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Silicon samples of-type have been implanted with low doses {#a0'° cm™?) of !B, '°C, %0, 28s;j,
"47%Ge, and '?%Sn ions using energies between 0.4 and 8.0 MeV. Because of the low doses employed,
single-collision cascades prevail, and an analysis of the implanted samples by deep-level transient spectroscopy
(DLTS) reveals two dominant point defects of vacancy type, the divaca¥gy &nd the vacancy-oxygen
(VO) center. The generation d, andVO is studied in detail as a function of ion mass, dose, dose rate, sample
depth, and sample temperature. Surface-enhanced annihilation of migrating defects is found to play a signifi-
cant role in depleting the concentration\6f andVVO centers in proximity to the surface. The concentration of
V, andVO increases linearly with ion dose, but the generation efficiency per incoming ion decreases at high
dose rates after displaying a constant value bete®®® cm~2 s™1. This dose rate effect exhibits a depen-
dence on ion mass, and is qualitatively predicted by computer simulations of the defect reaction kinetics,
applying a model where the interaction between individual collision cascades is primarily due to fast-diffusing
Si self-interstitials. At dose rates10® cm 2 s 2, the generation 0¥, centers per ion-induced vacancy in the
damage peak region is identical, within10%, for all the different types of ions studied. However, the
centers formed by heavy ions are strongly perturbed, as shown by large deviations from a one-to-one relation
between the two DLTS peaks associated with the singly and doubly negative charge Mgateuad also by
a broadening of the two peaks. In contrast to thatgrthe generation 0¥ O centers per ion-induced vacancy
decreases with increasing ion mass, consistent with the picture that light ions are more effective in generating
point defects than heavy ions. At elevated implantation temperatures, gradual relaxation of lattice strain occurs
together with recrystallization of disordered zones, promoting the formation of unpertutbednters and
increasing the generation efficiency 6O centers[S0163-182807)09915-3

