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ABSTRACT

This work contains 4 topics dealing with the properties of the
luminescence from Ge.

The temperature, pump-power and time dependences of the photo-
luminescence spectra of Li-, As-, Ga-, and Sb-doped Ge crystals were
studied. For impurity concentrations less than about 1O]5cm'3, emis-
sions due to electron-hole droplets can clearly be identified. For
impurity concentrations on the order of 1016cm'3, the broad Tines in
the spectra, which have previously been attributed to the emission from
the electron-hole-droplet, were found to possess pump-power and time
dependent line shape. These properties show that these broad lines can-
not be due to emission of electron-hole-droplets alone. MWe interpret
these lines to be due to a combination of emissions from (1) electron-
hole-droplets, (2) broadened multiexciton complexes, (3) broadened
bound-exciton, and (4) plasma of electrons and holes. The properties
of the electron-hole-droplet in As-doped Ge were shown to agree with
theoretical predictions.

The time dependences of the lTuminescence intensities of the
electron-hole-droplet in pure and doped Ge were investigated at 2 and
4.2°K. The decay of the electron-hole-droplet in pure Ge at 4.2°K
was found to be pump-power dependent and too slow to be explained by
the widely accepted model due to Pokrovskii and Hensel et al. Detailed
study of the decay of the electron-hole-droplets in doped Ge were
carried out for the first time, and we find no evidence of evaporation
of excitons by electron hole-droplets at 4.2°K. This doped Ge result

is unexplained by the model of Pokrovskii and Hensel et al. It is
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shown that a model based on a cloud of electron-hole-droplets generated
in the crystal and incorporating (1) exciton flow among electron-hole-
droplets in the cloud and (2) exciton diffusion away from the cloud is
capable of explaining the observed results.

It is shown that impurities, introduced during device fabrication,
can lead to the previously reported differences of the spectra of
laser-excited high-purity Ge and electrically excited Ge double injec-
tion devices. By properly choosing the device geometry so as to
minimize this Li contamination, it is shown that the Li concentration
in double injection devices may be reduced to less than about 10]5cm-3
and electrically excited Tuminescence spectra similar to the photo-
luminescence spectra of pure Ge may be produced. This proves conclu-
sively that electron-hole-droplets may be created in double injection
devices by electrical excitation.

The ratio of the LA- to TO-phonon-assisted luminescence intensi-
ties of the electron-hole-droplet is demonstrated to be equal to the
high temperature limit of the same ratio of the exciton for Ge. This
result gives one confidence to determine similar ratios for the
electron-hole-droplet from the corresponding exciton ratio in semi-
conductors in which the ratio for the electron-hole-droplet cannot
be determined (e.g., Si and GaP). Knowing the value of this ratio
for the electron-hole-droplet, one can obtain accurate values of
many parameters of the electron-hole-droplet in these semiconductors

spectroscopically.
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Chapter 1

INTRODUCTION



I. BACKGROUND

It is well known that an electron and a hole in a pure semicon-
ductor crystal, through their mutual Coulomb attraction, can form a
bound pair. This bound pair can move about in the semiconductor and is
called a free-exciton (FE) or simply an exciton. The binding energy of
an exciton relative to a free pair of electron and hole depends upon
the effective masses of the electron and the hole as well as the di-
electric constant of the semiconductor and is usually between 1 and 20
meV. At low temperatures, the thermal energy of the carriers is less
than the binding energy of the exciton and a large fraction of the
carriers are bound into excitons.(]) In 1968 Ke1dysh(2) suggested the
existence of a highly correlated and high-density plasma phase of
electron-hole pairs. Each electron (hole) in this plasma sees on the
average more positive (negative) charge than a corresponding electron
(hole) bound in the exciton. The resulting reduction in the potential
energy may outweigh the gain in the kinetic energy which arises from
the close packing of fermions. This highly correlated, high-density
phase of electron-hole pairs is called the electron-hole liquid.
Theoretical calculations taking into account the band structure of the
semiconductors show that the electron-hole liquid is indeed more favor-
able energetically than the "excitonic gas" phase for a number of semi-
conductors, among them are Ge, Si(3), GaP, CdS, ZnS, and AgBr(q).

Figure 1 shows the band structure of an indirect semiconductor (Ge).
Electrons and holes are typically generated far away in k-space from
the extrema of the conduction and valence bands. Carrier -phonon

interaction tends to drive the electrons towards the bottom of the



Figure 1

The band structure of Ge. A typieal excitation
of an electron-hole pair by a photon is shown
by the vertical line. The dashed lines sche-
matically illustrate the thermalization of the
excited carriers via phonon scattering; in ac-
tuality, many phonons may be needed to relax
the carriers completely. The extremum points
of the bands are labelled according to the ir-
reducible representations of the space group O,
The splitting between the M§ and P states is
0.29 eV. If spin is neglected, then the sym-
metry of the conduction band minimum is Ly
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conduction band and the holes towards the top of the valence band.

The carrier-phonon scattering time is about a nanosecond(S) and is
much shorter than the lifetime of the carriers in indirect semiduc-
tors (usually on the order of microseconds). Thus, the carriers can
thermalize and the relative concentration of excitonic gas and electron-
hole 1liquid can be deduced from thermodynamic considerations. As for
any gas-1liquid system, one expects to find a first-order phase transi-
tion with a critical point for the excitonic-gas-electron-hole-1liquid
system. The equilibrium points of the excitonic gas and electron-hole
liquid should follow the universal, classical gas-liquid phase
diagram(ﬁ) as shown in Figure 2. If the temperature of the semi-
conductor is held constant and below the critical temperature, and the
concentration of electrons and holes is increased, the horizontal line
labelled as (a) is traced out. At low injection densities, only
excitons are formed. The exciton concentration increases with in-
crease of injection density until the density on the coexistence curve
is attained. Then, the exciton density is fixed on the coexistence
curve while droplets of electron-hole liquid begin to form. Further
increases in the injection density result 1in increases 1in the frac-
tional volume of the crystal occupied by the electron-hole-droplets
(EHD) at constant liquid and gas density. At extremely high injection
levels (which are practically hard to attain), part of the crystal may
be completely filled with electron-hole liquid. A vertical line such
as the one labelled (b) can be traced out by keeping constant injection
density while changing the temperature of the semiconductor. Below the

critical temperature, the electron-hole system spontaneously separates
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into a low density excitonic gas phase and droplets of electron-hole

liquid.

Radiative recombination of electrons and holes in the EHD occurs
at different characteristic energies from that of the FE. Although
features in the photoluminescence spectrum of Ge due to the EHD were
observed as early as 1966 by Haynes(7), correct interpretation of these
features was first given by Pokrovskii and Svistunova(g) in 1970. Since
the electron-hole condensation phenomenon is a fundamental aspect of
carrier behavior in semiconductors, it has received considerable at-
tention since 1970 and much information about the EHD, particularly in
Ge(g), has been gathered.

Phonon assistance is required for the radiative recombination of
electrons and holes in indirect semiconductors. Usually several dif-
ferent phonons can provide the necessary crystal momentum so that the
luminescence spectrum contains several phonon-assisted EHD and FE lines.
The observed EHD line can be fitted to a simple theoretical lineshape
for the EHD to yield the binding energy of an electron-hole pair in the
liquid relative to the free exciton and the density of electron-hole

(10)

pairs in the liquid Both the binding energy and the pair density

show a quadratic dependence on temperature, indicating that carriers in
the EHD can be described as two inter-penetrating Fermi-liquids(]o).
Excitons lose their identity when they are in the EHD. The liquid side
of the phase diagram can be determined by studying the Tuminescence

line of EHD's as a function of temperature(l]). The lifetime of the EHD
and the FE may be determined by looking at their decay as a function of

time following the turning-off of excitation{12).
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Since the liquid density is high, the regions of the semiconduc-
tor occupied by EHD's have slightly different index of refraction than
the rest of the crystal. Thus, infrared light passing through the
crystal is both absorbed and scattered by the EHD's. The radius of
the EHD can be deduced from the light scattering pattern while the EHD
concentration can be estimated from the magnitude of the light absorp-
tion(]3). Results of lightscattering experiments have provided direct
confirmation of the existence of EHD's.

