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Generation of Point Defects in Crystalline Silicon by MeV Heavy Ions:
Dose Rate and Temperature Dependence
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Si(100) samples have been implanted with low does (10 —10 cm ) of MeV Ge and ' Sn ions.
Deep level transient spectroscopy was used for sample analysis, and the generation of vacancy-related
point defects is found to increase with increasing implantation temperature and to decrease with in-
creasing ion dose rate. These results are in direct contrast to that for damage buildup at high doses
(~ 10' cm ), and the effect is attributed to rapidly diffusing Si self-interstitials which overlap and an-
nihilate vacancies created in adjacent ion tracks.

PACS numbers: 61.72.Bb, 61.72.Tt, 61.80.Jh, 71.55.Ht

Implantation of energetic ions into crystalline semicon-
ductors gives rise to atomic displacements and structural
defects. The generation of stable defects depends on
several parameters, e.g. , ion energy, ion mass, sample
temperature, ion dose, and dose rate. A process of crucial
importance for damage buildup in semiconductors is de-
fect annealing during implantation [1-4]. Usually, one
distinguishes between two types of annealing processes
during ion implantation [5]: (i) thermal or bulk anneal-
ing and (ii) dynamic annealing. Type (i) resembles ordi-
nary thermal annealing and is caused by a rise in target
temperature during high dose rate ion bombardment. In
the following, we will concentrate on type (ii), and in par-
ticular, its dependence on dose rate and sample tempera-
ture.

For doses above —10' cm and dose rates in the
range of —10'' to 10' cm s ' it is well established
that the influence of dynamic annealing in semiconduc-
tors decreases with increasing dose rate and decreasing
target temperature [1-6]. Alternative explanations exist
for these eA'ects [5,6] and one among others is that at
sufticiently high dose rates, collision cascades can overlap
before the single cascade defects have completed their an-
nealing process [5]. As a result, a higher concentration of
defects which are more stable at (and above) room tem-
perature (RT) is formed. At low enough target tempera-
tures the mobility of migrating defects responsible for the
annealing process decreases, and the ion-induced damage
is to a large extent "frozen in" [4]. Again, a high con-
centration of stable defects is generated in the single cas-
cades as dynamic annealing diminishes.

Recently, Hallen et al. [7] irradiated silicon at RT with
1.3 MeV protons using a dose of only 5&10 cm and
dose rates of 10 to 10' cm s '. In direct contrast to
the results for heavier ions and higher doses and dose
rates, they found a reverse dose rate dependence; i.e., for
a constant dose the resulting defect density decreased
with increasing dose rate.

In this work silicon samples have been implanted with
low doses of MeV Ge and ' Sn ions using diA'erent

dose rates and sample temperatures. To the best of our
knowledge, we have observed for the first time a "re-
verse" temperature and dose rate dependence for point
defect production by heavy ions in silicon. Indeed, the
generation rate of divacancy centers (V2) is reduced by a
factor of —2 as the implantation temperature decreases
from —300 to 100 K and by a factor of —2.5 as the dose
rate increases from —10 to 10 cm s

Czochralski-grown (Cz) and phosphorus-doped n-type
(0.4 and 0.6 Acm) Si(100) samples were implanted with

Ge and ' Sn ions to doses in the range 5&10 and
1.2x10 cm using the 1.7 MV NEC Tandem im-

planter at our laboratory. Energies between 1.0 and 8.0
MeV were used, and the ion beam was scanned over an
aperture (2.5&&4 cm ) to ensure uniformity (horizontal
scan rate 517 Hz and vertical scan rate 64 Hz). The
average dose rate and sample temperature during implan-
tation were varied from 1.5 x 10 to 6 & 10 cm s ' and
95 to 304 K, respectively. Careful attention was given to
accurate dosimetry at the low doses used. Under the
highest dose rate conditions used the error in nominal
dose never exceeded 20%. After implantation, the sam-
ples were chemically cleaned using a standard procedure
which included a final dip in diluted hydrofluoric acid.
Immediately after cleaning, the samples were loaded into
a vacuum chamber where Schottky barrier contacts were
formed by thermal evaporation of gold at a base pressure
of 2&10 Torr. In order to avoid annealing eAects the
sample temperature never exceeded 40 'C during the
evaporation. Deep level transient spectroscopy (DLTS)
was applied for sample analysis; the setup used is a
refined version of the one described in Ref. [8]. The
steady-state reverse bias and pulse voltages during the
DLTS measurements were such that the entire defect dis-
tribution was monitored. The length of time between
diode fabrication and DLTS measurement was normally
less than 48 h and in some cases only 2 h. No influence
of this delay time has been observed in the range of 2 h to
6 months.