[. INTRODUCTION rate of more than one vacancy per A and ion in the damage
peak region for bombardment of silicon with MeV Ge ions.
The displacement energy threshold for target atoms imhis suggests formation of complex defect clusters by single
crystalline semiconductors is in the range of 10—-40 eV, andons, but the probability for recombination between vacan-
consequently, bombardment with any type of ions havingies (V's) and self-interstitialsI(s) is normally very large in
energies in excess of 100 eV gives rise to pairs of vacan- semiconductors. In silicon, only a few percent of the vacan-
cies and recoiling target atoms. The creation of such Frenkalies escape annihilation with Si interstitials and are left to
pairs is predominantly determined by the elastic collisionform point defects stable at room temperat(Rd).*° These
cross section, which depends on the mass of the incomingonclusions are mainly based on experimental data, but are
ions, the target atom mass, and the incident ion energy, hawalso consistent with recent results from molecular-dynamics
ing a maximum around ~ 0.3, wheres is the reduced en- (MD) simulations showing that very few isolated Frenkel
ergy introduced by Lindhareét al! For swift ions with en-  pairs are produced by single-collision cascati@scording
ergies in the MeV range, electronic stopping dominatedo MD simulations, isolated point defects are predominantly
initially, and elastic collisions prevail toward the end of the due to replacement collision sequences along low-index
ion track. This implies a nonuniform distribution of defects crystallographic axes, and, since these sequences are short
peaking at large depths, where a high concentration of varelative to the radius for spontaneous annihilation, the prob-
cancies and target self-interstitials occurs. For example, asbility of creating “stable” pairs ofV’s andl’s is small. On
suming a displacement energy threshold of 13°éMonte  the other hand, the MD simulations also suggest that large
Carlo calculations using the transport of ions in matter codgpockets of unrelaxed disordered material are produced by the
(TRIM, version —90) (Ref. 3 yield an average generation collision cascades. These disordered regions are amor-
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phouslike with large surface-to-volume ratios and sur-symmetry axis along the four equivale(it11) directions.
rounded by crystalline material which make them recrystalHowever, in the charge states, 0, and—, degenerate and
lize much faster than a stable planar amorphous-crystal inpartially occupied orbitals appear, and Jahn-Teller distortion
terface. lowers the symmetry t€,;,, as experimentally observed by
Despite the fact that considerable efforts have been madePR measurements performed below 28" above ~30 K,
by several groups to study the evolution of damage in cryselectronic bond switching between the three equivalent di-
talline silicon during ion implantation, which ultimately rections of distortion is thermally activated, and, ultimately,
gives rise to a crystal-to-amorphous phase transformation, i€ switching rate is so high that the defect does not relax in
consensus has been reached. Some authors discussed a {ig-low-symmetry configuration$/, becomes a six-silicon-
cess based on accumulation of point deféonhile others atom center, and exhibits a motionally averaged state with
favored a mechanism involving overlap of intracascadethe effective symmetry ofD34. It has previously been
generated amorphous zorfeklowever, no model accounts pointed out that the DLTS peaks associated with the different
for all the experimental observatiodsnd large uncertainties charge-state transitions of, occur at high temperatures
exist for several fundamental properties, e.g., different estiwhere the reorientation time for bond switching is several
mates of the diffusivity of differ by ten orders of magnitude orders of magnitude smaller than the time for carrier emis-
or even moré? In this study, we focus on the formation of sion from theV, levels in the band gaf’ E,—0.23 eV:
vacancy-type defects during the initial state of ion bombardV,(2—/—); E.—0.43 eV: V,(—-/0); E,+0.23 eV:
ment where single-collision cascades prevail, and the overlag,(0/+); where E, is the valence-band edge. Thus the
between different ion tracks is small. In such a dilute con-DLTS peaks caused by, are attributed to the motionally
centration regime, defects in semiconductors are most appr@veraged state and not to the distorted one @ith symme-
priately investigated by means of optical and electricaltry. Similar arguments for motional averaging hold also for
methods;' " e.g., infrared spectroscopiR), photoconduc- the DLTS peak ascribed to tt center, which is a defect of
tivity, electron paramagnetic resonan@@PR techniques, prime importance in moderately and highly dopedype
photoluminescencéPL), and deep-level transient spectros- float zone(Fz) sample€®2”28 Assuming phosphorus-doped
copy (DLTS). In particular, DLTS has recently proven to be samplesVP gives rise to an acceptor level0.45 eV below
highly suitable because of its extreme sensitivity, where spekE., and can be described as a vacancy trapped next to a
cific defects with distinct signatures and concentrations ofubstitutional phosphorus atom. In the neutral charge state,
~107°-10"% of the dopant concentration can be two of the three silicon atoms surrounding the vacancy pull
monitored’ Moreover, in DLTS, defect concentration ver- together to form an electron pair bond, leaving an unpaired
sus depth profiles can be obtained. However, the assignmealectron in the orbital of the third silicon atom, while two
of the observed signaturésnergy-level position in the band electrons with antiparallel spins are accommodated by the
gap and capture cross sections of charge cayneith spe- phosphorus atom. When the Fermi level is ab&e-0.45
cific defect centers is not trivial, and correlation with dataeV, an extra electron is accepted, afid becomes negatively
from other techniques is required. charged, possessing no unpaired electron. In &4@tis more
Point defects in crystalline silicon induced by MeV elec- effective in removing electrons from the conduction band
tron irradiation have been extensively studied by many authanVO, since generation of the former center removes two
thors for more than 30 years applying a variety of experi-electrons by converting a positively charged P donor to a
mental methods such as EPR, IR, DLTS, PL, and electronaegatively charged/P center while generation ofO re-
nuclear double resonante?4~28|n this context it should moves only one electron by converting a neutrala®m to
be emphasized that, in contrast to energetic ions, MeV elea negatively charge®O center.
trons give rise to a uniform distribution of isolated and un- |n this work vacancy-associated defectsnittype silicon
perturbed point defects over depths of several millimetersimplanted with low doses (76-10° cm™2) of !B, 12,
Vacancy-type defects of major importance in silicon, having!€Q, 28sj "4Ge ("°Ge), and '?°Sn ions are studied using
well-established signatures and being stable after irradiatiognergies between 0.4 and 8.0 MeV. No defects associated
at RT, are the centers of vacancy-oxyger()), divacancy with the implanted species are found, but intrinsic and
(V2), and vacancy-group/ atom (the E center or VP,  impurity-related defects lik&, andVO are identified; their
VAs, andVSb, depending on the type of dopant atoms used generation has been studied in detail as a function of ion
VO is formed through the capturing of migrating vacanciesmass, dose, dose rate, implantation temperature, and sample
by interstitial oxygen atomg0;), which are the main impu- depth. Immediate recombination betwéés andl’s plays a
rity atoms in Czochralski-growriCz) silicon. This defect, dominant role, and in proximity to the surfatepth of dam-
the so-calledA center, was first reported more than 35 yearsage peaks1um), substantially narrower depth distributions
ago,“’l"’lg'zothe oxygen atom occupies a position slightly than predicted by simulations are obtained. In particular, this
displaced from the central tetrahedral substitutional site in @& most pronounced for théO centers, and the results indi-
(100 direction, and bonds to two silicon atoms. In contrastcate that the surface acts as a sink for migrating defects.
to O;, VO is electrically active, with an acceptor level lo- Keeping the dose constant, a “reverse” dose rate depen-
cated~0.18 eV below the conduction-band edde.X;'***  dence is observed whef&/,] and[VO] decrease with in-
(—1/0; of the charge state- if the level is occupied by an creasing dose rat¢he brackets denote concentration vajues
electron, and O if it is unoccupi¢dV, is the most prominent The dose rate effect depends on the ion mass, but at low
and fundamental intrinsic defect stable at RT, and can appe&hough dose rates the generation/ef in the damage peak
in four different charge statesH,0,—,2—).121>1821=2%, " region is closely proportional to the density of elastic energy
has basically aDs4 point-group symmetry with the high- deposition for all the different types of ions studied. How-
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ever, large deviations from such a proportionality occur for g5
V,2~ and VO, which actually increase in concentration at | 0.6 Qcm n-type Si(100)
implantation temperatures between 300 and 525 K while
[V, "] stays constant. This temperature dependence empha-
sizes the importance of defect migration and lattice restora-
tion of disordered zones for formation of unperturbédand
VO centers by single-collision cascades.

