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High-purity n-type silicon samples have been irradiated with mega-electron-volt ions ('H™,
‘He?™t, 100%+, 3287+ Br¥* and 'YI'°%), and the two divacancy-related acceptor levels ~0.23 and
~0.42 eV below the conduction band (E. ), respectively, have been studied in detail using deep-level
transient spectroscopy (DLTS). Depth concentration profiles show identical values for the two lev-
els at shallow depths, while in the region close to the damage peak large deviations from a one-to-
one proportionality are found. These deviations increase with ion dose and also hinge strongly on
the density of energy deposited into elastic collisions per incoming ion. Evidence for a model of the
two levels is presented and, in particular, the model invokes excited states caused by motional
averaging and lattice strain associated with damaged regions. The divacancy center is known to ex-
hibit a pronounced Jahn-Teller distortion at low temperatures ( <20 K), and three equivalent elec-
tronic distortion directions exist. However, at higher temperatures ( =30 K) reorientation (bond
switching) from one distortion direction to another takes place; in a perfect lattice the reorientation
rate ultimately becomes so high that the defect does not relax in the distorted configurations, and a
motionally averaged state with an effective point-group symmetry of D3, appears. At the tempera-
tures where the DLTS peaks at E. —0.23 and E. —0.42 eV are observed, the reorientation time for
bond switching is several orders of magnitude smaller than the time for electron emission from the
two levels. This implies strongly that the levels originate from the motionally averaged state and
not from the distorted state. Consequently, a clear distinction must be made between these DLTS
peaks and the charge-state transitions observed in low-temperature studies where the divacancy is
frozen in one of the three equivalent distorted configurations. Finally, the association of electronic
energy levels with motionally averaged states is expected to apply not only for the divacancy but
also for other defects where dynamic effects occur, e.g., the monovacancy and the E center.

I. INTRODUCTION

15 JANUARY 1991-11

In 1961 Corbett and Watkins' attributed the two
electron-spin-resonance spectra Si-G6 and Si-G7 occur-
ring in electron-irradiated silicon to the divacancy center
(V,). (In the original work the two spectra were labeled
Si-J and Si-C, respectively.) The spectra were interpreted
as arising from a singly positive and singly negative
charge state of V,, respectively. Furthermore, no reso-
nances were observed in low-resistivity n-type material
indicating that V, may appear in four different charge
states (+,0,—,2—). This has subsequently been
confirmed by a variety of different experimental tech-
niques, e.g., electron paramagnetic resonance (EPR),?2
photoconductivity,>* infrared absorption (IR),>"®
electron-nuclear double resonance,”!® and deep-level
transient spectroscopy (DLTS),!"!2 although some con-
troversy exists about the exact positions in the forbidden
band gap of the different transitions.

The unperturbed configuration of ¥V, has a D,; point-
group symmetry with the high-symmetry axis along the
four equivalent (111) directions. However, in the
charge states +, 0, and — degenerate and partially occu-
pied orbitals appear, and a Jahn-Teller distortion takes
place which lowers the symmetry to C,,. This has been
experimentally confirmed for ¥,* and ¥, by EPR mea-
surements performed at low temperatures (=20 K)
where the defect is frozen in one of the three equivalent
configurations corresponding to the C,, state.? At high
enough temperatures (=30 K) a thermally activated re-
orientation (bond switching) between the three equivalent
distortion directions is initiated, and the jump rate may
become so high that the defect does not relax in the low-
symmetry configurations; a motionally averaged state
with the effective symmetry of D;; appears, and V, be-
comes a six-silicon-atom center. It is important to em-
phasize that the motion implies electronic bond switching
and not atom motion; this state was first observed by

2292 ©1991 The American Physical Society



43 DIVACANCY ACCEPTOR LEVELS IN ION-IRRADIATED SILICON

Watkins and Corbett’ and subsequently confirmed by
Sieverts and co-workers, > !? who reported a “surprisingly
good” sp® bonding of the state with respect to the
nearest-neighbor atoms.

