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Electrical and Optical Properties

2.1 Introduction

The first observations of plastically deformed germanium made immediately
clear that dislocations introduced during a high-temperature deformation cre-
ate acceptor states [1-5]. N-type Ge became p-type after deformation, while
the resistivity of p-Ge did not exhibit important changes. Soon after, sev-
eral hypotheses on the nature of the dislocation-related acceptor states were
launched. It was Shockley who put forward the idea of the acceptor operation
of the dangling bonds (DBs) in the core of a dislocation [6]; the dangling bonds
originate from the threefold coordination of the germanium atoms. This has
been illustrated in Fig. 1.9 of Chap. 1. In principle, both donor (giving up the
unbound electron) and acceptor action can be expected, although originally
only acceptor operation was found [1-4]. Based on that, Read formulated a
theory for the occupation statistics of the acceptor states in covalent semi-
conductors [7,8]. The difference with a point-defect related deep level is that
the energy position of the dislocation acceptor level shifts with its occupation
due to the Coulomb repulsion between the electrons on the DB sites. At the
same time the line charge induces a surrounding space charge cylinder by
interaction with the mobile charges in the semiconductor material.

This theory has long been the basis for the interpretation of the experi-
mental results, mainly relying on Hall effect measurements as a function of
temperature. It was only with the work of Schréter and co-workers [9,10] that
it became clear that the intrinsic electrical properties of dislocations are better
described in terms of a one-dimensional band of states, showing both acceptor
and donor activity, depending on the position of the Fermi level, that is, on
the doping density and temperature.

Early theoretical calculations indicated that there is another potential
source of electron states in the band gap of Ge, namely, the elastic strain field
surrounding the dislocation core [11,12]. Indeed, because of the strain field, the
interatomic distance in the neighborhood of a dislocation is modified, which
results in a local change of the band gap energy. Initial calculations showed a
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splitting of the electron states of the conduction band in the range of 3 meV
below E¢ [11], which is negligibly small. However, later calculations, including
the impact of the shear strain, suggested that for a screw dislocation in Ge
a bound state at Fc — 0.05eV could be split off from the conduction band,
giving rise to electrical activity.

One overall problem in the quantification of the density of dangling bonds
is the fairly large error bar in the determination of the dislocation density
Ny in deformed material (see Chap. 1). Using simple preferential etching, Ny
can be determined within a factor of 3. A more accurate quantification can
be achieved by TEM, although this is more time consuming and provides less
insight in the uniformity of the dislocation distribution and only works for
high densities Ng (>108 cm™2).

However, besides the intrinsic activity of dislocation dangling bonds or
strain-related states, it became soon clear that plastic deformation, even if
the necessary precautions to avoid metal contamination are taken, can intro-
duce point defects [4]. These deformation-induced point defects (PDs) can be
annealed out by a subsequent heat treatment, thereby reducing the accep-
tor concentration. It was originally speculated that the PDs were vacancies
or vacancy-related complexes, resembling the thermal defects introduced by
quenching from high temperatures or created by particle irradiation [13].

Another source of electrical activity of dislocations is the elastic interaction
of PDs with dislocations, described in Chap. 1 and leading to the formation
of a Cottrell atmosphere [14]. These impurities have their own levels in the
band gap, which may be shifted by the fact that they are now residing in
the strain field of a dislocation. This is also the reason why it has shown
advantageous to study deformation-induced dislocations rather than grown-in
ones, as one can better control the dislocation-dopant (or PD) interaction by
choosing appropriate deformation conditions (temperature, duration, cooling
rate, atmosphere, etc.).

A further element to account for is the fact that there exist different dislo-
cation types in the diamond lattice (see Chap. 1). This means that each type
may have its own energy level(s) and electrical behavior.

Based on this, it is clear that the study of the electrical activity of dis-
locations is a complex matter, whereby one has to ascertain that “clean”
dislocations of preferably one dominant type are studied. At the same time,
the concept of dangling bonds has been questioned, particularly in the case
of silicon. This is related to the fact that dislocations were shown to be split
for most of their length by weak-beam TEM [15] and theoretical calculations
indicate that the resulting 30° or 90° partials could well have a reconstructed
(i.e., paired) core structure, whereby no electron states in the band gap occur.

A first section describes the electronic states of dislocations, based on ex-
perimental data from electrical techniques (Hall measurements, capacitance—
voltage, DLTS; microwave, and DC conductance). The basic features of the
main theories will be highlighted and the experimental conditions to obtain
“pure” dislocations will be described. The next sections deal with the impact
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of dislocations on the carrier mobility (scattering at charged dislocations), life-
time and trapping, low-frequency noise, and device operation (p-n junctions).
The study of the optical properties of germanium has provided firm evidence
of the distributed nature of the electronic states. From the obtained absorp-
tion, photoconductivity (PC) or photoluminescence (PL) spectra, a more or
less complete and complex picture of the distribution of the 1D electron bands
across the band gap has been established. The Chapter will be wrapped up
in a conclusions section.

2.2 Electronic States of Dislocations

Shockley proposed that the acceptor nature of dislocations stems from the
dangling bonds in the core of the line defect, introducing a 1D band of acceptor
states in the band gap [6]. The spacing of the DBs is given by [5-7]

¢ = 0.866b coseca, (2.1)

with b the magnitude of the Burgers or lattice translation vector (0.4nm in
Ge) and « the angle between the dislocation line and the Burgers vector. The
DB spacing is minimum for a pure edge (o = 90°) dislocation and maximum
for a screw dislocation (« = 0 and ¢ — o). In other words, (2.1) predicts
no DBs for a screw dislocation and based on that, no electrical activity. As
will be seen later, this is not confirmed by experiments, indicating one of the
shortcomings of the Shockley—Read theory. In what follows, the evolution of
the insight in the electrical activity of dislocations is sketched, starting from
the Read model. The experiments leading to these theories are summarized.
In recent years, interest has turned to the conduction along a dislocation, as
it may represent a one-dimensional conductor.

2.2.1 Read’s Acceptor Level Model

Starting from the DB concept, a theory should enable explaining why only
a fraction foq of the DBs with line density 1/c (cm™!) contributes to the
electrical activity. In other words, feq = @ea/c, with aeq the average spacing
between acceptor states along the dislocation.! This leads to a negative line
charge density q/aeq, which repels the free electrons from the neighborhood of
the dislocations (collective action of the line of charges?). As a consequence,
a cylindrical space charge is formed around the dislocation — and assuming

! In fact, Read assumed a constant spacing between the occupied DB states in the
most simple approximation [7,8].

2 The charged DB sites can be regarded as a (continuous) line charge when
¢/fea < mean spacing between donors or acceptors (l/ND,A1/3). In the other
case (high(er) T or feq or high(er) doping), it can be regarded as a row of point
charges.
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Fig. 2.1. Variation of energy bands with distance r from a dislocation. (after [7])

that the screening by the free electrons is negligible, which is valid at low
temperatures — with radius R given by [7,8]

TR* (Np — Na) = 1/aeq = fed - (2.2)

and schematically represented in Fig. 2.1. Np and N, are the donor and
acceptor concentration, respectively, so that Np— N, is the net doping density
in the undeformed material, outside the dislocation region. As a consequence,
a potential barrier ®p develops around a charged dislocation, which depends
on its occupation (charge density @), while the bands are bent, like in Fig. 2.1.
At the same time, the energy position of the dislocation acceptor level (Eq)
will increase with increasing charge, according to the relation

Eq(Q) = Eo + E. (Q), (2.3)

with Ey the level for feq = 0 (Q = 0), the neutral dislocation limit and
E.(Q) the electrostatic energy associated with the Coulombic interaction
between the occupied DBs. Ey has to be derived experimentally, while FE,
can be theoretically calculated under certain assumptions.

For the calculation of the electrostatic energy, one can in principle not rely
on Fermi-Dirac statistics [7, 8], as the neighboring occupied sites repel each
other. Assuming equally spaced occupied acceptors, Read obtained in the 0 K
approximation

Ee = {¢*fea/(2pe0ecec) } {3/21n (fea/ fc) — 0.866}, (2.4)

with ¢ the elementary charge; ¢ the permittivity of vacuum, and eg. the
dielectric constant of germanium, while f. is defined by [7, 8]

fe = ¢lm (Np — Na)J'/? (2.5)



2.2 Electronic States of Dislocations 69

Broudy & McClure

Occupation
o
(=]
(<]

0 50 100 150 200 250 300 350
Temperature (K)

Fig. 2.2. Comparison of various statistical treatments for the occupation of dis-
location acceptors by Read [7, 8] and Broudy and McClure [16] (Np — Na =
10 em™, FEo — Eo = 0.225¢eV, f. = 0.00586). ME minimum energy approxi-
mation with constant spacing between occupied sites, Ferm: Fermi-Dirac statistics
(after [15])

and following from (2.2) for R = aeq. It is also assumed that the bands shift
rigidly with the charging of the dislocation, thereby, neglecting elastic field
changes. Equations (2.4)—(2.5) are strictly speaking only valid for T'= 0K (no
entropy contribution and fixed distance aeq between acceptor states). Read
has also worked out the statistics for a number of limiting cases [7,8], consider-
ing line charge fluctuations and nonuniformities, and hence, a nonzero entropy
term. A further refinement was performed by Broudy and McClure [16, 17].
Based on (2.4)—(2.5), the occupation fraction feq of the acceptor states can be
calculated, yielding the result of Fig. 2.2. From this figure, one can derive that
the fractional occupancy of the dangling bond acceptors states is maximum
~12% and reduces with increasing temperature to reach only a few % at room
temperature. It is also clear from Fig. 2.2 that the Fermi-Dirac statistics over-
estimates the dislocation occupancy, although the Broudy—McClure approach
leads to a formally equivalent expression [16].

Early assessment of the electrical activity of dislocations was performed
by Hall measurements vs. temperature. It should be remarked that in such a
case, only states at the Fermi level Ep (in thermodynamical equilibrium) are
probed. A method that has been largely followed is to measure the free carrier
(hole) concentration p as a function of T in the deformed (p-type) material,
which yields Fr through [9]

3/2
Ep = kTln (CT ) (Ep > kT), (2.6)
p
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with C = 1.17 x 10" cm™3 K~3/2 in p-type Ge. At the same time, one can
derive foq from [9]
fed:(p_NA)/Nsu (27)

N, is the DB volume density in cm ™3 equal to Nq/b, with Ny the dislocation
density (assumed of one type for simplicity). The increase in free hole density
in the deformed p-type material p-Np is then supposed to originate solely
from the occupied dislocation DB states, neglecting all other mechanisms
(deformation-induced point defects; split off strain states; impurity decoration;
etc.). The neutral level according to (2.7) then corresponds to the temperature
(or Fermi level) at which p = Ny, in the frame of the Read model.

Applying this theory, a wide range of values for the neutral dislocation level
has been obtained, from Ec — 0.225¢eV [7] to Ec — 0.5eV [17]. Other groups
found intermediate values [18]. Krylow and Auleytner concluded that the dis-
location acceptor level in n-type Ge was at Fc —0.13 to 0.18 eV, independent
of the dislocation type [19]. Finally, in twisted n-type Ge with predominantly
screw dislocations, no acceptor levels were observed within the resolution of
the conductivity measurements employed [20]. In principle, Ey should only
depend on the dislocation core and not on the doping type or dislocation
density, which was obviously not observed here.

2.2.2 Schroter’s 1D Band Model

The wide scatter in Ey level derived from the application of Read’s model
was puzzling and different explanations have been advanced, either pointing
to a nonuniformity of the dislocation density or type or to an interaction
with impurities or point defects. However, there was also evidence of the
formation of donor states in deformed highly p-doped Ge [14,21], which cannot
be explained in the frame of Read’s model. This suggests rather a half-filled
1D band of states associated with dislocations than a single acceptor level,
as originally suggested by Shockley [6] and also considered by Mueller in the
interpretation of his data [22].

A breakthrough came with the study of plastically deformed p-type Ge by
Schréter et al. [9,10,23]. The main experimental result is shown in Fig. 2.3 [24],
comparing the free hole density for the undeformed and plastically deformed
p-type Ge. At high temperatures, the deformed sample shows a higher p
concentration, indicating the introduction of dislocation-related acceptors. It
should also be noted that there is no leveling off at higher temperature [9],
suggesting that the dislocation states are not fully occupied yet. However,
there is a continuous reduction in p with lower T', which crosses the chemical
acceptor density (p = Na) of the starting material at T ~ 80K and drops
below N4. This strongly suggests a donor operation of the dislocation states,
when the Fermi level is sufficiently close to the valence band.

