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Dislocation-related electroluminescence at room temperature in plastically deformed silicon
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Dislocation-related photoluminescence and electroluminescence properties have been studied in
heavily dislocated silicon crystals between about 2 K and room temperature. A model explaining the
high-temperature stability of the D1 luminescence is suggested and considerations concerning the nature
of the D1 centers are presented. The experimental results are in good agreement with these models. In
particular, forward-biased diodes exhibited an intense structureless luminescence band at 1.55 pm which
clearly originated from the D1 centers.

I. INTRODUCTION

Light emission from silicon-based devices has recently
attracted considerable attention, though undoped silicon
due to the indirect energy gap is expected to exhibit only
very weak luminescence properties. The indirect band
gap implies that recombination of electrons and holes in-
volve optical phonons of momentum equal to the
difference Ap of the momentum for holes and electrons.
In order to increase the quantum efficiency of lumines-
cence in silicon it is therefore advisable to find proper
methods for excluding phonons from recombination pro-
cesses. This can, for example, be achieved by channeling
the recombination of charge carries via deep electronic
states. Among impurity centers with large binding ener-
gy, rare-earth-related centers have already shown very
promising results. ' Other centers which are of interest in
this context are deep states originating from intrinsic de-
fects such as dislocations.

The dislocation-related photoluminescence (DRL) in Si
is known to consist of four lines (or bands) which are la-
beled D 1 (0.81 eV), D2 (0.87 eV), D3 (about 0.95 eV), and
D4 (about 1.0 eV), and have been investigated quite ex-
tensively. Experiments with so-called low-
temperature-high stress (LTHS) plastic deformation
show that the energy positions of D3 and D4 strongly de-
pend on the distance d between partials in dissociated
perfect dislocations. ' LTHS results in a considerable
dispersion of d for different dislocations with the same
orientation. Since d =an, where a is a lattice parameter
in the I112] direction and n is an integer, the large disper-
sion of d leads to a splitting of the D3 and D4 bands into
a number of lines. The energy positions of these lines,
E (n ), are well described by the phenomenological expres-
sion E„=E —2'exp(anlb). Using these results, the
authors of Refs. 8, 9, and 10 concluded that the D3 and
D4 bands originate from recombination processes at
straight segments of 60 dislocations. In addition, it has
been suggested' that the D3 line most probably is a
phonon-assisted replica of D4.

At high dislocation densities, the D1 line is dominant
with respect to the photoluminescence (PL) intensity.
The intensity of this line is less affected by temperature
than the intensity of the other lines since the binding en-

ergy of the ground state involved in the luminescence is
larger in this case than for other lines. Also, the energy
position of the line is of technological interest since it
coincides with the absorption minimum in silica-based
glass fibers.

The origin of D1 and D2 is, compared with D3 and
D4, less clear. Stacking faults between dislocations, im-
purity atoms in the strain field around dislocations, and
dislocation jogs and segments of dislocations of special
types (like lomer dislocations) are typical examples for
the origin of the D1 and D2 lines suggested in the litera-
ture.

The purpose of this paper is to investigate different
possibilities for a considerable increase of the quantum
efficiency of the dislocation-related luminescence in sil-
icon. For reasons which will become clear later we fo-
cused our interest on the D1 line, with the intention of
further clarifying the nature of the line.

II. EXPERIMENTAL DETAILS

Samples 4 X 4 X 12 mm in size were cut from p-type
iloating zone (FZ) Si doped with 3X10' -cm 3 boron.
The samples were 10—15 %%uo plastically deformed at
T =1050 C by compression along [123]. Platelets with a
thickness of about 1 mm were cut from the central parts
of the deformed samples for diode fabrication. In order
to decrease the concentration of nonradiative intrinsic
defects, additional annealing at 1100'C was performed.
All treatments were carried out under clean conditions in
a N2 or Ar atmosphere with the intention to avoid metal
contamination.