On the basis of DLTS studies of the generation rate
versus bombardment energy, annealing Kkinetics, and
depth concentration profiles the following level scheme
has been proposed;'"!? E, +0.25 eV: V, (0/+; of charge
state O if the level is occupied by an electron; +if unoccu-
pied); E.—0.42 eV: V,(—/0); and E,—0.23 eV:
V,(2—/—) where E, and E, represent the valence band
and the conduction band, respectively. One controversy
concerns the large electron capture cross section of the
latter level (~10"°~107 ' ¢cm?).!""!3 This is about 4 to
5 orders of magnitude higher than expected for a repul-
sive and highly localized single minus charge site
(~107"-10"2" cm?). Interpretations where V, is re-
garded as a highly distorted center have been put for-
ward, and configurational relaxations accompanying the
change in charge state have been assumed. The symme-
try of ¥,2~ should be D5, since no Jahn-Teller distortion
is present (the e, level is filled and no splitting is expect-
ed). This symmetry has never been confirmed experimen-
tally since no EPR signal is observable for szf, i.e., the
two acceptor electrons act as a pair. Moreover, low-
temperature EPR measurements (~10 K) do not even
give any indirect evidence for the existence of the
E.—0.23 eV level attributed to ¥,2. In a generation
rate versus dose study Sieverts et al.'* observed simul-
taneously the vacancy-oxygen center (spectrum B1) and
V,” (spectrum G7) indicating that there is no V,-related
energy level between the vacancy-oxygen level at
E.—0.17 eV and the G7 level. Similar conclusions have
been made by Svensson et al.® from low-temperature IR
measurements (9 K) showing that the 0.34-eV absorption
peak (originating from ¥V, ) is present in samples where
the Fermi level is above E, —0.17 eV.

For electron-irradiated samples a close one-to-one rela-
tionship between the strengths of the levels E, —0.23 eV
and E,—0.42 eV has been found in DLTS studies.!!!2
However, recent results for MeV proton- and a-
bombarded p *-n diodes reveal a difference in dose depen-
dence for the two levels, and a linear correlation does not
hold for these samples.'> In this work we have carefully
compared the depth profiles of [E,—0.23 eV] and
[E.—0.42 eV] (square brackets denote concentration
values) in ion-bombarded specimens. The profiles are
identical at shallow depths while in the region at max-
imum damage density [E,—0.42 eV] is significantly
larger than [E,—0.23 eV]. The profiles have been inves-
tigated as a function of dose and for various types of
bombarding ions ('H™", *He? ™", 1°0**, 3287" Br®*, and
127719+ The origin of the two levels is discussed in de-
tail, and evidence for a new model is presented. In par-
ticular, the model invokes excited states caused by
motional averaging and lattice strain associated with
“highly” damaged regions which may prevent electronic
bond switching. In the studied temperature range, it is
found that the jump rate between the triplet of equivalent
electronic Jahn-Teller distortion directions measured by
EPR (Ref. 2) for V,  is many orders of magnitude higher
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than the rate of electron emission from the traps at
E,.—0.23 and E,—0.42 e¢V. Thus these levels are attri-
buted to the motionally averaged state and not to the
low-symmetry C,, configuration where the divacancy is
frozen in low-temperature EPR and IR measurements.

II. EXPERIMENT

P*-n diodes were fabricated using high-purity neutron
transmutation doped silicon with a donor concentration
of 3X 10" or 1.1X10'™ c¢m™3 as starting material. The
wafers were grown in the (111) direction. Firstly, in or-
der to ensure a low series resistance the backsides of the
wafers were implanted with a high dose of phosphorus
ions. The p* regions were then accomplished by implan-
tation of 40-keV boron ions to a dose of 5X 10" cm™2
and a subsequent thermal annealing at 1000°C for 1 h
yielding a junction depth of ~0.8 um. Frontside and
backside contacts were formed by the deposition of
aluminum in a high vacuum evaporator followed by a
heat treatment at 400 °C for 30 min in an argon ambient.

The wafers were cut into separate diodes, and those fa-
bricated in the high-resistivity material were irradiated
with 1.3-MeV protons or 5.0-MeV a particles while the
others were bombarded with ions of 160**, 3287+ 79B8+,
or 1'% using energies of 16, 33, 46, or 50 MeV, respec-
tively. The irradiations were performed at the tandem
accelerator at The Svedberg Laboratory utilizing a sam-
ple chamber designed for accurate and uniform low dose
bombardments.!® The experiments were carried out at
nominal room temperature using dose rates of ~107-10%
cm~ 257! and doses in the range of 1X107 to 1X10!°
cm 2,

The irradiated diodes were mounted in TOS5 headers in
order to undertake the DLTS measurements. The DLTS
setup has been described in detail elsewhere.!” The sam-
ple temperature was scanned between 80 and 280 K, and
the registrated capacitance transients were averaged
within intervals of a width of 1.0 K. The DLTS signal
was extracted from the transients applying a lock-in type
of weighting function, and eight traditional DLTS spec-
tra with rate windows in the range of (20 ms) ™! to (2.56
s)~! were obtained from a single temperature scan. Con-
centration, energy level position, and capture cross sec-
tion were subsequently evaluated from the spectra stored
in the computer memory. During all the measurements
the diodes were reversed biased, and no forward bias in-
jection of minority carriers was performed.