The experimental data are qualitatively compared with ¥
computer simulations of the defect reaction kinetics, and dis-g
cussed within the framework of a simple model where inter- A

m
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action between individual collision cascades is primarily due
to fast-diffusing and overlapping Si self-interstitials. The in-
teraction is most pronounced at high dose rates giving rise to
enhanced annihilation of, V,, andVO centers because of 0.44 MeV 11B
recombination with the overlappings. .
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IIl. EXPERIMENTAL PROCEDURE
Samples were cut from-type (100)-oriented Cz or Fz FIG. 1. DLTS spectra from three Cz samples implanted with

silicon wafers doped with phosphorus. Five different types of*'B, ?®Si, and *?%Sn ions, respectively. The two latter spectra are
Cz materials were used with resistivities of 0@ cm  displaced for clarity. The rate window {0 mg ~*, and the width
(~1.6x10*® P atoms/cm), 0.6 Qcm (~1.0x10©p/  of the injection pulse is 10 ms.

cnt), 0.7 Qcm (~8x10®Plen?), 2 Qcm (~2.5

X 10% P/cn?), and 6Q cm (~8x 10 P/cn?), respectively. DLTS spectra with rate windows from20 m9 ' to

The resistiviies of the Fz wafers were 2§ cm (2.56 971 were simultaneously obtained from one single
(~2x10"P/cn?) and 650 cm (~8x 102 P/cn?), respec-  temperature scan. Concentration, energy position in the band
tively. According to IR-absorption measurements, performedap, and electron-capture cross section of the observed levels
at RT, the concentration of interstitial oxygen atof®;] were subsequently evaluated from the spectra stored in the
varied between-1.7x 108 and ~7x 10" cm 2 in the Cz computer memory. During all the measurements, reverse-
samples while the concentration of substitutional carborPias conditions applied and no forward-bias injection was

