

function of the magnetic field can be written as 106) 

                                                                (2-81a) 

and 
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       I M C ) = 47-M V\ C / W T- 1B (2-81 b) 

It is found, from eq. (2-81a) that right-circular-polari zed waves 

can travel for positive charge, while left-circular-polarized 

waves can travel for negative charge. Quite similar argument 

leads to the following dispersion relation for an e-h plasma:105) 

                                L'i W~4 0 /T- CW~T Wc-e-)"-] 

                          -k) L,31( U -Ce+ (LI)TLA), (2-82a) 
                           P&L 

and 

     T C (/J, LI) T LADL, 

                  (A)pf~ [(I/ 7C-e,)' + CW (2-82b) 

In the Alfv6n limit, w c >> w >>1 eq.(2-82a) is reduced to 

x 

                t~ e 

                       k- (2-83) 

e Here, the f irst term is to vanish in a compensated plasma where 

ne=nh=n; then we have 106) 

                   TC VN C' C M , + VA C, (2 -84a) 

The imaginary part is
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                                                            (2-84b) 

with 

              7r -C,. -C CVIA e. TZ & + _Ce                                                                (2 -85) 

In SCEHL, electrons are populated in a single valley and the 

density of light holes is negligible in comparison with that of 

heavy holes on account of the small mass of light holes. 

Therefore, SCEHL is regarded as a two-component compensated 

plasma.107) 

     In the above discussion, boundary conditions have not been 

taken into consideration. The wavelength of electromagnetic 

waves changes as a function of magnetic field through the real 

part of the dielectric function represented in (2-81a) for the 

helicon case or in (2-84a) for the Alfven case. When half 

integral multiples of the wavelength stand in the dimension of 

the plasma, a power of electromagnetic waves is resonantly 

absorbed through the imaginary part of the dielectric function in 

(2-81b) for the helicon waves or in (2-84b) for the Alfven waves. 

The dimensional resonance can intuitively be schemed in a slab 

with a thickness d. The resonance occurs at wavelengths 

satisfying the condition, 

                                                               (2-86)
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where N is a positive integer, and X is a wavelength inside the 

plasma that can be written, using the wavelength Xo outside the 

plasma, as 

               C W -M V% C e- b,, to e- v ez (2-87) 

t                       V~ C vj~~ . V                                                                                    4eu k ~ %) 4.01 

combining eq.(2-86) with with eq.(2-87), we have for the size 

dependence of the resonance fields: 

                Y-40 Viksi-LA 

                                                               (2-88) 

                       d, w &NxkA 

In the case of SCEHL, spherical boundary conditions have to be 

imposed. Anisotropy of the conduction band in Ge requires a 

tensorial form for the electron mass.107) Then, the calculation 

of the dimensional resonance of SCEHL becomes too complicated to 

solve analytically. So a calculation using a spherical mass will 

be adopted here. In that case the absorbed power P due to the 

dimensional resonance in SCEHL can be expressed as106) 

          C1 elq'o ) ?,-I -C.'V 

                                                               (2-89) 

where HAC is an AC-magnetic field of the waves, and

39



     2 
~6r                  IC 

                                                VA 

      wo. (2-90) 

Resonance field Bres is connected with BAlf as 

           ~xq + (2-91) 

This equation is valid only in the high field limit, so that 

deviation from a simple Alfv~n scheme arises at lower fields. 

The deviation comes from difference in mass or in scattering rate 

between electrons and holes in SCEHL. The situation will be 

discussed in sections 4 and 5.
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§3. Experimental Procedures 

3.1. Samples 

     Germanium single crystals with or without dopants were used. 

Undoped Ge samples had ultrahigh purity containing less im-

purities than -1011 cm-3. Indium-doped Ge and Zn-doped Ge 

samples were those employed in earlier works and denoted Ge/In-

1, Ge/In-2 and Ge/In-3; Ge/Zn-1, Ge/Zn-2 and Ge/Zn-3 in the order 

of increasing impurity concentration. These specimens were sup-

plied by Toshiba Corporation. Beryllium-doped samples, Ge/Be 

722-21.5 and Ge/Be 727-15.0 were supplied by Prof. E.E. Haller at 

Lawrence Berkeley Laboratory at U.C. Berkeley. Dopants studied 

in this work were all acceptors. Classification and concentra-

tion of the impurities in the doped Ge are listed in Table 2. 

Samples had a cylindrical shape with a diameter of 4 mm for In-

doped and Zn-doped Ge, or 3 mm for Be-doped and with a height of 

~3.5 mm. It was found that the magnitude of the produced strain 

was larger in samples having smaller radii. The axis of the 

cylinder was almost parallel to the <001 >-crystallographic axis 

for one of the two pure Ge specimens and for all of the Zn-doped 

ones. One the other hand, the axis was almost along the < 110 > -

axis for the other pure sample and for In-doped and Be-doped 

ones. Samples were mechanically polished, etched with a CP-4 

solution and rinsed with methanol. Each sample was installed in 

a Kel-F (polychloro-trifluoroethylene resin) ring-shaped holder. 

Permanent strain was introduced into each sample by a nylon screw 

along the <110>-direction for the <001>-oriented samples, or 

along the <111>-direction for the rest. Examples of the mounted 
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samples are shown in Figs. 1, 4 and 6. 

3.2. Maganeto-acoustic attenuation measurement79) 

      Ultrasonic frequencies used in acoustic measurements were in 

a range of 30 - 700 MHz. The X-cut quartz transducer having a 

fundamental frequency of 20 MHz was attached to one of the flat 

sample faces with silicone grease. Pulse-echo technique was 

employed. Longitudinal ultrasonic pulses were generated by the 

transducer. The pulses propagated through a sample along the 

magnetic field direction and brought forth several echoes. The 

transducer had a rectangular shape and effectively covered an 

area around a strain well (Fig. 6). A block diagram of the 

experimental setup is depicted in Fig. 7. This system is a 

unification of ultrasonic measurement with optical modulation. 

The transducer was connected to the MATEC-RF pulse generator and 

to the receiver unit (Model 6600) with a coaxial cable. Ultra-

sonic waves were generated by a 800 V RF pulse with a pulse width 

of 0.5 p's. An optical excitation source was provided by a Xe 

flash lamp having 1 ps pulse width drived at 15 Hz. The pumping 

light was guided to the sample through a dual core glass rod. 

The sample was immersed in liquid He. To vary temperature in a 

range of 4.2 - 1.7 K, liquid He was pumped out. Magnetic fields 

were applied to the sample with a superconducting solenoid and 

swept to measure the magneto-acoustic attenuation due to SCEHL at 

a fixed temperature and at a fixed delay time. Echo signals were 

sent to a two channel boxcar integrator (PAR 162). The magneto-

acoustic attenuation signals by SCEHL were obtained as ln(I/I'),
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where V was the echo intensity with an optical excitation and I 

without the excitation. The attenuation coef f icient a of SCEHL 

was proportional to ln(I/I'). 

3.3. Photoluminescence measurements59,60,62) 

      Experimental scheme for photoluminescence measurements are 

shown in Fig. 8. Photoexcitation source was provided by a 

488.0 nm or 514.5 nm line of Ar+ laser. The laser beam was 

chopped by a mechanical chopper in c w- measurements, or by an A/0 

modulator with a rise time of 0.1 Ps in time-resolved measure-

ments. The laser beam was focussed onto a sample face with a 

spot radius of 220 Pm. The sample was set in an optical dewar 

and directly immersed in liquid He. Incident power Pinc of the 

laser beam was calibrated with reflectivity of mirrors and 

transmittance of the lens, window and liquid He. Absorbed power 

Pabs was obtained after an estimation of absorption coefficient 

of Ge by Wolfe et al.38) The recombination luminescence was 

collected from the opposite face of the sample. Spatial resolu-

tion was made by a 1 mm x 1 mm aperture unit mounted in front of 

the entrance slit of a SPEX-1269 spectrometer and by moving the 

collector lens. The sample image was magnified by five times on 

the aperture (denoted as X in Fig. 4) and scanned along the 

sample diameter in respect of the aperture. A glass filter 

(TOSHIBA VR-D2) excluded the excitation light. The luminescence 

radiation was dispersed through the spectrometer with a 600 

grooves/mm grating blazed at 1.2 Pm, and detected by a Ge-PIN 

photodiode (NORTH COAST EO 817P) having a response time of 0.2 Ps
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and kept cool at 77 K. Amplified signals were sent to a lock-in 

amplifier (PAR 5205) in steady-state measurements and to a boxcar 

integrator (PAR 162) in time-resolved measurements. The spectro-

meter and the lock-in amplifier were controlled by a personal 

computer. 

     A dual modulation method was sometimes used to obtain time-

resolved luminescence spectra. In this method, the laser beam 

was chopped both by the chopper and by the A/0 modulator. 

Signals were sent to the boxcar and to the lock-in amplifier in 

sequence. 

3.4. Millimeter waves magneto-absorption measurements 41,61,108) 

     Two kinds of experiments were utilized in millimeter wave 

measurements: one was circular-polarized waves experiment and the 

other was linear-polarized waves experiment. Nonresonant 

reflection-type waveguide system was designed for circular-

polarized 35 GHz millimeter waves as depicted in Fig. 9. 61, 108) 

For linear-polarized waves, a rectangular waveguide of 

non resonant ref lection- type, also working at 35 GHz, was used.41) 

The experimental equipments for circular-polarized measurements 

are shown in Fig. 10. Multichannellization of time-resolution of 

millimeter waves magneto - absorption was made possible by a com-

bination of a digital boxcar with a personal computer.1 09) The 

excitation source was a Xe flash lamp-the same as used in the 

magneto-acoustic experiments, and guided through a bent dual core 

glass rod. Magnetic fields were supplied by a superconducting 

solenoid up to 6 T. The sample was directly immersed in the
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liquid He both. Alfven wave dimensional resonance of SCEHL in 

pure Ge was observed using this method, as will be described in 

section 4. Only a few doped samples showed the dimensional 

resonance, because of the power loss in photoexcitation in the 

circular-polarizing waveguide system. For the linear-polarizing 

system, an ordinary split electromagnet capable of producing up 

to 2.5 T was employed.41) The external static field produced by 

this magnet could be rotated around the cylindrical axis of the 

sample placed in the waveguide cavity. A usual analog boxcar 

(PAR 162) was employed at a fixed delay time in case more appro-

priate than using a digital unit.
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§4. Experimental Results 

 4.1. Magneto-acoustic oscillation of SCEHL 

     Magneto-acoustic attenuation by SCEHL in pure Ge is shown in 

Fig. 11 at various temperatures between 1.7 and 4.2 K for the 

acoustic f requency of 14 0 MHz and at the geometry of B/ / < 0 0 1 >. 

The peaks of the magneto-acoustic attenuation are due to 

electrons and almost periodic in the inverse of the magnetic 

field 1/B. The unresolved and overlapping Landau level of 

holes9l) seem to give no convincing structures of the magneto-

acoustic oscillation. The line shape of the attenuation shows a 

drastic change even in such'a narrow temperature range as 

presented in Fig. 11. As temperature decreases, the quantum 

oscillations become more distinct, and the peaks shift to higher 

magnetic fields and become sharper. The peak position yields the 

direct determination of the electron Fermi energy, while the peak 

shift indicates the increase in the Fermi energy with decreasing 

temperature. The peak width as well as height reflect a thermal 

broadening of the Fermi surface. The oscillations also depend on 

carrier scattering processes within SCEHL, which broaden the 

energy levels of carriers. If the magnetic field is so weak that 

the Landau-level interval -hw is comparable with the energy c 

broadening re of the electron level or with the thermal energy 

kBT, no osciliation will be observable. If, on the contrary, the 

field .. is so strong that the conditions hwc >> re, kBT is 

satisfied, the oscillatory behavior will be quite enhanced. The 

amplitude of the oscillation, consequently, grows large as the 

magnetic field increases and as temperature decreases. Numerical
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fitting of eq.(2-23) to the experimental data is carried out with 

fitting parameters of the Fermi energy of electrons EFe and the 

levbl broadening re' Fitting examples are shown in Fig. 12. 