Two different methods were used for fabricating
diodes. In the first case a small pellet of gold, doped with
Sb, was placed on a silicon wafer. The wafer was then
heated to a temperature slightly higher than the eutectic
temperature ( =400 C) resulting in a heavily doped n re-
gion between the pellet and the wafer. In the second
case, the emulsitone emitter diffusion source N250 was
used in order to form phosphorus-doped Si02 on the
wafer surface. The samples were covered with the N250
solution and then baked at 12S'C for 50 min in air.
Afterwards, the samples were annealed at 1100 C for 60
min in a Nz or argon ambient. The mesa structures were
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fabricated by wet etching. A Ga-Al alloy was used for
providing Ohmic contacts to the p-type substrate,
whereas Al wires were bonded to the n-type layer.

The photoluminescence and electroluminescence (EL)
spectra were recorded with a spectral resolution of 3 nm
using standard lock-in techniques in conjunction with a
Jobin-Yvon HRD1 grating monochromator and a North
Coast germanium diode as a detector. The measurements
were performed in a variable-temperature cryostat with
electrical feedthrough in the temperature range 1.9—300
K. The PL was excited by the 514-nm line of an Ar-ion
laser in the power range between 0.1 and 100 mW/mm,
whereas the EL was generated by applying a forward bias
to the diodes.
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III. RESULTS

Deep-level transient spectroscopy (DLTS) measure-
ments were performed on diodes fabricated in plastically
deformed p-type samples as well as in n-type samples in
order to find out whether or not deep electronic traps
were present. No dislocation-related DLTS peaks"'
were monitored. Depending on the sample, various
DLTS signals were observed corresponding to trap con-
centrations less than 10' cm . Arrhenius plots of
thermal emission rates obtained from such studies result-
ed in activation energies which were close to known
values of Fe- and Mo-related centers' ' as well as Cu-B
pairs' in p-type and to I'-V complexes in n-type' sam-
ples.

At low temperatures (T (20 K) our samples exhibited
typical dislocation-related PL spectra implying that the
D1, D2, D3, and D4 lines were clearly detected. The
solid curve in Fig. 1(a) shows the PL spectrum of sample
K3 at T =5 K. In heavily deformed samples, the intensi-
ty of the D2, D3, and D4 lines decreased very quickly
with increasing temperature and at T )40 K only the D1
band was observed [dashed curve in Fig. 1(a)]. All data
discussed below are related to this band.

At low excitation density, the half-width dE of the PL
band depended very weakly on temperature, as shown by
the open squares in Fig. 2(b). The solid curve is given by
dE =33.5 meV+0. 5kT and is therefore clearly different
from the dependence dE =33.5 meV+3kT/2 which is
expected in the case of optical transitions between a
three-dimensional (3D) energy band and deep energy lev-
els [dashed line 1 in Fig. 2(b)]. The weaker dependence of
dE on T implies that the D1 luminescence is best under-
stood in terms of optical transitions between two local-
ized states rather than between the conduction or valence
band and localized states. The measured energy positions
of the D1 PL band as a function of temperature is exhib-
ited by open squares in Fig. 2(a). The solid curve 1 in
Fig. 2(a) shows the calculated temperature dependence
E (T)—362 meV, where E (T) is the energy gap of sil-
icon at temperature T. Evidently, at low excitation densi-
ty the energy positions of the D1 band follows rather well
the temperature dependence of Eg. If it is assumed that
the D1 band originates from optical transitions between
two localized energy states, these states have energies
E, +ED» and E, —ED„, where ED „+ED» is about 362
meV.
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FIG. 1. (a) Normalized photoluminescence (PL) spectra of
sample E3 at T =5 (solid curve) and 50 K (dashed curve). The
Ar-laser excitation density was 6 mW/mrn . (b) normalized
spectra of sample K3 at T = 150 K for diR'erent excitation densi-
ties: Curve 1: Ar laser, 20 mW/mm; curve 2: electrolurnines-
cence (EL) spectrum, current density 100 rnA/mm; curve 3:
EL spectrum, current density 400 mA/mm . The energy scale is
shifted by E~(0 K) —E~(150 K), where E~(T) is the energy gap
of Si at temperature T.