[C.] was below 2 10'®cm™3. In the Fz samples botf0;]  Performed.
and[C] were below 5< 10" cm™3, Concentration versus depth profiles were determined by

The samples were implanted withB, 2C, 160, 28sj,  selecting one of the eight rate windows and holding the tem-
"Ge ("°Ge), and 12°Sn jons at temperatures from90 to  Perature constant within=0.5 K at the maximum of the

~525 K using the 1.7 MV NEC Tandem implanter at the DLTS peak of interest. The steady-state reverse bias voltage
Australian National University. The ion energies were be-Was kept constant while gradually increasing the amplitude
tween 0.4 and 8.0 MeV, and the incident ion beam, having &f the majority-carrier pulse. The depth profiles were then
spot diameter of~1 mm, was scanned over an aperture€xtracted from thze dependence of the DLTS signal on the
(2.5x 4 cn?) to ensure uniformitythorizontal scan rate 517 Pulse amplitudé;"**where the voltages used were converted
Hz, vertical scan rate 64 BizThe ion doses were in the into depth by the conyer(n)tlonal square-root dependence for a
range of 5 107 to 2x 101°cm~2, and the average dose rate Schottky barrier junctiori:
was varied from~3x 10’ to 3x10° cm 2 s ! by changing
the scanned area while keeping the beam current constant. IIl. RESULTS
Careful attention was given to accurate dosimetry at the low
doses used, and the error in nominal dose never exceeded Figure 1 shows DLTS spectra from three Cz same@
10% except under the highest dose rate conditions, where § ¢m) implanted at RT with 0.44-MeV''B, 0.6-MeV
was below 20%. 283, and 2.3-MeV*?%sn ions, respectively. The dominating
After implantation, the samples were chemically cleanedevel is located 0.43 eV belot., and originates primarily
using a standard procedure which included a final dip ifrfom V,~ with some contribution from the overlapping sig-
diluted hydrofluoric acid® Immediately after cleaning, the nal of VP. The VP center is less thermally stable than
samples were loaded into a vacuum chamber, wher¥>°**®and annealing experiments yield a relative contribu-
Schottky barrier contacts were grown at RE¥40°C) by tion of VP to[E.—0.43 e\] of 10-15 % in these samples.
thermal evaporation of gold through a metal mask at a bas&he relative strength of the level assigned ¥?~ at
pressure less thanx210™° Torr. E.—0.23 eV decreases with increasing ion mass and the ra-
The DLTS setup used is a refined version of the one detio [E.—0.43 eVl[E.—0.23 eV deviates strongly from
scribed in detail in Ref. 30. The sample temperature wasinity, consistent with previous findings for heavy idfis.
scanned between 77 and 300 K with a resolution of 1 K, i.e.Also, the peak associated wiXfO atE.—0.18 eV decreases
the capacitance transients assigned to a given temperature relative strength with increasing ion mass, where
were recorded and averaged within an interval of 1 K. Thd E.—0.18 e\] is almost comparable tpE.—0.43 e\] for
DLTS signal was extracted from the transients applying a*'B ions but only~15% of [E.—0.43 e\] for 2%Sn ions.
lock-in type of weighting function, and eight traditional Two weak peaks occur &;—0.30 ande.—0.35 eV, respec-
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FIG. 2. Concentration vs depth profiles for the levels at 0.43,
0.23, and 0.18 eV belo, in a sample implanted at 295 K with
1.8x10° Si ions/cnt using a dose rate of 1.2x 10° ions/cn? s.
Comparison is made with the vacancy profile estimatedrow.

tively; the latter was discussed in detail by Jagadish, Sven
son, and Hausgt and is due to an impurity-related center,
possibly containing carbon and/or coppéfhe origin of the
E.—0.30-eV level is not known but it saturates in strength at
low implantation doses which strongly suggests a complex
involving impurities of low concentration<{10** cm™3) in
the as-grown material.