The cross-over in Fig. 2.3 marks a continuous transition from donor-type to
acceptor-type behavior, which has been interpreted in terms of partially filled
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Fig. 2.3. Hall effect of deformed (W1: after static compression at 580 °C) and
reference Ge. Hole density as a function of the inverse temperature before and after
introduction of edge-type dislocations. At the intersection of the two curves the
dislocations are neutral (feq = 0), while for lower temperatures they are positive,
and for higher temperatures they are negatively charged (after [24])

dislocation states and, in combination with Shockley’s dangling-bond concept,
has led to the model of a half-filled dangling-bond band [9]. The occupation
limit of this band coincides with the Fermi level given by (2.6), as long as
the band does not become totally emptied or filled with electrons. From the
cross-over temperature Ty, the occupation limit of the neutral dislocation is
obtained Fy = Ew(To, Na). If the dislocation density is measured in addition,
the line charge of the dislocation is @ = ¢(p-Na)/Nq so that the function
Er(Q) is proportional to the electrostatic shift E,(Q) of the dislocation band
on the energy scale.

To interpret these results, it was assumed that dislocations give rise to a 1D
band of states, whereby FFr is the occupation limit and Ej is now interpreted
as the neutral occupation limit within the band, corresponding with zero line
charge. Assuming that the doping density of chemical acceptors Na in the
p-Ge is not changed in the space charge region surrounding the dislocations in
the deformed material (no deformation-induced PDs, which requires a Tyer >
773K or 0.6, typically), one can derive the fractional occupation of the
dislocation states from

Ep — [Eo — Ee (fea)] & 2feakT  for |foa| < 1. (2.8)

In writing (2.8), it is assumed that the band is half-filled at B = Ej and that
each state is twofold degenerate, accepting electrons with spin up and spin
down. This can be further developed into a linear function of feq [9]:

Er — Eg = Eo (foa) + (AEs/20) fea, (2.9)
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Fig. 2.4. Er(fea) — Eo as a function of feq for different highly deformed and doped
samples (after [9])

with AFEg and 0 constants for a given dislocation type. Note that according
to (2.4) E, is in the first instance a linear function of f.q. The expression
obtained by Read for FE. neglects screening of the charge on a dislocation
line by free carriers, which is a good approximation in the low-temperature
limit. The linear dependence predicted by (2.9) was fully supported by the
experiments of Schroter [9], as shown in Fig. 2.4.

According to Fig. 2.5, one has to consider different interactions in a row of
dangling bonds in order to calculate the occupation statistics [25]. In a simple
one-electron-approximation, only the interaction of an additional electron with
the line charge and the free carriers is taken into account. It was shown, more-
over, that the effect of hybridization and intrabond Coulomb interaction on
the DB states associated with 60° dislocations is rather small, so that the sim-
ple DB concept gives a fair description of the localized states associated with
dislocations [26]. In the original band model, it is assumed that the screening
of the DB charges occurs by the free carriers and not in a sharp space charge
cylinder, with typical radius A = \/kTepece/q?|p — n| (the Debye screening
length) [10,26]. This is valid for the dislocation barrier height in the range kT
(small feq and thus higher T). For lower T, there is a transition to the space
charge cylinder model of Read. Implementing the corresponding occupation
statistics, expressions for Fr and F, have been derived [9,10,15,27].

A further improvement was implemented by Veth and Lannoo [28], who
took into account a better approximation for the short-range interaction of
electrons on DB sites, resulting in an E,, given by
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Fig. 2.5. Different interactions of an electron in the dislocation core are discussed
for a row of dangling bonds: (a) the electron, added to a DB is repelled by the
electron already present in it: intrabond Coulomb energy (1); (b) electrons may hop
between dangling bonds and bulk states: hybridization, transition rate A/h, with 7
the reduced constant of Planck (2); (c¢) in a simple one-electron-approximation only
the interaction of an additional electron with the line charge (3) and free charge
carriers (4) is taken into account (after [25])

2
Ec: Ufcd+ q fcd 111(/\) (2'1()&)
£Ge 2TEGeEQC c
U e 2 e R
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for the Schroter—Labusch (SL) or the Read case, respectively [15,28]. In this
theory, account is made for the discrete nature of the charge distribution
along a dislocation, instead of considering it as a line of charge as in the SL
case [28]. The screening length (or limiting radius between short and long-
range Coulomb potential) is in this approach independent on the screening
model applied [28] in contrast to the Read model [7, 8], while the energy
shift AF (first term in the rhs of (2.10)) is assumed proportional with the
excess electron charge and also independent on the screening model. The
energy U is the intra-atomic Coulomb interaction between an excess charge
and the electrons already present in the neutral state, represented by (1) in
Fig. 2.5 [28].

Application of the band model led to the diagram of Fig. 2.6 for edge type
(60°) dislocations: a neutral level Ey at 0.09eV from the valence band. The
width of the 1D band has been extracted from capacitance—voltage (C-V)
measurements on Schottky barriers, made on deformed Ge [29, 30]. It was
hereby assumed that the DB acceptors can be treated as point defects with
respect to their impact on the doping density in the depletion region of the
diode [29]. A band width of 0.18eV was derived from the C-V analysis [30].
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Fig. 2.6. Parameters of dislocation states for Si and Ge, as derived from measure-
ments of the Hall effect: upper edge 1o of the full band and lower edge E2p of
the empty band at a neutral screw dislocation, and the occupation limit Ey of the
half-filled band at a neutral edge-type dislocation (after [24])

A similar analysis has also been performed for samples with a large fraction
of screw dislocations. It was concluded that the latter give rise to a fully
occupied band at Ey 4+ 0.035eV (upper limit) and an empty band with lower
limit at Ev 4+ 0.589 eV [31,32]. The question rises of course what the origin
of these states is, since according to (2.1) there are no DB associated with
screws. The answer is that most likely, the elastic strain field is creating these
states [31,32]. In first order, a screw dislocation has a pure shear strain.
However, calculations have shown that this results only in split off states
from the conduction band [12]. In second instance, there is a dilatation field
associated with a screw and resulting in states split off from both valence and
conduction band. The experimental results suggest that the binding energy
of the shear field is larger than that for the dilatation one, in qualitative
agreement with theory [11,12]. The corresponding density of states is equal
to the number of atoms along the dislocation line, that is, 1/b states per unit
length of dislocation [32].

While the half-filled band model provides a fair interpretation of the Hall
measurements on deformed germanium, some experimental evidence does not
fit into the picture. As will be detailed later, the absence of microwave con-
ductivity along dislocations in n-type material compared with p-type and
the complex structure of the photoconductivity (PC) and absorption spectra
point against the simple 1D band picture [33]. Also some Hall results did
not completely agree with the interpretation by the Gottingen Group [33,34].
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Kolyubakin and Shevchenko arrive at a lower neutral edge dislocation level
at Eyv 4 0.07 to 0.075eV, independent of the starting conductivity [33], for
small values of feq (<0.005). This position was independent of dislocation
density and cooling rate, suggesting that it was an intrinsic property rather
than related with deformation-induced point defects. It was concluded that
the band structure in the lower half of Fg was more complex and proba-
bly contains two acceptor bands with different widths and one donor band,
separated by a gap [33]. The gap between the donor and acceptor states is
rather narrow and in the range 30 [33] to 50 meV [34]. The lowest donor band
(at E1 = 0.055-0.075¢eV) is fully occupied for the neutral dislocation, while
the bottom of the second highest acceptor band is at Ev + 0.25¢V [33]. The
first acceptor band is expected at Fyv + 0.07 to 0.09eV. It was also suggested
that the complexity of the dislocation bands was due to their splitting [33].
This band complexity will be further detailed in the section on the optical
properties.

2.2.3 First Principles Calculations and EPR Results:
Do DBs Exist in Split Dislocations?

The original theoretical work focused on the electronic states associated
with the strain field of dislocations [11,12,35-37]. Later calculations also con-
sidered the electronic states of dangling bonds in the dislocation core [38-45]
and usually predicted a 1D half-filled band of states in the band gap, associ-
ated with 60° dislocations [40,43]. More recent calculations also accounted for
the fact that the dislocations are split over most part of their length [46-48].
This implies that the electrical activity in the first place stems from the par-
tial dislocations (and/or the stacking fault bound by them) and not from the
unsplit segments of the dislocation. Figure 2.7 compares the structure of a
30°-partial of the glide set unreconstructed (with DBs) and reconstructed (no
DBs) [15]. According to calculations, the reconstructed 30° and 90° partials
are more stable, leaving the question whether DBs are really responsible for

Fig. 2.7. 30°-partial dislocation of the glide set, unreconstructed (left) and recon-
structed (right). Screw dislocations of the glide set dissociate into two 30°-partials,
60°-dislocations of the glide set into one 90°-partial and one 30°-partial (after [15])
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the electrical activity of dislocations in Si and Ge. This also strongly questions
existing Read and Schroter theories based on the DB concept.

Summarizing the current view of the theory of dislocation states in Si (and
Ge) [15]: deep states originate in the indirect band gap in core configurations
of three- and fivefold coordination, and are missing for cores with fourfold
coordination. This means that dangling bonds, that is, threefold coordination,
are a sufficient condition for deep levels associated with it. The dangling-bond
carrying core of the 30°-partial gives rise to a broad one-dimensional band of
states extending over the whole indirect band gap [15]. On core reconstruction,
this wide band splits into two narrow bands, one occupied, the second empty,
which move out of the band gap. In summary, the 30°-partial in silicon has
a reconstructed core with no deep electronic states. This implies no electrical
activity of screw dislocations, associated with DB states. Of course, there
can still be electronic states associated with the strain field surrounding the
dislocations, as mentioned earlier. These stress states probably correspond
with the two 1D bands in Fig. 2.6 [24,31,32].

The question which of the four possible core states of the 90°-partial is
the more stable one has not been clearly answered yet. It has been shown
that the unreconstructed 90°-partial gives rise to two bands: the upper one is
a resonant state near the center of the Brillouin zone and becomes a bound
state near the zone boundary, while the lower band is bound over the entire
zone [48]. However, it was concluded that the unreconstructed core config-
uration was rather unlikely, so that there exists serious doubt whether the
electrical activity of 60°-dislocations can be ascribed to dangling bond states
in the core of the 90°-partial. The available calculations show that the fourfold
coordinated cores are more stable than the three- and fivefold ones, so that no
states are expected in the band gap [15]. It is thus well possible that the 1D
bands derived for dislocations in Ge (see Fig. 2.6, e.g.) are not related to DB
centers but result from split-off strain states. Another source of electron states
may be the stacking fault (SF) in between the two partials [15]. Calculations
suggest that mainly due to the strain field of the partials, SF states may be
shifted into the band gap [15]. Another question that has hardly been tackled
is what the impact is of faults in the core structure, like jogs and kinks or
points of intersection [48]. The fact is that most of the measured data can be
satisfactorily explained within the DB band formalism.

In principle, the presence of dangling bonds in Ge can be demonstrated
by the electron paramagnetic resonance (EPR) technique, which is structure
sensitive and yields an unmistakable fingerprint of the unpaired electron on a
Ge atom back-bonded by three Ge neighbors. There have been some reports
of the EPR observation of DBs in Ge, associated with dislocations [49-51].
The most convincing result was obtained on as-grown dislocations [50, 51],
where a highly sensitive photoconductivity (PC) technique was employed.
Without optical excitation, no DB-like signals were observed. On the other
hand, the PC persisted for hours after switching off the light, indicating that
the free carriers reside in a long lifetime dislocation band, retaining a nonzero
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Fig. 2.8. Derivative curves of EPR in As-doped Ge (Np—Na = 8x 10'3 cm_3). Mag-
netic field is oriented along a <100> direction. 7" = 2K, f = 25.16 GHz. Note the
sign reversal of the new lines as compared to the As hyperfine structure. Dislocation
density ~2 x 10* cm ™2 (after [50])

spin-dependent mobility. In other words, the mobility of the photo-excited
electrons was determined by spin-dependent scattering through DBs located
in the core of dislocations within the crystal.? The resulting spectrum is rep-
resented in Fig. 2.8 [50]. The derived symmetry of the lines yields evidence of
a small well-defined distortion within dislocations [50].