Figure 1 shows two DLTS spectra obtained after im-
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FIG. 1. DLTS spectra of two n-type Si(100) samples im-
planted with 1.0 MeV Ge ions to a dose of 1.2x10 cm us-
ing dose rates of 6.-6x10 and 6.0x10 cm s '. The reverse
bias and plus voltages were 11 and 10.5 V, respectively.
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plantation of 1.0 MeV Ge ions with dose rates of
6.6x107 and 6.0x10 cm s '. The dose is kept con-
stant at 1.2x 10 cm but the peak amplitudes are lower
by a factor of —2.5 for the high dose rate. Three levels
are clearly resolved in both spectra; they appear at
—0. 18, —0.23, and —0.43 eV below the conduction
band edge (E,). The E, —0. 18 eV level is well known
and is due to the vacancy-oxygen center (VO or the 2
center) [9]. The levels at E, —0.23 and E, —0.43 eV are
normally associated with the doubly and singly negative
charge state of V2, respectively [10-13]. In highly doped
Cz ((& I Acm) and moderately doped float zone (( 10
0cm) materials the latter level is substantially influenced

by the overlapping signal from the vacancy-phosphorus
center (VP or the E center) [11,12]. According to our
earlier annealing results, the contribution from VP to the
F, —0.43 eV peak is found to be & 20% in the materials
used in the present study [14]. On the low-temperature
shoulder of the F, —0.43 eV peak, a broad tail appears,
and more detailed studies using B- and Si-implanted sam-
ples reveal an overlapping peak which occurs —0.35 eV
below E, [14].

In Fig. 2 the amplitude of the peaks at F., —0.23 and
E, —0.43 eV is plotted as a function of dose rate for 1.0
Me V Ge and 2.3 Me V ' Sn ions, keeping the dose con-
stant at 1.2x10 and 6x10 cm, respectively. A sub-
stantial decrease in the peak amplitudes is observed above
—10 cm s '. Except for a shift in absolute values by
some~hat more than 1 order of magnitude, this depen-
dence is similar to that observed for protons [7], despite
the fact that the density of elastic energy deposition per
ion per A dift'ers by 3 orders of magnitude. This indicates
that the magnitude of the steady-state vacancy concen-
tration during implantation, which is proportional to the
dose rate multiplied by the density of elastic energy depo-
sition, has only a small influence on the observed dose
rate dependence. Moreover, for doses of the order of

FIG. 2. Amplitudes of the levels at E, —0.23 and F., —0.43
eV as a function of dose rate for 2.3 MeV ' Sn and 1.0 MeV

Ge ions keeping the dose constant at 6 x 10 and 1.2 x 10
cm, respectively. Error bar indicates a relative accuracy of
+ 15% and is given by the accuracy of the dosimetry.

10 -10 cm, the mean distance between adjacent ion
tracks is in the range of 3 to 0.3 pm. Hence, even if lat-
eral straggling and vacancy diflusion [15] are taken into
account, vacancy overlap between adjacent ion tracks
during implantation is small for the low doses used in this
work. Thus, vacancy clustering at high dose rates at the
expense of formation of low order defects such as V2, VO,
and VP is anticipated to play a minor role. In addition,
multivacancy complexes are electrically active because of
their dangling Si bond character [16] but the two DLTS
spectra in Fig. 1 are very similar in shape and no new lev-
els occur at high dose rates. In this context it should also
be pointed out that "ordinary" dynamic annealing is
more pronounced in the regions containing isolated de-
fects than in those regions where amorphous zones and
extended defects are produced [5]. Thus, a qualitative
comparison between the dynamic annealing results ob-
tained at high doses () 10' cm ) by ion backscatter-
ing-channeling techniques [5] and those observed in the
present work at low doses (10 —10 cm ) may be re-
garded as relevant, although DLTS is only monitoring
electrically active defects such as V2. On the other hand,
V2 is also observed by ion backscattering-channeling
techniques at high enough concentrations [17].

Ionization-induced defect diA'usion and annealing is
known to occur in silicon [18],and this efl'ect is anticipat-
ed to become more important at high dose rates because
of a higher instantaneous concentration of electron-hole
pairs (EHP). Results from n-type Si samples [19] im-

planted with ' '8, ' C, ' 0, Si, and Ge ions using en-
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ergies between 0.38 and 8.0 MeV reveal, however, a close
proportionality between the peak concentration of the
E, —0.43 eV level and the number of vacancies per ion

per A despite a variation in the production rate of EHP
of —10' to —10' cm s '. In this work the produc-
tion rate of EHP is in the range 2x10' -5x10' cms, and ionization-induced annealing is not expected to
inAuence the result shown in Fig. 2.

We favor a model where the decrease in defect produc-
tion at high dose rates is due to rapidly diAusing silicon
self-interstitials which overlap and annihilate vacancies
created in adjacent ion tracks [7]. This annihilation is
enhanced when the ion tracks occur sufficiently close in

time and space. At low dose rates the vacancies created
within an individual ion collision cascade have time to
diff'use and form more stable defects (such as V2) before
any interaction with later ion tracks. As a result, the
concentration of simple vacancies becomes diluted and
annihilation with interstitials from later ion tracks is
small. However, at high dose rates, the vacancies created
by one ion are still confined to a small volume when inter-
stitials from later ions overlap, and the driving force for
enhanced annihilation increases. In this context it must
be pointed out that efficient annihilation also takes place
between intracascade vacancies and interstitials. This
occurs independently of dose rate, and the total concen-
tration of electrically active vacancy-related defects after
intracascade recombination and subsequent migration to
form stable complexes amounts to less than 10% of the
initial vacancy concentration [19].