When droplets are generated near a junction in a semiconductor,
they can drift into the junction and be pulled apart by the large built-
in electric field there, The break-up of individual drop-
lets can be observed as current-noise spikes. Such experiments have
shown that the number of electron-hole pairs in a droplet in Ge is
10% to 108 (14),

Some of the measured properties of the EHD in Ge and Si are listed
in Table I.

Most studies of the EHD to date have been on high-purity Ge
crystals, i.e., impurity concentrations less than 10]4cm"3. In this way,
the electron-hole liquid can be studied with minimal complication from
impurities. However, a knowledge of the influence of impurities on the
behavior of the excited electrons and holes in doped crystals would be
interesting and important for three reasons. First, only a few semi-
conductors can be grown with high purity at present. By studying the
effect of impuritieson the carrier behavior in a controlled manner in Ge,
one obtains a basis for understanding the behavior of electrons and

holes generated in semiconductors whose impurity content cannot be
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reduced to an insignificant level at present. Second, by examining

how the properties of the electron-hole system change with impurity
concentration, one can extrapolate back to pure Ge and gain informa-
tion for pure Ge. Third, deliberately doped semiconductors play cen-
tral roles in devices today. Properties of electrons and holes in-

jected into doped semiconductors are, therefore, of practical interest.

II. OUTLINE OF THESIS AND SUMMARY OF MAIN RESULTS

In Chapter 2, the results of an investigation of the photo-
Tuminescence spectra of Li-, As-, Ga-, and Sb-doped Ge are reported.
The temperature, time, and pump-power dependences of these spectra were
studied. We found that impurity-induced emissions are quite noticeable
in the doped Ge spectra. For impurity concentrations of less than
016

about 1 cm'3, the line due to electron-hole-droplets can easily be

identified and little impurity effect on this line is observed. For Ge

with impurity concentrations between 10'® and lO”cm"3

, we found that
the broad 1lines in the spectra, which have similar shape to the EHD line
and have been interpreted to be due to EHD emission previous]y(14), are
in fact due to two or more emission processes. One of these processes
is probably emission from the EHD, the others are impurity-induced. We
found that the phonon-assisted lines of Ge:As are least affected by the
impurity-induced emissions. We interpret these lines to be mostly due
to EHD emission. Analyses of their line shapes yielded the pair

density of the EHD and the work function of a pair in the liquid phase

relative to a pair in the gas phase. Both the pair density and the

work function of the EHD decrease linearly with impurity concentration
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and are in quantitative agreement with theoretical calculations.
Examination of possible causes of the impurity-induced emissions shows
at least three possibilities: broadened multiexciton complexes (several
excitons bound to one neutral impurity), broadened bound-exciton and
plasma emissions.

The decay of the EHD luminescence intensity following the turn-off
of excitation has been the subject of a number of studies(]z). The
results of these studies have all been interpreted in terms of a model
which views each droplet as being isolated from all other droplets.
Although this model can explain many experimental observations, there
were inconsjstencies between the various reports. It is shown in
Chapter 3 that these inconsistencies are due to the different excita-
tion powers used by the different investigators. The previously accep-
ted model is shown to be incapable of explaining these inconsistencies.
Detailed study of the decay transients in doped Ge were carried out
for the first time and the results we obtained were also not explainable
in terms of the accepted model. A more detailed though still somewhat
idealized model is presented. This model explains the experimental
results for both pure and doped Ge.

In Chapter 4, the results of a study of electrically excited
luminescence spectra from Ge double injection diodes are reported.
Earlier studies(la) of double injection devices had shown that the
spectra from these diodes differ from the photoluminescence spectra in
several respects. We show that double injection diodes used in the
earlier studies were contaminated by Li. By choosing device geometry

so that Li contamination is minimized, we are able to produce double
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injection spectra similar to photo-excited lTuminescence spectra.
In Chapter 5, we report the determination of the relative inten-
sities of the LA- and TO-phonon-assisted Tuminescence lines of the ex-

citon and the e]ectron-ho]e-drop1ets,YE(T) and y_ ., respectively.

EHD
The predictions of Smith and McGi11(17) on the values of these relative
intensity ratios have been explicitly verified. This allows one to
determine YEHD from YE(T) in many semiconductors in which YEHD cannot

be determined directly. In the case of Si and GaP, accurate line-fits
of the droplet line, which can yield many useful parameters for the
electron-hole liquid in these semiconductors, is not possible without
the value of YEHD'

SUMMARY OF MAIN RESULTS

Chapter 2:

1. Extensive data on the photoluminescence spectra of doped-Ge
were obtained. The dopants studied were Li, As, Ga and Sh. These data
included temperature and pump-power dependences of the spectra and time-
resolved spectra.

2. Many possible processes which may contribute to these spectra
were considered. The processes that are likely to contribute to the
spectra in view of our data include emission from (a) EHD, (b) broad-
ened multiexciton complexes, (c) broadened bound-excitons, and (d)
plasma of electrons and holes.

3. The LA-phonon-assisted emission of Ge:As was found to be
dominated by emissions from EHD's. Analyses of this line yielded den-

sities and work functions of the EHD in doped Ge which are in agreement
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with theoretical calculations.

Chapter 3:

1. Decays of the photoluminescence intensities of the EHD of pure
and doped Ge were studied at 2 and 4.2°K.

2. These data show conclusively the inadequacy of a widely ac-
cepted model of the decay of EHD's.

3. A new model is proposed which explains the data.

Chapter 4:
It is demonstrated that EHD's can be created electrically in a
double injection diode when the impurity concentration in the active

volume of the diode is kept to less than about 10]5cm'3.

Chapter 5:

It is demonstrated for Ge that the ratio of the LLA- to TO-phonon-
assisted intensities of the EHD lines can be obtained from the same
ratio for the exciton at high temperatures. This fact is useful for

determining properties of the EHD in a number of other semiconductors.
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ITI. DROPLET LUMINESCENCE LINE SHAPE

In examining the luminescence spectra from Ge, frequent references
will be made to the line shape of the electron-hole-droplet. Therefore,
a brief discussion of the thoeretical EHD line shape will first be
given.

A simple model for the EHD luminescence line shape which works well

was proposed by Pokrovskii(IB).

In this model, it is assumed that the
carrier-carrier interaction inside an EHD results only in a uniform
reduction of the band gap. Thus, in the macroscopic volumes of the Ge
crystal occupied by EHD's, the band gap is Eé » which is smaller than
the band gap Eg of unexcited Ge. This reduction in the energy gap is
illustrated in Figure 3(a). Electrons and holes in the EHD are treated
as being free, except that they are confined by the edge of the EHD.
Since the thermalization timeswithin the conduction and valence bands
are very short compared to the recombination time , the electrons and
holes in the EHD can separately be characterized by Fermi-Dirac dis-
tributions with quasi-Fermi levels eg and EP. The situation depicted
in Figure 3 is for the temperature of absolute zero. In this case,
the electrons occupy all conduction band levels up to e€ and no

F
levels above ee; and a corresponding distribution appliesfor the holes.

F

The carrier distribution in momentum-space forms the basis for
the model of EHD Tuminescence line shape, as illustrated in Figure 3(b).
For simplicity, only the band extrema occupied by carriers, viz., the
conduction band minimum at the L-point or the (111) zone-edge and the

valence band maximum at the. I'-point or the zone-center, are shown.

Each electron can recombine with any hole with the assistance of a
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Tigure 3

(a) Schematic illustration of energy levels of a droplet
in real space.