2.2.4 One Dimensional Conduction Along Dislocations

Although the origin is far from resolved, it has been well established that
60° dislocations (or their partials) give rise to 1D bands in the band gap of
germanium, which are intrinsic to the dislocation core. From a theoretical
viewpoint, one would expect also a one-dimensional conduction along the dis-
location line [52], even if account is made for the defects that could be present
(splitting, kinks and jogs, internal mechanical stress, impurity atoms, etc.).
In case the band is half-filled, as would be expected for a DB-related band,
a metallic type of conductivity will result. Reconstruction between pairs of
DBs (atoms) will split the 1D band into a full donor and an empty accep-
tor band, separated by a gap [52]. This could lead to a thermally activated
conduction mechanism. One-dimensional conductors are also very sensitive to
perturbations (defects) and easily break into segments, which are separated

% No such signals were detected in essentially dislocation-free crystals [50, 51].
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by activation barriers. However, 1D conduction is not totally destroyed by
these barriers but persists via thermally activated hopping.

Another possibility for thermally activated conduction is the opening of
a gap at the Fermi level upon cooling to low temperatures, causing a Peierls
or Hubbard transition from a 1D metal to a 1D semiconductor. In deformed
Ge, there are generally only short, disconnected straight-line dislocation seg-
ments so that when the DC conductance is measured at low temperature,
not enough current flow in a single direction is available [52], resulting in no
observable dislocation conduction, if no special precautions (sample prepa-
ration) are taken. This calls for a high-frequency conductance measurement.
This field has been explored by the Chernogolovka Group [53-57], resulting in
firm evidence of dislocation conductance at liquid helium temperatures. Typ-
ical values were in the range 0 = 2.5 x 1072 to 1.4 x 107190~ cm ™!, which is
rather high for a 1D conductor, so that some caution in the interpretation of
the results is required [52]. A possible alternative explanation for the observed
effects is the decoration of the core by doping elements [52], although in some
experiments this option has been clearly denied.

A typical result of the dislocation conductance at f = 9.5 GHz in deformed
p-type germanium vs. 1/7 is displayed in Fig. 2.9a [53]. There are two parts
in the curves of Fig. 2.9: a omicro that is practically temperature independent
from 4.2 to 10K and a temperature activated part at higher 7T'. It should be
remarked that the DC conductance of the material is many decades lower at
4.2K due to the freeze-out of the free carriers and the difference increases for
lower T'. Note also that the microwave conductance is absent in undeformed,
low dislocation density material [53]. In other words, opc = Omicro in reference
samples. Moreover, the asymmetry of opicro follows the asymmetry of the
dislocations.

A second relevant factor in the microwave conductance is the doping
dependence, illustrated in Fig. 2.9b [53]. For a low doping density, the
microwave conductance at 4.2K and 9.5 GHz saturates at the point (Ngy)
where it is believed that the space charge cylinders (SCCs) start to overlap.
Below this threshold, the SCC are separated by “normal” (but frozen-out)
p-type germanium, above that, there is no more “neutral” material in-
between. For higher doping densities (smaller R according to (2.2)) this
transition takes place at a higher density Ng. This behavior cannot be
explained by a conductivity mechanism based on hopping between empty
acceptor states [53]. Furthermore, no anisotropy is expected for a dopant-
related hopping mechanism. It was furthermore observed that the anisotropy
of omicro Was independent on Ny or the doping density, only on the dislocation
structure [53].

Based on these observations, it was concluded that the dislocation states
form two bands (an empty and a full one) separated by a small gap of 0.01eV.
This explains the thermally activated increase with T in Fig. 2.9a. A hole
mobility at 9.5 GHz of 10% cm? Vs was derived, which is about one decade
smaller than that for the valence band at 4.2K [53]. The fact that omicro
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Fig. 2.9. (a) Temperature dependence of the microwave conductance for deformed
samples with different dislocation density. (b) Dependence of the microwave con-
ductance on the dislocation density at T° = 4.2K for deformed samples with
initial acceptor concentration 2 x 102 cm™® (open squares) and 7 x 10" cm ™ (filled
squares) (after [53])

increases for lower 7" in Fig. 2.9a and high N4 is indicative of a metallic type
of conductivity along the dislocations. In the case no overlap of the SCCs
occurs, the microwave conductivity drops with temperature in Fig. 2.9a [53].

The microwave conductivity of deformed n-type Ge behaves qualitatively
different than for p-type material [54]. It was found to be weakly temperature-
dependent, increasing with 7', while oyjcro decreases with Ny and disappears
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for a sufficiently high dislocation density [54]. Such a contrasting behavior
could be explained by considering at least three bands of dislocation states: a
lower band that is completely filled in n-type and partially filled in p-Ge,
a second band with a low mobility (discrete level?), and a third empty
band. Finally, it was found that the microwave conductivity showed the same
anisotropy as the dislocation structure [55], similar as in p-type material [53].

Another remarkable effect associated with the low-temperature conduc-
tance in deformed material is that no measurable Hall effect could be asso-
ciated with both the observed DC and microwave conductance [56,57]. This
made it impossible to determine the sign (type) of the carriers responsible for
the one-dimensional opc and opmiero. However, using severely strained (50—
70%) samples enabled the measurement of the Hall emf and demonstrated
firmly hole-type conductivity [57]. The temperature dependence of the DC
conductivity could be described by opc ~ TY, with y = 0.15-1.5. Putting
together all experimental evidence from DC, Hall effect and microwave mea-
surements resulted in a proposed energy band scheme represented in Fig. 2.10
[67], whereby the levels E; belong to the dislocation dangling bonds and Es
is the band of energies of the extra electrons trapped in these bonds and
separated by a gap Aqs.?

E Pl
c / A

N F Y
Ay
Ef> tay
E, == 3 v
5, Ay
£

Ne

Fig. 2.10. Energy diagram of dislocation states in germanium. Here Ng is the
density of states. A1 = 0.07eV, A} < 0.03eV, Ajx = 0.18eV, and Ay = 0.49eV
(after [57])

4 Tt should be noted that F; and Fj are equivalent to the edge dislocation band
in Fig. 2.6. The difference is a different interpretation of the Hall effect data, as
described in Refs [33] and [34].
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A model has been proposed for the dislocation microwave conductance,
describing it in terms of the characteristic length [4 of the conducting segment
and its resistance Rq [52,58]. A suitable parameter of the core states is the
specific conductance ¥ = 1/Rq. An appropriate model for this object is a
slender ellipsoid of length I3 and radius r << l4. This finally resulted in [52,58]

Omicro = 0B + (27/3)vlg 2. (2.11)

In (2.11), v is the volume density of dislocation segments and op is the con-
ductivity of the matrix. It has been generally found that ¥ decreases with
dislocation density. This was thought to be a fingerprint of the fact that the
core states are only conductive if they are “doped” by shallow impurities in
the matrix. An alternative picture is that the density of core defects increases
with Ny, resulting in a drop in opmicro [52]. It was also found that I4 is on the
order of 9-12 um in Ge with a dislocation density of about 107 cm~2 [58] and
that the dislocation conductance in Ge (~10719 Q= cm~!) was much higher
than in Si [58].

More recently, renewed attempts have been made to measure the DC con-
ductance along one or a small group of similar straight dislocations running
from top to bottom through a Ge sample [59]. Assuming that a charged dis-
location in n-type Ge is surrounded by a space charge cylinder, it will behave
like a rectifying or Schottky contact, as already demonstrated by Hogarth and
Baynham in the fifties [60]. The conduction of a dislocation to the bulk n-Ge
looks like a soft diode, as in Fig. 2.11 [59]. This is consistent with the idea of
a dislocation as a thin Schottky tube and supports the SCC idea. The soft-
ness of the characteristics may be described by tunneling of electrons through
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Fig. 2.11. Current—voltage plots for conduction from dislocations to n-type bulk
Ge (after [59])
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the barrier. If 60° dislocations are the dominant recombination centers in
deformed Ge, one can derive a carrier lifetime equal to [59]

rala

= o0/90" (2.12)

T

with @ the trapped charge per unit length on the dislocation and rq the dif-
ferential resistance of the diode of Fig. 2.11 at zero voltage. Based on the
data of Fig. 2.11 (rq = 108 Q, lq = 115um, and dU/0Q ~ 3-5V times c/q,
with ¢ the distance between the dangling bonds in the dislocation core), one
obtains a lifetime 7 ~ 1us, which is much smaller than the observed recom-
bination lifetimes [59], so that it is concluded that single 60° dislocations are
possibly not the rate limiting recombination centers in deformed Ge [59]. For
groups of dislocations, this may be related to the overlap of the potential
barriers, so that the tunneling probability would be strongly reduced and the
recombination time increased.

The conductance through a small group of dislocations has also been mea-
sured by making ohmic contacts on the top and bottom of the thinned sample
(100 pm) with reach-through dislocations [59]. The resulting I-V characteris-
tics are shown in Fig. 2.12 at different temperatures for a small group of 60°
dislocations. It was found that there was no specific dependence on the dop-
ing density so that it is an intrinsic property of the dislocation. The zero volt
conductance has a 25meV activation energy as shown in Fig. 2.13 [59] and
was attributed to a ~50 meV gap in the band structure of dislocations caused
by a Peierls transition and, therefore, always centered around the Fermi level.
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Fig. 2.12. Current—voltage characteristics of various samples at different tempera-
tures (after [59])
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Fig. 2.13. Logarithm of the conductance o at 0 V against reciprocal temperature for
samples with different doping (Np) and dislocation density (Ng) and characteristic
length l4. 1: Np = 10" em ™3, 40 dislocations, lq ~ 100 pm; 2: Np = 10*® cm ™3, 15
dislocations, lq = 200 um; 3: Np = 3 x 10'3 cm ™3, the number of dislocations could
not be determined, lq = 115 um (after [59])

In n-type Ge, sufficient electrons are trapped so that the Fermi level is in the
upper of the two resulting bands. This confirms the band diagram of Fig. 2.10.

2.2.5 Deformation-Induced Point Defects

Already in the early days of semiconductor research, it was recognized that
deformation at high temperatures could also induce point defects, like vacan-
cies and vacancy aggregates [4,13]. It was a possible explanation for the n-
to p-type conversion of plastically deformed Ge. Later, Krylow suggested
that the results by Schréter could be well explained by PDs, with a donor
level at Ev 4 0.22eV [61]. A more rigorous study was undertaken by the
Chernogolovka Group [62] and they came to the conclusion that deforma-
tion at 420 °C creates PDs with levels at Fv + 0.01eV, Eyv + 0.022eV, and
Ev 4 0.036 eV, based on Hall effect measurements. Annealing at 550-600 °C
increased the activation energy of the shallow levels to 60 meV. They may be
annealed out in the range 680-700 °C, similar as quenched-in point defects.
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There was a strong suspicion that the Ey +0.036 €V level was due to substitu-
tional copper [63], affecting the dissociation width of screw-like dislocations.

Perhaps the most systematic studies of plastic-deformation-induced PDs
in Ge have been performed by Cavallini et al. [64-68]. They demonstrated by
Hall effect measurements that low-temperature deformations (7' < 430°C)
introduce shallow acceptor states at Fyv + 0.02eV, probably connected with
the strain field around the dislocations [68]. Higher temperature deformations
(at 580°C) introduce the typical Ey + 0.09eV dislocation-related states. It
was also noted that low temperature deformations favor widely dissociated
screw dislocations [66]. Annealing of these 0.02eV shallow dislocation states
at temperatures from 480 to 580 °C leads to a progressive inactivation. At
the same time, levels at Fy + 0.05 to 0.06eV are introduced, probably due to
impurity introduction along the dislocation themselves [68].

The spectra of the PDs have also been studied with deep level transient
spectroscopy (DLTS) [69-71]. A spectrum for LT (<0.6T,) deformed n-type
Ge is shown in Fig. 2.14 [71]. After annealing at 580 °C, the number of etch
pits has not changed, while the DLTS peak has dropped by a factor of 10 in
amplitude. This points to a reduction of the related deep levels, which, fur-
thermore, behave as ordinary noninteracting point defects after anneal, that
is, they follow exponential trap filling kinetics. The corresponding activation

1/Capacitance (x103)

0

80 120 160 200
Temperature (K)

Fig. 2.14. DLT-spectrum as measured for n-type germanium, deformed at 420 °C
(solid line). Annealing the deformed specimen at 580 °C (=0.7 Ti,) for 70 min does
not, within the limit of error, reduce the dislocation density, as measured by etch
pit counting, while the amplitude of the DLTS line decreases about an order of
magnitude (dotted line). Dislocation density Ng = 1.5 x 10" cm ™2 (after [71])
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Fig. 2.15. Capacitance transient spectrum of the p-type Ge sample deformed at
580 °C. The lines By, Cp, and D, had been observed at the spectrum of the sam-
ple deformed at lower temperature, while the defect responsible for line A, is not
observed in the material deformed at 580 °C. Ngq = 7.5 x 10" cm™2 (after [70])

enthalpy is 0.29 €V from the conduction band [71]. It was concluded that point
defect clouds surround the dislocations formed during plastic deformation and
that these anneal out at high temperatures.