     From the fitting procedure, the e-h pair density n(T,B) and 

the scattering rate 1/Te of electrons can be determined by: 

      V\ CT, -ET-C (4-1) 

and 

            -C 
e T7e (4-2) 

respectively. The density of states p+(F-,B) is defined in eq.(2-

19), and f(F-,EFe) is the distribution function. If the density 

is plotted against T2 as in Fig. 13, the density is found to be 

well described by the relation, 

        CT (4-3) 

with no = (6.7 ± 0.1 X 1016 cm-3 and 6n (5.2 ± 0.3) x 1029 erg-2. 

Equation (4-3) has the same form as eq.(2-38) with 

                                                                   (4-4) 

The decrease in the density with increasing temperature is, thus, 

explained by the thermal expansion of SCEHL mentioned in section 

2. The isothermal compressibility defined in eq.(2-39) is cal-

culated from the values of no and 6n, using eq.(4-4), and we
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obtain KT = 7.8 x 10-3 CM2 dyn-1 . From the Alfv~n wave dimen-

sional resonance experiments, 41 r42) the compressibility has been 

given as KT = 1.2 x10-2 CM2 dyn-1. 

     The carrier scattering rate plotted against T2 is shown in 

Fig. 14. The scattering rate can be fitted in a linear form in 

T2 expressed as 

               -c
e- T (4-5) 

Here a is the temperature-independent part presumably due to 

residual impurities and defects, and bT2 is characteristic of 

the carrier-carrier scattering in Fermi liquids.110) The number 

of initial and final states in the scattering is proportional to 

the thermal broadening kBT around the Fermi level. A simple 

product of the number of the initial states and that of the final 

states gives T2_dependence. The electron-phonon scattering rate 

in Fermi liquids yields T5_dependencel 11 ) and is less dominant 

than the carrier-carrier scattering rate at very low tem-

peratures. The least square fitting gives a = (5.6 ± 0.2) x 1011 

S-1 and b = (2.9 ± 0.2) x 1010 K-2 S-1. Both electron-electron and 

electron-hole scatterings may contribute to the carrier-carrier 

scattering, but the scattering rate between electrons and holes 

has been suggested to be larger than e-e and h-h scatterings.23) 

From the AlfvL wave resonance, 41,42) the carrier scattering rate 

has been obtained to give a = (1 .4 ± 0.1 ) x 1 010 S-1 and b = 

(1 .2 ± 0.2) x 109 K-2 S-1. The difference between the two measure-

ments is due possibly to that individual transitions of electrons
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take part in the magneto-acoustic attenuation and, while a col-

lective motion of the e-h plasma is observed in the Alfve'n wave 

resonance. 

      The magneto-acoustic attenuation at various delay times at 

1.7 K is traced in Fig. 15. the geometry of the acoustic 

propagation and the magnetic field is the same as in Fig. 11. 

The long life of SCEHL enables us to observe the oscillation even 

at 450 ps after the photoexcitation. The lineshape fitting based 

on eq.(2-23) gives the delay-time dependence of the density and 

the scattering rate as plotted in Fig. 16. They tend to decrease 

with delay time, in other words, with shrinking radius of SCEHL. 

For a large radius, compression by the potential gradient in 

eq.(2-63) is strong, and the density is increased. As the radius 

shrinks, the force gets weaker and the density is practically 

unchanged.38) The change in the scattering rate is also small. 

Density dependence of the scattering rate can be derived from the 

time variation of the density and the scattering rate, and is 

depicted in Fig. 17. The carrier-carrier scattering rate 

increases with the e-h pair density as one expects. 

     A remarkable deviation of the magneto-acoustic oscillation 

from the periodic type in 1 /B appears in the geometry of B                                                              -*//<l 1 O> 

above 3T. Figure 18 contains a typical magneto-acoustic 

attenuation for B//<110>, in which a pair of spin split levels 

are observed for the peak coming from the n=1 Landau level. The 

peaks labelled 1 + and 1 correspond to the levels of El + = 

Thwc/2 + 9 * 11BB/2 and E-1 3hwc/2 - 9*PBB/2, respectively. If the 

upper trace in Fig. 18 is fitted by eq.(2-23) at the n=2 peak,
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with a constant Fermi energy, the n=l+ and 1 _ peaks appear at 

much higher f ields than expected. The non-periodic oscillation 

in the 9//<110> geometry, then, suggests the Fermi energy to 

increase with magnetic field. According to the luminescence 

experiment near the quantum limit, Fermi energies within ordinary 

. 
e-h droplets in unstrained Ge have been found to increase almost 

linearly with magnetic field.32) This has been understood due to 

increase in the e-h density of droplets with the field, which is 

induced by decrease in the kinetic energy in eq.(2-30) 

originating from the large density of states at the bottom of the 

Landau levels in the magnetic field. Assuming that the Fermi 

energy in SCEHL has a field dependence similar to that in 

droplets, we may write a simple relation, 

0 
                 F + (4-6) 

           re 'Fe 

where E 0 is the fie ld- independent Fermi energy and fl is a con-       Fe 

stant. Indroducing eq.(4-6) into eq.(2-23), we obtain EF9 

2.5 . meV and Ti = 0.18 T-1 meV at the peaks n=1 + and 1 - in Fig. 18. 

Field dependence of the density in SCEHL derived at each peak is 

plotted in Fig. 19. 

      The magneto-acoustic oscillation by SCEHL--inGe/In-1 is ob-

served as shown in Fig. 20. In Be or Zn-doped Ge, no oscillation 

is observed, probably because the oscillation undergoes a large 

damping due to scatterings induced by the deep impurities.
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4.2. Photoluminescence spectra of SCEHL and excitons 

     Steady-state spectra of photoluminescence from SCEHL and 

free excitons in pure Ge are shown in Fig. 21. Luminescence 

radiation from the strain well has been picked up by the spatial 

resolution technique described in section 3. The luminescence 

line denoted EHDLA corresponds to a replica of the luminescence 

from SCEHL including an LA (longitudinal acoustic)-phonon emitted 

in radiative recombination. The line denoted FELA is that from 

free excitons around SCEHL. Relative intensity of the exciton 

line to that of SCEHL decreases as temperature decreases, because 

the excitonic evaporation from the liquid surface in eqs.(2-56a) 

and (2-56b) diminishes with decreasing temperature. In a doped 

sample, luminescence lines from the bound excitons, biexcitons 

and multiexcitons captured by neutral impurities can be observed. 

Comparison of luminescence spectra is made between pure Ge and 

Ge/Zn-1 at 4.2 K as shown in Fig. 22. The phonon replicas 

including an LA-or TA (transverse acoustic)-phonon is observed in 

pure Ge. Luminescence lines marked yo, ao and aTA in Ge/Zn-1 are 

no-phonon lines of bound excitons and bound double excitons, and 

a TA-phonon assisted line of bound double excitons, respective-

ly.74) The replicas such as YTA" a LA and YLA overlap with the 

phonon replicas of e-h drops and free excitons. These data are 

spatially integrated spectra; then EHDLA and EHDTA lines include 

luminescence from a-drops, outside the strain potential, as well 

as that from SCEHL. 

     Spatially integrated spectra of e-h drops in pure Ge, in 

Ge/Zn-1 and in Ge/Zn-2 are depicted in Fig. 23 at 1.7 K with a 
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constant laser power of 400 mW corresponding to an incident power 

of 240 mW. The LA- and TA-phonon assisted lines of e-h drops are 

observed. The intensity of these lines decrease with increasing 

concentration of Zn impurities. The decrease suggests nonradia-

tive recombination in e-h drops enhanced by Zn impurities. The 

luminescence from ordinary e-h droplets outside the well and that 

from SCEHL are mixed with each other in these lines. The illumi-

nation spot is focussed near the well, however, so that SCEHL is 

expected to mainly contribute to the luminescence lines. Time-

resolved measurements have been performed to obtain the 

luminescence spectra from e-h drops in those three samples. 

Examples of the spectra in pure Ge and in Ge/Zn-1 are shown in 

Figs. 24 and 25, respectively. The luminescence intensity decays 

in each case with delay time after the pulsed excitation, while 

the width remains almost unchanged. The width yields the Fermi 

energy, or the e-h density. This is consistent with the result 

in the magneto-acoustic measurement obtained for pure Ge. Time 

decay of the LA-line intensity in the pure sample and that in Zn-

doped samples are displayed in Fig. 26. The lifetime of SCEHL, 

150 ps, is much larger than that of an ordinary drop, 40 ps,9) in 

unstrained Ge. The lifetime in Ge/Zn-1 decreases to 30 Ps and is 

consistent with the radius decay time 90 ps from Alfve'n wave 

resonance which will be presented in this section. In Ge/Zn-2, 

the lifetime is 10 vs. Lifetimes of SCEHL in Zn-doped Ge 

samples are very similar to those of ordinary drops, 25 Ps in 

Ge/Zn-1 and 8 ps in Ge/Znr2.60) Analysis based on rate equations 

(2-56a) and (2-56b) will be made for the time decay of the
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luminescence from SCEHL resolved by the spatial resolution 

technique. 

     Examples for lineshape fitting of eqs.(2-44) and (2-48) to 

the experimental spectra in pure Ge at 4.2 K are shown in Fig. 

27. Fitting procedure has been made for the LA-phonon assisted 

lines. In an unstrained sample, ordinary e-h droplets and free 

excitons are observed (the upper trace). Within an ordinary 

droplet, electrons are populated in all four valleys, and the 

density of states. in eq.(2-42a) should be multiplied by 4. 

Theoretical lineshape fitted by the equations is indicated by 

opencircles with fitting parameters of the Fermi energies and the 

reduced bandgaps. Using eq.(2-45), we obtain the e-h density in 

the ordinary droplet, n = 1.9 x 1017 cm-3, which agrees well with 

the previous results.7r9) The work function of the droplet is 

derived as ~= 2.0 meV from eq.(2-49). The TO (transverse 

optical)-phonon assisted line of free excitons overlaps with the 

low-energy tail of the LA-phonon assisted line of ordinary drop-

lets. The lower trace in Fig. 27 is the luminescence spectra in 

a strained sample taken at 30 ps after the excitation. By the 

spatial resolution procedure, luminescence observation is re-

stricted to the region at and near the well. The laser spot is 

apart from the well and the size of SCEHL is fairly small. As 

expected from the parabollic shape of the well, the luminescence 

peak of,. SCEHL shifts to the lower photon energy with decreasing 

radius. Open circles provide the total theoretical lineshape 

built up by the two components denoted as y and a (see the 

caption for Fig. 27). The e-h density and the work function of 
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SCEHL are determined by the fitting to be n = 5.5 x 1016 cm-3 and 

~ = 1 .1 meV, respectively. The density obtained here is con-

sistent with the temperature dependence of the density in 

eq.(4-3) obtained by the magneto-acoustic oscillation. 