(b) Schematic illustration of electron-hole distribution
of a droplet in k-space. A typical recombination
transition of an electron-hole pair is shown.
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suitable phonon to provide for crystal momentum conservation. The

shape of each phonon-assisted droplet 1ine is given by

z > o 2
I(hv)~§ N fe(ee)fh(eh)|M(ke,kh,vph)|
e’

(1)

B _ —)-+_
a(Eg +e_+ g hvph(ke,kh) hv)

In Eqn. (1), I(hv) is the intensity of the EHD luminescence line at
photon energy hv, Ee (kh) and £, (gh) are respectively the electron
(hole) momentum and energy as defined in Figure 4(b), M(Ee,?h,vph) is
the matrix element for the phonon-assisted transition, and vph is the
frequency of the momentum-conserving phonon. The occupation probabi-

lity fe(ge) of the electron state at energy €e is

1
exp [(EE_E:‘)/kT] + 1

£ )= (2)

where k is the Boltzmann constant and T is the absolute temperature. The
probability of occupation of the hole states is given by Eqn. (2) with

e. and ¢€ replaced by € and gh

. F £ For Ge (and similar arguments work

for other semiconductors as well), eﬁ and EE are~3 meV and ki and kp
are 1072 G, where G is the width of the Brillouin zone in the (111)

direction. These small kp's allow two simplifications of Eqn. (1) to
be made. The different phonons required to conserve momentum for re-

combination have a momentum spread of at most kE+k? and, therefore,
are never far from the L-point zone-edge. Thus, hvph can be taken to
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be a constant and equal to the L-point phonon energy. For the same

reason, the k-independent part of the matrix element for the transition
is the dominant part of that matrix so that M(ﬁe,ﬁh,vph) can be taken

to be a constant. The expression for I(hv) then reduces to

I(hv) ~f de de p_(€)) ph(Eh)fe(Ee)fh(€h)

! (3)
: cS(Eg -+ Ee + Fh - h\)ph - h\J)_

In Egn. (3) we have also replaced the sum over Ee and ih in Eqn. (1) by
integrals over the electron and hole densities of states, pe(ge) and
ph(sh), which are taken to vary as El/Z and E;/Z, respectively.

It is clear from Figure 3(b) that the lowest energy photon emitted
by a pair in the EHD results from recombination of an electron at the
bottom of the conduction band and a hole at the top of the valence band.

At zero temperature the highest energy photons emitted in recombination

come from electrons and holes at their respective Fermi levels. Thus,
h
£
energies are determined by electron and hole densities, the EHD line-

the EHD linewidth is a strong function of e$+c Since the Fermi
width can be used to obtain the pair density in an EHD. At finite
temperatures, the carrier distributions are smeared out near the
Fermi energies. This smearing affects the 1inewidth slightly but at
the same time allows one to determine the temperature of the carriers
by fitting the high-energy edge of the EHD Tine.

Fkgure 4 shows a comparison of the theory with an experimental

(19)

EHD Tine of high-purity Ge It can be seen that the two curves
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Photoluminescence spectrum of pure Ge at
a bath temperature of 2°K. The two broad
lines are due to emissions from electron-
hole-droplets. The more intense line is
assisted by the LA-phonon and the weaker
one is assisted by the TO-phonon. The
theoretical points are generated using
equation (3) with T=2°K and n=2.4x10"cm .
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agree very well. The slight discrepancy at the low-energy edge of the
line is due perhaps to two-phonon processes or recombinations which
result in an excited droplet.

One can estimate the pressure exerted by the excitonic gas on an
EHD by putting the density of excitons from the phase diagram(]1) into
the ideal-gas equation. One finds from this calculation that the ex-
citonic pressure on a droplet is always very small so that experi-
mentally one cannot access the finite-pressure region of the complete
(density vs. temperature vs. pressure) phase diagram. In other words,
the projection of the complete phase diagram onto the zero-pressure
plane, such as the one shown in Figure 2, is sufficient to describe the
electron-hole gas-liquid system. The droplet density or linewidth
is completely determined at any given temperature by the "reduced"
phase diagram as shown in Fig. 2. Above the EHD formation threshold,
change of excitation intensity merely results in a change in the total
volume of the liquid at constant liquid density if the temperature of
the semiconductor is held constant. Similarly, when droplets are al-
lowed to decay by turning off the excitation, the droplets decay at
constant density until they get so small that the surface energy be-
comes significant. One would expect then that the droplet Tine shape
would not change during decay. The fact that the droplet line shape
should be independent of excitation and time is indeed observed for
pure Ge. This fact provides a convenient criterion for determining

if doped Ge spectra include emission from droplets.
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Chapter 2

PHOTOLUMINESCENCE SPECTRA OF DOPED Ge



I. INTRODUCTION

The study of electron-hole droplets (EHD) in Ge and Si has received
considerable attention in recent years(]). In relatively pure Ge with

< 10"%cm=3, the existence of EHD have been

impurity concentration N,
demonstrated by light scattering(z) and junction noise(3) experiments.
In Ge with Ny ~ 10]5cm‘3, no light scattering results are available but
junction noise experiments strongly suggest that EHD do exist(4). Below
10°K, photoluminescence spectra of moderate-heavily doped Ge (we mean by
moderately heavy doping impurity concentration of 10'6-10"7em=3 in this
thesis) are dominated by a broad line whose shape and position are
nearly the same as those of the EHD 1line in pure Ge. This led the early
1nvestigat0rs(5’6) to suggest that EHD do form in heavily doped Ge.
Also, the decay lifetimes of the EHD in heavily doped Ge:As and Ge:Sb
were found to be shorter than the lifetime of EHD in pure Ge(7). 1In
As- and P-doped Ge, a broad line in addition to the usual phonon-
assisted lines was observed. This line is similar to the EHD line and
is located where EHD recombination without phonon assistance is expected.
This line was attributed to recombination from EHD with the impurity
atoms taking up the "excess momentum"(6’7).

An unusual property of the "EHD" line in moderate-heavily doped
Ge is its pump-power-dependent line shape, first reported by Novikov
gﬁ_gl‘ﬁ). While the line was essentially identical to that of the EHD
in pure Ge at high pump powers, it shifted towards higher energy and
became narrower at lower pump powers. They attributed this to the
formation at low pump powers of small droplets for which the surface

energy contribution is observable. Extensive investigations of the
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line shape versus pump power were carried out by Martin and Sauer(s).
They reported that with increasing excitation power, the EHD line
broadened on both the low- and high-energy side. The full width at
half maximum (FWHM) of the line varied smoothly with pump power,
exceeding that of the EHD line in pure Ge at sufficiently high pump
powers. Martin and Sauer offered Novikov's explanation for the
behavior at lTow pump powers and Martin suggested(g) that the results
at high pump powers are due to a complete filling of part of the doped
Ge sample with the electron-hole liquid. One difficulty with this
interpretation, noted by Martin and Sauer, is that one would expect
to see a range of pump powers for which normal size droplets are created
but without sample filling. The FWHM of the line for this pump-power
range should be independent of excitation. This prediction is not
observed experimentally.

Karuzskii g;_glf]o) have studied the lTuminescence decay and
magneto-oscillation behavior of the LA-phonon-assisted and the no-phonon
"EHD" lines (henceforth referred to as the LA and NP lines, respec-
tively) in Ge:As. They found very different results for the two lines.
They suggested that the LA T1ine is due to the EHD while the NP Tline is
possibly due to emissions from "multiexciton complexes" which are
thought to be objects composed of a single neutral-impurity and many
bound excitons(ll).

Theoretical ca]cu1ations(12'13) of the properties of the EHD in
doped Ge have been reported by several authors. These theories predict
only slight modifications of the pair density and binding energy of a

droplet for doping concentration between 10'° and ]0]7cm'3. However
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due to the unexplained pump-power dependence of the EHD-1ike line in

doped Ge, no unambiguous comparison of theory with experiment exists.
On the whole, the understanding of the spectra in moderate-heavily
doped Ge is rather poor.