In Tyer > 0.677, deformed p-type Ge, a dominant dislocation peak at an
activation enthalpy of 0.08 €V, close to the Hall effect data of 0.09eV, has been
found by DLTS [70]. A typical spectrum is represented in Fig. 2.15 [70]. The
extended-defect nature of the peak is identified by the logarithmic trap filling
of the centers, in other words, the peak amplitude grows according to In(1 +
tan/7c), with 7¢ the capture time constant and tay the filling pulse duration.
For Tyer < 0.67y, additional point-defect like features become obvious in the
spectra, at Eyv 4+ 0.19eV, Ey +0.27eV, and Ey + 0.39¢V [70].

2.2.6 Electrical Activity of Grown-In Dislocations

Usually, rather large dislocation densities are required to study their electri-
cal and optical properties. This explains why most investigations have been
carried out on plastically deformed material. Besides a reasonable control of
the dominant dislocation structure and type, it also allows to minimize point-
defect — dislocation interactions during the heat treatment, when performed
above Tyet = 0.67},. There exists nevertheless some scientific and practical
interest in the study of grown-in dislocations, in particular for high-purity
(HP) germanium, utilized for the fabrication of nuclear-radiation detectors.
It is known that a small density of dislocations (100 < Nq < 10*em™2) is
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Fig. 2.16. Capacitive transient spectra of defect states associated with increasing
dislocation density in a germanium crystal (grown in the [100] direction under 1 atm
of Hz). Nearest neighbor distance between etch pits in picture 2 is 25 um, in picture
3, 15 um (micrographs taken at x50). Below EPD = 5 x 10 cm ™2 no spectroscopic
features could be seen. Activation energy of peak -b- is Ev + 0.02eV, half width
(EAT) is 0.95 meV. Half width of -a- is ~2meV. Na —Np ~ 1x10'° em™® (after [72])

required for obtaining a good detector resolution. Too high a density will
cause carrier trapping and loss of resolution [72-74]. The fact is that the dop-
ing density in HP-Ge is low (~10'° cm~3) and using DLTS enabled the study
of the deep levels associated with grown-in dislocations.

Typical results for p-type HP-Ge are illustrated in Fig. 2.16 [72], showing
the presence of two broad bands of deep levels, increasing in peak amplitude
with increasing etch pit density (EPD). A density of ~10% cm~? is required
to detect the deep levels in DLTS. The peak maximum position corresponds
with an energy level at Eyy +0.02eV and Ev + 0.08eV. The first band agrees
quite well with the shallow dislocation states detected at Fy +0.02eV by Hall
effect and ascribed to strain-states [68]. The second, smaller band corresponds
with the well-known half-filled acceptor band at Eyv + 0.09eV [9,10]. It was
observed that the deeper band was higher for material, showing more lineage®
or clustering of dislocations.

Similar bands were obtained in [73], resulting in a peak position at
Ev 4+ 0.035eV and Ey + 0.08eV. It was suggested that the band of shal-
low states was possibly related to screw dislocations. This is not in conflict
with the association of the Ev + 0.02¢eV states to the strain field surround-
ing dislocations. These levels are predominantly formed at low deformation
temperatures, where mainly screws are introduced, characterized by a wide
splitting [66,68].

5 Lineage: any low angle grain boundary where the angle of misfit <1°.
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The presence of these bands is sensitive to the crystal-growth atmosphere:
Na-grown crystals exhibit much higher dislocation-related DLTS bands (deep
level concentrations) than Ha-grown material [72]. This suggests a passivation
of the underlying defects (dangling bonds?) by hydrogen, as is also observed
for other deep-level point defects in Ge, like metal-related deep acceptor states.
The crystal growth orientation also plays a role, whereby {113} p-type HP-Ge
shows less hole trapping than {100} [72].

DLT-spectra have also been obtained on n-type HP-Ge; a typical result
is shown in Fig. 2.17 [73]. The peak maximum corresponds to an activation
energy of Ec—0.1eV. It was also remarked that the peak width was 3—4 times
higher than for a point-defect peak, suggesting a band of states close to the
conduction band. They were associated with the strain field surrounding the
dislocations [73]. An additional feature noted in Fig. 2.17 is the anomalous
reduction of the steady-state capacitance with increasing temperature. This
was thought to originate from the space charge cylinders surrounding the
dislocations, leading to a junction capacitance of the form [73]
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Fig. 2.17. (a) DLT-spectrum (rate window 6.16 ms) of an n-type Ge (Au)-barrier.
Pulse from —4 to —2V. (b) Corresponding C—T plot at a quiescent bias of —4 V. The
dashed line indicates the linear drop of the capacitance with temperature (after [73])
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Nd kTEQEGeF

C=Col1= 177 : (2.13)

with Cj the steady-state capacitance corresponding with a free carrier (dop-
ing) density n and Ng = 0 and normally constant (or slightly increasing) with
T, for a dislocation-free substrate.

A more systematic study between grown-in dislocation type, identified by
TEM, and DLTS levels was undertaken in [74]. The n-type 40K level was
shown correlated with the presence of [112] dislocations (pure edge and 30°
type) — the correlation is shown in Fig. 2.18 [74]. From this, it is derived
that an EPD of 5,000 cm™2 corresponds with a DLTS peak concentration of
10*° cm~3. N-type HP-Ge samples with predominant [100] edge (90°) dislo-
cations exhibit a somewhat deeper DLTS band, peaking at 60 K and with an
activation energy of 120meV. These [100] dislocations occur mainly in the
lineage or mosaic structure of [100]-grown n-type HP-Ge [74]. In p-type HP-
Ge, the different types of dislocations could not be discriminated by DLTS:
they all gave rise to the 20K band at FEv + 0.02eV. There is, however, a
correlation with the [112] type of edge and 30° dislocations [74]. The presence
of mosaic or lineage (2D or 1D dislocation clustering) shifts the peak position
towards slightly higher energies, in line with the observations of Hubbard and
Haller [72]. Another interesting observation is that for the same EPD, the

n-type 40 K level

Trap Density (10'° cm-3)
w

0 'l 'l 'l
0 5 10 15

Etch Pit Density (10° cm)

Fig. 2.18. Correlation between the etch pit density and the trap concentration of
the 40 K level deduced from DLTS (after [74])
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trap concentration derived from DLTS is five times lower in p- than in n-type
HP-Ge. This indicates that the specifications for N4 are more stringent for
n- compared with p-type material [74].

2.3 Impact of Dislocations on Carrier Mobility

Already in the earliest observations, it was realized that dislocations affect the
mobility of carriers at low temperatures, where Coulombic scattering becomes
important [3,75,76]. It was also demonstrated that the effect is anisotropic
with respect to the dislocation orientation [75,76]. Figure 2.19 shows the
electron mobility vs. temperature for the direction parallel and perpendicular
to the dislocations. A clear reduction is observed for current flow perpendicular
to the dislocations [76]. A similar effect is observed for the hole drift velocity
in deformed Ge as a function of the electric field in Fig. 2.20 [75]. This was
confirmed by later experimental investigations [77-81].

Several calculations have been performed regarding scattering by charged
dislocations and its impact on mobility [82-87]. In most cases, the results
were interpreted in terms of Read’s Space Charge Cylinder (SCC) model [83].
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Fig. 2.19. Mobility as a function of temperature. Solid line is a theoretical curve
(after [76])
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Fig. 2.20. Drift velocity of holes in dislocated n-type germanium as a function of
applied electric field. Curve A: parallel to the dislocation array. Curve B: across the
dislocation array (after [75])

The impact on the perpendicular mobility can be explained by considering two
effects, namely, the increase in the average electric field £ and the scattering
at the charged dislocations [76]. Some corrections to the original concept have
been introduced by Broudy [17], who took into account that the SCC has not
a sharp boundary, so that scattering in the parallel direction occurs as well.
A further refinement considers the high-density saturation effect, when the
SCCs start to overlap [80, 81].

The next step was to reinterpret the mobility data in terms of the half-filled
band model [88]. As shown in Fig. 2.21, the mobility in deformed Ge exhibits
a maximum at low temperatures, which is not observed for reference unde-
formed material [88]. It has been demonstrated that the mobility maximum
corresponds with neutral dislocations, where foq = 0 and Fr = Ej. A neutral
dislocation only scatters through its elastic strain field [88]. Furthermore, u
follows the charging of the dislocations (or feq). Assuming spherical energy
surfaces, one can calculate that the mobility due to scattering at dislocations
is given by [88]

A T3/2

.= , 2.14
Hde = Ay Naf2a (2.14)

with A the appropriate screening length, that is, the SCC radius of (2.2)
when kT << ¢q® or the Debye screening length. A is a constant, which is
1,430 according to Kuznetsova [85] or 590 following Podor [77] and Ay =
lem V71 s71K=3/2. A similar result was obtained for material containing
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Fig. 2.21. Temperature dependence of the Hall mobility for samples with the same
dislocation density but with different doping. For low temperature, one can notice
the impact of the dislocation charge qfea/b (after [88])

mainly screw dislocations [31]. It was noticed there that the anisotropy of the
mobility was larger in n- than in p-type samples, suggesting a larger electron
than hole occupation.

Later results on deformed p-type Ge indicated an exponential temperature
dependence i ~ exp(—B/kT) [89] for T' < 80K, due to hole scattering by dis-
locations in the region of the donor action (feq < 0). This could be explained
by the exponential temperature dependence of the number of scattering
centers on the dislocations.

Overall, in bulk Ge it is accepted that both the carrier mobility and
diffusivity are relatively insensitive to dislocation scattering up to a den-
sity of 10%cm~2 [90]. However, more recent concerns focus on the impact
of threading dislocations (TDs) in thin heteroepitaxial layers® on the carrier
transport properties [90,91]. In that case, the mobility due to dislocations can
be modeled as [91]

6 Usually deposited on Si(100) substrates, see Chapter 4 for more details.
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Fig. 2.22. Hole mobility extracted from long-channel pMOSFETs fabricated in
unstrained 2um Ge-on-Si epitaxial layers (device D02, D23, and D10), with a TD
density of ~10% cm ™2, compared with yu, for transistors fabricated in 20 nm strained-
Ge-on-Si substrates (device D11 and D12), employing a thin Sig.2Geo.s relaxed buffer
layer, with a TDD of 2.5 x 10’ cm™2. The TDD has been determined by defect
etching and SEM inspection. The interface of the transistors was passivated by a
few mono-layers (MLs) of epitaxial silicon (see Chap. 4) (after [92])

q gvgs 1
= , 2.15
HTD 47'LL2D \/ N NTD ( )

with A the reduced Planck constant, Ntp the TD density, g, the valley degen-
eracy, and gs the spin degeneracy. Finally, Lop is the two-dimensional Debye
screening length, given by

Lop=_1" AE, (2.16)

which is on the order of 0.3 pm [91], with AE the TD energy level. In practice,
it has been observed that the inversion layer hole mobility in pMOSFETSs
fabricated in a thin Ge epitaxial layer on a (100) Si substrate is deteriorated for
TD densities in the range ~10° cm =2, while little effect is found for densities
below 108 cm~2, as illustrated by Fig. 2.22 [92].
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2.4 Impact of Dislocations on Lifetime, Trapping,
and Noise

This section is discussing the impact of dislocations on electrical device per-
formance parameters such as minority carrier lifetime, charge trapping, and
low frequency noise.