In Fig. 2, concentration versus depth profiles are dis-
played for the levels at 0.43, 0.23, and 0.18 eV bekwin
a sample implanted with 0.6-Me\®Si ions to a dose of
1.8x10° cm 2. Comparison is made with the vacancy dis-
tribution estimated fronTRIM simulations, where the colli-
sion sequences induced by recoiling silicon atoms were fol
lowed to completion. In all therriM simulations, version
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FIG. 3. Concentration vs depth profiles for tBg—0.18-eV

level in samples implanted with’C ions using an energy of 0.5

90.05 of the code was employed, and a displacement enerql\fl(g\lj d(:é ?QECZ'iF?Aaﬁ\S/é?' Vacancy profiles obtained byrim are

threshold of 13 eV was used. All four profiles in Fig. 2 peak
at ~0.85 um, but the experimental ones are more confine
to the peak region with a considerably smaller tail toward th
surface than predicted bsriM. In particular, this holds for
VO, while the profiles of the two levels primarily associatedE
with V, are identical in shape and broader toward the surface ©
than that of theE.—0.18-eV level. Further evidence of the
influence of the surface on the defect generation is given in
Figs. 3, showing depth profiles E.—0.18 eV] in samples
implanted with 0.5- and 7.3-Me\}?C ions. For the deep
implantation the profile peaks at6.6 um [Fig. 3(b)], and

the surface plays a minor role. In contrast to that in Fi@),3

the measured distribution in Fig(l8 is broader than the
TRIM profile with a~0.7-um larger value of the full width at
half maximum, and a pronounced tail toward the surface as
well as into the bulk. Moreover, in Figs. 2 and 3 the absolute
concentration values are much smaller than suggested by
TRIM, and the total concentration of electrically active
vacancy-type defects amounts only to a few percent of the
calculated vacancy concentration.

A linear increase in concentration with ion dose is ob-

tained for the levels associated wiky andVO, irrespective

of the type of bombarding ion, and Fig. 4 illustrates results
for 0.6-MeV 28Sj ions using doses up tox310° cm™ 2. At

ddefects becomes significant, and the DLTS technique is not
ruly applicable. The generation &, and VO centers de-
pends on the dose rate, and in Fig. 5 the amplitude of the

—0.43-,E.—0.23-, andE;— 0.18-eV levels is depicted as
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FIG. 4. Concentration of the levels at 0.43, 0.23, and 0.18 eV
below E. as a function of implantation dose at 295 K for 0.6-MeV
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FIG. 5. Amplitudes of the levels at 0.43, 0.23, and 0.18 eV
belowE, as a function of dose rate for 1.0-Me¥Ge ions, keeping FIG. 7. Generation of thE,— 0.43- andE,— 0.23-eV levels per
the dose constant at x2.0° cm 2. The implantations were per- ion-induced vacancy in the damage peak region for bombardment at
formed at 295 K. At high dose rates, the error bar indicates a relalow dose rates €1x10° cm ?s™ ') of Cz and Fz samples by
tive accuracy oft 15%, and is given by the accuracy of the dosim- B, *°C, 0, %Si, "“Ge, "*Ge, and'*°Sn ions. The implantations
etry. were performed at 295 K, and the concentration of ion-induced
vacancies was obtained fromrim calculations assuming a dis-

a function of dose rate for 1.0-MeVPGe ions, keeping the placement energy threshold of 13 eV.

