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Frenkel pairs in low-temperature electron-irradiated InP: X-ray diffraction
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Semi-insulating InP (Fe) wafers have been irradiated at 4.5 K with 2.5-MeV electrons up to a highest
dose of 4X 10' e /cm . Without intermediate warming the irradiated samples were investigated by
measurements of the change of the lattice parameter and of the diffuse scattering of x rays close to
different Bragg rejections. These measurements give direct information on the structure of irradiation-
induced Frenkel pairs in InP. Most characteristically, the displacement fields around interstitial atoms
and vacancies must be of the same size but of the opposite sign. The separation distance of the closest

0
Frenkel pairs is of the order of 6 A. The introduction rate for the Frenkel pairs of X 1.5 cm is nearly
constant up to the highest dose. Hence defect densities of n ~ 5X10' cm ' can be accumulated at low
temperatures without indication of agglomeration or saturation. The close Frenkel pairs represent about
66% of the initial defects and anneal between 120 K and room temperature. The remaining Frenkel de-
fects have larger distances and anneal within several annealing stages up to a highest temperature of 670
K.

I. INTRODUCTION

Point defects determine the electrical properties of
semiconductors, and detailed spectroscopic data are
available for many defects, especially doping atoms and
complexes containing doping atoms. Much less is known
about the basic intrinsic defects, i.e., the vacancies and
interstitial atoms, which present a major part of techno-
logically important defect complexes.

Pairs of interstitial atoms and vacancies (Frenkel pairs,
FP's) can be produced by electron irradiation with rather
high concentrations. However, similar to the observation
with the elemental semiconductors Si and Ge, there is the
possibility that these primary defects cannot be frozen in
even at the lowest temperature due to ionization-induced
migration processes, which lead to annealing and/or
complexing. An additional complication with III-V com-
pounds it the simultaneous formation of antisites and an-
tisite complexes. Because of these complications there
are many open questions concerning defect mobilities and
defect reactions, even for GaAs, the best investigated
III-V compound. ' For InP much less is known and
more detailed investigations could help to develop a gen-
eral understanding of defects in III-V compounds. The
present knowledge of the most basic irradiation defects
in InP is based on deep-level transient spectros-
copy ' (DLTS) and may be briefly summarized as fol-
lows.

(i) Electron irradiation at temperatures between 15 and
300 K introduces the defect levels E11,H2, H3, and with
the highest introduction rate of 2 cm ' (for 1 MeV elec-
trons) the level FI4. These defect levels anneal between
340 and 420 K [annealing stage II (Refs. 4—7)]. The
threshold acceleration voltage of 100 keV has been attri-
buted to the phosphorus sublattice and corresponds to a
threshold energy of =8 eV for the displacement of the P
atom. ' Hence these defects show a striking similarity
to the 500-K annealing stage of GaAs, which has been at-

tributed to FP's on the As sublattice. However, the de-
tails of the defect reactions lead to the conclusion that
these defects must be complexes involving both irradia-
tion defects and dopants. This conclusion means that de-
fects on the P sublattice must be mobile during irradia-
tion. This mobility is supported by the electron
paramagnetic resonance (EPR) observation of the forma-
tion of complexes around Fe dopants during irradiation
at 77K"

(ii) Starting with about twice that threshold voltage for
the electrons, a second group of DLTS levels can be ob-
served. Threshold voltages between 170 (Ref. 10) and 270
keV (Ref. 9) have been reported for H5 and probably
higher values for E4 and H6. Attributing these thresh-
olds to the displacement of In atoms yields a threshold
energy between 3.5 and 6 eV for the displacement of the
In atoms. As the small introduction rates of 0.2 cm
are nearly two orders of magnitude below the expected
values for In displacements with such a low threshold en-

ergy, this damage production is not understood and a
transfer of 15—22 eV to a P atom that leads to double dis-
placements must be considered as an alternative explana-
tion for these higher-energy thresholds. The levels E4
and H6 anneal at temperatures between 100 and 200 K
[stage I (Ref. 4)]. Such a second group of defects with
higher threshold voltages, lower annealing temperature,
and much lower introduction rates shows again similari-
ties to GaAs: i.e., to the defects that are attributed to the
Ga lattice. However, complexes of irradiation defects
with dopants are again the most probable defect struc-
tures in InP. Hence there might be a second type of de-
fect mobile during irradiation.

(iii) For the microscopic identification of defects posi-
tron annihilation spectroscopy (PAS), EPR, and
electron-nuclear double resonance (ENDOR) have been
applied. PAS yields information about vacancies as long
as they are in a negative or neutral charge state and trap
the positrons, and gave strong support to the attribution
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of the defect annealing stages to the different sublattices
in GaAs by discriminating between V~, and VG, .' After
observation of the 200-K annealing stage in InP by
PAS, ' more detailed investigations' revealed complex
reactions. For n-type InP both types of vacancies, V&„
and Vp, are expected to be negatively charged and con-
tribute to the positron lifetime spectrum after low-
temperature irradiation. The low-temperature annealing
stage is attributed to the annealing of V,„;hence Vp are
dominating after annealing at room temperature (RT) in
contrast to the conclusions obtained after RT irradia-
tions. ' However, a mixture of both vacancy types can-
not be excluded. For semi-insulating (SI) and p-type InP,
the low-temperature stage has not been observed. After
annealing of SI InP to room temperature, a long lifetime
is observed, which is attributed to V&„,

' and a similar
lifetime observed after RT irradiation has been attributed
to divacancies. ' For p-type InP, Vp has been observed by
EPR at RT. ' Hence there are indications for stable va-
cancies on both sublattices and we might conclude that
vacancies are immobile at least up to RT and the ob-
served annealing must consequently be attributed to the
mobility of the interstitial atoms. The mobility of the va-
cancies themselves might be deduced from the observa-
tions of the formation. of vacancy agglomerates that have
been reported between 420 and S70 K after e irradia-
tion' and around 600 K after ion implantation. '

In addition to vacancies, the phosphorus antisite P,
„

has been identified by EPR and ENDOR. ' ' This an-
tisite was observed after RT irradiation; therefore it may
be produced either directly by replacement collisions or
by defect reactions, e.g. , within the low-temperature an-
nealing stage.