     Luminescence spectra in pure Ge and in Ge/Be 722-21.5 at 

1.8 K are shown in Fig. 28. The spectra are observed only from 

the strain well and its periphery. Exciton lines as seen at 

4.2 K are almost invisible. The spectra in each sample consist 

of SCEHL (y) and ordinary droplets (a). Introduced strain is 

higher and the peak shift of the Y-line is larger in Ge/Be 722-

21.5 than in pure Ge. Fitting of these data gives the e-h 

density of SCEHL as 6.5 x 1016 cm-3 in pure Ge, which agrees well 

with eq.(4-3), and as 4.1 x 1016 cm-3 in Ge/Be 722-21.5. The 

energy shift A E in the peak of SCEHL measured from that of the 

ordinary droplets is -2.0 meV in pure Ge or - 4.0 meV in Ge/Be 

722-21.5. 'Spatial extent of the strain potential may be 

estimated as -600 Pm from the result in ref. 40. Then, the 

potential range Rs of a strain well is equated to 600 p m. Using 

the relation, 

                          0( z (4-7) 

we obtain the values for the strain coefficient a 40) mentioned 

s in section 2 as 550 meV/cm2 in pure Ge and 1100 meV/cm2 in Ge/Be 

722-21.5.
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4.3. Spatial distribution of SCEHL, ordinary droplets and 

        excitons 

     Spatial distribution of photoluminescence intensity from 

SCEHL, ordinary droplets and excitons are measured along the 

sample diameter in pure Ge and in Ge/Zn-1 under steady-state 

condition. The intensity distribution of SCEHL, ordinary drop-

lets and free excitons is observed at the LA-phonon assisted 

lines. For bound excitons, on the other hand, the distribution 

is measured at the no-phonon line, for the phonon assisted lines 

of bound excitons overlap with other lines as mentioned in con-

nection with Fig. 22. At 1.8 K, spatial distribution of SCEHL 

and droplets are observed, while that of excitons is hardly 

detectable. In Fig. 29, the distribution of SCEHL and the 

ordinary droplets is plotted (solid circles) against the position 

X on the diameter. The compressing screw is attached to the 

sample at X = 0.4 cm. The laser beam is focussed around XI 

0.08 cm. The center of the well is located at XS = 0.36 cm. The 
solid line is a fitting curve by eqs.(2-50) - (2-52), with T ot 
40 ps,7,9) To = 240 ps, which will be given in the later argu-

                     16 3 ment, and n = 6.5 x 10 cm- From the fitting, the drift 

velocity vd is obtained as (6.0 ± 0.2) x 103 cm S-1 . the e-h 

generation rate is Go - 1.0 x 1017 per second, and the radius of 

SCEHL is 250 pm. Owing to the long life of SCEHL and the high 

velocity of droplets, the intensity of SCEHL relative to that at 

the laser spot is very high. In the pure Ge, AE = 2.0 meV has 

been obtained with Ax = Xs - Xi = 0.28 cm. From eq.(2-54), we 

have F = 1.2 x'l 0-14 dyn/pair. The drift mobility multiplied by 
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the electronic charge e is calculated as (8.2 ± 0.3) x 105 CM2 V-1 

S-1 by eq.(2-53). The mobility is related to the momentum 

relaxation rate through the relation 

              I / -r- -_ I / M * ~X '~ - (4-8) 

The translational mass of an e-h pair is taken as m* = me + mh 

0.58 mo for <110> motion. The relaxation rate is (3.7 ± 0.1) x 109 

S-1. This is comparable in the order of magnitude with the value 

1.7 x 109 S-1 obtained by Tamor et al.97) at 1.8 K under a higher 

strain force than ours. In < 111 > -strained Ge, they derived the 

drift mobility at various temperatures by measuring the transit 

time in the droplet propagation f rom the excited region. They 

found the mobility inversely proportional to the temperature, 

confirming the theoretical results for relaxation due to carrier-

phonon interaction by Keldysh et al.112) 

     The experimental data of the luminescence distribution in 

Fig. 29 is larger than the calculated curve in the region between 

x - 0.15 and - 0.3 cm. This dif f erence is probably attributable to 

two causes. First, SCEHL has a much longer lifetime than ordinary 

droplets,, so that accumulation of e-h pairs is quite large near 

the well. This permits backward flow of e-h pairs that is ne-

glected in eq.(2-50). Second, the assumption of a constant 

strain gradient is crude. Actually, as shown in Fig. 30, _ the 

difference grows more markedly as the absorbed power is in-

creased. The apparent luminescence observed outside the sample 

contains stray light reflected from the sample edge as well as

56



from the outer sample holder, as SCEHL shines too brightly. 

     A drastic change in the spatial distribution can be recog-

nized in Ge/Zn-1 through Fig. 31. A greater portion of e-h pairs 

is populated in the vicinity of the laser spot, XI -0.08 cm. The 

radius of SCEHL shrinks remarkably to 25 jim, an order of magni-

tude smaller than that in pure Ge. The relative luminescence 

intensity of SCEHL compared with that at the irradiated region is 

much weaker than in the case of pure Ge. This is attributed 

solely to the lifetime shortening from 240 ps to 28 ps, which is 

to be given later. A decrease in the drift velocity has to the 

taken into account for reproduction of the data. Putting T. = 25 

JIS60) and To = 28 Ps as well as no = 6.5 x 1016 cm-3 into eqs.(2-

50) - (2-52),, vd = (2.6 ± 0.1 ) x 103 cm S-1 and Go - 9.2 x 1015 

pairs/s are obtained. The luminescence spectra in Ge/Zn-1 

similar to Fig. 28 give n = 6.5 x 1016 cm-3 F AE - 2.0 meV with 

Ax - 0.28 cm, and F = 1.2 x 10-14 dyn/pair, the same as in pure Ge. 

Then the mobility is (3.6 ± 0.2) x 105 CM2 V-1 S-1 from eq.(2-53), 

less than half of that in the pure sample. The momentum relaxa-

tio'n rate reaches (8.5 ± 0.3) x 109 S-1 in Ge/Zn-1. Subtracting the 

rate in pure Ge from this, the Zn-impurity contribution is esti-

mated to be (4.8 ±0.3) x109 S-1. 

     At 4.2 K, exciton lines have been clearly observed. 

Analysis with eqs.(2-50) - (2-52) is no longer valid. Free 

exc .itons are quite mobile on account of their small translational 

mass. The limiting factor for the generation of SCEHL is the 

exciton drift rather than the droplet drift. Coupled equations 

for excitons and droplets will stand instead of the above equa-
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tions. Here, spatial distribution of SCEHL, ordinary droplets 

and excitons at 4.2 K are just qualitatively studied. Figure 32 

shows the spatial resolution of LA-phonon assisted lines from 

SCEHL, droplets and free excitons in pure Ge. The laser spot is 

focussed around XI = 0.13 cm. The high mobility of excitons 

shifts the peak of the exciton distribution towards the well. An 

excitonic atmosphere coexisting with SCEHL is observed. In 

Ge/Zn-1, the intensity distribution of bound excitons as well as 

that of SCEHL, droplets and free excitons is plotted in Fig. 33. 

Droplets and free excitons are localized near the laser spot, 

while bound excitons are spread over the sample. This suggests 

that a considerable amount of free excitons are captured by Zn 

impurities. A cloud of free excitons surrounding SCEHL is still 

observed. However, bound exciton reveal no peak corresponding to 

the excitonic atmosphere. It is presumably due to a stress-

induced collapse of bound excitons104) in the highly strained 

region. 

4.4.' Time-decay profile of luminescence intensity from SCEHL in 

       pure Ge 

     On the basis of rate equations (2-56a) and (2-56b), one can 

analyze time decay of the luminescence intensity from SCEHL. 

Recombination dynamics with or without impurities in SCEHL can 

also be discussed. Time decay of the LA-phonon assisted line of 

SCEHL in pure Ge is depicted in Fig. 34 at temperatures 

between 4.2 and 1.8 K (open circles). The delay time means a time 

interval after the laser pulse is switched off. The luminescence 
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f rom SCEHL is selected by the spatial resolution technique. The 

experimental data are taken with a variable gate sampling at a 

fixed spectral position after the excitation pulse. The 

luminescence decay of SCEHL gets slower as the temperature 

decreases. This is because excitonic evaporation from SCEHL 

diminish with decreasing temperature. Above -3 K, the evapora-

tion term of excitons in eqs.(2-56a) is large, compared with the 

first term yielding the internal e-h recombination. The decay of 

SCEHL at temperatures Z3 K is strongly affected by the exciton 

evaporation. Below 2 K, the decay is almost unchanged with 

temperature, suggesting that the internal recombination is the 

dominant factor and the decay profile will be well fitted by an 

exponential decay. At 1.8 K, the decay is like an exponential 

type but reveals a slight deviation from the exponential at long 

delay times. 

     Theoretical fitting is carried out to give a solid line for 

the decay process at each temperature. Fitting parameters are 

the lifetime To, the radius R at 4.2 K and the Richardson coef -

ficient A R' The lifetime is expected to change with temperature 

from eq.(2-59), since the e-h density depends on temperature as 

expressed in eq.(4-3). Radius of SCEHL below 4.2 K is determined 

by the intensity relative to that at 4.2 K, IT/I4 .21 using the 

3 
      RT V~ CT T (4-9) 

where invariance of the radiative efficiency with temperature is 

assumed. The Richardson coefficient is independent of
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temperature as usual.7,22,29,41 ) The work function is ~=1 .1 

meV, and the strain coef f icient is a =550 meV from the spectral 

f itting as shown in Figs. 27 and 28. The volume of the excitonic 

atmosphere Vx is uniquely determined by eq.(2-64), if the radius 

of SCEHL is given. Time decay measurements for free excitons 

surrounding SCEHL is hardly performable, because the luminescence 

line from the excitonic atmosphere is quite weak and unresolved 

as seen in Fig. 27. Theoretical line for the excitons at 4 .2 K 

(denoted as Ix in Fig. 34) qualitatively agrees with the result 

in far-infrared magneto- absorpt ion measurements by Ohyama et 

al.41,42) 

     The Richardson coefficient used in the fitting procedure is 

-5 x 1017 K-2 cm-2 S-1 , while the value up to 1 .4 x 1020 K-2 cm-2 

S-1 has been reported for ordinary droplets in unstrained Ge .22) 

Theoretical estimation under an assumption of thermodynamical 

equilibrium between excitonic evaporation and back f low predicts 

                    YO, V ~Z e+ -w ' t ' -                                                               (4 -10) 

For the excitons in the shell, we have AR = 5.1 x 1020 K-2 cm-2 S-1 

using mx=0.335mo2) and vx=4 from eq.(4-10). In unstrained Ge, on 

the other hand, AR = 2.0 x 1021 K-2. cm-2 S-1 is obtained with 

VX=16. In the present case, the estimation based on the equilib -

rium is likely to fail, since the strain force always brings the 

excitons towards the bottom of the well. 

     Temperature dependence of the recombination lifetime To is 

shown in Fig. 35. The lifetime tends to increase as the e-h
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density decreases with increasing temperature. These data enable 

us to obtain the coefficients for radiative and nonradiative-

Auger process, B and C, with the help of the temperature depend-

ence of the density in eq.(2-59). Recombination rate 1/To 

defined as the inverse of the lifetime is connected with the 

density at each temperature and plotted in Fig. 36. In a pure 

sample, the term due to various imperfections, A, in eq.(2-59) 

can be ignored, and a fitting with the remaining two terms is 

carried out. The solid line is the fitting curve to give 

B=2xlO-14 CM3 S-1 and C =8xlO-31 CM6 S-1. The radiative 

efficiency Qr is expressed as 

          Q_ V\ T_ , 

                  V) / C 13 Y~ * C_ Y\-z (4-11) 

The efficiency does not vary noticeably in the range of densities 

in Fig. 36. It lies between 0.2 and 0.3. The assumption that Qr 

is independent of temperature is, thus, justified. From time-

resolved measurements of the magneto-oscillation of the 

luminescence intensity from ordinary droplets in unstrained Ge, 

Betzler et al.31 ) have obtained B = 3 x 10-14 CM3 S-1 , C = 4 x 10-31 

CM6 S-1 and Qr=0.25. Their values are somewhat different from 

the present estimate, but lie in the same order. Using their 

values for B and C, Qr of SCEHL leads to 0.5 -; 0.6. It has been 

reported that the coefficients, B and C depend on e-h pair 

density in e-h liquid. 12-15,113,114)

61



4.5. Free-exciton capture rate by neutral impurities 

     The rate equations (2-56a) and (2-56b) include a free-

exciton capture rate Cx through eq.(2-60). The value for Cx is 

necessary to make theoretical fitting for doped samples. The 

capture rate in Zn-doped Ge has been given by Nakata et 

al.115,116) From time-resolved measurements of far-infrared 

magneto- absorpt ion by bound excitons in Zn-doped Ge,116) they 

have derived a capture rate of 5.4 x 10-9 CM3 S-1 due to a Zn 

impurity. Capture cross section ax by the impurity is calculated 

from eq.(2-66) to be 2.5 x 10-15 CM2 with mx=0.335mo. To obtain 

capture rate by a Be or an In impurity, free exciton effective 

lifetime Tx' has to be measured in Be- or In-doped Ge in the 

absence of e-h droplets. 