Depth concentration profiles were determined by keep-
ing the steady state reverse bias voltage constant while
gradually increasing the amplitude of the majority carrier
pulse. The sample temperature was held constant within
+0.25 K at the maximum of the studied peak, and only
one single rate window was utilized. The depth profiles
were then extracted from the dependence of the DLTS
signal on the pulse amplitude. 1 '

III. RESULTS

In Fig. 1 DLTS spectra from samples irradiated with
electrons (2 MeV) and ions of helium, oxygen, and bro-
mine are displayed. Two major peaks appear ~0.23 and
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FIG. 1. DLTS spectra from n-type silicon samples irradiated FIG. 3. Depth concentration profiles of the levels at

with electrons (2 MeV, 3X 10" c¢cm™2) and ions of *He?* (5
MeV, 5X10° cm™2), '*0** (16 MeV, 1X 10® cm™?2) and "Br®*
(46 MeV, 2X 107 cm™2). [Rate window (2.56s) 1]

~0.42 eV below E,, and the corresponding capture cross
sections are both approximately 2 X 10~ ' cm?. The spec-
tra indicate also a third peak at low temperatures which
is not fully resolved above 80 K using a rate window of
(2.56 s)7'; results for shorter windows yield a position of
~E,—0.17 eV with a capture cross section of
~2X107'" cm? This latter trap originates from the
well-known vacancy-oxygen center and has been exten-
sively studied by numerous authors; see, for example,
Ref. 13. In the following, we will concentrate on the first
two levels which are of acceptor type and attributed to
the doubly and singly negative charge states of V,, re-
spectively. In the electron-irradiated sample the ampli-
tudes of the two peaks are essentially identical while for
the heavier projectiles the ratio [E, —0.42 eV]/[E,—0.23
eV] increases gradually with increasing ion mass. For
"Br ions [E. —0.42 eV] is more than one order of magni-
tude higher than [E, —0.23 eV].

Figure 2 shows the peak amplitude of the level at
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FIG. 2. The amplitude of the DLTS signal of level E. —0.42
eV obtained at different pulse voltages vs that of level E. —0.23
eV. Results from four different samples irradiated with elec-
trons to doses in the range of 1-3X 10'° cm ™2 are included.

E.—0.42 eV and E.—0.23 eV in a sample bombarded with 5-
MeV « particles to a dose of 5X 10® cm 2.

E_.—0.42 eV for different pulse voltages versus that of
E_—0.23 eV using results from four different samples ir-
radiated with 2.0-MeV electrons and doses in the range of
1-3X10" cm ™2 As reported previously, ' a close one-
to-one proportionality holds, and the depth concentra-
tion profiles of the two levels are identical.

Depth profiles observed in a sample bombarded with
5X10® (a particles)/cm? are depicted in Fig. 3, and
[E.—0.42 eV] is about 50% higher than [E,—0.23 eV] in
the peak region while they are almost identical in the tail
towards the surface. Figure 4 compares the strengths of
the two levels in proton-bombarded samples for different
pulse amplitudes while keeping the steady state reverse
bias voltage constant at —15 V. The corresponding
depth interval is ~18-26 ym and includes the damage
peak. [E_—0.42 eV] increases more strongly with the
pulse amplitude than [E, —0.23 eV], and large deviations
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FIG. 4. The amplitude of the DLTS signal of level E, —0.42
eV obtained at different pulse voltages vs that of level E. —0.23
eV in samples irradiated with different doses of protons. The
voltages correspond to a depth interval of ~18-26 um.
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TABLE. I. Dose dependence of the ratio between the DLTS
signals of the levels at E,—0.42 eV and E.—023 eV,
So.42/S0.23, for protons and a particles. Values are given for
both shallow (~8-16 um) and deep (~ 18-26 um) depth inter-
vals.