There is no direct information on interstitial atoms to
our knowledge. This lack of information might be due to
the fact that, as in other semiconductors, no energy level
of interstitial atoms has been identified within the band
gap, and interstitial atoms are therefore not accessible to
most experimental methods. Hence we decided to use x-
ray difFraction (XRD) techniques, i.e., measurements of
the change of lattice parameter in combination with mea-
surements of the Huang difFuse scattering (HDS). These
techniques detect all defects, independent of their elec-
tronic properties, as long as they induce atomic displace-
ment fields. In order to arrive at the simplest defect pat-
terns, FP's were produced by electron irradiation at 4.5
K. In spite of possible ionization-induced defect migra-
tion, there might be a high chance to freeze in most of
the originally produced Frenkel pairs and to observe pos-
sible low-temperature defect reactions. As it is well
known that InP becomes semi-insulating after high irra-
diation doses ' we used SI InP from the beginning in
order to avoid a larger shift of the Fermi level between ir-
radiations to different doses. Finally, we used rather high
irradiation doses (Pt = 8 X 10' —4 X 10' electrons/cm )

such that the concentration of irradiation-induced defects
should be much higher than that of residual impurities,
and intrinsic defect properties should be observed.

The high-dose approach contrasts with the electrical
investigations, which show some saturation behavior due
to the compensation of different defects. Although we

might expect reactions at these high doses, similar inves-
tigations with GaAs (Refs. 23, 24) and preliminary results
with InP (Ref. 25) showed the stability of high defect con-
centrations. Therefore we investigated the dose depen-
dence of the HDS, which indicates very sensitively if de-
fect agglomerates grow during prolonged irradiation or if
saturation and/or radiation-induced annealing does
occur.

In the following section we give a short introduction to
the theoretical background of the methods and Sec. III
summarizes some experimental details. In Sec. IV we
present the experimental results, which are finally dis-
cussed in Sec. V. In a subsequent paper we will compare
these results to investigations of the magnetic circular di-
chroism of the optical absorption.

II. THEORETICAL BACKGROUND
OF THE DIFFUSE-SCATTERING TECHNIQUE

The theory of diffuse scattering from point defects in
crystal is well documente0 and we recall here those
basic aspects of the scattering theory that are necessary
for the understanding of the present results.

In the single-defect approximation, the scattering am-
plitude is represented as the sum of scattering amplitudes
due to the point defects and to the distortion field around
the defects:

2

S=c fD+g f er~™(e —1)

where c is the concentration of defects, f the atomic
form factor of atom m, fD the form factor of the defect,
s the static displacement of atom m, and k the scatter-
ing vector. The first term, fD, represents the scattering
amplitude from the point defects (Laue scattering) and
the sum describes the scattering amplitude associated
with the displacements s of atoms away from their aver-
age lattice sites r . As we consider only the diffuse
scattering, the Bragg scattering amplitude has been sub-
tracted in Eq. (1). The poor convergence of this lattice
sum, which is due to slow 1/r decrease of the displace-
ments, can be improved by splitting the calculation into a
numerical part that considers a limited number X' of
atoms that are close to the defect and have larger dis-
placements, and an analytical approximation for the con-
tributions from larger distances. As the displacements
are very small at larger distances the exponential in Eq.
(1) can be expanded, and using the lattice periodicity we
obtain

r

S(k)=c fD+ g f„e "(e "—1 —ik.s„)

+fik s(q)

q=k —Cs, where G is the reciprocal lattice vector nearest
k.

In the approximation of the discrete lattice sum by the
continuum expression for the Fourier transformation of
the displacement field s(q), the atomic scattering factors
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f, are replaced by their average value f. If there are
several atoms in the unit cell this average is given by the
structure factor of the unit cell, I', divided by the number

n„»of atoms in the cell. The term (ik s„)is subtracted
within the sum as this contribution is already contained
in the analytical expression for k s(q).

The I/r decrease of s(r) yields a 1/q behavior of s(q)
and the term k s(q) is dominant close to the Bragg
rejections [Eq. (2)] (Huang diffuse scattering). As the
values of the Fourier transform at small q image the dis-
placements at larger distance, this HDS intensity images
the long-range part of the displacement field. Consider-
ing in addition only the leading term remaining after fur-
ther approximations for the contributions to the sum in
Eq. (2) yields

S(k)=c
I fD f(L/—c)+ifk s(q)l' (3)

26S =cf
q

1
[ (i)~())+ (2)~(2)+ (3)~(3)]Q2

0 is the average atomic volume (i.e., a /8 for InP) and
y'", y' ', y' ' are factors which depend on the elastic con-
stants and the directions of q and G. m'", m' ',m' ' are
quadratic expressions of the components of the dipole
force tensor P," of the defects,

"'=—'(TrP) vr' '= ' ~ (I' P)—
&J JJ

i&j

3 ~ 1J

By measurements in different directions of q and/or 6,
these parameters can be determined separately.

As m'" is proportional to the square of TrP, whereas

with L /c =+~, (1—cosk s„).
I. is identical to the exponent of the static Debye-

%aller factor, which therefore can be determined from
the diffuse scattering. For defects with large displace-
ment fields, L is larger than fr) and L is always positive
and nearly constant over the range of small q variations.

The next important term after k.s(q) arises from the
interference of L/c with this term. As L is positive the
sign of this mixed term depends on the sign of the dis-
placement field and changes with the direction of q. This
leads to an asymmetry of the HDS, comparing the
scattering at +q close to a Bragg peak (e.g. , for positive s,
as is expected for interstitial atoms, the scattering at posi-
tive q will be higher than that of negative q values). From
the measurements at +q these symmetric and antisym-
metric contributions can be separated and we obtain the
leading term separated, i.e., the HDS in its narrow sense:

SH(q) = [SH(q+)+S„(q i]n=. Ifl'k. —.(q) .

After determining s(q) from Eq. (4) the Debye-Wailer
factor I. can be determined from the antisymmetric part:

S,„„;(q)= [S(q+ )
—S(q )]/2 .

Using elastic continuum theory we can express the long-
range displacements by the dipole force tensor P, and
obtain for the HDS

the change of the lattice parameter is linear in c and TrP,
we can determine both c and TrP by a combination of
measurements of Aa /a and S~. From TrP we can
directly deduce the relaxation volume of the defect:
V" =TrP/38; B =bulk modulus. This value represents
the volume change of the crystal due to the distortion
field of one defect. The values of m' ' and ~' ' determine
the symmetry of the long-range displacement field of the
defect; e.g., both parameters are zero for a cubic defect,
~' 'WO and m' '=0 for a tetragonal symmetry, ~' '=0
and m( )WO for trigonal symmetry, and both parameters
are %0 for orthorhombic symmetry.