In this chapter, we present comprehensive experimental data which
suggest that the broad EHD-Tike line in moderate-heavily doped Ge are
in fact the result of two or more spectroscopically unresolved emis-
sions. Since the temperature, pump-power and time dependences of these
processes differ, their sum has a complicated behavior. The phonon-
assisted lines in Ge:As were found to have very little contributions
from impurity-induced emissions below 4.2°K. We interpret these lines
to be due mainly to EHD emissions. Fitting the theoretical line shape
to these lines yielded pair densities and binding energies of the EHD
as functions of impurity concentration which are in agreement with
theoretical predictions. Possible origins of the impurity-induced

emissions will be discussed.

IT. EXPERIMENT
(a) Samples

The pure Ge samples used in this study were of ultra-high purity.
The net shallow impurity concentrationsin these samples, |NA-ND|,
were less than about 1011cm'3. The pure as well as some of the doped
Ge samples were obtained from the General Electric Research
Laboratories(]4). Other doped Ge samples were purchased from the

Nucleonic Products Co.(]S). Samples from these two sources were found

to yield in general longer carrier lifetimes than samples from a few
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other sources and are probably the best obtainable today.

To minimize heating of the samples by the excitation pulses, large
slices of Ge were cut for use as samples. The areas of these slices
ranged between 75 to 500 mne. It was also necessary to minimize the
effect of the backsurface, i.e., the surface opposite to the excited
one, on the excited carriers. To this end, 2 mm was chosen to be the
minimum sample thickness. It will be shown later that a 2 mm separa-
tion between the excited surface and the backsurface suffices to
eliminate any effect of the backsurface on the excited electrons and
holes. The surfaces of the samples that were to be excited were pre-
pared by successive lapping with 40; 153 and 5-pm alumina grits fol-
lowed by a mechano-chemical polish. To minimize further surface
damage, they were then lightly etched in a 5:1 HN03:HF solution. Prior
to each experiment they were rinsed with methanol and dried. The other
surfaces of the samples were simply lapped and etched.

The Li-doped Ge samples were made by diffusing Li into high-purity
Ge crystals (~ 5 mm thick). The diffusions were carried out at 350°C
for about 30 min. Differential resistivity measurements(16’]7) on
samples so prepared showed that there is a dead layer at the surface
about 100 pm thick. Below the dead layer is a 400 um layer in which
the Li concentration decreases from 6X10'° to 2.5X10'8m™>. Beneath
this layer the doping profile is exponential with the doping level
dropping about one decade per 200 um. Figure 1 shows the differential
resistivity data. Following the diffusion, the samples were lapped
with 5-pym grits to remove the heavily pitted dead layer created by

the Li-diffusion process. They were then etched in a 3:1 HN03:HF
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Figure 1

Results of differential resistivity measurements
of Li-doped Ge. Lithium diffusion was carried out
at 350°C for about 30 minutes. The circles are
the sheet resistivity data versus distance from
the surface. The triangles are the carrier con-
centrations obtained from the sheet resistivities
using the standard procedure (see references 16
and 17).
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solution and photoluminescence measurements were performed on the doped
side. The lapping, etching and measurement steps were repeated several
times to cover the range of concentration of Li at the surface of

5.5%1016 to 5x10'%em™3.

(b) Experimental Apparatus

A schematic diagram of the experimental apparatus used is shown in
Figure 2. Photo-excitation was provided by RCA SG2007 GaAs laser diodes.
Although these diodes have a nominal maximum pulse width of 2 usec, they
can be driven with current pulses as long as 100 psec at reduced currents
without noticeable degradation. The sample under study was mechanically
attached to a copper sample-holder block, and the laser is mounted a
few mm's perpendicularly above the sample's flat face. The sample
holder was then placed inside a Janis variable-temperature dewar.
Temperatures above 4.2°K were achieved with heated He-vapor regulated
by an Artronix model 5301 temperature-controller. Below 4.2°K, a vacuum
regulated liquid He bath was used for cooling. Temperature drift during
the recording of a single spectrum was typically less than 5%. A cali-
brated Ge-sensor in contact with or in close proximity to the sample
was used to monitor the temperature.

The recombination radiation from the illuminated face of the
sample was collected and focused by two lenses onto the entrance slit
of a Spex 1400-I1 grating spectrometer. The lens combination has a
magnification factor of three. The maximum s1it opening on our Spex
is 3 mm which allowed, at most, radiation within a 30 R (1.2 meV) band-

width and emerging from a 1-mm strip from the sample surface to be
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collected. The output from the spectrometer was focused onto the
detector_with an elliptical mirror. An InAs photovoltaic detector
operated at either dry-ice or liquid-N2 temperatures was used. The
InAs detector output was fed through a current amplifier to either a
lock-in amplifier or a boxcar integrator. The processed signal was
recorded on a strip chart recorder.

The outputs of the lasers used were calibrated at 5°K using a
calibrated Si-photodiode. The laser spot on the sample was about 1 mm
in diameter as determined with an infrared image converter. The spot
size varied somewhat depending on the sample thickness. Laser powers
quoted in this study have not been corrected for reflection losses at
the surfaces of the Ge samples. (This loss is about 36% per surface.)
Since the risetime of GaAs laser (~10 nsec) is much shorter than our
detection system response time, measurement of the GaAs laser pulse
yields the risetime of our detection system. The 0-90% response time
was less than 5 psec and was independent of the light level incident
upon the detector for the range of Tight levels involved here.

Time-resolved spectra were measured using a boxcar integrator
with a gate width of 2 usec. Throughout this chapter we will define
the delay time, t, to be the time between the beginning of the current

pulse through the GaAs laser and the leading edge of the boxcar gate

pulse.
Luminescence-scan measurements were done by imaging a polished
face of the sample onto the entrance slit of the spectrometer and

translating the sample.
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II1. EXPERIMENTAL RESULTS

(a) Ge:Li

Figure 3 shows the photoluminescence spectra at various tempera-
tures of Li-doped samples along with spectra from a pure sample. The
spectra presented in this section are not time resolved.

In Figure 3(a), the spectrum of pure Ge at 4.2°K shows the well
known(]]) LA-phonon-assisted EHD and free exciton (FE) lines at 708.6
and 713.2 meV, respectively. The TO-phonon-assisted replica of the FE
and EHD (not shown) lines appear at about 8 meV below their respective
LA lines. As the temperature is raised above 4.2°K, the intensity of
the EHD Tine drops quickly so that at 6°K, which is close to the
critical temperature of the electron-hole liquid(]s), the FE signal
dominates the spectrum. The LA- and TO-phonon-assisted FE lines are

easily discernible at 50°K though not fully resolvable. The shift of

the peak of the line to lower energy at 50°K is due to a reduction of
the energy gap at that high temperature(19).

The spectra from the sample with a concentration of Li of
5x10M%cm™3 at the surface, Figure 3(b), show essentially the same
features as those from the high-purity Ge. 1In particular, the EHD line
shape and position at 4.2°K are identical to those in the high-purity
Ge. At 6°K, a shoulder is seen at the low-energy edge of the FE line.
It is unlikely that this shoulder is due to EHD for two reasons. First,
the peak of the EHD line at 6°K is at approximately 709.4 meV(]B), as
indicated by the arrow on the 6°K spectrum in Figure 3(b). Even if
some correction is made for the apparent peak-shift due to the inter-

ference of the strong FE line, the shoulder is peaked at too high an
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Figure 3

Photoluminescence spectra of pure and Li-doped Ge at
various temperatures. The GaAs lager power, pulse-
width, and duty cycle are indicated in that order
below the title. Next to the title is the spectral
resolution. Where resolution differed from that
indicated near the title, it is indicated near the
peak of the appropriate spectrum. The arrow in the
6°K spectrum in (b) indicates the peak of the EHD
line as given in reference 18,
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energy to be the EHD line. Second, the FE line in Figure 1(b) has a
low-energy tail even at 8°K, which is a tuiperature well above the
critical temperature for droplet formation. (Theoretical calcula-
tion(]B) suggests that the critical temperature of EHD should not be
changed by a doping level of 5X1014cm'3.) Thus, the shoulder on the
FE line must be due to impurity-induced emission.