Dose S0.42/50.23 S0.42/S0.23
Ton (cm™?) shallow region deep region
gt 2% 10° 1.04 1.48
5% 10° 0.99 2.53
1X 10" 0.97 2.57
‘He?™ 5% 108 1.03 1.36
1x10° 0.96 1.47

from a one-to-one proportionality are found. These devi-
ations increase with ion dose, and values of the ratio be-
tween the amplitudes of the two DLTS signals are given
in Table I for different doses of protons and a particles.
Figure 5 presents a plot similar to Fig. 4 but for shallow
depths (~8-16 um), and a least-squares fit reveals a
slope of 1.00 with a correlation coefficient higher than
0.99. This holds for both protons and a particles using
doses in the range of 5X108-1X10'© cm™2; see also
Table I.

IV. DISCUSSION AND CONCLUSIONS

A. Depth profiles

In electron-irradiated samples the depth concentration

profiles of the levels at E,—0.23 and E,—0.42 eV are

identical, and moreover, a close correlation between their
production rates as a function of bombardment energy as
well as between their annealing kinetics was reported by
Evwaraye and Sun.!! The collected data provide almost
conclusive evidence for the interpretation that the two
levels correspond to different charge-state transitions of
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FIG. 5. The amplitude of the DLTS signal of level E, —0.42
eV obtained at different pulse voltages vs that of level E, —0.23
eV in samples irradiated with different doses of protons and a
particles, 2X10°~1X 10" cm™2 and 5X108-1X10° cm ™2, re-
spectively. The voltages correspond to a depth interval of
~8-16 um.

V,, presumably (2— /—) and (— /0), respectively. How-
ever, if the complete depth profiles in ion-irradiated sam-
ples are monitored large deviations from a one-to-one
correlation are observed while a strong proportionality
holds at depths shallower than the damage peak region.
Thus in a lattice accommodating a high enough density
of damage [ E, —0.23 eV] is reduced relative to [E, —0.42
eV] and disappears almost totally for heavy ion bombard-
ment. It may also be pointed out that the relative loss of
[E.—0.23 eV] is not due to a Fermi level effect. The de-
fect concentrations were typically at least one order of
magnitude smaller than the dopant concentration, and
the DLTS spectra in Fig. 1 indicate a Fermi level position
which is high enough to populate the vacancy-oxygen ac-
ceptor level at E.—0.17 eV.

In this context it appears appropriate to emphasize the
large difference between defect formation by MeV elec-
tron irradiation and by MeV ion irradiation. In the first
case, a uniform distribution of highly isolated point de-
fects over depths of several millimeters is generated while
in the latter case a nonuniform depth distribution with a
peak in the range of ~5-30 um is obtained. For protons
the generation rate of defects by elastic collisions is at
least 3 to 4 orders of magnitude larger than that for elec-
trons. Recent results by Holland et al.'® for MeV ion
implantation in silicon revealed two distinct regions for
damage nucleation; one in the near-surface region where
damage accumulation saturates and ‘“‘simple” point de-
fects dominate and one at the end of the ion range where
more stable and extended defects are formed. These
latter defects subsequently give rise to a continuous
amorphous layer at high enough doses.

The ratio [E,—0.42 eV /[ E. —0.23 eV] increases with
the accumulated damage density as illustrated by the
dose dependence, but it hinges also strongly on the rate of
elastic energy deposition per projectile (generated vacan-
cies per A and projectile). This can be seen by a compar-
ison of the DLTS curves for a particles and oxygen ions
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FIG. 6. The full width at half maximum of the level at
E,—0.42 eV using a rate window of (2.56's) ' vs the number of
generated vacancies per A and projectile for 2-MeV electrons,
1.3-MeV protons, 5-MeV a particles, 16-MeV '°O*" ions, 33-
MeV 287" jons, 46-MeV "’Br** ions, and 50-MeV '’I'** ions.
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in Fig. 1. The two curves correspond approximately to
the same amount of deposited energy while the deposi-
tion rate per ion is more than one order of magnitude
higher for oxygen. The '0** ions generate more com-
plex (higher-order) defects than the “He?" ions since the
collision cascades have a larger density; the damaged re-
gions are more localized, and individual heavy ions may
even produce localized amorphous zones.!® Thus V,
centers formed by heavy ion bombardment occur in lat-
tice regions which accommodate a larger strain than that
for light ion bombardment, and as a result, the relative
strength of [ E, —0.23 eV] decreases.