     Photoluminescence spectra from free and bound excitons in 

unstrained Ge samples are shown in Fig. 37. The LA- and TO-

phonon replicas are observed for free excitons, while LA-phonon 

replicas for bound excitons and bound excitonic complexes are 

found. Incident power is lower than the threshold power Pth for 

droplet creation. Threshold power is -85 mW in pure Ge without 

strain as shown in Fig. 38. In In-doped Ge, the lines f rom bound 

multiexcitons overlap and are unresolved.117,118) In Be-doped 

Ge, closed-hole-shell state stabilizes the bound double excitons 

captured by double acceptors.74-76) 

      Time-decay of the LA-phonon assisted line of free excitons 

is observed at 4.2 K as shown in Fig. 39. The lifetime Tx of 

free excitons in pure Ge is 4.2 ps. The effective lifetime 'rx' 

of free excitons in Ge/Be 722-21.5 or in Ge/IN-1 is 1.7 -lis or 3.8
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ps, respectively. Dopant concentrations in these samples are 

tabulated in Table 2. From the equation 

           -c" T, + P, (4-12) 

free-exciton capture rate Cx is obtained to be 7.7 x 10-9 CM3 S-1 

for Be impurity, or 3.3 x 10-10 CM3 S-1 for In impurity at 4 .2 K. 

The smaller capture rate for In is consistent with the smaller 

intensity of the bound-exciton line in In-doped Ge. Capture 

cross section derived from eq.(2-66) is listed in Table 3 for 

each impurity with mx=0.335 mo . 

4.6. Impurity effects on recombination process in SCEHL 

      Using the capture rates listed in Table 3, time-decay of the 

luminescence intensity of SCEHL in doped Ge is analyzed . Figure 

40 shows the decay profiles of the luminescence from SCEHL in 

Ge/In-1 at temperatures between 4.2 and 1.8 K. Delay time 

corresponds to a time interval between cut-off time of the laser 

and the time position of a sampling gate. The decay at each 

temperature is similar to that in pure Ge. The spectroscopically 

determined work function and Richardson coefficient are similar 

to those in pure Ge, 1 .1 meV and - 5 x 1017 K-2 cm-2 S-1 , respec-

tively. Temperature dependence of the lifetime of SCEHL in 

Ge/In-1 is shown in Fig. 41. This is almost the same as that in 

pure Ge, although low-temperature values of the lifetime is 

slightly shorter. Lifetime of SCEHL is a little affected by 

strain conditions. It seems that In shallow acceptors contribute 
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to e-h recombination within SCEHL to an invisible extent at a 

                     13 3 concentration of 6.0 x1O cm-

     At a higher In concentration of 3.7 x 1014 cm-3 in Ge/In-2, 

however,, the lifetime is found to be shortened as shown in 

Fig. 42. The scale of the abscissa is expanded twice as that in 

Figs. 34 and 40. We can obtain an induced recombination rate by 

the In impurities in the following way: the e-h density of SCEHL 

in Ge/In-1 is almost the same as in pure Ge, and the intrinsic 

recombination rate consisting of the radiative and nonradiative 

terms, Bn and Cn2, is the same as in pure Ge. Then subtracting 

the intrinsic part from obtained value as the inverse of the 

fitting lifetime, we have extrinsic recombination rate induced by 

In impurities as shown in Fig. 43. The induced rate is likely to 

be constant at temperatures below 3.2 K to be 8.3 x 103 S-1 

(dashed line), and decreases abruptly as temperature rises from 

3.2 to 4.2 K. Using the concentration of 3.7 x 1014, e-h recom-

bination rate per In impurity is obtained as 2.2 x 10-11 CM3 S-1. 

     Luminescence decay of SCEHL in Ge/In-3 with an In concentra-

tio*n of 1.8 x 1015 cm-3 is also observed. The decay profiles at 

4.2 and 1.8 K are shown in Fig. 44. The f ull scale of the 

abscissa is 250 ps. The intensity decay at 1.8 K is well f itted 

by an exponential decay indicated as a solid line with a lifetime 

of 46 ps. Impurity-induced recombination rate in Ge/In-3 is 

1 .7 x 104 S-1 at 1.8 K. 

     Remarkable shortening of the lifetime of SCEHL is found in 

Be-doped samples. Time decay of the luminescence from SCEHL in
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Ge/Be 722-21.5 with a Be concentration of 4.5 x1013 cm-3 is given 

in Fig. 45 for temperatures between 4.2 and 1.8 K. The full 

scale of the abscissa corresponds to 100 Us, one tenth of that 

for pure Ge and for Ge/In-1 having a doping level of the same 

order. Decay time of the luminescence intensity of SCEHL at 

3.2 K in Ge/Be 722-21.5 is not so longed as those in pure Ge and 

in Ge/In-1 , when compared with decay time at 4.2 K in each 

sample. Considerable shortening in lifetime of SCEHL in Ge/Be 

722-21.5 is expected around at 3.2 K. The e-h pair density and 

the work function in Ge/Be 722-21.5 are found to be 4.1 x 1016 cm-3 

and 0.9 meV, respectively, from spectroscopic measurement. In 

                                        16 3 eq.(4-3), no should be replaced by 4.2 x 10 cm- The same 

value for the Richardson coef f icient, - 5 x 1017 K-2 cm-2 S-1 , is 

used as in pure and In-doped samples. Induced recombination rate 

by Be impurities in SCEHL is derived by taking the intrinsic rate 

composed of Bn and Cn2 from the inverse of a fitted lifetime. 

Temperature dependence of the induced recombination rate is dis-

played in Fig. 46. The rate is quite prompted around at 3 K and 

tends to increase with rising temperature. Recombination rate per 

Be-impurity in SCEHL is estimated as 7.2 x 10-10 CM3 S-1 at 1.8 K, 

more than 30 times as large as that per In impurity. 

     Intensity decay of LA-phonon assisted line of SCEHL in Ge/Be 

727-15.0 with a Be concentration of l.ox 1015 cm-3 is observed at 

4.2 and 1.8 K as shown in Fig. 47. The lifeti .me from a fitting 

with an exponential decay is 24 Us at 1.8 K, comparable with that 

in Ge/Be 722-21.5 having 4.5 x 1013 cm-3 Be impurities. Alfve*n
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wave dimensional resonance has not been observed in Ge/Be 727-

15.0. There is a possibility that the observed intensity from 

the strain-well region is not wholly due to SCEHL. 

      Temperature dependence of time decay of I;A-phonon assisted 

line intensity of SCEHL in Ge/Zn-1 is shown in Fig. 48. Line 

shape fitting is performed with the same rate equations as 

before. Fitted lifetime is by 1.2 x1014 Zn impurities 28 lis and 

that corresponds to an i mpurity- induced recombination rate of 

3.1 x1O 4 S-1. recombination rate per Zn deep-impurity is, then, 

2.6 x10-10 CM3 S-1. At temperatures below 2.2 K, the lifetime of 

SCEHL in Ge/Zn-1 is almost constant. At higher temperatures, on 

the other hand, SCEHL is quite unstable and the lifetime appears 

to be shortened as evidenced from absence of the dimensional 

resonance. 

      In summary, electron-hole recombination in SCEHL is enhanced 

by impurities. The magnitude of induced recombination rate is 

largely dependent on impurity nature. The effect is considerably 

large for deep-level impurities such as Be or Zn double 

acceptors, compared to shallow impurities like In acceptors. 

Nonradiative recombination is noticeably accelerated by deep 

impurities, since the luminescence intensity from SCEHL decreases 

with increasing concentration of the impurities. For In im-

purities, the intensity decrease is not so marked. Recombination 

rate at 1.8 K per each impurity in SCEHL is tabulated in Table 4.
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4.7. Transient behavior of Alfven wave dimensional resonance of 

       SCEHL 

      As mentioned in section 2, dimensional resonance occurs 

within SCEHL at magnetic fields where half integral multiples of 

Alfven wavelength coincide with the linear dimension of SCEHL. 

After the excitation light pulse is turned off, we can observe 

Alfven wave dimensional resonance (AWDR) of SCEHL at decreasing 

magnetic fields with shrinking radius. Figure 49 shows AWDR 

peaks observed in 35 GHz magneto-absorption measurements at 1.6 K 

in various samples. Delay times after the excitation pulse are 

so adjusted that AWDR peaks may be observed almost at the same 

field position in each sample. mode separation of AWDR is found 

in Ge/Be 722-21.5 and in Ge/Zn-1. The peak denoted as e or as h 

corresponds to e- or h-'~like mode. The field position gives 

information on radius of SCEHL. The linewidth is a direct 

measure for the carrier scattering rate within SCEHL. 

      Circular-polarized magneto- absorption of 35 GHz waves at 

1.8 K due to photoexcited systems in pure Ge is exhibited in Fig. 

50 for various delay times. Sharp peaks below 0.3 T are cyclo-

tron resonances of electrons and holes around SCEHL. Anisotropic 

masses of carriers make each cyclotron resonance more or less 

active in both polarizations. Broad peaks appearing at higher 

fields are AWDR signals. With increasing delay time, these peaks 

shift to lower fields because of shrinkage of the radius. The 

largest peak in each trace corresponds to the fundamental AWDR. 

The linewidth of AWDR reveals a characteristic behavior of being 

proportional to the field position of AWDR. The resonance line-
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width AB is expressed as 106) 

       6 B ~ B NZ / W 7 (4-13) 

in the high-field limit. Equation (4-13) states that AWDR has no 

difference between both polarizations. Experimentally, however, 

the field is not so high, and imbalance between the two modes, 

such as difference in mass or scattering rate between electrons 

and holes in SCEHL, causes the mode separation.107) The funda-

mental AWDR in the h-active mode appears at a higher field than 

in the e-active, since, in this field direction, cyclotron mass 

of heavy holes is larger than that of electrons. Resonance field 

of AWDR has been found to follow a change in cyclotron resonance 

field.107) The linewidth in the h-active mode is broader than 

that in the e-active, probably owing to a warping nature of the 

valence bands.91) 

     The AWDR in Ge/Zn-1 by linear-polarized millimeter waves is 

shown in Fig. 51. Two major peaks above 0.5 T in each trace 

correspond to the AWDR. Linear -polar i zed waves can be divided 

into the right- and the left.-circular-polarized waves. Cyclotron 

resonance of heavy holes is observed at a higher field than that 

of electrons. One of the two AWDR peaks at a higher field is 

identified as the AWDR in the h-active mode, while the other at a 

lower field as that in the e-active mode. The linewidths of the 

peaks are almost proportional to the resonance fields. The 

widths are, however, broader than those in pure Ge. Broadening 

of the h-active peak, in particular, is remarkable. The reso-
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nance amplitude of the h-active peak decays faster than that of 

the e-active as the resonance field decreases with delay time. 

The Alfven wave mode in Ge/Zn-1 seems to be largely modified by 

enhancement of carrier scattering in SCEHL. Such a behavior is 

also recognized for the AWDR in Ge/Be 722-21.5 as will be 

mentioned later. 