When the Li concentration at the surface of the sample is
5X10]5cm-3, Figure 3(c), three significant changes occur in the photo-
luminescence spectra. First, the FE intensity at 4.2°K is greatly
reduced compared to that in less heavily doped Ge. Second, a bound-
exciton (BE) Tine can be detected between the EHD and FE lines. The BE
line is located at about 712 meV, approximately 1 meV below the FE line
in accordance with Haynes' Ru]e(zo). Third, the "EHD" line shifts con-
tinuously with increasing temperature towards the FE line. It perturbs
the low energy edge of the FE line even at 20°K. There is similarity
between the spectrum at 8°K in Figure 3(c) and the spectrum at 6°K in
Figure 3(b). This similarity and the discussion in connection with
Figure 3(b) in the preceding paragraph lead us to suspect that the "EHD"
line at 8°K in Figure 3(c) is due in part to impurity-induced emission.

For the surface with 4X10]6cm'3 of Li, we obtained the spectra
shown in Figure 3(d). First, at 4.2°K only the broad line resembling
the EHD line is seen. It is not accompanied by either FE or BE emis-
sion, as is the case in the lighter-doped Ge. Second, this broad line
shifts continuously towards the FE 1ine with increasing temperature,

and the FE line is unambiguously resolved only for T 2 15°K. This

broad line is seen even at 50°K where it fills the valley, present in
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the 50°K pure Ge spectrum, between the LA- and TO-phonon-assisted FE

lines.

It is difficult to interpret even the low-temperature (say T<5°K)
emission lines in Figure 3(d) to be due to EHD alone. In Figure 4 we
show the linewidth of the "EHD" 1ine at 5°K as a function of pump-power
for different surface Li concentrations. There is no observable pump-
power dependence of the linewidth of the broad line for impurity con-

centration up to 5X10'9¢m™3.

This is as expected for a EHD emission
line. In contrast, the data from the sample with 4X10]6cm'3 of Li

at the surface show clear pump-power dependence. Martin and Sauer(s)
have reported quantitatively similar results for Ge:In, Ge:Ga and Ge:Sbh.
In addition, they showed that, at very high pump-powers, the linewidth
of the broad line in moderate-heavily doped Ge exceeds that of the EHD

line in pure Ge.

(b) Ge:As

The temperature dependence of the spectra from a Ge sample with
4X10]5As/cm3 is very similar to that of the 5X10]5Li/cm3 sample
shown in Figure 3(c). In addition, we have observed no pump-power or
time dependence of the EHD line. Similar behaviors were observed for

Ge doped with about 1015¢m™3

of Ga or Sb. In the rest of this and the
next two subsections, we will report only the data from moderate-
heavily doped Ge whose spectra show unexpected properties.

A 4.2°K spectrum from a Ge:As sample with 5X10]6A5/cm3 is shown
in Figure 5. Features in this spectrum include the LA line (708.5 meV)

and the NP Tine (736 meV) as well as the TO- and TA-phonon-assisted
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Figure 5

Photoluminescence spectrum of a moderate-heavily As-doped
Ge. The various phonon-assisted "EHD" lines are identified.

The inset shows the LA-phonon-assisted and the no-phonon
lines at various temperatures.
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satellites of the LA Tine at 700 and 729 meV, respectively. The

temperature dependences of the LA and NP lines are shown in the inset

in Figure 5. The temperature dependence of the LA Tine is similar to
that shown in Figure 3(d) for the moderate-heavily doped Ge:Li. The NP
line is partially masked by the TA-phonon-assisted 1ine(7) and the bound
exciton 1ine (739 meV) at high temperatures so that its behavior as a
function of temperature cannot be accurately determined.

We have found that time-resolved spectra can yield a wealth of
information about these Tines. All spectra reported in the rest of this
paper are time resolved. They were obtained in the manner described at
the end of Section II. In Figure 6 we have the time-resolved spectra
at 2, 4.2, 6 and 8°K of a 2X]0]6As/cm3 sample showing both the LA and
NP Tines. We will discuss these two lines separately.

At 2 and 4.2°K, the LA-phonon assisted line has relatively simple
behavior. The FWHM and peak position of the line are nearly indepen-
dent of the delay time. The BE(21’22) line can be discerned at 4.2°K
for long delay times. Some shift of the peak of the line is detectable
at 6 and 8°K, suggesting that, as the temperature is raised, some im-
purity-induced emission appear.

In contrast to the LA line, the NP 1line has very complicated
behavior as a function of time. First, the peak of the NP 1ine shifts
noticeably with time at 2 and 4.2°K. At 2°K the total shift of the

spectrum at t = 35 psec from that at t = 3 psec is 0.7 meV. At 4.2°K,

the shift is 1.3 meV between the spectra at t = 30 usec and t 3 usec.
Part of the NP line peak shift at 4.2°K is due to the BE line which

becomes clearly noticeable for long time delays. Second, at 8°K, the
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Figure 6

Time=resolved photoluminescence spectra of Ge:As
showing the LA-phonon-assisted and the no-phonon
lines at four different temperatures. Excitation
power used was 0.6 W, except for the LA-phonon=-
assisted lines at 8°K for which 1.3 W was used.
The number associated with each spectrum is the
time delay t as defined in Sec.II. Relative
intensities of the spectra are arbitrary so that
the heights of different spectra should not be
compared.
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NP line, which resembles the EHD line at short delay times, decays con-
tinuously into a very narrow line at 736.1 meV. At t = 27 psec, its
FWHM is about 2.2 meV and its shape is different from the theoretical
EHD 11neshape(]]). The line at 739 meV is due to the BE. In the
corresponding spectrum (t = 27 psec) at 6°K, the region between the
NP and BE Tines is filled by some impurity induced emission. The 6 and
8°K spectra shows that different parts of the broad EHD-1ike NP 1line
decay at different rates so that the NP line is caused by at least
two (besides the BE 1ine) emission processes. It is natural to expect
that the NP line at 2 and 4.2°K is also due to two or more emission
processes and that the shift of the NP 1ine peak noted above is due
to the changing relative intensity of the various emissions.

The decay transients of the sample were measured using 100-usec
excitation pulses., This pulse length allows the intensity of the "EHD"
lines to approach steady state before the laser is shut off. The decay
transients were obtained through the spectrometer. For the LA line,
the spectrometer was set at 708.6 meV while for the NP line, it was
set at 736 meV. (Bandpass in both cases is about 1.2 meV.) The
results are shown in Figure 7. The LA line decays exponentially with
a lifetime of 23 usec. The NP line decay is slower and is non-
exponential. The negative curvature of the NP line is an experimental
artifact caused by the limited bandpass of our spectrometer and the
considerable shift of the NP line position as shown in Figure 6. If
the spectrometer is set to the high energy side of the NP peak at
t = 100 psec, then the decay is much slower. These results are con-

sistent with the observation of Karuzskii gg_gl}lo) who found that
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the NP 1ine decays with two time constants. The decay transient at
4.2°K is quite similar to the decay at 2°K. This similarity has also
been observed in Ge doped with only 10]5cm-3 of impurities and is
markedly different from the results in pure Ge (see Chapter 3).

Information on the origin of the "EHD" line can be obtained by
looking at its luminescence decay as a function of temperature. Such
data for the LA line using pulsed excitation are presented in Figure
8. At 2 and 4.2°K, when the time-resolved spectra above suggest that
the peaks are due to EHD, the decays are as expected for the EHD; viz.,
the decay transients show both bulk recombination and "surface evapora-

tion" effect5(23).