At low current density j (j ( 10 mA/mm ), the electro-
luminescence (EL) spectra exhibit a spectral distribution
similar to the PL spectra, but at higher current densities
D1 becomes broader and its maximum shifts to higher
energies [Fig. 1(b)]. The energy shift and the half-width
of the EL band are proportional to ln(j) [Fig. 3(a)]. The
broadening of the EL band cannot be explained by satu-
ration efFects since, as one can see from Fig. 3(b), the
EL intensity AdE depends almost linearly on j(AdE
=j' " '). Curve 2 in Figs. 2(a) and 2(b) shows the
temperature dependence of the D1 energy positions and
its half-width for a diode current of j=400 mA/mm .
Both the additional broadening and energy shift at low
temperature, caused by the high excitation level, de-
creased with increasing temperature and approached the
PL data.

The temperature dependence of the luminescence am-
plitude 2 is shown in Fig. 4. Curves 1 and 2 correspond
to the EL signal from two di6'erent diodes at a current
density of 400 mA/mm, whereas the curve labeled PL
corresponds to the PL signal obtained with a laser excita-
tion of 100 mW/mm . The EL e%ciency of the diode, fa-
bricated according to method 1 (curve 1) is almost ten
times lower than the one of the diode, which was struc-
tured using the multitone emitter dift'usion source (curve
2).
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FIG. 4. Temperature dependence of the D1 band amplitude
of sample K3. Curve 1: EL of the diode fabricated by diffusion
of Sb from Au/Sb alloy, diode current 100 mA; curve 2: EL of
the diode fabricated by P diffusion from P205, diode current 50
mA; PL curve: Ar-laser excitation, 100 mW.
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FIG. 2. Temperature dependence of the energy position
E ( T) and half-width dE ( T) of the D1 band. Curve 1: Ar-laser
excitation, 20 mW/mm; curve 2: electroluminescence, diode
current density 400 mA/mm .
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As already mentioned in Sec. III, the weak tempera-
ture dependence of dE observed at low excitation density
could imply that the D1 luminescence originates from
internal transitions of a defect center and, hence, that the
center has two energy levels: E, +ED1, for holes and
E, —EL„, for electrons.

The solid and dashed curves in Fig. 4 have been calcu-
lated using the relation

3 (T)=B/[1+CT /2exp( Ez /kT) j,—
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FIG. 3. (a) Dependence of the half-width dE of the D1 EL
band on diode current density j. (b) Dependence of the EL in-
tensity AdE on j.

which is often applied to describe the occupation of deep
electronic states by electrons or holes. C and 8 are tem-
perature independent coefficients. The activation energy
E~ often difFers very little from the binding energy of the
deep state. From the best fitting we found that the ac-
tivation energy Ez should be about 0.15 and 0.16 eV for
curves 1 and 2, respectively, and that the corresponding
energy for the PL curve was 0.17 eV. A still better fitting
to the PL curve is obtained if 8 is assumed not to be tem-
perature independent but to be proportional to T '. If it
is assumed that the activation energy E~ corresponds to
ED» or ED„ then, taking into account that ED„+ED»
is about 362 meV, one has to conclude that ED1, and

ED1, are almost equal, i.e., both should have values of
about 150—200 meV.

This result is not in agreement with the data obtained
in Ref. 4, reporting on the temperature dependence of
the D1, D2, D3, and D4 lines in FZ p-Si samples plasti-
ca11y deformed by 2% at 900 C. The authors of Ref. 4
found that the PL amplitude is indeed well described by
Eq. (1), but they obtained deactivation energies of 7 meV
for D1 and about 4 meV for the D2, D3, and D4 lines.
In heavily dislocated Si, deformed at 750—850 C, the au-
thors of Ref. 5 obtained a similar temperature depen-
dence, though with a deactivation energy E~ for D1 of
about 10 meV. In all samples used in Refs. 4 and 5, the
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FIG. 5. Schematic energy diagram of heavily dislocated sil-
icon.

intensity of the dislocation-related PL lines, including
D1, began to decrease quickly for T & 30 K, whereas in
our samples a substantial decrease was only observed for
T) 140K.