      Although eq.(2-89) contains an averaged relaxation time T
av 

between electrons and holes, the equation is fitted to the e- and 

h-active AWDR peaks to give different values for the resonance 

field, the relaxation time and the resonance amplitude between 

the both polarization modes. Carrier scattering rate is defined 

as the inverse of the relaxation time. The scattering rates in 

the e- and the h-active modes are regarded to yield scattering 

rates of electrons and of holes in SCEHL, respectively. Varia-

tion of these scattering rates in pure Ge and in Ge/Zn-1 is 

displayed in Fig. 52. The scattering rates tend to decrease with 

delay time in qualitative agreement with the result obtained in 

the magneto-acoustic measurements that carrier-carrier scattering 

decreases with delay time on account of the decreasing density, 

as shown in Fig. 16. Apparent increase in the hole scattering 

rate in pure Ge is connected with the warped nature of the 

valence bands.91) The e-h density in Ge/Zn-1 is found almost the 

same as in pure Ge from the above photoluminescence measurements. 

Scattering rate induced by Zn impurities can be estimated by 

removing the intrinsic part due to carrier-carrier scattering 

from the total scattering rate in Ge/Zn-1. This estimate is made 

at a delay time region in which the density remains constant
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(holizontal lines in Fig. 52). The induced scattering rates by 

1 .2 x 10 14 cm-3 Zn impurities are 1.2 x 1010 S-1 f or electrons and 

2.7x 1010 S-1 for holes in SCEHL. The induced scattering rate 

for holes is more than twice as large as that for electrons. 

Assuming the induced rate to be simply proportional to Zn con-

centration, we obtain the induced scattering rates per Zn im-

purity to be 1.0 x 10-4 CM3 S-1 for electrons and 2.3 x 10-4 CM3 S-1 

for holes at 1.6 K. 

      Linear-polarized 35 GHz waves magneto-absorption data in 

Ge/In-1 are depicted at delay times between 400 and 1200 ps in 

Fig. 53. The most intense peak in each trace is the fundamental 

mode of the AWDR. The mode separation as seen in Ge/Zn-1 is not 

observed. The linewidth of the AWDR is the same as that in pure 

Ge reported in refs.41 and 42. Effect of scattering by In im-

purities in SCEHL is quite small at a concentration of 6.0 x 1013 

CM3. The radius decay rate in Ge/In-1 obtained by time depend-

ence of the resonance field is not different from that in pure 

Ge. In Ge/In-2, having a higher In concentration of 3.7 x 1014 

cm-3, however, the linewidth of the AWDR is broadened, suggesting 

carrier-scattering is brought forth by In impurities as shown in 

Fig. 54. The resonance field decays more rapidly than in pure 

Ge, indicating the radius decay rate is accelerated. The mode 

separation into the e- and h-active resonances is not seen even 

in Ge/In-2. From a lineshape fitting, delay-time dependence of 

the total scattering rates in Ge/In-1 and in Ge/In-2 is depicted 

at 1.6 K in Fig. 55. The scattering rate in Ge/In-1 is the same 

as in pure Ge, 42) -1.6 x 1010 s-1 . The e-h density of SCEHL in
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Ge/In-2 is almost equal to the density in pure Ge. Scattering 

rate induced by 3.7 x 1014 cm-3 In impurities is 1.8 x 1010 S-1 and 

an In impurity has a scattering rate of 4.9 >~ 10-5 CM3 S-1 at 

1 .6 K. 

      The AWDR at 1.6 K in Ge/Be 722-21.5 is displayed in Fig. 56 

for delay times between 80 and 120 ps. Two large peaks in each 

trace are the AWDR signals. One at lower field is identified as 

the h-active mode, while the other at higher field as the e-

active mode by means of circular-polarized AWDR measurements as 

shown in Fig. 57. Sharp peaks below 0.5 T are due to cyclotron 

resonance of electrons. Cyclotron resonance of holes is in-

visible. The e-active AWDR peak appears at a higher field than 

the h-active resonance field. The linewidth of the e-active AWDR 

is narrower than that of the h-active. The peak at higher field 

in each trace in Fig. 56 is thus assigned to be the e-active 

resonance. The total scattering rates obtained by theoretical 

fitting in Ge/Be 722-21.5 are plotted in Fig. 58. Delay-time 

dependence of the rates is quite similar to that in Ge/Zn-1. In 

Ge[Be 722-21.5, the e-h pair density within SCEHL is 4.1 x 1016 

   -3 16 3 cm 
at 1.6 K,, smaller than the density in pure Ge, 6.5 x 10 cm-

Carrier-carrier scattering rate is scaled down by the ratio of 

the density. This procedure is not so bad compared with the 

density dependence of the carrier-carrier scattering rate given 

by the m agneto- acoustic measurements in Fig. 17. The difference 

in scattering rate between electrons and holes in Fig. 58 

coincides with the apparent increase due to the warping nature of 

the valence bands. The induced scattering rate by 4.5 x 10 13 c M - 3 
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Be impurities is 1.9 x 1010 S-1 both for electrons and for holes. 

The induced scattering rate per Be impurity is reduced to 

4.2 x 10-4 CM3 S-1 at 1.6 K. The induced scattering rate per 

impurity is listed in Table 5. 

     In Ge/Zn-2, AWDR is observed with quite weak intensity as 

shown in Fig. 59. The peak appearing at -1.8 T corresponds to 

AWDR,, since it shifts to lower fields with delay time. Amount of 

the- shift is small and the peak disappears very rapidly. 

Detailed analysis, accordingly, is impossible. Sharp peaks 

below 0.7 T are due to cyclotron resonance of electrons. H ole 

resonance probably contributes to a nonresonant background. 

      Radius of SCEHL is proportional to resonance field of AWDR 

as expressed in eq.(2-91 Time dependence of the resonance 

field is given by the fitting as shown in Figs. 50 ,, 51, 53, 54 

and 56. Radius-decay profile can be obtained by replacing the 

resonance field by radius. Delay-time dependence of radius of 

SCEHI;' in doped samples is displayed in Figs. 60 and 61. R adius 

decay shows dual decay times in Ge/Zn-1 and likely in Ge/Be 722-

21.5. With a large radius, compression by the strain force in 

eq.(2-63) acts on SCEHL to increase the e-h density. The 

lifetime of SCEHL is, then, shortened. The compression is weak, 

on the other hand, with a small radius and the lifetime is not 

shortened. Radius-decay times are 90 and 180 ps in Ge/Zn-1, and 

75 and 250 lis in Ge/8e 722-21.5. The lifetime of SCEHL has been 

measured at 1.8 K from time-resolved luminescence measurement to 

be 28 s in Ge/Zn-1 and 29 ps in Ge/Be 722-21.5 for delay time 

within 100 ps, consistent with the radius decay. The radius-
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decay times are 1000 ps in Ge/In-1 and 210 ps in Ge/In-2. In 

these samples, compression effect is not seen and may appear at 

shorter delay times. 

     Resonance field dependence of the AWDR amplitude is plotted 

in Fig. 62. Remarkable separation between the e- and h-active 

modes is well evidenced in Ge/Zn-1 and in Ge/Be 722-21.5. The 

field dependence of the h-active modes in both samples is well 

f itted by the f if th power of the f ield. While the e-active modes 

show the fourth-power dependence on the field. The e- and h-

active modes in pure Ge are quite similar to each other and 

fitted by the fourth power of the field. No separation is ob-

served in In-doped samples, and the amplitudes agree well with 

the fourth-power dependence on the field. The hole-active modes 

have stronger dependence on the resonance field than the e-active 

when the mode separation is large. In this case, the h-active 

mode decays rapidly compared with the e-active as the resonance 

f ield decreases. 

4.8. Temperature dependence of the AWDR 

     Temperature dependence of AWDR of SCEHL in Ge/In-1 is 

depicted in Fig. 63. Delay times are so fixed at each 

temperature that AWDR may be observed almost at the same field. 

Higher harmonics are seen at fields lower than that for the 

fundamental mode. As temperature is decreased, the AWDR peak 

becomes more distinct and narrower. The linewidth of AWDR in 

Ge/In-1 is quite similar to that in pure Ge at all temperatures 

studied. Scattering induced by 6.Ox 1013 cm-3 In impurities in
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SCEHL is small at all the temperatures. Drastic difference is 

found for temperature dependence of AWDR in Ge/Be 722-21.5 as 

exhibited in Fig. 64. Delay time at each temperature is fixed so 

that the AWDR peaks can be observed almost at the same field 

positions. Far from being narrowed, the peaks are observed to be 

broadened with decreasing temperature. Scattering by Be double 

acceptors is stronger at lower temperatures. The mode separation 

is observed at all temperatures. 

     By fitting eq.(2-89) to the experimental data, temperature 

dependence of carrier scattering rate in SCEHL is obtained. 

Fitted scattering rates are plotted in Fig. 65 against the square 

of temperature. The bold line corresponds to the temperature 

dependence of the carrier-carrier scattering found in pure Ge.42) 

The e-h pair density within SCEHL in Ge/In-1 has been found to be 

almost the same as in pure Ge. Scattering process in Ge/In-1 is 

solely due to the carrier-carrier scattering at low temperatures. 

At higher temperatures, however, the scattering rate increases in 

comparison with that in pure Ge. Indium shallow acceptors are 

more effective at higher temperatures in scattering process 

within SCEHL. This will be due to weakened screening by 

decreasing e-h density with increasing temperature. 

     Carrier scattering is quite enhanced by Be deep acceptors. 

Since the doping level of Be impurities in Ge/Be 722-21.5 is very 

close to that of In impurities in Ge/In-1, Be impurities are 

understood to have a strong influence on carrier transports in 

SCEHL. Contrary to the behavior of In impurities, Be impurities 

increases the scattering for holes as temperature is lowered.
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The scattering for electrons remains almost constant. Removing 

the part of the carrier-carrier scattering with the observed e-h 

pair density from the scattering rates in Fig. 65, we have tem-

perature dependence of the induced scattering rates by 4.5 x 10 13 

cm -3 Be impurities. If the induced scattering rates are plotted 

against temperature in logarithmic scale, the rates are found to 

be well fitted by a log T-dependence, as shown in Fig. 66. The 

both lines fitted to the induced scattering rates seem to 

converge and to tend to zero. Such an unusual behavior of the 

scattering rates has never been observed else in any system 

composed of photoexcited carriers in semiconductors.
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§5. Discussion 

5.1. Impurity-induced recombination in SCEHL 

     As seen from Table 4, deep impurities such as Be and Zn have 

a significant influence, compared to a shallow impurity In, on e-

h recombination process in SCEHL. The induced recombination 

rate, however, is not expressed by a simple form as a function of 

the impurity activation energy. Despite the fact that the 

activation energy of Be impurity is smaller than that of Zn 

impurity as listed in Table 2, Be impurity has a larger 

recombination rate than Zn impurity. Such a reversal in order is 

also observed in free-exciton capture rate, bound-exciton binding 

energy and affinity energy for an additional hole bound to a 

neutral acceptor (an A+-center). Free-exciton capture rate is 

tabulated in Table 3, larger for Be impurity than for Zn 

impurity. The binding energy of bound exciton captured by Be 

impurity is 5.6 meV,75,76) while that by Zn impurity is 3.2 

meV.100) The binding energy of the Ge/Be A+-center is 4.5 meO. 