These interpretations are straightforward if there is
only one type of defect; if there are, however, several de-
fects present, the experiments yield average values. As
we will consider Frenkel pairs in the following this yields

( Vrel + Vrei ) d g / ~ ( Vrel+ Vrei)
2 2

Most characteristic is that defects with opposite signs of
V"' can cancel in b,a/a; however, SH depends on the
square of V"' and the scattering is always additive.
Therefore SH remains a measure of the changes of the de-

fect concentrations even when b,a/a vanishes or satu-
rates. However, additional information is necessary for
a separation of the two factors c and V"'.

This approach will be modified if the basic assumption
of a random distribution of defects is no longer valid:
Generally c must be replaced in Eq. (1) by the Fourier
transform of the concentration fluctuations. This yields
deviations from the characteristic 1/q behavior of SH

[Eq. (6)]: e.g., for the case of defects that avoid each oth-
er, or show a tendency for ordering, we observe a de-
crease of the intensity at small q and for the case of clus-
tering we observe a stronger increase at small q. For the
simple model of the formation of dense clusters by the ag-
glomeration of point defects the characteristic increase of
the HDS can be quantitatively understood. If we assume
that the long-range displacement fields of defects super-
impose linearly upon clustering, we obtain for the scatter-
ing of a cluster of n defects

C .
single rel rel 2S(n ) = (n Vs(ng)e ) ncsingie( Vsingie )

i.e., an increase of the intensity proportional to the num-
ber of defects in the cluster. In addition, we generally ob-
serve a faster decrease of the intensity at larger values of
q, i.e., s-q 4.

III. EXPKRIMKNTAI. MKTHQDS

A. Samples and irradiations

Samples with a typical size of 5 X 15 mm were
prepared from semi-insulating [liquid-encapsulated Czo-
chralski (LEC)] InP (2 X 10' cm Fe) wafers, with (100)
surfaces and thicknesses d =0.5 mm.

Irradiations were performed at a Van de Graaff ac-
celerator with 2.5 MeV electrons using a current density
of 8 pA/cm while the samples were directly cooled by a
stream of liquid He. The irradiation dose Pt and tem-
perature were measured in situ by the change of the elec-
trical resistivity of a copper or zinc wire that was irradi-



FRENKEL PAIRS IN LO%'-TEMPERATURE ELECTRON-. . .

ated simultaneously. The samples were irradiated with
doses of 0.85X10', 1.45X10', and 4. 10X10' e /cm,
respectively. After irradiation the samples were
transferred to the measuring cryostat without intermedi-
ate warming. Isochronal annealing (b, t = 15 min) at each
temperature was performed within the cryostat below
room temperature and under vacuum (p ~ 10 Pa) at
higher temperatures. Before the irradiations the samples
had been annealed under the same conditions up to the
expected highest annealing temperature of 700 K.

10'
( 511}

B. X-ray diffraction

The measurements were performed with Cu Ee
&

radia-
tion from a 12-kW rotating-anode tube with a germanium
(111) monochromator. ' The lattice parameter was
determ. ined with a modified Bond technique ' using the
asymmetric (711) reflection. DifFuse scattering was mea-
sured close to the (400), (600), (511), (444), and (422)
refiections; an angular region of +6' was scanned in the
8-28 mode with a typical step width of 0.25 . By the use
of a linear-position-sensitive detector the two-
dimensional intensity distribution around the reAection
was determined in this way. Absolute intensities were
obtained by calibration with a polystyrene standard (for
details, see Ref. 30). The defect-induced scattering inten-
sity was separated from the total scattering intensity ob-
served after irradiation by subtraction of the background
that was measured before irradiation and after total an-
nealing of the samples. This background is mainly deter-
mined by the thermal diffuse scattering, the Compton
scattering, and some tails of the Bragg peak that can be
assumed to be unaffected by point defects.

g g~4~~~
I C7% w~~—

100-
-6 -5 -4 -3 -2 -1

0 1 2 3 4 5 6

A25 (degree)
FIG. 1. Increase of the diffuse scattering intensity close to a

(511) reflection in a [511] direction of q. The irradiation-
induced increase of the intensity is compared to the background
measured before irradiation and after annealing at 720 K. The
irradiation was performed at 4.7 K to a total dose of 4. 1X 10'
e /cm .

q
(422)

IV. EXPERIMENTAL RESULTS

A. Distribution of the HDS intensity

An example of the radiation-induced increase of the
difFuse scattering intensity close to a (511) reflection is
shown in Fig. 1. The intensity is shown along a radial
direction in reciprocal space, i.e., q parallel to G. For
this direction the HDS is dominated by n"' or the trace
of the dipole tensor of the defects [Eq. (6)]. The back-
ground has been measured before irradiation and there is
nearly complete recovery after annealing at 740 K, except
for some minor changes very close to the Bragg peak,
which might also be due to some changes of the sample
surface in the course of the irradiation and annealing
treatments. The HDS cross section is obtained by sub-
traction of the background from the total scattering.
Figure 2 shows examples of the observed HDS plotted as
a function of the distance q from the corresponding re-
ciprocal lattice vectors. For a direct comparison of the
cross sections observed at different Bragg rejections,
these cross sections are divided by the atomic scattering
factor f (including the thermal Debye-V/aller factor and
polarization factors) and thus are given in atomic units;
in addition the directional dependence of the lead-
ing term of the HDS [Eq. (6)] has been eliminated:
S„=Sy'"()'t 00)/y"'(hkl ). Hence S„ is the usual

t

tl 10 -0-.05.
t

O.OS 0.10

O

I

C)

b)

(444)

t-0.05 0.05

FIG. 2. Distribution of the irradiation-induced diffuse-
scattering intensity (Pt=4X10' e /cm at 4.7 K): the normal-
ized scattering function S„closeto different Bragg rejections is
shown as a function of the distance q from the reciprocal lattice
vector Ci. The deviation vector q is in the radial direction in re-
ciprocal space. (a) (400), {422), and (600) rejections; (b) (511)
and (444) rejections.
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FIG. 3. Symmetrical part of the scattering function S„shown
in Fig. 2.