2.4.1 Impact on Carrier Recombination

Dislocations were shown to reduce the carrier lifetime in plastically deformed
[1,93], heat treated and quenched [94] and as-grown germanium crystals with
a high dislocation density [5,95-104]. Assuming simple Shockley—Read—Hall
(SRH) statistics to be applicable, one arrives at the following formula for the
bulk lifetime due to dislocations [95]:

74 = 1/vinoapNg, (2.17)

with vy the thermal velocity, p the density of active recombination centers
(dangling bonds) on a dislocation line (cm~1), and o4 the capture cross sec-
tion. Along the same lines, one obtains for the surface recombination velocity
along a lineage grain boundary [95]

Sd = UthO'deS. (2.18)

In (2.18), Ny is the density of lineage boundary dislocations per centimeter.
Assuming a p = 6x10° cm ™!, one arrives at a g = 4x 107 cm? at 300K [95].

The factor 1/vhoqp has also been termed the recombination activity of a
dislocation and follows immediately from the measured 74 vs. Nq character-
istic. In agreement with (2.17), a hyperbolic relationship is typically found,
as shown in Fig. 2.23 [96]. From this, an activity of 5.5 x 107%cm™! s7!
in high-resistivity and 3.5 x 1073cm~! s™! in low-resistivity Ge has been
derived [96]. It was also demonstrated that the recombination activity per
dislocation depends on the crystal growth rate (Fig. 2.24) [97]. The density
of grown-in dislocations increases with growth rate, yielding a more or less
linear reduction of the lifetime of the material [97]. At the same time, the
grown-in Ngq depends on the crystal growth orientation, with the highest den-
sity for <111>, followed by <100>, and finally <211> [97]. With increasing
growth rate, each dislocation becomes a less efficient recombination center.
This was ascribed to the fact that during fast growth, less impurity atoms
could reach the dislocation core to form a Cottrell atmosphere and associated
SRH recombination centers [96,97].

The impact of the growth rate on lifetime in Ge crystals is once more illus-
trated in Fig. 2.25 [100]. A maximum lifetime is found for an Ngq ~ 10% cm~2.
Below that value, 74 is determined by fast diffusing point defects (copper,
nickel, etc.). For sufficiently high dislocation densities, these impurities con-
densate on the dislocations. For a higher growth rate, fast diffusing impurities



94 2 Electrical and Optical Properties

have less time to enter the crystal and to reduce the lifetime. This leads to a
higher maximum 74 for a smaller Ng [100]. It was proposed that the conden-
sation of vacancies on the dislocation lines could explain the reduction of 74
from 2 to 0.9ms in Fig. 2.25 [100]. This is in line with the fact that for good
HP-Ge detector material, a density of ~103cm™2 dislocations is required to
avoid the presence of vacancy-cluster-related trapping centers in the bulk of
the crystal [72,74]. On the other hand, dislocation-free HP-Ge suffers from
trapping by vacancy-related point defect complexes.

Based on the data of Fig. 2.25, a hole cross section of 1.1 x 10~ cm?
(300K) was derived, slightly lower than Okada’s value [95]. For deformed
material (bent samples), a hole oq ~ 3.6 x 1071 cm? was obtained, illustrat-
ing the importance of considering the impurity-dislocation interaction with
respect to carrier lifetime [100]. This rather large capture cross section value(s)
for holes — even larger than that for Cug at 300 K — was ascribed to the
impact of the space charge region around the dislocations [100]. Finally, it was
observed that the dislocation density impacts on the surface recombination
velocity of germanium [100].

A summary of the early results on lifetime vs. dislocation density in n-
and p-type Ge is given in Fig. 2.26 [93]. The following empirical relationship
was derived for the lifetime in plastically deformed Ge [93]:

o = 0.7/Na (p — Ge), (2.19a)
Tp = 2.5/Nq (n — Ge). (2.19b)
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Fig. 2.23. Lifetime vs. dislocation density for high-resistivity germanium (after [96])
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It is clear that recombination through dislocations happens faster in p-type
germanium than in n-type, whereby hole capture is the faster of the two
processes, due to the electron charge on the dislocations. Note that the dis-
location activity in deformed material appears to be significantly larger than
that for the as-grown case (see Fig. 2.24). One factor to take into account is
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the accuracy of the value of Ny, which largely depends on the used measure-
ment technique. However, also for as-grown dislocations in p-Ge, an increase of
the activity from 0.17cm?s~! at 300K to 5cm?s~! at 125 K was observed for
7.7 Q cm material [104]. This value increases to 0.33 cm? s~! for 1.8 Q cm p-Ge
(300K). In lineage (small angle grain) boundaries, a dislocation activity of
4.14cm?s7! (n-) and 1.22 cm? s~! was obtained, corresponding with a capture
radius of 0.115nm (holes in n-type) and 0.28 nm (electrons in p-type) [101].

It was also observed that the lifetime in bent p-type samples increased
with temperature, as shown in Fig. 2.27 [93], following a T%® power law below
room temperature. A similar dependency was found by Iglitsyn and Kolesnik
[101]. Above room temperature, 74 in Fig. 2.27 is thermally activated, with
activation energy about half the band gap of Ge [93]. The capture radius of a
dislocation, equal to 3.54 x 10~% cm at room temperature for p-Ge, could be
described by [93]

R. =3.4x107%(300/T)* (p — Ge) . (2.20)

For n-type Ge, interpretation of the data was complicated by the presence of
the SCC and could not be explained in terms of a simple SRH-like model [93].

It has also been observed that the carrier diffusion length in crystals with
parallel arrays of edge dislocations is anisotropic [105]. This is illustrated
in Fig. 2.28 [105], showing that the diffusion length is much smaller across
the dislocations than parallel with it. Moreover, a stronger electron trapping
effect was found during the photoconductivity measurements [105]. Assuming
uniform carrier diffusivity, the anisotropy in diffusion length has been ascribed
to anisotropy in the carrier recombination lifetime, which is, therefore, no
longer a scalar but a tensor in dislocated Ge [105]. It was later demonstrated
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that D is isotropic in dislocated p-Ge, so that all diffusion length anisotropy
is indeed in the lifetime [75]. In n-type Ge, on the other hand, both D and 74
are anisotropic [75].

The fact that the parallel lifetime is higher is explained by the pres-
ence of the SCC, which forms a barrier for the penetration of the carriers.
It was also found that dislocations ending at the surface enhance the surface
recombination velocity by introducing surface states [105].

Regarding the origin of the recombination lifetime activity of dislocations
in Ge, this was originally interpreted in terms of the electrical activity of
impurity atoms condensed in a Cottrell atmosphere around the dislocations
[96,97,106]. Three effects were considered in the early work. First, because
of the strain field surrounding the dislocations, one can expect a narrowing of
the band gap, which should facilitate carrier recombination. The presence of
an impurity atmosphere will further facilitate recombination events. Finally,
the possible role of dangling bond acceptor states was also acknowledged.

Subsequently, the interest of theorists focused on the effect of dangling
bonds on carrier recombination [107,108]. Attempts have also been made to
model the capture cross section of a dislocation, accounting among other for
the contribution of electron tunneling through the potential barrier of the
space charge cylinder [109,110]. A stronger temperature dependence for hole
capture by a negatively charged dislocation in n-type Ge was calculated than
for the case of a point defect [110].
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A better understanding of carrier recombination through dislocation states
should consider the whole band scheme and not only the primary half-
filled band, accessible by Hall effect measurements in equilibrium [111].
This has become obvious from the results of optical recombination studies,
where the action of at least two bands, 0.5eV apart, was demonstrated (see
Sect. 2.6). Schréter has derived a recombination model, assuming that the
transitions within one band were much faster (equilibrium fast established)
compared with the interband transitions. He came to the picture represented
schematically in Fig. 2.29 [111]. Basic features of the model are the following:

The electron capture occurs via tunnel states at the dislocation (c—d) [109]
The hole capture takes place in two steps: a first transition leads to bound
hole states at the negatively charged dislocation (h—v) and is followed by
a second transition from the hole band to one of the other dislocation
bands (d-h)

This model enables to explain the observed temperature dependence of the
lifetime and at the same time incorporates all features that have been deduced
from electrical (and optical) measurements.

It was finally pointed out by Shikin et al. [112] that the capture/emission
of a trapped electron through the Coulomb barrier is also strongly affected
by the strain field. This is related to the fact that the deformation potential
(which is not cylindrically symmetric) will determine the saddle point of the
total electron potential.
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The recombination activity of dislocations has also been investigated by
the electron beam induced current (EBIC) technique [113]. For EBIC, the elec-
trons generated by a beam with a few kiloelectron volt energy are collected by
a reverse-biased junction (or Schottky barrier). Regions with a high recombi-
nation activity usually show up as dark spots (contrast regions) in the SEM
image and vice versa. From the analysis of the contrast, an estimate of the
local diffusion length can be made with a resolution of ~1 pm typically. Dislo-
cations in Ge have been imaged in the normal EBIC mode but when a special
sample configuration is used, with an array of dislocations connecting top and
bottom of the sample, a different type of mechanism comes into play [113].
It has been shown that besides acting as a recombination site, dislocations
can also collect electrons in their core and conduct them to the back-side of
the sample. Using the back-side current, an image with opposite contrast is
obtained where the dislocation cores show up as bright regions. This has been
interpreted as additional proof for the one-dimensional conductivity of dis-
locations in germanium. In fact, the normal recombination mechanism is in
competition with the collection/conduction mechanism and the ratio of the
two will determine the nature of the contrast [113].

2.4.2 Impact on Low Frequency Noise

Dislocations enhance the 1/f noise in semiconductors [114-116]: as an illus-
tration, the excess noise in a plastically deformed Ge sample is given in



100 2 Electrical and Optical Properties

100
1 2
_
1F

Current
Positive

Excess Noise (107* V/cycle)

0.1
Current
Negative
0.01
A 23
0.001 L
1 10 100

Current Squared (mA?)

Fig. 2.30. Excess noise levels observed in plastically deformed Ge single crystal at
20Hz (after [115])

Fig. 2.30 [115]. An unusual aspect is that the dislocation-related 1/f noise
follows an I power law instead of the expected I? dependence. Models have
been proposed, which consider trapping in the space charge barrier [114] or
diffusion of impurity atoms along the dislocation line [116]. The origin of the
carrier transport fluctuations should probably be reinterpreted in terms of a
1D band model.

Generation-recombination noise spectra have also been studied in unde-
formed Ge and ascribed to grown-in dislocations [117]. The generation-
recombination time constants and photoconductive decay lifetimes were inter-
preted in terms of a SRH model, yielding a dislocation level at Ec —0.15¢eV.

2.5 Impact of Dislocations on Ge Junction Devices

A few studies have been devoted to the impact of dislocations on the leakage
(or generation) current of a Schottky barrier [30] or p-n junction [118-120].
It has been shown that the reverse current of a Schottky barrier on plasti-
cally deformed Ge contains different components, which relate to the depletion
(generation) width, to surface generation along the perimeter of the barrier,
and an ohmic component that could be associated with conduction along
the dislocation core and becomes important below 180K [30]. The genera-
tion current has been interpreted in terms of Schréter’s carrier recombination
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Schottky barrier (after [30])

model [111]. Based on this analysis, the hole minority carrier lifetime of
Fig. 2.31 was obtained in function of the edge dislocation density [30]. The
corresponding capture rate and capture rate per dangling bond are

cpo=1.4x107"em™3s™! and  yxpo = 3.7 x 10" em? s (2.21)

These values are much smaller than the ones derived from lifetime measure-
ments and Read’s model for the dislocation states (see Sect. 2.3).

Earlier, some work has been performed on Ge p-n junctions containing
dislocations created by plastic deformation [118]. Similar as in silicon, it was
found that dislocations cause microplasma breakdown at sufficiently large
reverse bias, giving rise to a soft reverse characteristic [118,119]. It can be
derived from Fig. 2.32 that the leakage current increases for increasing defor-
mation or strain e. To obtain good I-V characteristics it was concluded that
the dislocation density crossing the junction should be well below 5 x 106 cm =2
[118]. The results were at that time interpreted in terms of the effect on the
ideal diffusion current (lifetime). Using a lifetime value of 7, = 2.07/N4 and
™ = 0.61 /Ny, one can calculate the effect of dislocations on the diffusion
current as shown in Fig. 2.33. From this, it was concluded that the effect is
not high [118].
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A more detailed study of the leakage current in deformed (twisted) Ge p-n
junctions was carried out by Ryuzan [120]. There, a clear increase of both the
forward recombination and the reverse generation current was observed, point-
ing to the existence of dislocation-related GR centers in the depletion region
of the diode. The reverse current was found to increase with the amount of
plastic deformation and with the twist angle 6, [120]. Moreover, the generation
current appears to be thermally activated with activation energy in the range
of 0.35-0.43eV, as indicated in Fig. 2.34 [120]. The increase of the recombi-
nation current with twist angle is represented in Fig. 2.35, showing a higher
slope for the <100> twist axis compared with <111> [120]. It was found to
obey the relationship
_m o quiWy

2 Vbi\/Tp0Tno

for very small bias (|]V| < kT'/q). In (2.22), Wy is the depletion region width,
Vpi is the built-in potential of the p-n junction and 7,9, Ty is the minority
carrier lifetime in the n-, respectively, p-side of the junction. The increase of
the depletion region GR current upon plastic deformation will thus mainly
come from a reduction of 7,9 and Tho. As will be seen later (see Sect. 2.6),
the activation energy of 0.43eV agrees quite well with data coming from
photoconductivity experiments on deformed material [59]. The dependence
of the reverse current at 1V on twist angle is given in Fig. 2.36, showing an
exponential variation, in agreement with the SRH theory for p-n junctions
[120]. In other words, plastic deformation induces a number of point-defect-
like GR centers in the depletion region. A similar conclusion was later reached
for Schottky barriers on deformed material [29].