This is larger than the binding energy of the Ge/Zn A+-center 

tha . t is 1.9 meV.120 ) These reversals against the trend of the 

impurities activation energy will require a microscopic argument 

to be exactly understood.

tUnpublished value reported by E.E. Haller and R.E. McMurray, Jr. 

 after a reexamination of the value in ref.77, which has been 

 cited in ref.119.
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      Induced recombination rate by In impurities remain almost 

constant at low temperatures. The e-h density in SCEHL decreases 

with increasing temperature because of the thermal expansion , and 

the recombination rate is independent also of the density. The 

recombination through In impurity may be thought as a sort of 

recombination via a trap, like the Shockley-Read process .121) 

If so, the abrupt decrease in the induced recombination rate is 

attributable to thermal dissociation of trap-like states. For Be 

impurities, on the other hand, the recombination rate strongly 

depends on temperature. Increase with temperature is possibly 

due to nonradiative- m ultiphonon-e mission process127) accompanied 

by local displacement of Be impurity. The multiphonon emission 

is enhanced as population of phonons grows with temperature. The 

process has been invoked to interpret nonradiative recombination 

of injected carriers through isolated Be impurities in Si128) 

Anomalous increase about at 3 K is incapable of being explained 

with the multiphonon recombination. Investigation for electronic 

structures will be necessary for Be impurities within SCEHL. In 

Ge/Zn-1, SCEHL is unstable and detailed comparison with Zn 

impurities is not available. 

     Recombination through a virtual bound state such as a bound-

exciton state was proposed to be responsible for e-h recombina-

tion within ordinary e-h droplets in As-doped Ge.52) T his 

supposition was based on the observation of a strong line which , 

Benoit a la Guillaume and Voos claimed, was due to no-phonon 

assisted emission from the droplets. In the present experiments, 

the bound-excitonic state in recombination is excluded, since 

bound-exciton lines almost disappear at 1.8 K. Intensity diminu-

tion with dopand concentrations suggests a dominance of the 
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 nonradiative process by deep acceptors. For ordinary droplets in 

 Ge, Chen et al.51 ) have reported that the lifetime of droplets is 

unchanged by As or Ga shallow impurities up to As concentration 

of 4 x 10 15 c m - 3 or Ga concentration of 2 x 10 15 C m - 3 at 2 K. An 

ordinary e-h droplet in Ge has a higher e-h density of 2 .2 x 1017 

cm-3 32) than that of SCEHL, and a higher recombination rate of 

2.5 x1 04 S-1 . Furthermore, screening of a shallow impurity 

potential is more effective in ordinary droplets, as will be 

described later. To observe a lifetime shortening for ordinary 

droplets, higher concentration of shallow impurities is neces-

sary. Actually, the lifetime has been found shortened by the 

impurities with a concentration more than 1016 cm-3 at 2 K . 

5.2. Scattering by impurities in SCEHL 

     Scattering rates per impurity in SCEHL are listed in Table 

5. The rates for Be and Zn deep acceptors are larger than that 

for In shallow acceptor. The reversal trend of the scattering 

rates against the activation energies is also observed between Be 

and Zn impurities. This implies that individual natures of deep 

acceptors are well -established even in SCEHL. In the case of Zn 

impurity, the scattering rate for holes is larger than that for 

electrons. It is similar to free-carrier scattering , in which 

donors scatter electrons more strongly than holes and the reverse 

is true for acceptors.122) Scattering rate per In impurity is 

3.3 x 1076 CM3 S-1 1 22)~ for electrons at 1 .5 K. The present 

values in SCEHL is much greater than that for electrons , possibly 

owing to the Fermi velocity in SCEHL two orders of magnitude 

larger than the thermal velocity of electrons . Electron scatter-

ing rate per zn impurity has been obtained as 9 .8 x!O- 7 cm 3 s- 1 at 
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1.5 K under such high stress as destroying the Zn bound excitons 

 which act as donor-like scattering centers. In Be-doped Ge , 

scattering of holes is stronger than that of electrons . As seen 

in Fig. 58, the hole scattering rate is quite enhanced at short 

delay time. It gradually decreases with delay time and almost 

coincides with the electron scattering rate. 

      Difference in scattering rate between electrons and holes 

causes imbalance of millimeter-waves response between the two 

types of carriers. Theoretical calculation has predicted that 

the imbalance transforms the dimensional resonance of SCEHL from 

Alfven-wave mode inherent to compensated plasma to helicon-wave 

mode to one component plasma.107) Such a behavior is well 

evidenced in Fig. 62. A large mode separation of AWDR is 

recognized in Ge/Be 722-21.5 and in Ge/Zn-1. In an Alfven wave 

resonance, resonance amplitude depends on the cubic power of 

radius; namely, on the cubic power of the resonance field 

resulting from eqs.(2-90) and (2-91 ). In a helicon wave 

resonance, on the other hand, the magnitude is proportional to 

the fifth power of the resonance field.106) In both samples, the 

magnitude of the h-active mode exhibits the fifth-power 

dependence on the field, while that of the e-active shows the 

fourth-power dependence. The linewidth of each mode is still 

proportional to the resonance field. This is a characteristic 

behavior of AWDR. The helicon wave resonance has a constant 

linewidth independent of resonance field. If the hole scattering 

rate gets larger, the hole-active mode will disappear and the 

dimensional resonance will ultimately lead to the helicon wave 

resonance. In the present case for AWDR in Ge/Be 722-21 .5 and 

Ge/Zn-1, a dual nature accounting for both Alfv4n and helicon 
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waves is observed. 

      The log T-dependence of the induced scattering rates by Be 

impurities in Fig. 66 is too unusual to be explained with a 

simple model. Recently, it has been pointed out that log T-

dependence can be observed in DC-resistivity of a metal without a 

spin interaction. 12 3) In the case of the s-d interaction between 

a travelling spin of a conduction electron and a localized spin 

of a magnetic impurity, log T-dependence of DC-resistivity in a 

metal is quite well known as the Kondo effect. Instead of the 

spin interaction, dynamical state consisting of two levels, such 

as tunneling interaction between two levels may contribute to the 

log T-behavior in the resistivity.123,124) Frequency of milli-

meter waves is very small and scattering rate monitored by 

millimeter-waves magneto-absorption technique is usually equated 

to DC-scattering rate.122) One possible reasoning to explain the 

log T-dependence of the Be-induced scattering rates is such a 

11pseudo -Kondo effect" arising from a tunneling interaction in 

Fermi liquid. There is no evidence, however, that a Be double 

acceptor forms a tunneling-two-level system. Detailed investiga-

tion is necessary to clarify the unusual temperature dependence 

of the scattering rates. 

5.3. Mott's criterion for ionization of an impurity in SCEHL 

     Consistent results are obtained between recombination prop-

erties from the time-resolved luminescence measurements and 

transport properties from the Alfve'n wave dimensional resonance 

experiments. Indium shallow impurities have a small effect on e-h
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recombination and carrier scattering in SCEHL. While Be and Zn 

impurities markedly affect the recombination and the scattering. 

Qualitative understanding of these results is made possible by 

considering ionization criterion for an impurity in SCEHL. 

Introducing a screening length XTF by the Thomas-Fermi formula as 

125) 

                              A13 

             Tr_ 4e. VA 1 (5-1)

where m* is the effective mass of carriers, n is the carrier 

density and is the dielectric constant. For a hydrogenic 

impurity having a screened potential 

                               - i 
                 4ex. T_ T T_ 3 r (5-2) 

an effective Bohr radius is defined as 

          01% k (5-3) 

A carrier bound in the potential (5-2) will be released, if the 

following condition is satisfied: 

                      CK T 

namely 

                           < 01~ (5-4) 

The relation (5-4) is called the Mott criterion for impurity
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ionization. 

     In SCEHL, we have n-1 /3 - 260 A. Shallow acceptor In has aB 

  40 A. Although the condition (5-4) is invalid, 4aB * is not so 

small in comparison with n-1/3. Then the potential of In im-

purity is effective on carriers in SCEHL, and we find that scat-

tering and recombination are induced by In impurities but to a 

small extent. An ordinary e-h droplet in unstrained Ge has n-1/3 

  170 A and the condition (5-4) almost holds. 

     The criterion (5-4) cannot be directly adopted for double 

acceptors, since a double acceptor is a helium-like impurity. 

For a double acceptor, we may put an outer orbital radius rA * in 

place of the effective Bohr radius aB First ionization energy 

of a real helium atom is 1.8 times as large as the Rydberg 

energy of a hydrogen, and the ls-orbital radius 0.57 times as 

large as the hydrogen Bohr radius.126) As seen from Table 2, the 

first activation energy of Be double acceptor or Zn double 

acceptor is 2.2 times or 2.9 times as large as the effective 

Rydberg energy of In impurity. The relative activation energies 

of both deep impurities are larger than expected from the He-like 

model. By making a simple scaling adjustment, the impurity 

radius is estimated as 19 A for Be impurity or as 14 A for Zn 

impurity. For double acceptors, the Mott criterion is far from 

being valid in SCEHL. Potentials of these deep impurities will 

then have a short-range nature. Carriers will see nearly a bare 

impurity potential due to Be or Zn impurity. This is the reason 

why scattering and recombination in SCEHL are so augmented by the 

deep impurities. The strong potentials give rise to carrier
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binding to the impurities. Probably holes are bound to Be and Zn 

double acceptors. Deep impurity such as Be or Zn acceptor is 

likely to be neutralized. The neutralized impurity in SCEHL 

might be somewhat different from an isolated neutral impurity. 

Carriers bound to the neutralized impurities might recombine with 

the other type of carriers. In that case, the pseudo-neutral 

impurity acts as a recombination center to decrease the lifetime 

of SCEHL. Transport properties in SCEHL will also be influenced 

by the neutralized impurities.
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§6. Conclusion 

      Experimental results are now summarized. From the magneto-

acoustic measurements, the properties of SCEHL in pure Ge have 

been investigated: 

   1 . Electron-hole pair density in SCEHL reflects thermal 

       expansion effect and decreases with temperature. 

   2. Carrier-carrier scattering has been observed clearly. 

   3. The density increases at high magnetic fields. 

      Spatial resolution measurements for steady-state luminescence 

from ordinary droplets and SCEHL have been performed. 

   4. On the basis of the one-dimensional drift equation, 

       momentum relaxation rate for an e-h pair in ordinary 

      droplets is estimated. The relaxation rate induced by 

      Zn deep impurities is (4.8 ± 0.3) x 109 S-1 at 1.8 K. 

     Time-decay profile of the luminescence from SCEHL has been 

measured at temperatures at 4.2 and 1.8 K. The data have been 

analyzed by the rate-equation method. 

   5. Effect of shallow acceptor In on recombination process 

      in SCEHL is small. 

   6. Double acceptors Be and Zn remarkably decrease the 

      lifetime of SCEHL. 

   7. Temperature dependence of the induced recombination 

       rate by Be impurities shows unusual behavior. 

   8. Radiative and nonradiative-Auger recombination 

       coefficients have been obtained to be B =2 x10-14 cm3 s-1 

       and C = 8 x 10-31 CM6 S-1 . respectively. Corresponding 

       radiative efficiency is between 0.2 and 0.3.
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   9. Free-exciton capture rate has been derived for Be, Zn 

      and In impurities and listed in Table 3. 

  10. The impurity-induced recombination rate per impurity at 

      1.8 K has been tabulated in Table 4. 

     Alfven wave dimensional resonance of SCEHL has clarified 

impurity effects on transport phenomena in SCEHL. 

  11. Shallow impurity In contributes to carrier scattering 

      to a small extent. 

  12. Marked increase in scattering rate has been found in Ge 

      doped with Be or In deep impurities. 

  13. Inbalance between electron and hole scatterings is 

       caused by deep impurities. Dimensional resonance shows 

      a dual nature of Alfv~en waves and helicon waves. 

  14. The impurity- induced scattering rate per impurity at 

      1.6 K has been listed in Table 5. 

  15. The Be-induced scattering rates for electrons and for 

      holes show the log T-dependence. One of the possible 

       causes of the unusual dependence is the "pseudo-Kondo 

      effect" due to dynamic-tunneling interaction in Fermi 

      liquid. 

High influence of the deep acceptors has been qualitatively 

recognized by the Mott criterion for impurity ionization. The 

potentials of the deep impurities have such a short-range nature 

that they are not screened. 