scattering cross section for (400) and (600) reilections and
includes a correction for other directions. Due to the
multiplication of S~ with q we expect a horizontal line if
the scattering law [Eq. (6)] is exactly valid. Such a
behavior seems to be valid after annealing above 300 K
(see below), but there is a decrease of SHq for small
values of q after irradiation. In addition we observe a
large asymmetry of SII for negative and positive devia-
tions from the Brag g peaks. The symmetric Huang
scattering SH can directly be separated from this total
scattering by taking S'" =[S(q+)+S(q )]/2 and is
shown in Fig. 3. The separation of the antisymmetric
scattering, however, does not remove the deviations from
the q behavior. Figure 3 shows, in addition, that these
deviations seem to scale with the value of q at different
Bragg rejections; such a behavior generally indicates de-
fect correlations. The remaining antisymmetric scatter-
ing S""=[S(q+)—S(q )]/2 is shown in Fig. 4 after
multiplication with q, as we expect a q law if this con-
tribution is due to the interference of the Huang scatter-
ing amplitude with higher-order terms [Eq. (2)]. In con-
trast to the expectation for a highly distorting defect, we
observe, however, a change of the sign of S" on compar-
ing different Bragg reAections. As will be shown in Sec.
VA, all these deviations from the HDS from a random
distribution of defects can be consistently explained by
the scattering of close FP's. Figure 5 shows the distribu-
tion of the scattering intensity around a (400) reliection.
The average of S~q /6 over a larger range of q is plot-
ted against the angle P between q and Cx. For this
reflection the values of SH at /=0 have larger errors due
to a high background and the values around P= 10 have
been used for the radial direction. /=90 corresponds to
qiG. For this direction we expect zero intensities if the
defects have cubic (vr' '=0, v'r' '=0) or tetragonal
(vr' '=0) symmetry. Hence Fig. 5 immediately shows
that the defects have a lower symmetry and the quantita-
tive analysis shows an orthorhombic symmetry; however,
this apparent symmetry might also be due to a superposi-
tion of different defects. The quantitative fit of Eq. (6) to
the data, shown in Fig. 5, yields values of vr' '/~'"
=0.08+0.01 and vr' '/vr"'=0. 11+0.01 for the normal-
ized symmetry parameters. These are relatively large
values for point defects; they are comparable to values
expected for very anisotropic defects such as dislocation

2D

10
I

C)

(444)
i - (422)

o-f x
—10

O

I

0.2
q(A ')

(4OO)
5»)
(6oo)
0.4

FIG. 4. Antisymmetric part of the scattering function S„
shown in Fig. 2.

loops, e.g. , an (a/2) (110) loop yields n'~l/m~'l=0. 015
and m' '/m' "=0.14 for InP.

B. Dose dependence of the HDS

Figure 6 shows the dose dependence of the HDS close
to a (511) re(lection. All the characteristic features dis-
cussed above seem to be independent of the irradiation
dose and the total intensity is proportional to the dose.
Similarly, the dependence of SH on P is the same for all
irradiation doses (Fig. 5). Figure 7 summarizes the in-
crease of the average intensity measured at different
Bragg reAections and shows within the errors, which are
characterized by the variations for different Bragg peaks,
a linear increase.

InF (400)

1.8

N~C4

O.6

0.00
I

20
I

40 60

g (degree)

I

80

FIG. 5. Distribution of the scattering intensity around the
(400) reAection of low-temperature-irradiated InP. The scatter-
ing function multiplied by q /k has been averaged in a region
of 0.1 & q & 0.2 A and is plotted as a function of the angle P
between q and Cx, as for larger values of P experimental data are
available only for a smaller range of q than for / =0 (Fig. 3); the
average has been taken consistently over this smaller range.
Therefore the values for /=0 are about 20% lower than those
discussed below (Fig. 7). By additional averaging over the four
equivalent angles, the symmetric part of S„is separated. For
this (400) re(lection the background for /=0 (i.e., in the radial
direction and in the direction of the surface normal for a [100]
crystal) is very high and purely reproducible; therefore these
points are missing. The di6'erent symbols correspond to irradia-
tion doses of 0.8X10', 1.4X10', and 4. 1X10' e /cm and
the solid line shows a fit of Eq. (6) to these data points that
determines the symmetry parameters m' ' and m'".
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I

P (511)
40

I

C)

CV~CV

C

(4

—0.05
0.8
0.05

I—'h. i o —o.os
l

0.05 0.10

FIG. 6. Dose dependence of the irradiation-induced diffuse-
scattering intensity close to a (511) Bragg reflection; as in Fig. 2
the direction of q is parallel to Ci (or /=0). The numbers indi-
cate the total dose in units of 10' e /cm; for better visibility
the values of S„aremultiplied by a factor of 2 for the low-dose
irradiations.

The figure includes also the results of the measure-
ments of the lattice parameter: There is no change out-
side the error bars of 3 X 10 independent of the dose.
Although we have a large diffuse-scattering intensity that
must be due to the displacement field of defects we have
no change of the lattice parameters. Hence, positive dis-
placements, most probably by interstitials, must be nearly
perfectly compensated by negative displacements, most
probably by vacancies. However, due to this vanishing
Aa/a, no direct separation of c and TrP is possible for
InP and additional information must be used as discussed
in Sec. VB.

C. Thermal annealing

The characteristic changes of the distribution of the
HDS intensity on annealing are shown in Fig. 8 for the
example of a (400) reflection. After annealing at 295 K
the characteristic decrease of the intensity towards small-
er values of q has nearly disappeared. The figure shows,
in addition, that the asymmetry of the intensity has de-
creased during annealing to 295 K, i.e., the antisym-
metric scattering contribution anneals faster than the
symmetric part. After separation of the remaining an-
tisymmetric part, the symmetric scattering S'" q is
rather constant at 295 K. Hence deviations from the

40

30

FIG. 8. Annealing of the diffuse scattering close to a (400)
reflection (similar to Fig. 2) after irradiation at 4.7 K with
4X10' e /cm .

100

50—

10- 10

ideal HDS behavior seem to be a characteristic feature of
the FP's that anneal below RT.