72 . . .
dose constant at 1:210° cm™?. Within the experimental gion, and data are included for all the materials, types of

accuracy,\/z andVO exhibit an identical behavior where the ions, and ion energies employed in this study. The implanta-
amplitudes _0; _t?e three levels stay constant belowjong were performed at RT, and the generation rate is ex-
~1x10° cm?s ™, while a relative decrease by a factor of yacted from the slope of the linear relation between defect
~3 is found at~6x10° cm ?s*. A similar effectis also  oncentration and ion dose obtained at low dose rates
observed for the other ions, and Fig. 6 compares tr218e resul(% 10° cm2s™1). The generation of thE,— 0.43-eV level
for the E;—0.43-eV level after bombardment bYB, **Si,  ber ion-induced vacancy is identical within10% for all the

Ge, and'?’Sn ions. Figure 6 reveals a mass dependencgyg irrespective of mass and silicon material used. The con-
and the decrease in generation of thg—0.43-eV level  cengration of ion-induced vacancies is estimated froem

shifts to higher dose rates for light ions. This trend is alsoa|cylations, and assuming a displacement energy threshold
consistent with data reported previously for protdhshow- of 13 eV, the absolute value of generatéd centers per
ing a decrease in the defect generation at dose rates in exCe§g.induced vacancy becomes-1.1X1072. For the

of ~10° cm?s™%, _ E.—0.23-eV level, large deviations from a constant genera-
In Fig. 7, results are shown for _the generation rate of thg;;n, per ion-induced vacancy are observed, and a gradual
E.—0.43- andE.—0.23-eV levels in the damage peak re- yecrease in the efficiency occurs for heavy ions. However,
the generation of th&;—0.23-eV level increases as the im-
plantation temperature is raised above RT, whitg—0.43
eV] stays constant; this is illustrated in Fig. 8 f6iSi ions,
where the ratig E.— 0.43 e/ E.—0.23 eV] decreases from
~4.5 at temperatures below 300 K 02 at 500 K. Results
are included for both 0.6- and 5.6-Me¥%Si ions, and no
energy dependence is revealed. Further, although the ampli-
tude of the E.—0.43-eV peak remains constant within

E.-0.43 eV level in n-type Si(100)

Normalized DLTS signal (103 pF)

o 23Mev 1280 +10% in Fig. 8, the full width at half maximum of the peak
Al "\. : N 10 MeV6Ge decreases fron°r'33 K below 300 K to~22 K at 500 K, Flg.
. : 9. The latter width is close to that expected theoretically
. 4 06Mev2isi (~20.6 K), and a corresponding narrowing with increasing
¥ 044MeV 1B temperature is also found for tii&,—0.23 eV peakFig. 9).
2 — e T T T Figure 10 shows the ratio between the amplitudes of.the
Dose rate (cm-2s-1) E.—0.18- and E.—0.43-eV levels versus ion mass in

samples implanted at RT with group-IV ions. The resistivity
FIG. 6. The relative amplitude of thE,—0.43-eV level as a Of the samples was & cm, and in order to minimize surface
function of dose rate fot'B, 23Si, %Ge, and'2%n ions, keeping effects and to keep the peak position of the defect distribu-
the dose constant at X110, 3x10°, 1.2x10°, and 6x10°  tions at a constant depth-(4.0 um), energies between 3.6
cm~2, respectively. The implantations were performed at 295 K.and 8 MeV were employed for the different ions. A pro-
Error bars at high dose rates indicate a relative accuracy ofhounced decrease in the generation efficiency©fis ob-

+15%. served with increasing ion mass, and f8fSn ions a reduc-
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FIG. 8. Ratio between the concentrations of e-0.43- and . .
E.—0.23-eV levels as a function of implantation temperature for FIG. 10. Ratio between the _amplltudes O.f the Ieyels at
0.6- and 5.6-MeV %Si ions. The absolute amplitude of the E;—0.18- andE.—0.43-eV versus ion mass for implantation by
E.—0.43-eV level, normalized to the capacitance value at steadygrOUp'IV lons at 295 K.

state reverse-bias voltage during the DLTS measurements, is al¢@-|-, except for protons, where two hydrogen-related levels
shown. appear at~0.32 and~0.45 eV belowE,.*~*" For heavier