If the broad 1ine at T > 6°K is due to the EHD,

we would expect the decay transients to show more and more downward
curvature as temperature is raised and evaporation becomes more impor-
tant. Instead, the decay transients for T > 6°K are more nearly ex-
ponential. The slight decrease of the decay rate for T 2 6°K at long
delay times is real and would be more prominent if the line did not
shift with delay time out of the pass-band of our spectrometer. These
observations suggest, as did time-resolved spectra, that the LA line
of Ge:As is due mainly to EHD for T < 4.2°K but is more complicated at
higher temperatures.

We note that under different excitation conditions the decay
transients are different. A dashed line corresponding to the data
points for the LA line given in Figure 7 is drawn in Figure 8. Compari-
son of the dashed line with the 2°K data points in Figure 8 shows that
the lTuminescence decay of the LA line is slower when 100-psec excita-

tion pulses are used. This difference in the decay transients is also
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Decay of the photoluminescence intensity of the LA-phonon-
assisted line of Ge:As at various temperatures. Pulsed

GaAs laser excitation was used. The result for the LA line
in Fig.7 is reproduced here as the dashed line for comparison
purpose. The zero of time is approximately the time that the
intensity of the LA line reached its maximum.
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observed for pure Ge and is consistent with changes in the spatial dis-

tribution of EHD's caused by different excitations (see Chapter 3).

In Figure 9, the pump power dependence of the LA and NP lines at
2°K is shown. The LA line has essentially pump-power independent line
position and FWHM, while the NP line broadens and shifts toward lower

energy with increasing pump power.

(c) Ge:Ga

The temperature dependence of the spectra from moderate-heavily
doped Ge:Ga is qualitatively similar to that shown in Figure 3(d) for
Ge:Li.

Figure 10 shows time-resolved spectra of a Ge sample with
2.5%X10'%Ga/cm3 at 2, 4.2, and 8°K. We make two observations. First, a
considerable shift of the peak position with increasing delay time t
is observed. The rate of peak-shift increased with temperature-
increase. At 2°K the total amount of shift
between t = 3 and 22 usec is about 0.5 meV. While at 8°K the shift
amounted to about 1 meV between t = 2 and 9 usec. Free- and bound-
exciton positions, which can be accurately determined in less heavily
doped crystals, are marked in the 8°K spectrum. It is seen that at
8°K the EHD-1ike line shifts towards the BE line position at long delay
times. Second, there is a large change with delay time of the FWHM of
the line at 2°K. At t = 3 ;sec, the lineshape resembles the well known
EHD lineshape with a FWHM of 3.0 meV. (In pure Ge the droplet line-
width at 2°K is 3.3 meV.) However, at t = 22 usec, the line becomes

much narrower and its high-energy edge becomes quite sharp. We have
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Figure 9

Excitation-power dependence of the photoluminescence
spectrum of Ge:As taken at a fixed delay time of 3 msec.
Both the LA-phonon-assitsted and the no=phonon lines

are shown. The excitation power is indicated at the
right baseline of each spectrum. Relative intensities
of the spectra are arbitrary.
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Figure 10

Time-resolved spectra of LA=-phonon-assisted line of Ge:Ga
at three temperatures. The delay time t is shown to the
right of each spectrum. Relative intensities of the
spectra are arbitrary.
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found it difficult to fit this spectrum using the theoretical EHD line
shape. The t = 22 psec spectrum is not due to the BE either, as the
energy of the line does not match that of the BE.

The luminescence decay transients of the 4X]O]66a/cm3

sample at

2 and 4.2°K are shown in Figure 11. At both temperatures two distinct
decay rates are observed. The results can be fit quite well by sums

of two exponentials, i.e., I(t) ~ exp(-t/Tl) + A exp(ut/Tz). The values

of the parameters obtained are: at 2°K,

Ty = 20 usec , T, = 76 usec , A=1.4;
and at 4.2°K,
T = 20 usec , Ty = 59 usec , A=1.1

The decay transients for a pump power of 0.09 W was unchanged within

the noise level. The decay transient data using pulsed excitation for
temperatures up to 10°K are presented in Figure 12. Comparing the

data in Figure 8 with that in Figure 12, we note that the decay at 4.2°K
is qualitatively different in the Ge:As sample and the Ge:Ga sample.
While the decay plotted on a semilog plot shows a negative curvature in
the Ge:As case, the decay transients show a positive curvature in the
Ge:Ga sample. On the other hand, the decay for Ge:Ga doped sample are
similar to those of the Ge:As sample for T 2 6°K. This similarity sug-
gests impurity-induced emission always plays a role in Ge:Ga sample and

plays a role in LA line of the Ge:As sample for T Z 6°K.



52

Figure 11

Photoluminescence=-intensity decay of the LA-phonon-
assisted line of Ge:Ga at two temperatures. The
zero of time marks the shutting-off of the laser.
The straight lines are lines drawn through the

data points for long delay times.
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Decay of the luminescence intensity of the LA~
phonon-assisted line of Ge:Ga at various tem-
peratures. Pulsed GaAs laser excitation was
used. The quasi-steady-state-excitation re-
gsult at 4.2°K in Fig. 11 is reproduced here
for reference. The time zero is approximately
the time the LA line intensity reached its

maximum.
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It should be noted that, although two exponentials are sufficient

to fit the decay transients, the possibility of the presence of more
than two decay times cannot be excluded. Experimentally it is difficult
to resolve the decay of more than two components, especially if some
decay times are not too different from each other.

In Figure 13, the t = 3 usec spectra of the LA-phonon-assisted
line of the 2.5x10]66a/cm3 sample for various pump powers at 4.2°K are
shown. The peak of this Tine shifts towards lower energy and its line-
width increases with increasing excitation level. At 4.2°K, a factor
of 10 change in excitation power produced a 0.5 meV shift of the peak
and a 0.5 meV change in the FWHM. At 6°K, a factor of 4 change in
pump power caused the peak to shift by 0.5 meV and the FWHM to change
by 0.2 meV.

(d) Ge:Sb

Figure 14 shows the 2°K LA-phonon-assisted EHD line from high-
purity Ge and the LA lines from Ge:As, Ge:Ga and Ge:Sb samples. These
results show that (for a constant excitation level) the peak in the
emission line for Ge:Ga and Ge:As are close to the peak of the EHD line
in pure Ge. In contrast, the data show that the peak of the emission
line in Ge:Sb is shifted to lower energy by about 0.5 meV. This shift
to lower energy is not understood at present, although calculations(13)
for the properties of the EHD in doped Ge suggest that such a shift of
the EHD might occur when impurity concentration approaches the Mott
density.

The temperature dependence of the spectrum of the Ge:Sb sample is
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Figure 13

Excitation-power dependence of the LA-phonon-assisted line of Ge:Ga
at a delay time of 3 usec. The pump=-power is shown at the right
baseline of each spectrum. Relative intensities of the spectra

are arbitrary.
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qualitatively similar to that of the 4X10]6Li/cm3 sample shown in
Figure 1(d). Time-resolved spectra at 4.2°K from the Ge:Sb sample
showed a peak position independent of time delay. However, the line-
width decreased from 3.1 meV at t = 2 pusec to 2.5 meV at t = 15 usec.

In Figure 15, decay transients from the Ge:Sb sample are shown.
The 2°K decayis nearly exponential with a time constant of 34 usec.
The 4.2°K data show two time constants. Following the laser turn-off,
the decay is fast for about 20 usec before it becomes exponential with
time constant of 28 upsec. When pumping-power was decreased to 0.07 W,

the transients remained essentially unchanged.

At 4.2°K the FWHM of the EHD-1like 1line decreases from 2.7 meV to
1.9 meV with a reduction of pump power by a factor of 6. This is in
good agreement with the observation of Martin and Sauer(B). The posi-
tion of the peak of the line is observed to be independent of the pump

power.

IV. SUMMARY AND DISCUSSION

15 -3

For Ge with impurity concentrationsup to a few times 10 “cm ~, we
have observed no changes of the properties of the EHD line from those
of the high-purity Ge. At temperatures close to the critical tempera-
ture of EHD formation, some impurity induced emission can be seen which
should not be confused with the EHD 1ine. The decay transients of the
EHD 1ine in these lightly doped Ge crystals are quite different from
those in the high purity Ge and are dealt with in the next chapter.