In lowly doped p-n junctions with a large transition region, negative dif-
ferential resistance (NDR) behavior was observed in forward direction, as
shown in Fig. 2.37a [120]. This points to the presence of a p-n-p-n structure
induced by the space charge cylinders around the charged dislocations and
schematically represented in Fig. 2.37b.

As mentioned earlier, high-purity Ge radiation detectors, which are basi-
cally large p-n junction structures that operate under full depletion voltage
require a minimum dislocation density for good performance [72-74]. However,
as shown in Fig. 2.38, above a dislocation density ~10%*cm™2, the detector
resolution expressed as full width at half maximum (FWHM) is deterio-
rated [121,122]. This results from (electron) trapping, leading to incomplete
charge collection and asymmetric detector peaks, with a tail towards low ener-
gies. Using exposure to collimated high-energy electrons demonstrates that the
poor resolution regions correspond with the high dislocation density parts of
the detector (e.g., lineage, cross-hatch, mosaic, etc) [121].

It was observed that p-type <113> HP-Ge material shows good perfor-
mance for Ng > 10*cm™2. It could point to a different type of dominant
dislocations (screws?) than in <100> Ge crystals with a lower activity. It was
also noticed that the detector peak tailing only occurred when the p™-contact

Jrg (2.22)
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is scanned with the e-beam, pointing to electron trapping as the major cause,
since the anode collects the electrons in the reverse-biased diode. Similar as in
deformed material, Hall measurements showed the presence of a distribution
of dislocation-related acceptor states with mean energy at 0.08 eV above the
valence band [122].

In so-called Esaki-diodes, with a high doping density on either side of the
junction, no effect has been observed by bending-induced dislocations with a
density of 107 cm~2 [123].

Finally, anomalous I-V characteristics have been obtained for point-
contact diodes on germanium [124]. This has been ascribed to the intersection
of a dislocation with the surface.

2.6 Impact of Dislocations on Optical Properties

Because of the existence of dislocation states in the band gap of Ge, it is
expected that these will affect the optical properties (absorption, photocon-
ductivity, optical recombination, (photo-)luminescence, etc.) of the material.
Moreover, using optical spectroscopy, one can obtain complementary infor-
mation on the dislocation band structure. The advantage compared with Hall
effect measurements is that all states are accessible at the same time, while
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in the latter technique, only levels at the Fermi level contribute to the mea-
surement. This means that from optical measurements one directly derives
the distribution (density) of states, without uncertainties related to electro-
static charging of the dislocations. Of course, this assumes a rigid band model
where all levels shift approximately the same amount due to the charge on the
dangling bonds. Based on the results of the optical characterization, a more
detailed band structure has been established, whereby, for example, the 1D
nature could be clearly demonstrated.

2.6.1 Absorption and Recombination

Initial absorption experiments of plastically deformed germanium showed a
shift of the intrinsic absorption edge to longer wavelengths (lower energies)
plus an absorption tail at longer A and increasing with increasing deformation
[125]. The first effect was ascribed to a reduction of the band gap by the strain
field. The extended tail was associated with the energy levels (acceptor states)
induced by the dislocations [125].

Later experiments showed that the infrared (IR) absorption tail is depen-
dent on the direction of the light propagation relative to the slip plane [126].
This was confirmed in [127], where a pronounced dichroism was observed. It
was also established that the dipole moment of the absorbing centers was
parallel to the glide direction, firmly linking it with the dislocation states.
However, the absorption is fairly weak and only observable for large dislocation
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Fig. 2.39. Absorption spectra at 77 K of differently doped samples having the same
etch pit density of 2 x 107 ecm ™2 and thickness (d = 4.1 mm) (after [129])

densities (>10" cm~2) in n-type Ge [127]. In p-type material, it was hard to
find dislocation-related absorption.

In the photon energy range hv = 0.03-0.5eV an enhanced absorption
for hv < 0.22eV was observed in heavily deformed Ge [128]. This feature
disappeared after annealing at 600 °C, which could point to a correlation with
deformation-induced PDs. However, it was not ruled out that the transitions
involved electrons going from the valence band to the primary dislocation
band at Ev 4 0.09eV or intraband transitions [128].

A more detailed and systematic study has been performed by Barth
et al. [129], who showed that the infrared absorption in heavily dislocated
Ge is characterized by two spectral peaks around 0.1 and 0.6eV, as can be
noted in Fig. 2.39. It was also shown that in n- and p-type Ge different transi-
tions are responsible for the “0.6eV” band [129]. The “0.1eV” region, on the
other hand, is strongly dependent on the doping concentration, as observed
in Fig. 2.40. In other words, the intensity of the absorption is not governed by
the dangling bond density but by the number of electrons trapped on it. In
n-Ge, the 0.1eV peak increases strongly for lower T" and saturates below 80 K.
This band also exhibits pronounced dichroism with dipole moment along the
displacement (Burgers) vector. This means that the dipole of the underly-
ing optical transition is parallel to the Burgers vector. In p-type samples, no
dichroism was reported in [129].

The absorption data has been interpreted in terms of the band model of
Fig. 2.41 [129]. In n- and p-type Ge two different dislocation states (bands)
are involved in the optical transitions, giving rise to IR photon absorption.
In p-type Ge, it is the Fy + 0.13 €V level and in n-Ge it is a state at 0.1eV
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below the conduction band, related to the split off states in the dilation region.
The “0.6eV” peak is believed to correspond to complementary transitions: in
p-Ge, absorption occurs from the valence band into the empty Ec — 0.1eV
states and in n-type Ge, electrons are excited from the occupied Ev +0.13eV
level to the conduction band. It was also noted that the energy difference
between the two dislocation states in Fig. 2.41 corresponded well with the
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energy of the optical recombination energy [129] to be described later. The
Authors also came to the conclusion that no absorption within a half-filled
dislocation band occurred, in conflict with the general picture accepted by
that time [129]. They assumed that both the 0.1 and 0.6eV peaks involved
split off strain states. Their argument is that the IR absorption coefficient
(arr) is rather weak, which is unexpected if there would exist a half-filled
band of states. In that case, one would always expect inter-band transitions
with a higher arg [129]. It should finally be remarked that some theoretical
discussion of the latter results was given by Winter [130].

2.6.2 Optical Recombination

A number of studies were devoted to the optical recombination radiation by
60°-dislocations [131-135]. Systematically, a peak at 0.5eV was observed in
plastically deformed Ge, as given in Fig. 2.42, showing the electrolumines-
cence curves for different Ge p-n junctions operated in forward direction [131].
Besides the intrinsic recombination peak at 0.7¢V (band gap energy), there
is an emission at 0.5eV, which varies with a high power of the forward cur-
rent (~5) in deformed material. It is not observed at 300K or in heat-treated
material only, reduces above 200K, and is constant from 40-120K [131].

The feature is most pronounced for electrons injected in p-type germanium.
In later studies, it was derived that the recombination spectrum is related with
hole transitions from the valence band to dislocations levels at Ec¢ —0.22 and
Ec—0.14¢eV from the conduction band [133]. Another set of levels was found
at Ec —0.18 eV, while the half-width of the radiation line connected with the
transition of a hole to one of these levels is 0.016eV [133].

Employing higher-resolution optical measurements reveals some fine-
structure in the band (Fig. 2.43) [135], whereby the line intensity increases for
lower temperatures; the FWHM remains constant, however. For dislocation
densities above 5 x 105 cm™2, the intensity drops [135]. The total intensity of
the spectrum remains constant up to Nq = 5x 109 cm ™2, whereby the spectral
features between 0.5 and 0.6 eV grow at the expense of the intrinsic emission
at 0.72eV (82K) [135]. The peak maximum shifts the same way as the intrin-
sic (or band-to-band) emission [135] and is illustrated in Fig. 2.44 [133]. The
temperature shift has a linear slope of 2.6 x 10~*eV /K, similar as the tem-
perature shift of the germanium band gap [133]. The kind of doping has no
impact, suggesting that the presence of a Cottrell atmosphere around the dis-
locations does not play a role in the recombination events [134,135]. Barth
et al. interpreted their results in terms of a dislocation level at EFc — 0.12¢eV,
where recombination of electrons may proceed with holes from the valence
band or with holes at the Ey 4+ 0.1eV acceptor level [135].

It was also observed that dislocations are rather inefficient recombination
centers: only 10~* recombination events are radiative at T = 80 K [135]. This
led to the suggestion that the radiative centers could be different than the
dangling bonds and are, in particular, defect sites in the core structure [133].
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treatments indicated in the figure. The same current density was used throughout.
The 300 K junction characteristics prior to bending were p ~ 0.01 ohm cm, n ~
1ohm cm, 7, ~ 50us (after [131])
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maximum of the radiation band (after [133])

This could explain the saturation of the emission peak intensity at high current
levels (intensity ~ 1%-2) [133]. A theory for optical absorption and emission was
developed by Sokolov [136]. The calculations confirmed that the absorption
and radiation by dislocations are small for their usual density in Ge.
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2.6.3 Photoconductivity

Dislocations were shown to have a pronounced impact on the steady-state
and decay photoconductivity (PC) in germanium [137-145]. The steady-state
intrinsic PC (hv > 0.7¢V) lifetime exhibits a nonlinear dependence on the
injection level An or Ap in the intrinsic absorption range [137]: a power law
was observed with an exponent in the range 0.6-0.8. This nonlinear PC was
related to the occurrence of intense carrier trapping by dislocations [137,139].
It was found that trapping of both holes (in n-type) and electrons (p-Ge)
occurred in deformed Ge, which is unusual compared with the case of metal-
doped Ge, where only hole trapping was found in n-type material [137]. The
trapping of holes was believed to occur through a dislocation level close to
the conduction band, while the trapping in n-type Ge could not be explained
on the basis of hole trapping by a single level [137]. The trapping was already
strong at room temperature in n-Ge, while it started at 270 K for p-material.
The activation energy of the lifetime was found to correspond to 0.46eV for
n- and 0.30eV for p-type Ge [137].

Extrinsic Conductivity

Intrinsic

Ln (change electrons, holes or dislocation charge)

Am ., ~
’ R Ap
. Wi o oo g )
g |
ri 1
Recomb. Trapping Range
Range
Linear Range Non-linear Range
I I
Ti'l Tl -1 T2'1
I/Temperature

Fig. 2.45. Dependence of excess charge concentrations on reciprocal temperature
expected on the barrier model. Erc (Erv) is the difference between the energy of
the conduction (valence) band edge and the Fermi energy at the dislocation core
(after [145])



114 2 Electrical and Optical Properties

The behavior of dislocations as recombination or trapping centers has
been explained in a simple manner by Figielski [145], following the scheme
of Fig. 2.45 for the intrinsic PC (hv > Eg) and based on the dislocation-
charge-dependent potential barrier model. Assuming low-level injection, that
is, close to thermal equilibrium conditions, and for n-type Ge, the steady-state
excess hole concentration can be expressed as

G Ny G

Ap = exp(—|FEr — Ev]/kT) + ey No’

= 2.23
cnlNg no ( )

G is the electron-hole generation rate; ¢, and ¢, is the recombination coeffi-
cient for electrons and holes, respectively, and may be expressed in terms of
the cross section for that process per unit length of dislocation [145]. In other
words, ¢, is the product of the thermal velocity times the capture cross sec-
tion per unit of length; a value of 4 x 1078 cm was quoted for n-type Ge [145].
Further, Ny is the density of states in the valence band, ng is the free electron
density in the bulk at zero excitation (equilibrium value), and Er — Ey is the
difference between the Fermi level at the dislocation core and the valence band
edge and is a linear function of the Coulomb barrier at the charged dislocation
®p. One has further that n = ng + An.