Before we discuss this discrepancy in more detail we
need a better understanding of the following observa-
tions: (1) the broadening and energy shift of the D 1 band
at high excitation, and their dependences on T and j; (2)
the much higher thermal stability of the D1 luminescence
compared with the D2, D3, and D4 bands; and (3) the ab-
sence of DLTS signals originating from ED„and ED„,at
least in the temperature range from 77 to 300 K.

If EL„, and ED&, are energy levels corresponding to
point defects randomly distributed in the bulk, the results
discussed so far are dificult to explain. The model we
prose to explain our observations is therefore based on
the following assumptions.

(1) The centers responsible for the D 1 band are not
randomly distributed point defects but probably defects
on dislocations. We assume that centers responsible for
the D2 and D4 luminescence are also connected to dislo-
cations.

(2) A distribution of Dl energy levels exists due to a
possible variation of the local strain and electric field.
The hole level E, +ED„ofthe D1 center therefore varies
within the range E, +E,„and E, +E;„.

(3) The linear density N, of D 1 defects along a disloca-
tion is larger than 1 —2X10 cm

Figure 5 shows schematically the energy diagram of
our model in the direction along the dislocation. The D1
centers are the deepest energy states in our model, both
with respect to electrons and holes. The model antici-
pates that redistribution of holes between the D 1 centers
is possible not only via the valence band E„but also by
thermal excitation to dislocation-related energy states
above some energy E (mobility edge), implying that in
this case holes can move along the dislocation in the 1D
energy band. A similar situation is anticipated for elec-
trons.

The exponential decrease of luminescence with increas-
ing temperature, observed for T )200 K (Fig. 4), indi-
cates that the recombination of electrons and holes at

centers, responsible for the D1, D2, D3, and D4 lumines-
cence, is not the main recombination channel, but that
some other nonradiative recombination centers must ex-
ist and that the recombination of free carriers occurs
mainly via these nonradiative centers, at least at high
temperatures. We assume that in our samples these non-
radiative recombination centers are not found at disloca-
tion segments which give rise to the D1, D2, D3, and D4
luminescence, but that they are either located at some
other dislocations or generated by point defects in the vi-
cinity of these dislocations. Nonradiative centers of high
concentrations at dislocations which are responsible for
the D lines will be analyzed below, when possible reasons
for the small activation energy of the D1 luminescence
reported in Refs. 4 and 5 are discussed.

Since the dislocation density XD is high in our samples
(about 3X10 cm ), it is assumed that the lifetime r, of
the free electrons is rather short and that the concentra-
tion of electrons n therefore is not very high. For exam-
ple, if the electron capture radius of dislocations, r, is as-
sumed to be more than 1 nm, the electron lifetime
r, =(u, rND)

' is shorter than 3 X 10 ' s, where u, is the
thermal velocity of electrons. An Ar-laser excitation
density of 100 mW/mm and, hence, an electron-hole
generation rate G of about 10 cm s ' is therefore ex-
pected to result in a free-electron concentration n =G~,
of less than about 5 X 10' cm

In an EL experiment the density of nonequilibrium
electrons is higher. The current through the diode is
given approximately by j=en(D/r, )', where D is the
diffusion constant of electrons. Assuming an electron
mobility p of about 1000 cm /V s and using the relation
D =kTp/e, a value of about 5X10' cm is obtained
for n at j =100 mA/mm . This concentration is less
than the concentration of free holes p =3X 10' cm. The
absence of near-band edge luminescence, i.e., free exci-
tons (FE's), electron-hole drops (EHD's), and bound exci-
tons (BE's) further supports our assumption of a large
recombination rate.