     Far-infrared magneto-absorption by SCEHL in pure Ge has been 

observed at 4.2 and 1.8 K as shown in Fig. 67. The peak around 

at 3.5 T becomes distinct at 1.8 K. Far-infrared magneto-
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absorption technique has been widely used for ordinary droplets 

in unstrained Ge. While few works have been presented on 

submillimeter-waves magneto -absorption of SCEHL. Investigation 

in this field will be a subject for future study. In this thesis 

work, the effect of acceptors has been studied in detail and 

nothing has been attempted for donors. To examine effects of 

donors is expected to add a good deal of information to our 

knowledge on impurity effects on this nonequilibrium Fermi liquid 

in Ge.
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Figure 

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Captions

      Photographs of strain-confined electron-hole 

liquid (SCEHL) in pure Ge and 6.0 x 1013 cm-3 In-doped 

Ge. Disc-shaped Ge crystal with a 4 mm diameter and a 

height - 3.5 mm is set in a sample holder and immersed 

in liquid helium. Inhomogeneous strain is introduced 

into the sample with a screw. The sample was excited 

by a cw-Ar+-laser. These pictures have been taken by 

an infrared-sensitive vidicon system which detects e-h 

recombination luminescence at -1.7 pm from the sample. 

A strain well is formed just inside the sample from the 

point contacted by the screw, and SCEHL is produced in 

the well. The second bright spot is due to recombina-

tion emission under the laser spot in each sample. 

     The origin of the quantum oscillation in the 

magneto-acoustic attenuation by SCEHL is illustrated 

(see text). 

     Schematical representation of radiative recombina-

tion in SCEHL. Just one conduction band is drawn 

taking account of the single valley population. It is 

filled up to the Fermi level Fe' The band should, 

actually, be shifted to the Brillouin zone edge in Ge. 

The valence band is occupied to the Fermi level Fh* 

The Fermi levels Fe and Fh are denoted EFe and EFh in 

the text. 

     Top: Overview of the sample and its holder used in 

the experiments. The sample diameter is 0.4 cm. For 
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Fig. 5

Fig. 6

Fig. 

Fig.

7 

8

Fig. 9

excitation, a laser beam is focussed on the spot marked 

+. The position of the aperture for spatial resolution 

measurements is denoted as X. Bottom: Spatial dis-

tributionof luminescence intensity along the diameter. 

The a-drops generated at the laser spot around X, move 

into the strain well with a drift velocity vd- Strain-

confined EHL appears in the well around XS* 

     Strain-confined EHL and coexisting excitonic 

atmosphere in the strain potential. Processes labelled 

(l)-(5) are e-h recombination in SCEHL, free-

exciton(FE) evaporation from the surface of SCEHL, 

free-exciton back flow into SCEHL, recombination of a 

free exciton and free-exciton capture by a neutral 

impurity, respectively. Free exciton captured by a 

neutral impurity forms a bound exciton (BE).99,100) 

      (a) Sample mounting arrangement for magneto-

acoustic measurements. Magnetic field is parallel to 

the acoustic propagation path. (b) Overview of the 

above system. Transducer covers an area where SCEHL 

exists. 

     Block diagram of the experimental setup for 

magneto-acoustic measurements. 

     Block diagram for photoluminescence measurements. 

Symbols, M, L, F and A are a mirror, a lens, a glass 

filter and an aperture, respectively. 

     Waveguide system for circular-polarized 35 GHz 

millimeter waves magneto- absorption measurements. 
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Fig.

Fig.

01

11

Fig. 12

Fig. 13

Linear-polarized waves from a klystron is transformed 

into circular-polarized waves by a polarizer. The 

waveguide is mainly made of a conducting Cu-Ni pipe 

with a small thermal conductivity. Excitation light 

from a xenon flash lamp is guided through a dual core 

glass rod with one edge bent. The system was designed 

for utilization with a superconducting solenoid up to 

6 T. 

     Block diagram for multichannel time-resolved 

measurements of magneto-absorption of circular-

polarized 35 GHz waves due to SCEHL. 

     Recorder traces of the magneto-acoustic attenua-

tion due to SCEHL at various temperatures. Acoustic 

propagation and magnetic field are along the <001> 

direction. These data were taken at 50 ps af ter the 

photoexcitation pulse. Indices n=1, 2 and 3 denote the 

Landau quantum numbers of electrons crossing the Fermi 

level. The ground levels for the upper four traces are 

given by horizontal lines, a, b, c and d. 

     Fitting examples using eq.(2-23). Solid lines are 

the experimental data at 3.0 K and at 2.2 K. Open 

circles give the theoretical lines given by eq.(2-23) 

with EFe = 2.7 meV and Fe = 0.55 meV at 3.0 K, and EFe 

  2.9 meV and re = 0.48 meV at 2.2 K. 

     The e-h density in SCEHL plotted against the 

2 square of the temperature T The density is obtained 

from eq.(4-1). The solid line corresponds to the least 
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Fig. 

Fig.

Fig.

Fig.

Fig.

14 

15

16 

17 

18

Fig. 19

Fig. 20

Fig. 21

square fitting of eq.(4-3). 

     The scattering rate of electrons in SCEHL versus 

T2. The solid line is given by eq.(4-5). 

     Magneto-oscillations of SCEHL at various delay 

times at 1.7 K with an ultrasonic frequency of 140 MHz. 

Horizontal bars labelled a, b, c and d give the ground 

levels as in Fig. 11. 

     Variation of the density and the scattering rate 

with delay time at 1.7 K. 

     Density dependence of the scattering rate deduced 

from the data in Fig. 16. 

     The upper trace is the magneto-acoustic 

attenuation for 9//<110> at 1.9 K, while the lower for 

B//<001>, corresponding to Fig. 11 and 15. 

     The e-h pair density as a function of the magnetic 

field. The density has been determined at each peak in 

the data at 140 Ps and at 160 ]is after the excitation 

photopulse. 

     Magneto-oscillation by SCEHL in Ge/Zn-1. 

Magnetic field and acoustic propagation are parallel to 

the <110> direction. The data were taken at 1.9 K at 

60 ps after the excitation with an ultrasonic frequency 

of 180 MHz. 

     Photoluminescence spectra in radiative recombina-

tion including an LA-phonon emission from SCEHL and 

free excitons in pure Ge. Abscissa gives an emitted 

photon energy in the recombination. Incident power is 
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Fig. 22

Fig. 23

Fig. 24

Fig. 25

Fig. 26

170 mW. Spectral resolution is indicated in the 

figure. These data have been taken under a steady-

state excitation at temperatures indicated. 

      Luminescence spectra from SCEHL and excitons in 

pure Ge and in Ge/Zn-1 at 4.2 K with a cw-laser power 

of 400 mW corresponding to an incident power of 200 mW. 

Abscissa gives photon energy. Symbols y and a denote 

bound excitons and bound double excitons captured by 

neutral Zn impurities.74) These spectra are taken 

without spatial resolution. 

      Steady-state spectra of the LA- and TA-assisted 

luminescence from e-h drops in pure Ge, Ge/Zn-1 and 

Ge/Zn-2 at 1.7 K. The incident power Pinc of the laser 

is calibrated to be 240 mW. 

      Time-resolved specctra from e-h drops are obtained 

at 1.7 K in pure Ge for various delay times between 0 

and 300 ps. The abscissa is scaled by wavelength on 

the bottom, while by photon energy on the top. The 

laser power of 300, mW corresponds to P 180 mW.                                             inc 

Pulse duration of the laser 100 Ps. 

     The time-resolved spectra in Ge/Zn-1 at delay 

times between 0 and 60 Ps at 1.7 K. The laser pulse 

has a 100 ps duration and a 500 mW power, corresponding 

to Pinc = 300 mW. 

     Time-variation of the photolumines ,cence intensity 

of the LA-line from SCEHL after the laser pulse at 

1.7 K. The intensity is plotted in a logarithmic 
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Fig. 27

scale. Circles and triangles are the experimental 

data. Solid lines indicate exponential decay of the 

intensity with lifetimes, 150 ps in pure Ge, 30 ps in 

Ge/Zn-1 and 10 ps in Ge/Zn-2. 

      Photoluminescence spectra for LA-phonon assisted 

lines in pure Ge with and without strain at 4.2 K 

(solid lines). In an unstrained sample, ordinary drop-

lets and free excitons are observed (the upper trace). 

Open circles give a fitting result with the band-bottom 

energies for the droplets and the excitons, EG' = 705.6 

X meV and E
G = 713.4 meV, and the Fermi energies, 

EFe = 2.2 meV and EFh = 3.6 meV. The sample is illumi-

nated by unfocussed laser beam having a spot radius of 

-1 mm and an incident power of 150 mW. The spatially 

resolved spectra at the well in a strained sample have 

been taken at 30 ps after the focussed excitation pulse 

(the'lower trace). The dashed line labelled Y is the 

component in the theoretical spectra from SCEHL and 

free excitons in the excitonic shell. The other line a 

is that from ordinary droplets and coexisting free 

excitons around the well. The total intensity (open 

circles) is given as an addition of the Y- and a-

components. Fitting parameters for the Y-component are 

as follows:_ E ' of SCEHL and EX of the excitons in the              G G 

shell are 705.5 and 710.6 meV, and the Fermi energies 

EFe and EFh are 2.4 and 1.6 meV. The parameters for 

the a-component are the same as in the unstrained 
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Fig. 28

Fig. 29

Fig. 30

Fig.

Fig.

31 

32

sample. The position of the focussed beam with Pinc ": 

230 mW is -0.3 cm away from the center of the well 

towards the other end of the sample diameter. 

     Luminescence from SCEHL and ordinary droplets in 

pure Ge and in Ge/Be 722-21.5 with the spatial 

resolution technique at 1.8 K under cw-excitation. The 

laser beam is focussed at about 0.3 cm away from the 

center of the well. The incident power of the laser is 

50 mW or less in pure Ge, or 180 mW in Ge/Be 722-21.5. 

Solid lines are experimental traces. Open circles are 

theoretical fits comprising the luminescence lines due 

to SCEHL and the ordinary droplets (dashed lines). 

     Steady-state spatial distribution of the 

luminescence from SCEHL and droplets in pure Ge at 

1.8 K. The absorbed power Pabs of 33 mW is calibrated 

after ref.38, and given by Pabs " 0.47 Pinc* The 

spatial resolution is indicated within the frame. 

     The spatial distribution of SCEHL and the ordinary 

droplets in pure Ge at 1.8 K with P The                                        abs 67 mW. 

dashed line is drawn just as a guide. The radius used 

in the fitting is up to 400 pm. 

     The spatial distribution in Ge/Zn-1 at 1.8 K with 

P 

 abs 71 mW (solid circles). 

     The intensity distribution of SCEHL around XS -

0.36 cm, ordinary droplets (EHD) and free excitons (FE) 

in pure Ge at 4.2 K with P The dashed                               abs 63 mW. 

lines serve as a guide.
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Fig. 33

Fig. 34

Fig. 

Fig.

35 

36

Fig. 37

Fig. 38

     The spatial distribution including SCEHL, 

droplets, free and bound excitons (BE) in Ge/Zn-1 at 

4.2 K with P The dashed lines serve as a              abs 72 mW. 

guide. 

     Time-decay of the LA-phonon assisted luminescence 

intensity of SCEHL in pure Ge. Open circles are the 

experimental data normalized at 0 ps and plotted in 

log-scale. Solid lines are fitting by eqs.(2-56a) and 

(2-56b). The dashed line denoted as IX corresponds to 

the expected time decay of free excitons in the 

surrounding shell from the equations. The incident 

power is 280 mW and the beam is focussed onto a surface 

region near the well. 

     Temperature dependence of the lifetime of SCEHL in 

pure Ge determined from the fitting. 

     Recombination rate as the inverse of the lifetime 

of SCEHL in pure Ge. This is connected with the e-h 

density at each temperature. The solid line is a 

fitting line by eq.(2-59) with A = 0. 