Furthermore, the type of projectile influences also the
width of the E. —0.42 eV peak, and a broadening towards
low temperatures with increasing projectile mass is ob-
served, Fig. 6. The numbers of generated vacancies per
A and projectile given in Fig. 6 correspond to the damage
peak maximum for each ion and are estimated using
Monte Carlo simulations applying the transport of ions in
matter code (TRIM, versions 87 and 89) originally
developed by Biersack and Haggmark.?® Overlap from
the E-center level?! [E,—0.45 eV] is expected to play
only a minor role: the E centers are stable up to tempera-
tures of ~150°C, and spectra from samples annealed at
150°C for 30 min revealed no reduction of the peak
width. The broadening reflects presumably a lattice with
gradually increasing distortion and concurrently, the rel-
ative strength of [ E, —0.23 eV] decreases and ultimately,
also the ¥, peak will be smeared out. Measurements of
the complete capacitance transient of the V,  peak as a
function of time at a constant temperature showed an ex-
ponential decay; the increase of the peak width is inter-
preted as a shift of the initially well-defined level originat-
ing from an unperturbed ¥V, complex and is not caused
by a nonexponential capacitance transient.

For protons a substantially larger width of the V,~
peak than expected from the generation rate of
vacancies/A was obtained at large depths while a more
ordinary value was extracted at shallow depths. For «
particles no such effect was observed. Hydrogen is
known to interact strongly with defects in silicon, and it
is generally agreed that the lowest-energy state for hydro-
gen is bonded to a dangling bond of a vacancy-type de-
fect.?? The large peak width is attributed to an increase
of the lattice strain around the V, centers because of im-
planted hydrogen atoms trapped in the damage peak re-
gion. According to TRIM simulations the peak of the hy-
drogen implantation profile is shifted ~1 um towards
large depths compared with that for the elastic energy
deposition profile, and it exhibits also a significantly
smaller skewness towards the surface. The hydrogen
atoms are, therefore, predominantly trapped at large
depths close to the damage peak, and only a minor
influence is expected at shallow depths.??

B. Origin of the E. —0.23 eV and E, —0.42 eV levels

The lack of a one-to-one correspondence between
[E.,—0.23 eV] and [E,—0.42 eV] in regions with a high
density of damage shows that the shallow level is more
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affected by the lattice strain, and at least two models for
the singly and doubly negative charge states can be put
forward.

(I) Lindefelt and Wang?* proposed recently the ex-
istence of two different configurations of the ¥,2~ charge
state. Utilizing the linear combination of atomic orbitals
(LCAO) model normally applied for the V, center,? they
deduced not only one “ordinary” sz‘ configuration cor-
responding to a fully occupied gap level (e, ) and conse-
quently a totally symmetric charge density with respect
to the point group D5, but also one originating from add-
ing one electron to the a,,-symmetric level of the Jahn-
Teller distorted charge state ¥, (point group C,,). On
the basis of the Hellmann-Feynman theorem it was ar-
gued that the latter process would not give rise to a
symmetry-breaking force with respect to the group C,,
since the resulting charge density after capture is totally
symmetric. Thus it was concluded that both the
configurations ¥,2 (Ds,) and V,2(C,,) exist in princi-
ple, and the latter is likely to be lowest in energy. In or-
der to account for the proportionality between [E,. —0.23
eV] and [E.—0.42 eV] at shallow depths and in electron-
irradiated samples both levels are attributed to the C,,
symmetry configuration. However, under this assump-
tion it seems difficult to explain why the EPR G7 spec-
trum (originating from V, ) appears although the Fermi
level is above E,—0.23 ¢V. This contradiction as well as
other observations made by EPR, electron-nuclear double
resonance, photoconductivity, and IR absorption have to
be fully resolved in order to verify the validity of the
model.