) ] ) ] o ions than protons, the defect production per ion becomes
tion by a factor of~5 is found relative to*?C ions; a similar large and the doses must be kept low in order to avoid
trend is also observed in high-purity, low-doped Fz samplegharge-carrier compensation by deep-level defects. If the
with the damage peak located at depths in excess of l@ompensation exceeds10% of the free-carrier concentra-
wm3* Moreover, in analogy with the observations for the tion, DLTS is not truly applicable, and for a dose of
E.—0.23-eV level, the generation of ti&.—0.18-eV level 10° cm ? the peak concentration of implanted species is
increases at elevated implantation temperatures, and famly of the order of 18> cm 3. This is very low compared
285 jons[E.—0.18 eV is almost comparable fE.—0.43  to the concentration of common impurities like oxygen and
eV] after implantation at 500 K. This is illustrated in Fig. 11, carbon in as-grown silicon samples, and the probability of
showing data from both deef5.6 MeV) and shallow(0.6  trapping mobile defects, as for examplés andl’s, by the
MeV) silicon implantations; the two sets of data yield differ- implanted species becomes small. Hence, unless a vast ma-
ent absolute values because of surface effects, but exhibiti@rity appears in an electrically active state directly after

similar dependence on the implantation temperature. slowing down and coming to rest, no DLTS signal associated
with the implanted species is anticipated above the detection
IV. DISCUSSION AND CONCLUSIONS limit

No DLTS peak associated with the implanted species is A. Depth and dose dependence

found for the ions used in this study. This holds generally for The linear dependence on dose observedvipand VO
all kinds of ions after low-dose bombardment of silicon atindicates a dilute concentration regime wheré,] and

i 2851 fons —> Si(1 ]
% Stions > $i(100) - oo b 25 jons > Si(100) {09
% + + % ’ A
Y o — — — 3 + 20 .:—; - N
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FIG. 9. Full width at half maximum(FWHM) of the FIG. 11. Ratio between the amplitudes of the levels at

E.—0.43- andE.—0.23-eV peaks as a function of implantation E.—0.18- andE.—0.43-eV as a function of implantation tempera-
temperature for 0.6- and 5.6-Me%#Si ions. ture for 0.6- and 5.6-Me\?%Si ions.
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[VO] are not high enough to influence the trapping of mi- B. Dose rate effect
grating defects, e.g., formation of high-order stable com- tha gecrease in generation & and VO centers with

plexes through reactions with ~diffusing vacanciesj,reasing dose ratéFigs. 5 and Bis in direct contrast to

(VO+V—V,0 andV,+V—Vs), and a corresponding de- ot generally observed for damage buildup at doses in ex-
crease in the effective generation rate\gf andVO are of  oss™ of 182 cm 2. and dose rates in the range

minor importance. For a dose of<110° cm™ 2 the average ~ 10— 10% cm2s 1894244 This also holds for the de-

distance between the impinging ions380.3 um, and the  reage in generation of, centers with decreasing implanta-
defect generation is primarily due to individual collision cas-;q, temperature reported previously f#°Sn ions®® In or-
cades with possiblgsoverlap of rapidly diffusiiy between  gor g understand the reverse dose rate effect and its
adjacent cascadés: _ , dependence on ion mass qualitatively, we adopted and fur-

_Monovacancies are normally (_:on3|d_ered to be highly moyner developed a model originally proposed by Hati al*
bile in crystalline silicon at RT; with a diffusion coefficient ¢, proton bombardmend/'s and|’s are assumed to origi-

79 71 . .

Dy of ~5x10°° cns*. Despite the fact that vacancy dif- 11316 from a well-defined source from which they can spread
fusion is not accounted for in theriM calculations, the shal- radially. Only one dimension is considered in the calcula-
low depth profiles of V,] and[VO] with peak positions at  tjons ‘and the initial sources of’s and I's are randomly
~0.8-0.9 um[Figs. 2 and 8] are considerably narrower jsiributed along anx axis perpendicular to the incident
toward the surfac_e than the ca_lculate_d vacancy pro_fl_le. HOWpeam direction with a density corresponding to the implan-
ever, the experimental profiles with peak positions alation dose and a separation in arrival time b V's and

~6 wm are broader than predicted biim [Fig. 3b)l, and |5 giffuse along thex axis, and the following defect reac-
strong evidence is obtained for surface-enhanced annihilg;ons are included:

tion of the V, and VO centers. In particular, the effect is

most pronounced fo¥ O, where the generation process in- V+I1—@  (annihilation,

volves migration of monovacancies. For the ions used in this

study(atomic mass=11), the density of elastic energy depo- V+V—V,,

sition is relatively high, and a substantial fraction of Mg

centers are expected to form directly in the collision cascade Vot 1=V, ®)
without requiring diffusion and pairing of monovacancies.