For simplicity, it is assumed that recombination occurs
only when electrons and holes are present at the same
center, i.e., when electron-hole pairs exist. The pair
decomposition time due to the thermal dissociation of
electron-hole pairs is given by [N, u, o,exp( ED„/kT)—
+N„vhohexp( ED„/kT. )] ', —where N, =N, OT and
N, =N, oT are the effective states in the conduction
and valence bands, respectively. Assuming that the cap-
ture cross sections o.„and o.

z of D1 centers for electrons
and holes are of the order of 10 ' cm, the decomposi-
tion time is calculated to be about 10 ' s at 300 K for
ED&, =0.16—0.2 eV. Later, we will assume that the pair
lifetime is always shorter than the decomposition time
due to the thermal activation of electrons or holes and,
hence, that the pair lifetime is smaller than 10 ' s—
10 "s.

With these assumptions, the rate R of electron-hole
recombination via D1 center equals the rate of pair for-
mation since electrons and holes will always recombine as
soon as they meet at the same Dl center (at least for
T (300 K). Recombination via D 1 centers can be either
radiative or nonradiative. The D 1 luminescence intensity
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is therefore equal not to R but to uR, where a is the frac-
tion of radiative recombination with respect to the total
recombination at D1 centers. u is a characteristic pa-
rameter of the center and probably does not depend
strongly on temperature. The luminescence intensity A
should therefore be proportional to d, which is given by

aZ =a(nv, a,P +pu„a„N+PNP) . (2)

Here p and n are the concentrations of free holes and
nonequilibriurn electrons, u, and U& are thermal velocities
of free electrons and holes, and 1V and P are the linear
densities of electrons and holes trapped to D1 centers.
The first term in the brackets describes the generation of
e-h pairs due to the capture of free electrons into the D 1

centers which are already occupied by holes. The second
term stems from the trapping of free holes onto D1
centers already occupied by electrons. The third term de-
scribes the formation of a pair due to the movement of al-
ready trapped electrons and holes along the dislocation,
i.e., froin one D 1 center to another. P may depend on the
temperature in our model.

The statistics for the occupation of dislocation-related
centers difFer from the one for point defects not only due
to the ability of trapped carriers to move along the dislo-
cation without excitation into the band, but also due to
the fact that the trapped carriers cause a Coulomb band
bending eP around the dislocation which is given by

N =nv, o, (N. , —P)

X [nu, o, +pu/, o hexp( e—glkT)

+N, u, cr, exp( E—u &, Ik T) +PP] (6)

where

+B/[1+C,T i exp( Er/„/k—T)], (7)

apnv, uh o h cr, N, exp( crt/Ik T)—8=
[nu, cr, +pv/, o hexp( eglkT)]—

C, =N, pu, o., /[nv, o, +pu. hcr/, exp( eglkT)]—

Substituting N and P into Eq. (2), the luminescence in-
tensity is calculated self-consistently. Since X is small
compared with X„ in the excitation range used in our
measurements, P can also be neglected in comparison
with N, . At higher temperatures, PNP in Eq. (2) should
decrease with increasing temperature with an activation
energy E~„+E&1,=0.36 eV. Since a much smaller ac-
tivation energy of about 0. 14—0. 17 eV has been observed
experimentally for A, this term can obviously be neglect-
ed in Eqs. (2), (4), and (6) for temperatures above
150—200 K. It should be noted that the product NP in
Eq. (2) can also be neglected at sufficiently high tempera-
tures since XP decreases much faster with increasing
temperature than N and P. With these assumptions the
equation for the luminescence intensity reduces to