The annealing of the averaged intensities is summa-
rized in Fig. 9. These average values depend to some ex-
tent on the considered range of q, e.g. , there is a faster an-
nealing at low temperatures for large values of q than for
small ones (Fig. 8). However, as we will not discuss the
details of the defect distribution we have considered these
differences and also the variations observed for different
Bragg rejections by the error bars. Additional uncer-
tainties arise for the low-dose irradiations due to the
poorer statistics and for the medium-dose irradiation due
to some instabilities of the position-sensitive detector.
The main features of the annealing curves, i.e., a dom-
inant broad annealing stage between 100 and 300 K
where about —', of the defects anneal and a continuous fur-
ther annealing up to 700 K, seem to be independent of
the irradiation dose. Below room temperature we ob-
served a faster decrease of the intensity for the low-dose
irradiations; this faster decrease corresponds to a temper-
ature shift between 30 and 70 K and indicates that more
stable defect configurations are formed during prolonged

o ~ 0

~l~ 05
C

CA

20 o
10

0
-10

0 100 200
I I I

SOO 400 500

0
)

—10
600 700

DOSE (10 cm )

FIG. 7. Dose dependence of the average value of the sym-
metric part of the scattering and of the change of the lattice pa-
rameter. The averages of S„were taken for a range of
0.1 &q &0.3 A (see Fig. 3). Different Bragg reflections used
for the evaluation of the diffuse scattering are characterized by
different symbols: X, (400); 0, (511);,(422); D„(444);and +,
(600). The values at the (444) reflections are lower because there
is only a small q range accessible {0.08 & q & 0. 17).

FIG. 9. Isochronal annealing (holding time=15 min) of the
diffuse scattering close to a (511) reflection {average of
S„'"q /k for 0.017 &q/k &0.053). The different irradiation
doses are indicated by the numbers in units of 10' e /cm .
The sample with the highest irradiation dose has been held for 8
days at RT after the first RT measurement during the isochron-
al annealing program. Therefore there are two data points at
this temperature. The change of the lattice parameter is includ-
ed for the highest irradiation dose only {full symbols), and does
not show a significant change.
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irradiation. For the high-dose irradiation, the broad
low-temperature stage seems to be subdivided into a stage
between 150 and 200 K and a second stage between 270
and 330 K.

Figure 9 shows complete annealing of the HDS at
T=700 K which is in agreement with the annea1ing of
the lattice strain in ion-implanted InP. In contrast to
these observations, Fig. 1 has shown that there might be
some intensity left at smaller values q; this intensity
might indicate the formation of some larger and more
stable agglomerates, as such clusters are characterized by
a higher scattering cross section at small q [Eq. (9)] and a
steeper decrease of the intensity. Such a not totally com-
plete annealing would be in agreement with other ion and
high-energy-electron irradiations *' ' ' however, due to
the larger variations of the background at the tail of the
Bragg peak, these data are not included in the quantita-
tive discussion. In any case these surviving defects
represent a minority, as the HDS, even at smaller values
of q, is continuously decreasing and does not show 'an in-
crease during annealing that would indicate an essentia1
cluster growth. In addition the figure shows that there is
no change in the lattice parameter within the given error
bars. Also the apparent symmetry of the defects is not
changed from orthorhombic as the intensity distribution
shows only small quantitative changes as compared to
Fig. 5.

V. DISCUSSION

The scattering cross sections discussed above represent
the average scattering of vacancies and interstitial atoms
on both sublattices and might include different defect
complexes. For discrimination additional information is
necessary and we might use the different annealing
behavior as a first hint. The main question to be
answered before applying the HDS theory is of course the
origin of the deviation from the 1/q behavior and of the
large changes in the asymmetric part of the scattering.

The decrease in the intensity could be explained as in
numerous small-angle scattering experiments at systems
of higher concentration, by a tendency for an ordering of
the defects. This ordering means that the irradiation de-
fects repel each other such that the appearance of small
interdefect distances is reduced as compared to a random
distribution. For this model we would expect an increase
of the effect with increasing irradiation dose. Although
the dose range investigated is too small to exclude this
effect definitely, there is no indication for a dose depen-
dence in Figs. 5 and 6. Thus the correlation between the
vacancy and the interstitial atom within the individual
Frenkel pair and the corresponding modification of the
displacement field seems to be a more appropriate ex-
planation for the observation.

A. Structure of the Frenkel pairs

Detailed numerical simulations of the scattering inten-
sity have been performed to explain the observed curve
with the special emphasis that the model should explain
also the observed changes of the asymmetry. The basic
physics of the resulting defect model is shown in Fig. 10.

1 F

C

FIG. 10. Schematic view of a close Frenkel pair and the
atomic displacements of the neighboring atoms. Open arrows
indicate positive displacements due to an interstitial and full ar-
rows inward relaxations due to a vacancy.

With such a FP we obtain large additive displacements
between the vacancy and the interstitial and a compensa-
tion of the displacements at large distances.

In a first approach elastically isotropic displacement
fields around the vacancy and the interstitial atom were
superimposed:

s(r) = 1

4my

r —R" /2 „ir+R" /2
(r —R" /2) ' (r+R" /2)

(10)

where y is the Eshelby constant (a value of 1.42 has been
used in the calculations), and R" is the distance between
vacancy and interstitial atom. With this displacement
field the scattering was calculated using Eq. (2); the re-
gion close to the defects was calculated atomistically and
for large distances the analytical approximation was used
(see Ref. 30 for details). As there was a vanishing change
of the lattice parameter we can assume that V;"'= —V,"'
and only one parameter is left that describes the strength
of the displacements and determines the absolute scatter-
ing intensity. The remaining parameters for the calcula-
tion are the length and the direction of R" which essen-
tially influences the distribution of the intensity. The re-
sults of a model that reasonably reproduces the experi-
mental observations are summarized in Fig. 11, which
shows the intensity distribution in a radial direction close
to different Bragg reAections. In contrast to Fig. 2 the in-
tensity approaches zero for this calculation for a pair at a
distance of 0.96a =5.65 A. This is the expected behavior
if the long-range displacements cancel completely. The
value of

~ q ~
where the decrease of the intensity starts to

be important scales with 1/R", hence the experimental-
ly observed smaller slope and nonvanishing value for an
extrapolation of S(q ~0) indicate a broad distribution of
distances. In order to separate the more close pairs from
the rest of the defects, Fig. 12 shows the experimental re-
sults if only those pairs are considered that anneal below
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FIG. 11. Simulation of the scattering in a radial direction in
reciprocal space around dift'erent Bragg reAections; the scales
are identical to Fig. 2. The assumed position of the interstitial
is at (0.72,0.95,0.45)a and the vacancy at (0.33,0.33,0.17)a within
a cubic cell. The assumed relaxation volumes V;"'= —V,"=0.7
Q. The horizontal line corresponds to the expected scattering
of uncorrelated vacancy and interstitial atoms.