The properties of the EHD-1ike line in moderate-heavily doped Ge

are rather complicated. The results are most easily interpreted by
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Photoluminescence intensity decay of the
LA-phonon-assisted line of Ge:Sb at 2
and 4.2°K.
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assuming the existence of impurity-induced emissions:

1. LA line in Ge:As

The LA line in Ge:As is least affected by impurity-induced emis-
sions. For T S 4.2°K, we found the shape and position of this line
to be essentially excitation-power and delay-time independent as would
be expected for an EHD line. Fitting the LA line to the well known
EHD Tine shape(]]), we obtained roughly linear decreases of both the
density and chemical potential of the EHD as functions of increasing
doping concentration. A comparison of the results of the line-fits
to the theoretical prediction of Reference 12 is shown in Figure 16.
Good agreement between the experiment and theory is obtained. We inter-
pret the LA line in Ge:As for T £ 4.2°K to be due mostly to EHD emis-
sion. The lifetime of the EHD in moderate-heavily As-doped Ge is about
23 psec which is considerably shorter than the 37 pusec for EHD in pure
Ge(23).

At temperatures higher than about 4.2°K, the FE and impurity-
induced emissions dominate the spectrum of Ge:As. The impurity-induced
emission has a broad, structureless line shape similar to the EHD line

shape.

2. The NP Tline in Ge:As and LA Tines in Ge:Ga, Ge:Li, and Ge:Sb(24)
Impurity-induced emissions play a large role in the NP line of

Ge:As and in the LA lines of Ge:Li, Ge:Ga and Ge:Sb. Their presence

spectroscopically unresolvable from the EHD, cause the above lines to

show pump-power and time dependences as well as two decay times.
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Figure 16

Comparison of theoretically predicted properties of the
electron-hole-droplet of As-doped Ge with experiment.
The theoretical lines, for As-, Ga- and Sb-doped Ge, are
obtained from reference 12. The triangles (A) are den-
sities (n) and chemical potentials (WK) obtained from
fitting the experimental LA line of Ge:As. The circles
(®) are density date for Ge:As given in reference 7.

The densities are in units of the electron-hole-droplet
density in pure Ge (n, = 2.4 x 10'em™3). All data were
obtained from spectra at ~ 2°K.
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There are many possible mechanisms for the impurity-induced changes
in the emission. We shall discuss some in detail and only mention

others.

A. "Multi-Exciton Complexes".

In Si samples with impurity concentration = 10]6cm—3, a series of
narrow lines between the BE line and the peak of the EHD line have been
observed(]]’25’26). These lines have been attributed to, but as yet un-
proven, emissions arising from transitions from neutral centers with
n bound-excitons to centers with n-1 bound-excitons. They are usually
referred to as "multi-exciton complex" (MEC) lines. Martin(zz) has
reported observation of a similar series of lines in Ge with about
]0]5cm"3 As and P impurities. He found that MEC lines in Ge are
emitted without phonon assistance and have extremely low intensities.

In Ge doped with Z 10'%cn~3

cm ~ of impurities, MEC, if they exist, would
most likely emit a broad line rather than a series of sharp lines for
two reasons. First, the MEC Tines in Si have been observed to broaden
and merge(27) at doping level of 1016-10]7cm'3. At these doping levels,
impurities may cluster. As a result many MEC's may overlap several
impurities. This would lead to the observed broadening of MEC lines at
high doping levels. Since the sizes of the exciton(27) and shallow-

(29)

impurity states in Ge are a factor of 2 to 3 larger than in Si,

one would expect broadening and merging of the MEC lines to occur at
doping levels of 10]5 -1016cm_3 in Ge. Second, the total energy-spread
of the MEC lines in Ge is only about 3 meV compared to greater than 10

meV in Si, so the spacings between successive MEC lines in Ge are much
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smaller in Ge than in Si.

Provided that the doping levels are appropriately scaled as dis-
cussed in the preceding paragraph, many similarities between the doped
Ge and Si spectra can be observed. The data on the pump-power depen-
dence of the NP line (1.8X]O]7P/cm3) and the TO-phonon-assisted line
(1.7X10]7Sb/cm3) of doped Si, taken from Reference 30, are shown in
Figure 17. Comparison of Figure 17(a) with Figure 9 and Figure 17(b)
with Figure 13 suggest that the NP line of Ge:As and the LA lines of
Ge:Ga, Ge:Li, and Ge:Sb could have the same origin, viz., luminescence
from both MEC and EHD. The temperature dependence of the EHD and MEC
lines in doped Si (7X10]68/cm3),also taken from Reference 30, are
shown in Figure 18. The possible presence of MEC lines in Ge is again
suggested by a comparison of Figure 18 with Figure 3(d) and 6. Measure-
ments of the MEC decay times in Si show that different MEC lines have
different decay times; the decay times monotonically decrease for lines
approaching the EHD peak(25). The intensity decay of these lines
almost always show two decay constants. The time-resolved spectra
in Figure 11 of Reference 26 show a shift towards higher energies
and a narrowing of the combined width of the lines with increasing
delay time. These time-dependent properties of the MEC and EHD in
doped Si are also observed for the LA lines of Ge:Ga and Ge:Sb and for
the NP line of Ge:As, as given in Section III. Finally, at constant
excitation, the BE intensity in Ge is maximum for doping level of about
10]5(:m'3 whereas the FE is a monotonically decreasing function of
increased doping. Both the BE and FE lines are absent from the spectra

3

when doping level exceeds about ]0]6cm' . Similar observations have
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Figure 17

Pump-power dependence of the spectra from broadened

multiexciton complexes in doped Si (taken from ref-
erence 30 ).

(a) Si:P ; emissions without phonon assistance.

(b) Si:Sb; TO-phonon-assisted emissions.
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Temperature dependence of the phonon-
less emission spectrum of the electron-
hole-droplet and multiexciton complexes
in As-doped Si (taken from reference 30).
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been reported for Si in reference 30.

On the basis of the comparisons in this subsection, one would ex-

17073y s1:As or $i:P, where only

pect that, in heavily doped (Ni 210
broad NP and TO Tines from the "EHD" are observed, the broad lines may
actually be composed of differing amounts of EHD and broadened MEC
radiation. There should be qualitative differences in all the proper-
ties of NP and TO T1ines. Verification of this point would strengthen
the case for the MEC explanation for Ge.

It should be noted that, since the binding energy of MEC relative
to FE in Ge is no more than about 2 meV, one would not expect to see

much MEC emission above about 25°K. Thus, MEC alone could not explain

the data above about 25°K in doped Ge.

B. Bound-Exciton Banding

In addition to a MEC band, a possible contribution to the impurity-
induced emission comes from a broadened BE line. In analogy with the
phenomenon of impurity banding in semiconductors(3]), we might expect
that the interaction between an exciton and more than one impurity
would Tead to a bradening of the BE line. This interaction with a num-
ber of impurities will produce a broadened EE line in two ways. First,
consider a single exciton interacting via an attractive interaction
with @ number of nearest neighbor impurities. The energy of the ground
state of the system made up of the exciton and a cluster of neutral
impurities will depend on the number and spatial distribution of the
neutral impurities. Since the impurities are distributed randomly,

there are fluctuations in the spatial distribution of the nearest
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neighbor impurities about any given impurity center. This leads to

a distribution of values for the ground state energy of a single exci-
ton interacting with an impurity and its nearest neighbor impurities.
This interaction will lead to a broadening and shifting of the BE line
with increased impurity concentrations. Estimates of the magnitude

of this effect for impurity density of -~ 10]6cm_3 gives broadening

of the BE line on the order of 1 mev(32). Second, as the pump power
is increased, we are likely to increase the average number of excitons
bound a given impurity center. Hence, we will be looking at the emis-
sion from varying number of excitons interacting with the impurity

centers. This system will emit a line which broadens and shifts with

increasing pump power.