3 =8/[1+C/, T ~ exp( Ft/„/k—T)]

eel/=2e (P N) t log, p[(P-N)L„]—0.4-] /e, (3)
and

where c, is the dielectric constant and L„ is the screening
length (we assume P )N). Since eP should always be less
than Et/&„we choose eP=O. 16 eV and obtain a value of
about 10 cm ' for P-X. If therefore the density of the
Dl center is larger than 10 cm ' and N &N, (weak il-
lumination), only a part of the D 1 centers will be occu-
pied by holes even at very low temperature. Hence in
thermal equilibrium centers responsible for the D2, D3,
and D4 luminescence are expected to be empty since they
are shallower than D1. With increasing illumination
density eP becomes smaller and can be calculated taking
into account that the total Aow of electrons to disloca-
tions must be equal to the Aow of holes. At high excita-
tion densities when n is comparable to /v, eP can be
neglected.

Summarizing these considerations, one obtains

dP/dt =pv/, o/, (N, P —N)exp—( crt/IkT)—
nv, o,P PN, vho —

h exp( E—u&, IkT) PNP—,
—

and, hence, in the steady state,

P =pu/, cr/, (N, —N)exp( ect/Ik T)—
+[nu, o, +pv/, cr/, exp( ey/kT)N, u/, cr/,

—

Xexp( Er/, „IkT) +PN]—
The corresponding expression for X is

Cp =N pvh o h I[nu, o, +puz crh exp( crt/Ik T)]—
Furthermore, X, and iV, have been replaced by

X,OT and X,OT, respectively. In the case of EL
measurements, when n is probably larger than 10' —10'
cm, eP is smaller than 30 meV. At T) 150 K
exp( eglkT) is th—erefore a very slow function of T and
B, and C, and C& can be considered nearly constant, im-

plying that Eq. (7) is almost identical to Eq. (1), which
has been used for the fitting of our experimental data
shown in Fig. 4.

It is difficult to decide which of the energies E~1, or
Et/, „ in Eq. (7) should be attributed to the energy E„ob-
tained from the best fitting of the experimental data.
Since, however, the obtained value of E~ is about half of
the sum ED1 +ED1, this could imply that Ea1.=Ea1

Supposing the second term in Eq. (7) is larger than the
first one, it is readily seen that E„ is mainly determined
by the slope of the Arrhenius plot at high temperatures,
whereas C is determined by the temperature at which the
fast decrease of the luminescence starts. In this region,
u/, o/, p exp( e.glkT) is of the ord—er of nv, o, giving
n =N, p/2C. Hence dividing N, p by C values obtained
from the best fitting of Eq. (2) to our experimental data, n
values of about 0.5X 10' and 1 X 10' crn are obtained
for curves 1 and 2 in Fig. 4. In these cases,
eg=kT 1n(p/n) is about 25 and 10 meV at about 200 K,
implying that the temperature dependence of exp( —eP/
kT) can indeed be neglected compared with the fast
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change of A (see Fig. 4).
The N, o/2C value obtained from our photolumines-

cence studies is estimated to be close to 5 X 10' cm, re-
sulting in a value of about 60 meV for eP. This implies
that e P can no longer be neglected compared with ED„
and ED„, and it is therefore not possible to use Eq. (1) in-
stead of Eq. (7) for describing the temperature depen-
dence of A. The values estimated for n from the parame-
ter C are nevertheless of the right order of magnitude.
This means that the model proposed for the temperature
dependence of the luminescence is self-consistent.

We will now discuss the half-width dE of the D1
luminescence band in more detail. Let us assume that the
excitation level is so low that the distribution of the holes
between the D 1 centers corresponds to the thermo-
dynamic equilibrium. In this case, only the deepest Dl
centers are occupied due to the Coulomb limitation
J' &X,. The shallower D1 centers as well as all D2 and
D4 centers are empty. This means that only energy levels
from E„+E,„ to E, +E,„+P(E,„E;„)/—N, kT—
are occupied by holes, and only centers with energies in
this interval will contribute to the luminescence.