FIG. 13. Angular distribution of the scattering intensity
around a (400) re6ection (from Fig. 5) compared to the model
calculation of a Frenkel pair. The maximum of the calculation
corresponds to half the angle between 0 and the projection of
the separation vector R" of the Frenkel pair into the (110}
scattering plane. The curve is obtained by averaging over the
equivalent ( 111) defect axes.
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FIG. 12. Experimentally observed intensity distribution
(similar to Figs. 2 and 11) by subtracting the scattering mea-
sured after annealing at 295 K from the as-irradiated intensity
measured at 8 K. This intensity is assumed to correspond to the
defects that anneal between 8 and 295 K.

RT; i.e., the total intensity at 8 K minus the remaining
intensity at 295 K. This procedure yields correct values
only if there is only annealing in the given temperature
range and no rearrangernent of the remaining defects;
this assumptions seems valid here, as taking different
temperature intervals (below RT) yield similar results.
The good agreement of the observed intensity distribu-
tions between the simple model (Fig. 11) and the experi-
mental result of Fig. 12 clearly supports the presence of
close FP's below RT and rather well-separated FP's
above this temperature (Fig. 8).

The intensity distribution around a special reAection
depends on the angle between Cz and R" and the intensi-
ty distribution calculated by the simple model is com-
pared to the experimental results of Fig. 5 in Fig. 13.
The model yields essentially a maximum at half the angle
between the (100) direction and the projection of R" into
the scattering plane. Hence this distribution is deter-
mined by R" and not only by the symmetry of the indi-
vidual defects. Therefore the large values of ~' ' and m' '

given above can be explained by the direction of R" that
is close to a ( 111) direction.

The exact positions of the defects additionally inhuence
the asymmetry of SH. Especially the observed change of

the sign of S" can only be reproduced if the center of
the defects is different from the highly symmetric lattice
sites, because only under these conditions is there an ad-
ditional phase factor between the center of the fields and
the lattice sites.

Finally, the absolute intensity is mainly dependent on
the size of the displacements, i.e., V"'. For a given V"'
the defect concentration can be determined from the
comparison of the absolute values of the experimental
scattering function, which is proportional to c( V"");the
model calculation shown in Fig. 11 that fits the high-dose
irradiation shown in Fig. 12 corresponds to a defect con-
centration of c=1.3X10 cm or to an introduction
rate of X=3.2 cm '. In addition, these calculations
show that the average intensity over the experimentally
available region of q yields a value of SH comparable to
the scattering for uncorrelated defects. This can be sim-

ply understood, as the displacements are smaller at larger
distances and larger at small distances (Fig. 10): i.e.,

SH(q~0)-(V"') (1—1)

and

SH(q ~q,„)—( V"')'(1+1)',
where q, „

is the value of q at which the maximum dis-
placements are starting to dominate the scattering.
Hence an average between these two values is close to the
independent scattering contributions SH -2( V"') and
we will use in the following the standard evaluation for
the averaged values of S~, which consider the anisotropy
of the displacement field.

Due to the different behavior for q ~0 we can deduce
the relative amount of close FP's by comparing S„(q—+0)
with the average value of S„taken over all values of q.
This estimate yields the result that about 66% of the de-
fects are close FP's; this number agrees quite well with
the amount of annealing up to RT.

In summarizing, the simple model has shown that the
characteristic features of the scattering intensity can con-
sistently be attributed to close FP's with a distance of =6
A in a direction close to the (111)direction; these close
pairs account for 66%%uo of the defects produced at 4 K; the
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defects remaining after annealing at RT show within the
errors the scattering characteristic for randomly distri-
buted defects. In the present state, it seems not reason-
able to improve the model without having additional in-
formation as too many free parameters must be intro-
duced, e.g., different sublattices, antisite atoms, double
displacements, etc.

B. Strength and concentration of the defects

The average scattering S~ yields only a value for the
product c(V"') and due to the vanishing change in
ha /a no direct separation of c and the relaxation volume
V"' is possible. Therefore we start the discussion with a
plot of the interrelation between the values of c (or
X=c/Pt) and V"' that are determined by the product
and are shown in Fig. 14. Although there are no detailed
calculations of the relaxations around defects in InP
available, it seems reasonable that the lattice relaxation
around a vacancy corresponds at most to V„"'=—1Q. As
V, must be the same we obtain with this value a
minimum value for the actual defect concentration, or
more generally for the introduction rate

2+1.5 cm (12)

This value is about 20% higher than the preliminary re-
sults ' that had been obtained by averaging over a
smaller range of q (similar to Fig. 5); as the simulations
showed that the average over a larger range of q yields a
more appropriate average, this higher value is preferred
here.

As there is no theoretical lower limit for V"' there is
no definite upper limit for X. However, assuming that
the attribution of the observed threshold voltages to the
threshold energies of P and In atoms is correct, we can
calculate the value of X, " i.e., a theoretical maximum for
X or a minimum value for V"'. For the given threshold
value of =8 eV for P displacements the calculated values
for X(P) are close to the value of X=2.0 cm ' that has

50.0 ~,40.0
zoo ~'--
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I ) i I I I I I I

0.5 1

iv.
,

',"/n
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FIG. 14. Interdependence of X and
l

V"'l as determined from
the diffuse-scattering cross section [Eq. (8)] and considering that
V;"'= —V„"'. An upper limit for V"' can be assumed with
l
V"'l =1 and the most reasonable values are l

V""l =(0.4—0.7)
fl.

been observed by DLTS for the P sublattice after 1 MeV
e irradiations, ' and we expect a value of X ~5 cm
for our 2.5 MeV irradiation (considering multiple dis-
placements). This introduction rate corresponds to a re-
laxation volume of

l
V'"l =0.50. So far the calculation

considers only the displacements of the P atoms and we
have to add the introduction rate of the displacements
starting at the In sublattice. An association of the higher
threshold voltages (=200 keV) with In displacements
yields threshold energies of 3.5 —6.0 eV and very high in-
troduction rates of 2=25 cm ' for our 2.5-MeV irradia-
tions. The total introduction rate of 5+25 crn ' corre-
sponds to V'"=0.20 (Fig. 14). On the scale of V"' we
thus obtain possible values ranging from 0.2Q to 1.0Q
which all seem reasonable as long as theory does not give
a guide for a further confinement of this range. From the
HDS we might deduce in addition that the smallest
values of V"'l seem unlikely, as the observed distribu-
tion of the HDS and its fit by the model calculations indi-
cates larger local displacements. At the other extreme,
V„"'=—1.0Q, seems very unlikely as there is no open
volume left and we would not expect an observable
change of the positron lifetime. Hence, a relaxation
volume of

l

V"'l =0.5Q seems most reasonable and a
similar value has been deduced for the vacancies in
GaAs

On the scale of the introduction rates the variation be-
tween 1.5 and 30.0 cm ' is more dramatic. Again the
high side of the values of X seems unlikely as such high
introduction rates have never been observed and a value
of X=5 cm ' that corresponds to

l
V"'l =0.5A seems

most reasonable. Such a value is at the limit of X that
can be obtained if we consider only displacements start-
ing at P atoms, even by counting all double and multiple
displacernents with the maximum number of surviving
FP's as is done in the estimates given above. Neglecting
the In displacements the threshold energies around 200
keV observed by DLTS must be attributed to these dou-
ble displacements. The HDS from such events, however,
needs some comments.