     Luminescence spectra from bound excitons and bound 

excitonic complexes as well as free excitons at 4.2 K. 

Bottom: free-exciton lines in pure Ge. Middle: bound-

exciton line and bound-multiexciton line are denoted as 

BELA and BMELA in Ge/In-1. Top: bound-exciton and 

bound -doubl e- exc i tons lines are labelled as BELA and 

BDELA in Ge/Be 722-21.5. 

     Incident-power dependence of the intensity of LA-
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Fig. 39

Fig. 40

Fig. 41

Fig. 42

Fig. 43

phonon assisted line of ordinary droplets in pure Ge at 

4. 2 K. Threshold power Pth is 85 mW. 

      Time-decay profile of free-exciton luminescence 

after the laser pulse in pure Ge, in Ge/Be 722-21.5 and 

in Ge/In-1. Circles and triangles are the experimental 

data. The luminescence intensity is plotted in a 

logarithmic scale and normalized at 0 ps. Solid lines 

serve fitting results using eq.(2-65). Used samples 

are unstrained. 

     Luminescence intensity of SCEHL in Ge/In-1 

measured at the LA-phonon assisted line. The intensity 

is plotted in a logarithmic scale and normalized at 0 

Ps. Dopant concentration in Ge/In-1 is indicated. Open 

circles are data points and solid lines are fitting 

curves drawn by the rate equations. 

     The lifetime of SCEHL in Ge/In-1 against 

temperature. These points are given by fittings with 

the rate equations. 

     Normalized LA-phonon assisted line of SCEHL in 

Ge/In-2 with a dopant concentration of 3.7 x 101 4 cm-3 

plotted in a logarithmic scale against delay time. 

Solid lines are fitting curves with the same Richardson 

coefficient AR as used in Figs. 34 and 40. 

      Impurity-induced recombination rate given by 

subtracting the intrinsic recombination rates, Bn and 

Cn2 from the inverse of the lifetime, 1/To, within 

SCEHL in Ge/In-2. The dashed line corresponds to the
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Fig. 44

Fig. 45

Fig. 

Fig.

46 

47

Fig. 48

Fig. 49

mean value among the recombination rates below 3.2 K. 

     Normalized LA-phonon assisted luminescence line of 

SCEHL in Ge/In-3 plotted in a logarithmic scale (open 

circles). The data are well fitted by an exponential 

decay with a lifetime of 46 ps (solid line). 

     Normalized intensity of LA-phonon assisted 

luminescence line of SCEHL in Ge/Be 722-21.5 with a Be 

concentration of 4.5 x 101 3 cm-3 plotted in a 

logarithmic scale against delay time. Open circles are 

experimental data while solid lines are theoretical 

curves. 

     Temperature dependence of the induced recombina-

tion rate by 4.5 x 1013 cm-3 Be impurities within SCEHL. 

     Normalized intensity of LA-phonon line in Ge/Be 

                                          15 3 727-1 5.0 with a Be concentration of 1. o x 10 cm-

The intensity is plotted in a logarithmic scale. 

     Normalized intensity of LA-phonon line in Ge/Zn-1 

with a Zn concentration of 1.2 x 1014 cm-3 between 4.2 

and 1.8 K. 

     Comparison of AWDR peaks between pure Ge, Ge/In-1 

(NA = 6.0 x 1013 cm-3), Ge/In-2 (NA = 3.7 x 1014 cm-3 

Ge/Be 722-21.5 (NA = 4.5 x 1013 cm-3) and Ge/Zn-1 (NA 

1.2 x 101 4 cm-3) at 1.6 K. Using linear polarized 

millimeter waves. Ordinate and abscissa give 35 GHz 

magneto-absorption intensity and magnetic field, 

respectively. Magnetic field is almost parallel to 

<110> direction in each sample except for that in 
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Fig. 50

Fig. 51

Fig. 52

Fig. 53

Ge/Zn-1, where the field is almost along the <001> 

direction. Horizontal bars give ground levels for AWDR 

peaks in the order of presentation. 

     Circular-polarized 35 GHz magneto-absorption 

traces in pure Ge at 1.8 K. Magnetic field is applied 

nearly parallel to <001> direction. The right side 

correspond to the electron-active polarization (e), 

while the left to the hole-active (h). Open circles 

are theoretical fits by eq.(2-89). 

     Linear-polarized magneto-absorption data in Ge/Zn-

1 at 1.6 K, using 35 GHz waves at delay times between 

30 and 140 Vs. Sharp peaks at magnetic fields below 

0.5 T are cyclotron resonance peaks of free carriers. 

The e- and h-active AWDR peaks are labelled as e and h. 

Open circles are theoretical fitting by eq.(2-89) for 

the both peaks. The direction of magnetic field is 

almost along the <001> direction. 

      Carrier scattering rates versus delay time. Solid 

and open circles correspond to electron and hole 

scattering rates in pure Ge. Solid and open triangles 

correspond to those in Ge/Zn-1, which are replotted in 

the inset with an expanded time scale. Horizontal 

lines are drawn in the delay time region where e-h 

density in SCEHL appears to be constant. The magnetic 

fields are almost parallel to the (001)-type axis both 

in pure Ge and in Ge/Zn-1. 

      Linear-polarized 35 GHz waves magneto-absorption 
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Fig. 54

Fig. 55

Fig. 56

Fig. 57

traces in Ge/In-1 at 1.6 K. Open circles are 

theoretical fits by eq.(2-89). Horizontal bars give 

the ground levels for the traces. Magnetic field is 

applied almost parallel to the <110> direction. 

     The AWDR in Ge/In-2 at delay times between 75 and 

175 ps at 1.6 K. The fundamental peak appears intense-

ly at high field. The peak denoted CR just below 0.5 T 

corresponds to an electron cyclotron resonance. 

Higher-harmonic AWDR's are observed at fields lower 

than the fundamental-resonance field. Open circles are 

the theoretical fits. The magnetic field direction is 

almost parallel to the <110> direction. 

     Carrier scattering rates within SCEHL in Ge/In-1 

(solid triangles) and in Ge/In-2 (open triangles) 

plotted against delay time at 1.6 K. 

     The AWDR peaks observed in linear-polarized 35 GHz 

waves magneto-absorption intensity in Ge/Be 722-21.5 at 

1.6 K. The e- and h-active modes are labelled e and h. 

Open circles correspond to theoretical fittings by 

eq.(2-89) for the both modes. Horizontal bars are the 

ground levels for each trace. Applied magnetic field 

is almost parallel to the <110-type axis. 

     Circular-polarized 35 GHz magneto-absorption due 

to photoexcited systems in Ge/Be 722-21.5,at 50 Ps 

after the photopulse at 1.8 K. The direction of 

magnetic fields is slightly tilted from the <110> 

direction. The right side corresponds to the e-active
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Fig. 58

Fig. 59

Fig.

Fig.

Fig.

60 

61 

62

Fig. 63

Fig. 64

polarization (e) and the left to the h-active (h). 

     Delay-time dependence of the scattering rates in 

Ge/Be 722-21.5 at 1.6 K. Open circles are for holes 

while the solid for electrons. Horizontal lines are 

drawn in the delay-time region where the scattering 

rates seem to be constant. 

      Linear-polarized 35 GHz waves magneto-absorption 

trace at 10 ps after the excitation pulse at 1.6 K. 

The AWDR peak is only feebly observable at -1.8 T. The 

trace magnified by 5 times is also shown. 

     Radius decay of SCEHL in Ge/Zn-1 at 1.6 K. Radius 

is plotted in a logarithmic scale. 

     Radius decay in three doped samples at 1.6 K. 

Ordinate is plotted in a logarithmic scale. 

     Resonance-field dependence of AWDR amplitude. 

Ordinate and abscissa are plotted in a logarithmic 

scale. The data (a), (b), (d) and (e) are taken at 

1.6 K, while (c) at 1.8 K. 

      Linear-polarized 35 GHz waves magneto- absorption 

due to photoexcited carriers and SCEHL in Ge/In-1 at 

various temperatures between 4.2 and 1.6 K. Magnetic 

field is almost parallel to the <110>-type axis. The 

CR-labelled lines are cyclotron resonance of electrons. 

Open circles are theoretical fits by eq.(2-89). 

Horizontal bars correspond to the ground levels for the 

traces in the order of presentation. 

      Linear-polarized 35 GHz waves magneto-absorption
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Fig. 65

Fig. 66

Fig. 67

caused by photoexcited systems in Ge/Be 722-21.5 at 

various temperatures between 4.2 and 1.6 K. Magnetic 

field is applied almost along the <110> direction. The 

peak denoted CR is due to cyclotron resonance of 

electrons. Open circles are theoretical fits. 

Horizontal bars give the ground levels. The e- and h-

active AWDR peaks are denoted as e and h. 

     Scattering rates for carriers in SCEHL plotted 

2 against T Bold line corresponds to the carrier -

carrier scattering observed in AWDR in pure Ge,42) and 

is expressed as J/T e -h = a + bT2 (s-1 ) with a = 

1.4x1010 S-1 and b = 1.2x109 K-2 S-1. Scattering 

rates in Ge/In-1 are solid triangles. Scattering rates 

both for electrons and for holes in Ge/Be 722-21.5 are 

given by solid circles and by open circles, respective-

ly. 

     Induced scattering rates by Be impurities for 

electrons (e) and holes (h) within SCEHL in Ge/Be 722-

21.5. Abscissa is temperature. 

      Far-infrared magneto-absorption traces due to 

SCEHL in pure Ge obtained at 4.2 and 1.8 K. With a 

delay-time of 20 Vs after the light pulse. Far-

infrared wavelength is 220 pm. The horizontal bar is 

the ground level for the trace at 4.2 K. Magnetic 

field is almost parallel to the <001> direction.
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z 
d + w U/3 - a

77 I b I Idl

-2 .0 ± 0.5 16. 2 ± 0. 4 1. 8 ± 0. 3 3. 7 ± 0 .4

in unit of eV. 36)in GeDeformation potentials1Table



Sample name Dopant Concentration (cm- 3 )
  Classification 
binding energies

and 
(meV)

Supplier

    Ge/In-l 

    Ge/In-2 

    Ge/In-3 

Ge/Be 722-21.5 

Ge/Be 727-15.0 

    Ge/Zn-1 

    Ge/Zn-2 

    Ge/Zn-3

In

Be

Zn

6.0 X 10 13 

3.7 x 10 14 

1.8 x 10 15 

4.5 x 10 13 

1.0 X 10 15 

1.2 x 10 14 

2.1 x 1015 

3.2 x 1016

lst 

2nd

single 

   11 

double 

  24. 

double 

Ist. 

2nd.

 acceptor 

.2 73) 

 acceptor 

77, 24.87 70) 

58.0270) 

 acceptor 

32.9871) 

86.51472) I

Toshiba

Haller

Toshiba

Table 2 List of doped Ge samples



Impurity Be Znll6) In

Capture cross section

(cm 2 )
3 .5 x 10- 15 2 .5 x 10- 15 1 .5 x 10

-16

Table 3 Free-exciton capture cross 

obtained at 4.2 K.

section a 
x by Be, Zn and In impurities



Impurity Be Zn In

Induced recombination

per impurity

(cm3 S-1)

rate

7 .2 x 10-10 2 .6 x 10-10 2 .2 x 10-11

Table 4 Induced recombination rate per impurity in SCEHL at 1. 8 K.



Impurity Be Zn In

Induced scattering

per impurity

(CM3 S-1)

rate

4 .2 x 10- 4 (e , h)

1

2

.0

.3

x 10 -4

x 10 - 4

(e)

(h)

4 .9 x 10- 5

Table 5 Induced 

Active

 scattering rate per 

polarizations in the

impurity 

separated

in SCEHL at 

 modes are

 1. 6 K. 

indicated as e and h.
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