Any local field which shifts the hole level ED„should
also shift the electron level ED& of the center. In order
to evaluate the inAuence of the local field on the electron
level and, hence, on the energy of the luminescence tran-
sitions, we assume that a shift 5ED,„of ED&, causes a
shift of the electron le~el by 6ED1c /~ED 1 v '

luminescence band width can then be approximated by

5E =( I+y )[P(E,„E;„)/N,+—kT] .

Considering that we obtained dE =33.5 meV+0. 5kT
of the photoluminescence band of D1, it is reasonable to
assume that y is about —0.5. Hence, if the hole level is
shifted closer to the valence band by 5ED&„ the electron
level is also shifted to lower energy, but only by about
0.56ED„, which implies a shift of the luminescence to
higher energy by 0.56ED».

During excitation of the luminescence, there is a per-
manent How of electrons and holes toward dislocations.
The electron Aow is given by nvo. ,N, which prevents
the hole distribution from obtaining thermodynamic
equilibrium since holes are captured into any of the dislo-
cation centers, independent of their energy. At low tem-
perature, the average waiting time of holes on a disloca-
tion prior to recombination is about 1/nv a, . During this
time, holes can relax to deeper energy states. The relaxa-
tion process includes thermal excitation of holes from
E, +ED„ to the mobility edge E, +E (see Fig. 5) as
well as the drift to another center and subsequent trap-
ping. The time needed for such processes is roughly
given by exp[(E»„—E )/kT]l(uo&N ), where N is
the effective density of states at the mobility edge E . It
is then possible to define a critical energy E,„ in such a
way that holes trapped on a center of energy ED„=E,h
have a thermal excitation time into the mobility edge
which is equal to its recombination time:

exp[(E,„E)/kT]/(Ua „N —
) = I /nv o, .

The distribution of holes between the centers with an

energy in the range from E, to E,h will then roughly cor-
respond to the thermodynamic equilibrium, whereas
centers deeper than E,h will be randomly occupied. For
small excitation densities such that E,h )P(E

E—;„)IN„dE is still given by Eq. (g) and does not de-
pend on the excitation level. If the excitation is so high
that E,h &E;„,then the luminescence band is given by
dE =(1+y )(E,„E—;„). In intermediate cases, the
width dE is given by (1+y )(E,„—E,h ) or

dE=(1+y)(E,„E+—kT in[no. , /N o~ )+kT] . (9)

At moderate excitation densities, n is proportional to
the excitation level and, hence, no. , /X o.

& =Sj, where S
is a proportionality factor implying that dE should in-
crease proportional to ln( j) in agreement with the experi-
mental results presented in Fig. 3(a).

Another observation which should be discussed is the
dependence of dE on T at high excitation levels [curve 2
in Fig. 2(b)]. It is readily shown that fair agreement of
all experimental data with Eq. (7) is obtained by assuming
y= —0.3 and Em» —E~ =0.13 eV, which confirms that
the dependence of dE on the temperature and excitation
level is reasonably understood within the model. E,„
should have a value close to E„+dE /2( 1+y ) and it is
therefore assumed that E,„ is about 0.2 —0.21 eV. The
good agreement of Eq. (9) with our experimental data
suggests a value of about 0.06—0.08 eV for E . The
dashed curve 2 in Fig. 2(b) shows the calculated tempera-
ture dependence of dE with the assumptions E,„=0.21
eV and E =0.

Still, Eq. (9) is only a rough approximation and does
not take into account, for example, the real energy distri-
bution of the centers and the possible dependence of E
on T. Nevertheless, the estimated energy E agrees well
with the bottom of the 1D energy band E, +Ed, which
has been attributed to the regular parts of 60' disloca-
tions' ' and studied by measurements of microwave
conductivity.