For the trapped positive charge at the dislocations, one can equally show
that [145]

kT To G
Am = Ngln |1 Ec — Erl|/kT 2.24
m 2 By din |1+ en NyNe exp ([Ec v]/kT)| ( )

with 7 the linear charge density on the dislocation at equilibrium (An =
Ap = 0), Ng the density of states in the conduction band. When the relative
deviation of the dislocation charge from equilibrium is small, (2.24) reduces
to [145]

kT To G
A =

" q2 (I)O CnNC

We have finally from the condition of crystal neutrality that

exp([Ec — Ep]/kT). (2.25)

An = Am + Ap. (2.26)

The three excess charges are represented in Fig. 2.45 and based on their
behavior, a distinction can be made between dislocations as recombination or
as trapping centers. At sufficiently high temperatures, but still in the extrinsic
doping range, the first term in (2.23) dominates, following an (exponential)
slope Fr — Evy. As Ap is proportional with GG, a linear recombination occurs so
that the relation Ap = G'ry, is valid in steady-state. Consequently, a SRH hole
lifetime 7;, can be derived, which is inversely proportional with the dislocation
density Ny, as is observed experimentally.

As the temperature is lowered, the first term in (2.24) becomes negligible
and the trapped positive (hole) charge starts to increase with a slope Ec — Ey.
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There is a transition temperature 73 separating the SRH recombination from
the trapping range and given by [142]

2
q© P NcNvy
KTy = E 1 . 2.27

' G/n {le 7o Ndno] (2.27)

This temperature is nearly proportional with the band gap and increases
with dislocation density. In the trapping range, the PC becomes monopolar
(electrons only), while it is bipolar in the recombination range. Since T does
not depend on the generation rate G, it means that the dislocation charge
cannot be changed by illumination at that point [145].

Finally, a second transition temperature can be defined (7%) below, which
the net dislocation charge changes from an exponential increase with 1/7" to
a saturation behavior (Fig. 2.45). A good estimate for Ty is given by [145]
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Fig. 2.46. Temperature dependence of the photoconductivity in a plastically bent
Ge sample at different rates of generation of electron—hole pairs (after [145])
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CnNdNC

P (2.28)

kTg = (EC — EF)/].D
T5 depends on the generation rate per dislocation G/Ng4. In the range To <
T < Ty, Anis proportional with G, implying that linear recombination occurs
and the usual SRH lifetime concept can be applied as well. As can be seen in
the experimental curves of Fig. 2.46, this simple theory describes quite well
the observations [145].

The most interesting regime in the intrinsic PC, typical for dislocations,
is the nonlinear regime at low temperatures (T' < T%). Here, a significant
deviation from the equilibrium line charge density 7y exists on the dislocations,
that is, Am >> 0 and the barrier height is reduced. In that case, a nonlinear
recombination of the carriers is observed, whereby An obeys

_ kT no

G
An = Ngl Nq(Ec — E
n 2 O 4 nandNC + Na(Ec F)

Mo
2 (2.29)
The steady-state PC grows with Ng4 although slower than linear in this regime.
It is also nonlinear in the generation rate G, as according to (2.29) and
Fig. 2.47 it follows an In(G) dependence.

The nonlinearity of the recombination process is most easily seen in the
decay transient after switching off the illumination. In that case, the excess
electrons decay according to [145]

kT To t+ t()
An~Am = — 2 By Nqln . (2.30)
In (2.30), the “offset” time to equals
kT mo Nq
to = 2.31
0 ¢ bp G (2.31)
and the electron “lifetime” 7, is given by
kT o 1
n = Ec — Er|/kT). 2.32
R Ty (2:32)

The time ¢ is determined by the initial condition of the sample and is smaller
than 7, for T < T3 [145]. The time constant 75, depends only on material and
defect parameters and not on the excitation level or the dislocation density
and can be considered as a generalized electron lifetime. It is the characteristic
time of the decay process in the nonlinear regime, similar to the SRH lifetime
in the linear regime, where the decay is an exponential process with time. The
logarithmic nature of the decay is shown in Fig. 2.48, and the x-axis intercept
is given by t = 7, — to.

At times comparable with 7,,, the excess carrier concentration is quite
small, so that an exponential decay results. On the other hand, the rise of the
intrinsic PC in the nonlinear regime is well described by an exponential
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An = An(o0)(1 — exp(—t/to)). (2.33)

As can be seen from (2.32), 1, is very sensitive to temperature and can become
quite large at low T'. For T' where 7, > 103 s, the material becomes extremely
photosensitive, as can be derived from Fig. 2.46. It implies that even the
lowest background radiation can considerably change the experimental zero
level. For long time constants, the excess carrier concentration remains at a
practically unchanging level after switching of the light, leading to a so-called
photomemory effect [145]. At the same time, both the dislocation density
(Fig. 2.49a) and the illumination level (Fig. 2.49b) have a pronounced impact
on the intrinsic PC in deformed Ge, particularly at low temperature in the
trapping range.

According to (2.29), an activation energy can be derived from the PC
in the trapping range. For n-type Ge, values of —0.42eV were consistently
obtained [145], whereby no definite shift with doping level in the range
10'3-10' em ™2 was observed. For p-type material Ec — Er = 0.24-0.30¢V.
These two values add up to the band gap energy in Ge. It should finally be
remarked that a similar (complementary) analysis holds for the intrinsic PC in
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Fig. 2.47. Steady-state photoconductivity in plastically deformed Si vs. illumina-
tion intensity: (1) reference sample; (2) heated but unbent sample; (3)—(5) sample
bent to the radii of curvature 12, 6, and 3 cm, respectively (after [145])
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plastically deformed p-type Ge, whereby in the trapping range, the monopo-
lar conduction is by holes [141]. Finally, under background illumination, a
quenching of the intrinsic PC has been observed for n-type Ge samples [144].
The spectral dependence of the extrinsic PC (hv < 0.7eV) in deformed Ge
has also been the subject of intense studies [144,146-154]. As the absorption
cross section for direct absorption measurements is rather small, it is better
to use the more sensitive extrinsic PC measurements at low 7. However, the
interpretation is not straightforward as both generation and recombination of
carriers may contribute to the signal, both in the bulk and at the surface of
the sample [148]. A comprehensive summary of the optical excitation of dis-
location states in Ge has been provided by Mergel and Labusch [150, 151],
where the PC spectra were compared with radiative recombination data.
Figures 2.50 and 2.51 summarize the PC spectra in deformed p- and n-type
material, respectively. No extrinsic PC was found before deformation below
the intrinsic regime [150]. In deformed p-Ge, a peak at 0.18eV and a second
one at 0.48 eV plus a broad band at 0.6 eV was observed [150]. In n-type mate-
rial, qualitatively similar spectra were obtained (compare Figs. 2.50 and 2.51).
This implies that the same kind of transitions was observed in both material
types. However, an additional exponential generation band was found in n-Ge,
between 0.45eV and the band gap (Fig. 2.51). The lower G band at 0.2 (+0.27)
eV disappears in n-Ge as the response time (time constant) becomes fast.

Change in Photoconductivity (a.u.)
N

0 Il
1 10 100
Time (s)

Fig. 2.48. Decay of the photoconductivity after illumination of the sample by a
rectangular light pulse. (1) 150 © cm sample bent to a curvature radius of 3 cm,
(2) and (4) 1,000 © cm unbent sample at two different illumination levels, and (3)
35 © cm, unbent sample (after [145])



2.6 Impact of Dislocations on Optical Properties 119

s Na
No
i Na
Ll
i I=const.
Ng>=Ng,
a
1/Temperature (K-)
s
L/t
g ~—— VUL, @
2|
I, :
i N, = const.
II é Ig > Il-].
i b

‘l'ri l."rl
1/Temperature (K-*)
Fig. 2.49. (a) Theoretical dependence of photoconductivity vs. reciprocal tempera-

ture for different dislocation densities. (b) Theoretical dependence of photoconduc-
tivity vs. reciprocal temperature for different illumination levels (after [145])



120 2 Electrical and Optical Properties

1 6
N,=7.5x10"2 cm™®
Ny=10" cm? 8= e
o oo oo o
15
2
& 01 f &
~ T4 ¢
[ o
£ g
> [
© =
g 138
Q 001 | S
-
12
0.001 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Photon Energy (eV)
0.05 4
0.04 1+ o3k
0.03 |
0.02 |
@
T
+3
—
2
z
@
E &
—
2 [
©
o -l
(=] N,= 7.5x10' em™
Ng =107 cm?
i 1 L i 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Photon Energy (eV)

Fig. 2.50. Generation yield G (right) and characteristic decay times (left) vs.
the photon energy in deformed p-Ge. The doping concentration was Na = 7.5 X
102 cm™? the dislocation density Ng = 107 cm™? (predominantly edge type). G(hv)
is given in arbitrary units on a logarithmic scale. No signals could be resolved below
hv =0.38eV at 93K (after [150])



2.6 Impact of Dislocations on Optical Properties 121

100 6
67 K - o
10 | N 15
2
@©
- o
~ 1} +4 €
o o
£ g
> 2
©
g 01 | 138
o o
o
-
0.01 Np =8.3x103cm=3 | T 2
Ny = 2.5x107 cm?
0.001 : : : : : : 1
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Photon Energy (eV)
1 7
- D_D_D'D'U'(E e
16
2
% 01f 158
=~ c
& 130K ]
= 148
g g
3 S
o 0.01 | 135
o
-
N, = 8.3x10" cm™® 12
3 N, =2.5x10” cm™
0.001 1 L 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Photon Energy (eV)

Fig. 2.51. Generation yield G (right) and characteristic decay times 7 (left) vs. the
photon energy hv in deformed n-Ge. The doping concentration was Np = 8.3 X
10" em ™3, the dislocation density Nq = 2.5 x 107 cm ™2 (predominantly edge type).
In the upper half of the energy range G(hv) seems to consist of an exponential
background and two peaks, similar to those in p-type Ge, as indicated by the dashed
lines (after [150])



122 2 Electrical and Optical Properties

A polarization parallel with the Burgers vector of the predominant dis-
location type has been found in the extrinsic PC [146, 148]. Maximum PC
was observed parallel and minimum PC perpendicular with the direction of
the Burgers vector. As shown in Fig. 2.52, the polarization peaks correspond
with the G peaks in n-Ge [150]. Also the recombination peak at ~0.51eV
corresponds to one of the PC maxima. The stationary photocurrent is pro-
portional with the decay time 7, so that it is an indirect measurement of this
parameter. The photocurrent is temperature activated in a broad observation
window, whereby the activation energy Ea only weakly depends on doping
and dislocation density. In the lower G band, Ex ~ 0.1 to 0.18 eV in n-Ge and
0.1-0.15eV in p-Ge. In the upper G band, one obtains Ex = 0.4-0.5¢eV [150].
From this, it was concluded that the recombination paths are different for
the lower and upper G band. For the lower G band, it has been assumed
that the half-filled band of acceptor states determines the PC. In the upper
band, empty dislocation states close to the conduction band play the key role,
whereby transitions occur between the valence band and the upper band [150].
The continuous and exponential generation background in n-type material
(Fig. 2.51) is then supposed to originate from transitions from the valence
band to tunneling states localized at the dislocations in their potential bar-
rier. The recombination through the exponential and upper G band follows the
same path, as can be derived from the lack of structure in 7 vs. hv (Figs. 2.51
and 2.52) [150].

The nature of the extrinsic PC decay has also been investigated to some
extent [147,149]. It was observed that the relaxation time of PC increases
with increasing photon energy, whereby a nonexponential decay was the rule
rather than the exception [149]. For hv > 0.5 eV a slow, logarithmic type of PC
dominates, similar as for the intrinsic regime (hv = 0.7€eV). For 0.25 < hv <
0.5eV, the PC is characterized by a shorter relaxation time and a different
type of PC. For hv < 0.25 a third type of relaxation occurs, with a fast time
constant. At the same time, the intensity of the PC is lower than for the
higher energy regimes. The situation is summarized in Fig. 2.53 [149]. The
logarithmic type of PC decay was interpreted in terms of the generation of
majority carriers whose recombination is governed by the potential barriers
at the dislocations (Figielski model [145]). The fast PC at low energies was
assumed to originate from the same electronic transitions responsible for an
absorption band at 0.1eV [149].