(I1) According to EPR measurements ¥, " and ¥, ex-
hibit motional effects; electronic bond switching between
the triplet of equivalent distortion directions correspond-
ing to the C,, symmetry occurs. Ultimately, the jump
rate becomes so high that the defect does not relax in the
low-symmetry configurations, and a motionally averaged
state with an effective D,; symmetry appears.>* % This
electron reorientation process is thermally activated, and
on the basis of linewidth and stress studies the following
relation was determined by Watkins and Corbett? for the
jump rate of ¥, ins L

1/7,,=1.1X10Bexp[ —0.056 (eV)/kT]

where k is Boltzmann’s constant and 7 is the absolute
temperature. At 110 K 1/7,,~10'° s~! while the rate of
electron emission, 1/7.,, from the level at E. —0.23 eV is
~1s~'. For the trap at E,—0.42 eV 1/7,,,is ~1s ' at
190 K with a corresponding 1/7,, of ~3X 10" s7I
Hence at the temperatures where the DLTS measure-
ments are performed 7, <<T,,, and an assignment of the
two levels with the motionally averaged state appears
highly appropriate. The averaged state of ¥, shows a
good agreement with the LCAO picture,’® and the
E.—0.23 eV level should correspond to the position of
the fully occupied e, orbital while the E.—0.42 eV level
represents the e, orbital partially filled with three elec-
trons. At low enough temperatures the thermal energy is
not sufficient in comparison with the barrier for reorien-
tation, and ¥, is frozen in a distorted C,, symmetry
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configuration. Consequently, the e, orbital splits and the
positions of the charge-state transitions in the band gap
change; in particular, the E, —0.23 eV level does not exist
at the low temperatures ( =20 K) where IR absorption
and EPR measurements of ¥, are normally performed.
The position of the V,(—/0) level in the distorted
configuration (corresponding to the a,, defect orbital) is
estimated to be between 0.41 and 0.48 eV below E_ while
the capture of the second acceptor electron with an ac-
companying reorientation to D;; symmetry for 125
presumably occurs to a shallow state in the range of
~0.07 t0 0.13 eV below E,.%

EPR studies undertaken at 30 K have shown that the
direction of the Jahn-Teller distortion of the ¥, and
V,* centers can be preferentially aligned by applying
uniaxial stress, and the importance of motional averaging
diminishes,? i.e., the centers are “locked” and the jump
rate for reorientation decreases substantially under the
presence of stress. Thus the internal lattice strain associ-
ated with the damage peak region in ion-irradiated sam-
ples prevents, to a large extent, reorientation, and since
the reorientation is a thermally activated process these
effects are most dominant at low temperatures. The peak
at E.—0.23 eV is, therefore, more affected than that at
E.—0.42 eV, and as a result, the close one-to-one propor-
tionality between [E.—0.23 eV] and [E.—0.42 eV]
breaks down. Furthermore, the second acceptor electron
is less localized than the first electron because of the
lower binding energy and is expected to be more
influenced by the distorted atomic positions in a strained
lattice.

Finally, in the averaged state the acceptor electrons are
captured to a rather delocalized six-silicon-atom complex
with an effective symmetry of D;,;. An analogy with a
highly localized double negative center showing strong
electron-electron interaction is not valid, and the capture
cross sections of the two transitions V,(2— /0) and
V,(2—/—) may not differ by several orders of magni-
tude.

V. SUMMARY

The depth profiles of the two V,-related acceptor levels
at E.—0.23 eV and E_—0.42 eV, respectively, have been
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studied in detail for ion-bombarded specimens. The con-
centrations of the two levels are identical in the tail to-
wards the surface while [E,—0.23 eV] is significantly
lower than [E,—0.42 eV] in the damage peak region.
The ratio [E.—0.42 eV]/[E,—0.23 eV] increases with
bombardment dose and also with the energy deposited
per ion and unit length into elastic collisions. Further-
more, the rate of elastic energy deposition influences also
the width of the E. —0.42 eV peak, and a broadening to-
wards low temperatures with increasing projectile mass is
observed. For heavy ions the rate of energy deposition is
higher and more complex defects are generated; the V,
centers occur in lattice regions which accommodate a
large strain, and as a result, the initially well-defined level
at E.—0.42 eV originating from an unperturbed ¥, com-
plex is broadened. Concurrently, the relative strength of
[E.—0.23 eV] is dramatically reduced, and ultimately,
this level may disappear totally.

Evidence for a new model where the two levels are at-
tributed to motionally averaged states of V,2~ and V,",
respectively, is put forward. The model explains several
of the major properties of the ¥V, center observed experi-
mentally by different techniques and must be regarded as
a promising candidate for future exploitation and more
conclusive tests. One key issue concerns a comprehensive
theoretical treatment of the motionally averaged states
with their associated molecular orbitals and energy levels.
Several defects are suspected to have a similar kind of
averaged states, e.g., the monovacancy25 and the E
center,?® and the establishment of electronic energy levels
related to dynamic states may not only be limited to the
divacancy but also include other defects.
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