If the two interstitial atoms and two vacancies thus
created are again locally correlated the defect model has
enough free parameters to explain the scattering intensity
in the same manner as for the single FP. However, the
numbers refer then to the larger complex, i.e., a double
FP: c is the concentration of double FP's and the total
concentration of single FP's is c&=2c and the corre-
sponding

l

V'
l

=
l
V"'l/2; for the limiting values dis-

cussed above (V"'=IQ with X=1.5 cm ') it follows
that X&~3.0 and lV&" l~0. 5. On the other hand, we

might increase the absolute value of V"' for a divacancy
to 2Q; under this condition the introduction rate is
X&=0.75 cm in order to yield the same scattering in-
tensity. As this maximum value for V"' is very unlikely
and only a part of the FP's will be double defects, the lim-
iting values given above the X and V"' seem reasonable
considering double displacements also.

Hence we can explain all observations by primarily dis-
placed P atoms, but the observation of the maximum X
(including multiple displacements) is very unlikely, con-
sidering in addition that there is some defect mobility
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during irradiation. Therefore we conclude that introduc-
tion rates of X=5 cm ' are reasonable only with addi-
tional displacements starting with an In atom and leading
finally to a stable intrinsic defect. The annealing
behavior discussed below does not reveal two stages that
clearly discriminate between the two different FP's. Nev-
ertheless, it is interesting to note that stage I is observed
to be the dominating annealing stage here and not stage
II, which was previously attributed to P defects and
which is buried within a continuous background. If we
allow for In displacements, we might also attribute one of
the threshold energies around 200 keV to these displace-
ments and we obtain a large difference between the de-
duced X=5 cm ' and the theoretical limit of =25 cm
This difference indicates that a larger percentage of In
FP's (as compared to P FP's) must be unstable or unsta-
ble against further irradiation. Alternatively, the assign-
ment of the threshold energy for In displacements to
values around 200 keV might be wrong, or it is also possi-
ble in principle that the threshold energy surface is very
anisotropic, so that the observed minimum value is much
lower than the average value observed with higher elec-
tron energies.

The exact cancellation of V; and V„is in contrast to
GaAs but it is not a peculiarity of InP; it is observed with
Si (Ref. 35) and Ge, ' too. Nevertheless it seems re-
markable that the large and heavy In atom induces only
such small displacements. The simplest explanation, i.e.,
that the stable damage is mainly restricted to the P sub-
lattice, can be excluded, as there is evidence for antisites
P,„(Ref.19) as well as V,„.' Also an extension of this
model by the assumption that the In, , independent of
production by direct replacement or replacement col-
lisions, finally induce a kick-out of a neighboring P atom
(i.e., the final configuration would be: V,„+P;+Inp )

seems rather speculative as long as there is no direct indi-
cation of the formation of Inp. In addition, there is evi-
dence from high-temperature Zn diffusion in InP that In;
are formed from Zn; by a kick-out mechanism and that
these In; finally react to form dislocation loops and pre-
cipitates. Hence In, and/or their complexes with other
defects seem to be characterized by rather small displace-
ment fields.

The linear increase of SH with the irradiation dose
without indication of a saturation behavior even at high
doses shows that stable defects must be produced con-
tinuously and that there are no doping atoms necessary
to immobilize the defects, as this would lead to very early
saturation. On the other hand, if the dopants act as un-
saturable traps, a low concentration of larger defects
would nucleate and we would expect a steep nonlinear in-
crease, as is observed, e.g., for irradiated Au. This clus-
ter growth is not observed here and even at the much
higher doses and dose rates within a high-voltage elec-
tron microscope no well-defined clusters are observed at
irradiation temperatures below 200'C. Perfect disloca-
tion loops, however, are observed for irradiations be-
tween 200 and 250'C.

The observation of a very high concentration of stable
FP's seems to be in contradiction to the defect mobility
deduced from the trapping reactions observed by DLTS

(Ref. 4) and EPR." This discrepancy might be solved if
we assume that the interstitial atoms have a certain prob-
ability to escape from their vacancy partner during irra-
diation and can be trapped at impurities; as soon as these
trapping sites are occupied they may repel further defects
by their Coulomb interaction. The moving interstitial
atoms are retrapped at other vacancies, possibly at
deeper trapping sites close to the vacancy, as these vacan-
cies become the dominating trapping sites at higher irra-
diation doses.

C. Defect annealing

We have observed that —', of the defects anneal below
RT (annealing stage I), and this annealing was attributed
to the dominating recombination of close FP's. As there
is general agreement that vacancies should not be mobile
below RT the interstitial atoms should be the mobile
species. It is remarkable, in addition, that these defects
are introduced in a high concentration and are therefore
the dominating defects after irradiation. There is qualita-
tive agreement with the PAS investigations' that indi-
cate the disappearance of vacancies; however, no defect
densities have been published so far to our knowledge. In
contrast to that, only the reactions of minority defects
produced with low introduction rates have been observed
within this stage by DLTS; hence these close FP's seem
not to be detectable by DLTS.

Within the annealing stage II (around 370 K), which is
the most prominent stage in DLTS investigations after
low-dose irradiation (e.g. , annealing of the levels E 1 1 and
H2 H4), we c—annot separate a clear stage from the
steady background annealing. This difference is reason-
ably explained as the DLTS signals are related to com-
plexes with doping atoms, the number of which saturates
at higher doses. Nevertheless, we might attribute all ob-
servations to similar defect reactions: the trapping and
detrapping reactions, of probably mobile interstitial
atoms, with extrinsic traps (with well-defined dissociation
energies) and intrinsic radiation-induced traps (e.g., com-
plexes with antisites, more distant FP s, di-interstitials,
etc. which yield a wide spectrum of binding energies).