C. Plasma Emission
Spatially-resolved luminescence scan measurements on doped Ge show
that the excited region extend beneath the surface to a depth of . 500

]6cm_3—doped Ge(33:34)

um in ~ 1015cm“3-doped and ~ 200 ym in ~ 10
high-purity Ge, the penetration of excited carriers into the crystal is
about 1 mm. Thus, a much higher density of carriers is generated in
doped Ge than in pure Ge. The excited-carrier density is highest near
the excited spot at the surface of the crystal and decreases with dis-
tance from the excited spot. Consider now an excited, doped Ge crystal
whose temperature is above the droplet critical temperature (~6.5°K).
Away from the excited spot, FE's are formed. Near the excited spot,

the carrier density may be sufficiently high so that screening of the

Coulomb attraction of electrons and holes can make the FE state un-
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stable relative to a plasma state. Thus, spectra of doped Ge at

temperatures higher than the droplet critical temperature, such as
those shown in Figure 3, could be due to a combination of the emission
from the plasma near the excited spot and the FE emission away from
the excited spot.

The density M1 at which the FE state is screened out can be

estimated by equating the Debye screening length of the plasma to the

Bohr radius of the exciton(3%). This density is

e kT
"Mr T 3 (1)
mEyds

where k is the Boltzmann constant, T is the absolute temperature, Ex

is the exciton binding energy and a_ is the exciton Bohr radius. For

0

Ge, E, = 4.15 meV and a_ = 114 2036) o that n.. = 5.6X10VH. When the

MI
duration of the excitation is much shorter than the carrier lifetime,

the average density of pairs generated by each laser pulse can be

estimated by

Pt
n=— 2
hvV (2)

where P is the power absorbed by the Ge crystal, t is the pulse length,
hv is the photon energy and V is the volume occupied by the excitation.

The value of V is estimated by taking the product of the illuminated

area, ~ 1 mmz, and the depth of penetration. For 1 W absorbed power

o 16 -3
in a 2 usec pulse at GaAs laser wavelength (8500 A), we get n=2X10 cm

15

for N. ~ 10 em™ and n=4X10]6cm'3 for Ni ~ 10]6cm'3. If the excited
i
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carrier density were uniform then we would expect, by equating n to

UNE the FE state to be unstable below about 30°K and 75°K for lightly
(10]5cm'3) and moderate-heavily doped Ge, respectively. The actual
density of carriers is spatially non-uniform so that these estimated
temperature may not be very accurate. Nevertheless, there is indeed
a trend for the impurity-induced peak next to the FE peak to persist
to higher temperatures with increasing doping concentration (see Figure
3)s

Due to the small extent of the volume occupied by the excited car-
riers, it is difficult to measure spatially-resolved spectra and our
attempts have not led to conclusive results. At temperatures below
the droplet critical temperature, the existence of the liquid phase
complicates the situation, and we feel one of the other listed

mechanisms in this section needs to be considered.

D. Others

1. Heating - Device heating by the exciton can be ruled out as
the cause of the observed pump-power and delay-time dependence of the
broad EHD-1ike lines in doped Ge. Increase of delay-time and decrease
of pump-power cause the broad line to shift to lower energy whereas
heating causes shifts in the opposite direction. In addition, if one
assumes that the broad lines are due to EHD and carry out line fits,
the results shown in Table I is obtained. It is necessary to use not
only high temperatures but also larger densities to obtain fits to the
spectra for larger pump-powers.

2. Donor-Acceptor Transition - For phonon-assisted donor-acceptor
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Lxcitation Ge:Sb_ 8x10'6cn™3 Ge:6a  4x10'6cm3
5 17_-3
power (W) T(°K) n(10" "cm ") ek |10 em™)
1.3 3.0 1.4 3.5 2.1
1.1 L 2.9 1.4 3.0 1.9
9 3.0 1.3 3.0 1.8
o7 2.8 1.2 2.5 1.6
.5 2.3 11 2.5 1:3
2 2.0 0.9
Table 1.

Densities and temperatures obtained from theoretical linefits % o "EHD”
spectra at t = 3 psec and various excitation powers for two doped Ge
samples. The bath temperature was 2°K. Excitation was provided by GaAs
laser with 2 usec pulse duration and 2% duty cycle. The density of states
effective masses for e1éctrons and holes were taken to be 0.5G and 0.37,

respectively b.

a. R. B. Hammond, T. C. McGill and J. W. Mayer, Phys. Rev. B13, 3566 (1976).
b. HW. F. Brinkman and T. M. Rice, Phys. Rev. B7, 1508 (1972).
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transition, the energy of the emitted photon is given by(37)

2
= = = e
hvpa = Eg = Epp - (B * Ep) + (3)

where Eph is the phonon energy, EA and ED are respectively the donor
and acceptor binding energies, e is the electronic charge, k is the
dielectric constant and r is the separation between the donor and

acceptor. Donor-acceptor pairs with large separationsgive rise to a

broad line which peaks at r = (4nINA—NDl/3)]/3.

g
E=16, EA+ED::20 meV, and Etﬁ = 27.4'meV(17) so donor-acceptor line
16

For Ge, E_ =750 meV,

should peak for INA-NDI =10 cm'3 at about 696 meV. The observed
broad lines peak at about 709 meV and are not due to donor-acceptor
transition.

3. Pressure - High densities of carriers are generated by sur-
face excitation in doped Ge. The resulting pressure from the carriers
may compress droplets in doped Ge leading to pump-power dependent
droplet density and linewidth. The pressure required to lead to the
observed changes of densities (see Table I) can be estimated from
An/n = xP, where x is the compressibility of the electron-hole liquid
and has been measured(38) to be 3.7X10'8cm3/mev. For an/n of 30%, P

is estimated to be about 10"’

meV/cma. A carrier density of about
1017(:m'3 would be required to produce this pressure and such high
density is not likely in our experiment.

The decay times for MEC in Ge:As and Ge:Ga are quite long (70 usec
in Ge:As at 1.5°K(]0) and 76 usec for Ge:Ga at 2°K). Further, experi-

ments on Ge doped with impurity concentrations of -~ ]0]5<:m-3 of shallow
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dopants exhibit decay times for free excitons which are essentially the

same as those observed in pure Ge(39). These results suggest a rela-
tively slow rate of Auger recombination of the excitons bound to im-
purity centers in Ge. It is possible that the decay of free-excitons
occurs in both the doped and pure sample via some center (e.g., dis-
lTocations) other than the shallow dopants. If this is the case, then
immobile excitons bound on a shallow dopant will decay at a rate slower

than that for the free excitons.

V. CONCLUSION

We have investigated the temperature, pump-power and time depen-
dences of the photoluminescence spectra of Ge containing up to
8X]0]6cm_3 of impurities. For impurity concentrationsof less than
about 10]5cm'3, few changes in the spectrum of EHD were observed com-
pared to pure Ge. The broad LA-phonon-assisted line of Ge:As con-
taining up to 5X10]6 As/cm3 has properties which can be explained by
the existing theories of EHD for doped Ge. The broad NP line of Ge:As
as well as the broad LA-phonon-assisted EHD-1ike lines of Ge:Li, Ge:Ga
and Ge:Sb have properties unexpected of an EHD line when the tempera-
ture, pump-power or delay-time is varied. It is necessary to consider
impurity-induced emissions in addition to that from the EHD to explain
these results. A comparison of our data with those of doped Si sug-
gests that emissions from multiexciton complexes and broadened bound-
excitons make up part of the impurity-induced emissions. Additionally,
at higher temperatures (T = 10°K) the spectra of doped Ge may result

from both emission from the free-exciton and a plasma of electrons and
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holes. This plasma can exist near the excited spot on the crystal be-

cause the large excited-carrier density there screens out the free-

and bound-exciton states.
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