Figure 3 shows that the concentration versus depth
profiles of the E, —0.43 eV level after high and low dose
rate Ge implantations are identical in shape and only
diA'er by a multiplying factor. Thus, within the experi-

mental accuracy the relative importance of enhanced an-
nihilation is constant as a function of depth. The experi-
mental profiles in Fig. 3 are considerably narrower in
shape with a much smaller tail towards the surface than
the vacancy distribution calculated by TittM (transport of
ions in matter [20], version 90). As discussed in detail by
Jagadish et al. [14,21], narrow profiles of Vq and VO
centers are obtained if they are located close enough to
the surface (depth of damage peak ~ 3 pm). This is
most likely caused by a surface-enhanced annihilation of
migrating vacancies. The driving force for interstitials
from adjacent ions to overlap is, however, primarily
determined by the vacancy distribution after recombina-
tion with intracascade interstitials but before subsequent
vacancy migration. The shape of this initial distribution
is expected to resemble that of the TRIM profile, and a
relatively constant rate of annihilation due to overlapping
interstitials is anticipated in the depth range studied.
Further support for this interpretation is given by the
data in Fig. 4 showing an increase in the peak concentra-
tion of the E, —0.43 eV level by almost a factor of 2 as
the implantation temperature is raised from 95 to 304 K
for 8.0 MeV ' Sn ions with a dose of —5 x 10 cm
This "reverse" temperature dependence of the defect pro-
duction is attributed to a more stable distribution of sim-
ple vacancies at low temperatures because of a decreasing
vacancy diAusion. The vacancies are confined to a small
volume for a longer time, leading to an increased annihi-
lation rate with interstitials from adjacent ions before the
vacancies migrate to form stable defects.

In order to make a relative comparison with the experi-
mental data in Fig. 4, we have utilized a model analogous
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FIG. 3. Concentration versus depth profiles for the E, —0.43
eV level in two samples implanted with 1.0 MeV Ge ions us-
ing dose rates of 6.6x10 and 6.0&10 cm s '. The dose
was kept constant at 1.2X10 crn . In the TRIM calculations
2800 runs (ions) were undertaken, and a displacement energy
of 13 eV was assumed.
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FIG. 4. Peak concentration of the E, —0.43 eV level as a
function of sample temperature during implantation with 8.0
MeV ' Sn ions. The dose and dose rate are held constant at
4 6& 10 cm and 1.5 x 10 cm s ', respectively. A relative
comparison is made with calculations using a model described
in the text and assuming a migration energy of 0.25 eV for va-
cancy diA'usion. Error bars indicate a relative accuracy of
+ 15% and are given by the accuracy of the dosimetry.
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to that in Ref. [7], where vacancies and interstitials are
allowed to diffuse in one dimension perpendicular to the
direction of ion incidence. As a first approximation, we
have assumed a Gaussian vacancy distribution and only
considered the peak value when estimating the relative
temperature dependence of the annihilation rate with
overlapping interstitials. A good fit to our data is ob-
tained with an activation energy F,, of 0.25+ 0.10 eV for
vacancy diffusion, leading to a decrease in the vacancy
peak concentration and thereby a reduction in the rate of
recombination with overlapping interstitials. The accura-
cy of the extracted E, value is poor but F., is in the range
anticipated for vacancy migration (—0.3 eV for the neu-
tral and —0.18 eV for the singly negative charge state
[22]), and these promising results have stimulated a de-
tailed study for a more precise determination of F., and
the reaction kinetics [23].

Moreover, using techniques other than DLTS, work is
also in progress to reveal the dose dependence of the re-
verse temperature and dose rate effect observed in this
study [24]. At high enough doses the concentration of
defects in the silicon lattice becomes so large that only a
minor interaction is anticipated between vacancies and
interstitials generated in ion tracks that occur close in

time. In particular, this holds for low dose rates where
the distance between such tracks is large, and an interac-
tion may be readily suppressed by other defects.

In summary, a reverse temperature and dose rate
dependence is observed for the production of stable
vacancy-related point defects in silicon implanted with
low doses (10 —10 cm ) of MeV Ge and ' Sn ions.
This effect is attributed to rapidly diffusing silicon self-
interstitials which overlap and annihilate vacancies creat-
ed in adjacent ion tracks. The annihilation is enhanced at
high dose rates and/or low temperatures where the vacan-
cies generated by individual ion cascades are still confined
to a small volume when interstitials from later ion tracks
overlap. At low dose rates and/or high temperatures, the
vacancies created by individual ion tracks have started to
migrate and form more stable defects (such as V2) before
later ions arrive. Thus, the vacancy concentration be-
comes diluted and annihilation with interstitials from
later ions is small.
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