The annealing between 450 and 670 K leads to a nearly
complete recovery of the FP's (Fig. 9). This broad an-
nealing range, which is not resolved here in detail, has
also been observed after ion and high-energy e irradia-
tions, with its center located between 520 and 620
K.' ' ' In agreement with PAS investigations, ' ' this
stage might be attributed to the mobility of vacancies and
their trapping and detrapping reactions.

Within this reaction scheme there are no annealing
stages that can be definitely attributed to different defect
mobilities on the two different sublattices. This observa-
tion may be understood by considering the formation of
irradiation-induced antisites. For InP the P,„antisites
have been observed, ' ' but it is not known whether they
can be formed already at the lowest threshold energy.
The comparable As&, in GaAs have, however, recently
been shown to be formed at energies that are believed to
produce stable FP's only on the As sublattice. ' This
observation indicates, on the one hand, that replacement
collisions might be involved in the defect formation in



K. KARSTEN AND P. EHRHART 51

III-V compounds, and, on the other hand, that the dam-
age process for the two sublattices is no longer strictly
separated. Hence the resulting FP's can no longer be at-
tributed to one sublattice. However, further work is
necessary to establish these conclusions.

VI. SUMMARY ANB CONCI. USION

X-ray methods were used to investigate the properties
of defects produced in InP by low-temperature electron
irradiation and the defect reactions occurring during an-
nealing up to 700 K. As it is generally observed that
after high-dose irradiation InP shows semi-insulating
properties, we started with SI InP so that the Fermi level
is always pinned close to midgap, independent of the irra-
diation dose and the amount of thermal annealing. We
deduced information on the location of the interstitial
atoms and discussed the consequences of the observation
of high concentrations of closely correlated FP's for the
modeling of the behavior of radiation-induced defects in
InP. Similarities to the behavior of defects in GaAs are
observed and indicate general trends for the properties of
irradiation defects in III-V compounds.

(i) We observed an increase of the diff'use scattering but
no change of the lattice parameter and conclude that in-
terstitial atoms and vacancies introduce lattice displace-
ments of the same magnitude, but of opposite sign (i.e.,
V,'"= —V,"', and

I

V"' ( 1). Similar compensations
have also been observed in the elemental semiconductors
Ge (Refs. 24,35) and Si; however, such a small relaxa-
tion volume seems to be surprising for a large and heavy
interstitial like the In atom.

(ii) The details of the scattering function can be attri-
buted to the special structure of close FP's: a separation
distance of =6 A and a preferred orientation of the dis-
tance vector around (111). Very similar structures of
FP's were observed for GaAs, ' and also for the ele-
mental semiconductor Ge. ' These close FP's represent
about 3 of the total 1ow-temperature-irradiation defects
in InP.

(iii) We deduced a minimum introduction rate for FP's
of X + 1.5 cm ', which corresponds to a maximum value
of

I V,' I

= 1.00. More detailed arguments suggest a
more probable value of 2=5.0 cm ' (with

I
V;"„'I=0.50).

With this high introduction rate we must assume that
displacements starting from both sublattices yield stable
intrinsic defects.

(iv) We observe a linear increase of the scattering inten-
sity with the irradiation dose up to the highest dose of
4X 10' e jcm . Even with the deduced minimum intro-
duction rate X ~ 1.5 cm ', this corresponds to concentra-
tions of stable FP's ~5X10' cm . From these high
concentrations we deduce a quite small recombination
volume for the FP's that is consistent with the small sepa-
ration of =6 A. On the other hand, the observation of
stable close FP's and the missing evidence for defect ag-
glomeration seems to be at variance with the defect mo-
bility deduced from trapping reactions at do pants.
Hence we assume that interstitial atoms may escape from
their vacancy; however, when all extrinsic trapping sites
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FIG. 15. Annealing of the intensity of the HDS after low-
temperature electron irradiation to doses of (1—2) X 10'
e /cm . The similarity of InP and GaAs is obvious and after a
shift by =100 K the curves are nearly identical. However, the
historically evolved labels of the annealing stages do not reAect
this behavior.

are occupied at higher irradiation doses the vacancies be-
come the dominating trap and retrap interstitial atoms.
Again, such a model would apply also for GaAs and Ge,
where similar effects have been observed.

(v) The close FP's anneal between 120 K and room
temperature; the corresponding large annealing stage I
(corresponding to defect introduction rates & 1.0 cm ')
contrasts with the DLTS results, which show only minor-
ity defect annealing below RT. Hence the close pairs
seem not to be observed by DLTS; this observation is also
similar to GaAs where the annealing of close FP's, which
include the Ga vacancy, around RT is related only to
DLTS levels of very small introduction rate. '

(vi) The annealing stage II (around 400 K) that is dom-
inant in DLTS investigations is buried here under a con-
tinuous annealing background. This observation is in
agreement with the attribution of stage II to detrapping
from dopants. The background annealing observed here
may consequently be attributed to the detrapping of the
interstitial atoms from different complexes with
radiation-induced antisite defects.

(vii) Within this reaction scheme it seems reasonable
and in agreement with PAS results to attribute the nearly
complete annealing between 450 and 670 K to the mobili-
ty of vacancies. The missing evidence for separated an-
nealing stages for the two different sublattices can be un-
derstood by the intermixing of FP's by the formation of
antisite defects along with the formation of the stable
FP's.

(viii) Finally, we want to emphasize the very close simi-
larity of the defect reactions between InP and GaAs, as
demonstrated by the annealing behavior of the HDS in
Fig. 15. The general annealing behavior of GaAs is the
same if we consider a shift of the annealing temperature
by about 100 K. However, the historically developed la-
bels of the annealing stages do not reAect this similarity;
we rather have to combine the low-temperature stages I
and II of GaAs and compare them to stage I of InP.
Characteristically for both III-V compounds, we see a



51 FRENKEL PAIRS IN LOW-TEMPERATURE ELECTRON- . . ~ 10 519

continuous annealing superimposed on the annealing
stages that are characterized by well-defined reactions of
some spectroscopically investigated defects. This
behavior shows that in addition to those defects there are
many additional defects and defect complexes that can
rearrange and anneal. Some of these specific reactions
will be investigated in a subsequent paper.
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