According to Refs. 8, 10, and 19, the D3 and D4 PL
band are most probably connected with the 1D energy
bands E, +Ed, and E, —Ed, corresponding to regular
parts of the 60' dislocations. Our results are then best
understood with the assumption that the D 1 centers cor-
respond to distinct positions on these dislocations, such
as jogs and constrictions or segments of other dislocation
types. At very low temperatures, for example at 5 K,
redistribution of holes between different D 1 center is not
possible by exciting them from ED„ to E . Neverthe-
less, at low excitation, the width of the D1 band is small-
er than its maximum width. This means that, in addition
to the hole redistribution channel, discussed above,
another channel must exist which makes the hole transfer
between D1 centers possible without exciting them to Ed,
or E, bands. This channel is probably not as efficient as
the first one at high temperature, but should dominate at
low temperatures due to the very small activation energy.

To explain the low-temperature hole (or electron)
transfer between D1 centers, we assume that the D1
centers form clusters and that tunneling between centers
within a cluster is possible. This suggestion seems to be
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obvious considering that the D1 centers correspond to
extended defects like long jogs, constrictions, or segments
of other dislocation types. '

In general, the regular parts of dislocations are not
very long and, at very low temperatures, the carriers in
the 1D bands are localized between defects of the disloca-
tion core. However, the energy barriers originating from
these defects are probably not very high and a thermally
activated movement of carriers along the dislocation net-
work is possible. If the percolation radius along the dislo-
cation network is larger than the thickness of the de-
pletion region of the diodes used for DLTS measure-
ments, no DLTS signal from dislocation-related centers is
expected since carriers can leave the depletion region
without excitation to the 3D band. This is one of the
possible explanations for not observing any DLTS signal
due to D 1 centers in our samples.

Applying this explanation further, we can easily ex-
plain the very small activation energies obtained in Refs.
4 and 5 for the D1, D2, D3, and D4 lines compared with
our results for the D1 line. In our model, the D2 and D4
centers are not the deepest energy levels on the disloca-
tions, implying that the activation energies of the D2,
D3, and D4 lines correspond to the excitation of elec-
trons and holes from the D2, D3, and D4 centers to the
mobility edge of the dislocation-related 1D energy band.
The activation energy of this excitation is rather small
and the D2, D3, and D4 PL lines disappear therefore
rather quickly with increasing temperature since all car-
riers are trapped at deeper centers (in our case, at Dl).
The excitation of electrons and holes from the D 1 centers
to the 1D band as well as the movement of carriers along
the D 1 cluster (see Fig. 5) do not result in a drastic de-
crease of the luminescence in our case due to the low con-
centration of other deep recombination centers at the
dislocations. Only excitation of electrons and holes from
D1 centers to 3D energy bands results in a strong de-

crease of the total luminescence intensity. In our sam-
ples, the deactivation energy of the D1 luminescence
therefore corresponds to the excitation of electrons from
the D1 energy levels to the 3D bands, which is rather
large, whereas the deactivation energies of the D2, D3,
and D4 luminescence bands correspond to the excitation
energy of electrons (or holes) to the 1D energy bands,
which are rather small and comparable to those obtained
in Refs. 4 and 5.

The low activation energy of the D1 luminescence ob-
tained in Refs. 4 and 5 is understood if it is taken into ac-
count that the samples in Refs. 4 and 5 have been de-
formed at much lower temperatures than in our case.
DLTS (Refs. 11 and 12) and electron paramagnetic reso-
nance (EPR) measurements have shown that deep nonra-
diative recombination centers are generated at disloca-
tions at low deformation temperatures. The lower the de-
formation temperature, the higher the concentration of
these deep centers. Using EPR data, some of them have
been attributed to dangling bonds. In this case, the exci-
tation of electrons (and holes) from D 1 centers to any lo-
cal mobility edge, resulting in a movement of carriers
along the dislocation, is accompanied by a decrease of
luminescence since the carriers will be trapped to dan-
gling bonds and other deep nonradiative centers. This
means that the activation energy of the D1 luminescence
as well as the D3 and D4 luminescence in Refs. 4 and 5

probably corresponds to the activation of charge transfer
along the dislocation resulting in trapping of carriers to
nonradiative centers. The activation energy of this pro-
cess is much smaller than the one necessary for activation
of carriers to 3D bands.
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