More recent experiments have used the same arrangement to study the
DC conductivity of a small group of dislocations [59] and to measure the
related PC along it and towards the Ge bulk [59,153]. Typical results are
shown in Figs. 2.54 and 2.55 [153]. A prominent double peak is observed in
Fig. 2.55 at 0.38eV. The sharp increase at 0.33eV and the sharp drop at
0.38 eV are characteristic for the singularity in the density of states of a 1D
band. According to the model schematically represented in Fig. 2.56 [59],
there are three 1D bands associated with a 60°-dislocation. First, we have
the primary band with neutral level at Ey + 0.1eV and a small band gap
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Fig. 2.52. Comparison of (a) G(hv) and 7(hv) in n-Ge with (b) measurements of the
radiative recombination at dislocations [135] and (c¢) with the degree of polarization
of the PC [148]. The peaks that were only conjectured from the G-spectrum appear
very clearly in these experiments (after [150])

(Peierls gap). Next, there is a hole band in the attractive potential of a charged
dislocation (more curved than the primary band, with a small gap as well).
Finally, a secondary band is considered, residing closer to the conduction band
and split-off from it due to the deformation potential of the dislocation.
Labusch and Hess also worked out a theory that takes into account the
deformation potential of the dislocation strain field [153]. Here, it is no longer
assumed that the core states rigidly shift with electrostatic charging of the
dislocations, without accounting for the change in the band gap by the strain
field. It is shown that the strain field potential reduces the lowest conduction
band states at a distance 1y ~ 5nm (saddle point of the potential) by an
amount AFE ~ 0.18 eV [153]. This implies that the lowest transition from core
states to extended conduction band states occurs at Eq — Fg— AFE =~ 0.43 eV,
explaining the increase of the PC at about 0.42eV in Fig. 2.54 (FEy is the
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occupation limit of the core states in the absence of an electrostatic potential
~0.1eV).

Based on these considerations, it was concluded that the double peak at
0.37-0.38€eV is related to internal transitions at the core states, while the
rise above 0.42¢eV is due to transitions from bound dislocation states to free
conduction band states in the bulk [153]. The structure around 0.5¢V in
Fig. 2.54 (0.49-0.53€eV range) is another contribution by internal core state
transitions.

The dependence of the PC in deformed Ge has also been measured as a
function of hydrostatic pressure using various gases [155,156]. It was observed
that when helium was used as a pressure-transducing medium, the photocon-
ductivity dropped, for 0.3 x 108 Pa < P < 3 x 108 Pa [157]. This was explained
by considering that helium atoms penetrated the material through the dislo-
cation cores. The presence of helium atoms pushes the dangling bonds closer
to each other, provoking bond reconstruction to happen. It was assumed that
this pushes the associated bands of states outside the band gap and reduces
the recombination activity of the dislocations. As such, it can be considered
an indirect proof of the existence of dangling bonds in the dislocation core.
At P > 3 x 108 Pa, the PC shows a steep increase, due to the reduction of the
band gap with pressure P and the exponential dependence of the PC intensity
on Fg. Beyond this range, the photoconductivity is the same for deformed
and nondeformed material [157]. It was also found that in the spectral range
0.2eV < hv < 0.35¢eV the PC was insensitive to pressure. These transitions



2.6 Impact of Dislocations on Optical Properties 125

0.75

e
o
T

0.45

e
w

Normalised Photoconductivity (a.u.)
o
&

0.26 0.34 0.42 0.5 0.58
ho (eV)
Fig. 2.54. Photoconductivity along a group of twenty dislocations in n-Ge with

doping concentration Np = 3 x 103 cm™2 at 90 K. Applied voltage is 0.3 V. The
current was normalized by the relative light intensity (after [153])

09 | .

*
0.7 | .
*
0.6 *
*
05 *

04

02 “.‘0

Normalised Photoconductivity (a.u.)
.

01 Sy o8

0.3 0.4 0.5 0.6 0.7
ho (eV)
Fig. 2.55. Photoconductivity from the same dislocations as in Fig. 2.53 to the

bulk at 60 K. Applied voltage 0.3V, dislocations negative, bulk contact positive
(after [153])



126 2 Electrical and Optical Properties

A YL

Secondary dislocation
states

3 4

Primary dislocation
band

O il | T Fermi level
e | '\‘“x-__q
/‘ |/ Hole band \

E (k)

0 /b 2n/b
kin [110] direction ————»

Fig. 2.56. Band structure of 60°-dislocations according to Mergel and Labusch,
modified to take into account the Peierls gap (after [59])

were therefore ascribed to electron transitions from the dislocation donor to
the acceptor band [157]. A total band width of 0.15 eV was derived, which was
split up in 0.09eV for the acceptor band and 0.06eV for the donor band. It
was assumed that the gap between the two partial dislocation bands widens
with pressure, while the core atom spacing reduces at the same time [157].

2.6.4 Photoluminescence

Dislocation photoluminescence has been investigated by a few groups [158-
161]. A typical spectrum is represented in Fig. 2.57 [160]. As can be seen, the
same spectral features are observed in both PC and PL, indicating that they
are due to the same electronic transitions between the conduction band and
dislocation states [160].

Moreover, it was found that the PC spectrum is stable against annealing
from 420 to 880°C, independent on doping density and dislocation struc-
ture [160]. In low-temperature deformed Ge (460°C) some short wavelength
features have been ascribed to donor—acceptor (or excited dislocation states)
transitions [159]. This was related to the fact that the short wavelength
PL increased slowly with pumping intensity and was strongly dependent
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on doping density. It was also demonstrated that the quantum yield of the
dislocation-related PL is low: 10~* at 80K and 1076 at 130K [158]. This
points out that the majority of the recombination events through dislocations
is nonradiative.

PL studies of grown-in dislocations were performed by the Yoffe group,
also showing a sharp transition at 513 meV, represented in Fig. 2.58 [161].
The interpretation was that the line results from electron—hole recombina-
tion between the two split-off 1D energy bands, at 150 meV below Ec and
80meV above Ey. The binding energy of the dislocation exciton (DE) was
shown to be ~2meV (Fig. 2.59) and is believed to be associated with the
90° partial dislocation [161]. The activation energy of the line intensity
at higher T determines the binding energy of the hole to the dislocation
(~80meV). The resulting electron binding energy to the 1D energy band
is then Eg — 0.08 — hv(= 0.513¢eV). According to Fig. 2.60, the line posi-
tion of the DE line behaves in the same way as the free exciton (FE) with
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temperature. The width of the line saturates at higher temperatures and
is given by ~2kT at lower temperature. This is due to inhomogeneous line
broadening [161].

In deformed Ge, a metastable 60°-dislocation luminescence spectrum with
several narrow lines (width ~3meV) with limiting energy 0.55eV may be
observed under certain conditions, as represented in Fig. 2.61 [162]. It has been
shown that the energy F, increases with the separation A, between the two
partial dislocations. The line dg corresponds with an equilibrium separation of
Ag = 4.94+0.9nm. The lines with n < 8 and 8 < n < oo occur on the left and
right side of the dg line, respectively [162,163], over the range 0.43-0.55¢eV.
These narrow lines are found only under specific deformation conditions [163],
namely, low temperature and high shear stress deformation, followed by cool-
ing down under load. It is believed that these narrow lines correspond with the
optical recombination of carriers at the 90° partial, whereby the potential of
the 30° partial acts as a perturbation, whose value depends on the width A.
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Fig. 2.61. DPL spectra of Ge after standard second stage deformation with stress
parallel with [123]: (a) 0, (b) 200, (c) 450, (d) 700, (e) 800 MPa (after [162])

The line number n is given by the relation n ~ (A, /a) — 6, where a = 0.346 is
the step of changing A, [163]. This nonequilibrium PL structure disappears
after annealing above 150 °C [163].

A quasi-equilibrium dislocation structure develops under relaxation of the
internal stresses in the process of unloaded cooling down to RT after high
temperature and low shear stress deformation, as well as after a 150 °C (or
higher) annealing of high-stress deformed material [163]. In that case, the PL
band becomes broad over the range 0.43-0.60eV with nonresolved lines. This
could be due to the presence of quasi-equilibrium 60° dislocations with various
values of An.

A theory was developed explaining the DE binding energy in terms of
the zero-range potential approach to describe the electron—hole interaction,
yielding an expression for Epg = uDEq4/(€Go€0)2h2 = 3meV [161]. upg is
the reduced mass of the DE, assumed to be small and equal to 0.03mg [161].
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The electron—hole pair is thought to be bound by a rectangular potential wall,
which is limited by the screening length of the DB charges in the core of the
90° partial dislocation of about 3 nm. The same model was used to explain the
observation of DE PL line series in deformed germanium, containing nonequi-
librium dislocations (Fig. 2.61). It is thought to be related to the splitting of
a 60° dislocation into a 90° and a 30° partial. The presence of the 30° partial
can be seen as a perturbation, whereof the impact is inversely proportional
with the separation distance (splitting or stacking fault width). Since this can
take up only discrete values, a series of spectral lines for the DE may result
from this, whereby the Fy value (=513 meV) corresponds with a separation
distance of 4.9nm in Ge and is the only line that survives annealing [161].

It was also observed that there exists a so-called “hot luminescence” back-
ground, which has been shown to originate from the nonconstant splitting
width along the dislocation core. Finally, a detailed model was proposed to
explain e—h recombination and PL through dislocations; for details, the Reader
is referred to the work by Lelikov et al. [161].

The photo-Hall effect in deformed germanium has been investigated by
Weber [164]. The results show that the dislocations are excited in the whole
spectral region of 0.1-0.8eV.

2.7 Conclusions

Over the years, the model for the deep-level states of dislocations in germa-
nium has evolved from a single energy level associated with DBs to a complex
scheme of 1D energy bands, which reasonably well account for the electrical
and optical activity. Significant progress in the understanding of the origin
of these levels has also been acquired, in spite of some serious experimental
difficulties: while deformation conditions are known to activate a single slip
system and thus introduce one dominant dislocation type, one is never 100%
sure that there are no additional point defects introduced or gettered in the
stress field of the dislocations. In addition, dislocations are for the most part
split in partials, with a stacking fault in between, so that the observed deep
levels should rather be interpreted in terms of 30° or 90° partials and/or the
SF in between. Moreover, defects in the dislocations structure (kinks and jogs,
etc.) may equally contribute to the electrical activity. A specific problem in
the case of germanium is that it is difficult to apply electron spin resonance
(ESR) for the identification of dangling bonds in the dislocation core, for
example.

Nevertheless, it has become clear that certain features are intrinsic to the
dislocation core — the most convincing one perhaps is the 1D microwave con-
duction pointing to some bands of states in the band gap of Ge. Further proof
comes from the anisotropy of the optical dislocation properties (absorption,
photoconductivity). In addition, theoretical calculations have pointed out that
shallow 1D bands are split off from the valence and conduction band, which
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are most likely responsible for the (optical) recombination activity and the
PL of dislocations. Referring to the better studied case of silicon, additional
deep-level core states are assumed to correspond with impurities and struc-
tural defects, thereby strongly enhancing the electrical activity of dislocations.
From PL investigations, it has become clear that the optical recombination
proceeds through the shallow split-off states and is probably associated with
the 90° partial, with little activity for the 30° partial. The latter merely mod-
ulates the energy position of the PL line, through a wider splitting (larger SF
width).

Similar as for the case of dislocations in silicon, it can be expected that
there is potential interest of utilizing dislocations in Ge for certain applica-
tions. In principle, a dislocation forms a 1D conductor, similar to a nanowire,
so that this could be used as a potential model system for future nanoelec-
tronic applications. The optical recombination, albeit not very efficient, could
be exploited for the development of light-emitting diodes in Ge, operating in
the (far) infrared region, which is of interest for fiber opto-electronics appli-
cations. This requires an optimization of the dislocation structure, produced
in a p-n junction. Especially in a Ge-on-Si platform, relying on the epitaxial
deposition of Ge directly on silicon or using a SiGe virtual substrate, this
could be an interesting option, whereby one can exploit the threading dislo-
cations present in these layers. However, this requires a better understanding
of the electrical and optical activity of dislocations in thin Ge layers and on
devices produced in them, like MOSFETSs and p-n junctions.
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