The surface-enhanced annihilation is, therefore, less pro- V+0,—VO,

nounced forV,, and it is important to point out that both
V, andVO are immobile at RE1421

A similar near-surface effect for the depth profiles of
[V,] and[ VO] has been observed in MeV electron-irradiatedThis set of equations is not complete, and is only intended
samples where a decrease occurs gradually from a depth f&r a qualitative comparison with the experimental data. Sev-
~2.5 um toward the surface despite that the initial distri- eral reactions which affect the absolute generation rate of
bution of [V] and[I] is essentially uniform throughout the V, andVO are omitted, and must be considered for an ab-
sample€*“°Wang, Lee, and Corbéftassumed that the sur- solute treatment, e.g., formation of carbon-oxygen centers,
face acts as a perfect sink for migrating vacancies, and earbon-carbon pairs, and direct generatiorVefcenters. In
relation of the form particular, for heavy ions a substantial fraction of ttig
centers are anticipated to form directly in the dense collision
cascades. The coupled differential rate equations derived
from Eq. (2) are given in Table | together with the input
values used in the calculations. The differential equations are
was derived for the steady-state vacancy distribution in th@umerically solved simultaneously from time 0, when the
near-surface region applying the ordinary law of diffusion.first cascade is initiated, until the defects from the last ion
L, is the vacancy diffusion length, arzds the sample depth. have completed their reactions. The evolution in concentra-
Equation(1) is qualitatively supported by experimental data, tion of each defect center can be followed as a function of
but in order to obtain a quantitative agreemént must be time and position along thg axis, and Fig. 12 shows the
assumed to increase with decreasing depth. A correspondingtegrated concentration &O centers versus the arrival rate
effect is also revealed for the shallow profiles[&f,] and  for incoming ions of H, B, Si, and Ge. Similar to the experi-
[VO] in the present study. Using the reactions described imental results, the production 0fO decreases at high
Sec. IV B[Eq. (2)] with the surface as a perfect sink for enough rates, and this occurs because of rapidly diffusing
migrating V's, induced by 0.5-MeVC ions, and putting |’s which overlap and annihilaté’s created in adjacent ion
Dy constant as a function of depth, the surface effect on th#racks. The annihilation is enhanced when the collision cas-
resulting[ VO] profile extends only ta<0.2 um, while ex- cades are generated sufficiently close in time and space. At
perimentally a substantial depletion occurs I5£0.7 um  low dose rates the distribution ¢f] generated by one ion
[Fig. 3@]. Wang, Lee, and Corbéttpartly attributed the becomes diluted before the arrival of later ions, since the
increase irDy, near the surface to a conversion\6ffrom a  I's have enough time to diffuse out from the space of interest
negative to a positive charge state. However, there is no corand/or to form stabléimmobile) complexes with other de-
clusive evidence for this assumption, and further studies artects and impurities. The overlap ofs between different
being pursued to elucidate the exact role of the surface ducollision cascades is, therefore, of minor importance at low
ing formation of vacancy-type defed. dose rates, and no enhanced annihilatiosf occurs.

VO+I1—-0;.

[V(2)]~(1—exp(—27/L,)) @
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TABLE I. Survey of the simultaneous differential rate equationswith a width of 50 A and a density of 210" V’s andl’s
for the reactions in Eq(2) and numerical values of the input pa- per cn?, as estimated fronTRiM calculations. The corre-
rameters used in the computations. Brackets denote concentrati@ponding distribution for MeV Ge ions is of Gaussian type,
values, and the source terniisitial valueg of the vacancy and \yith 3 peak concentration of 4610%cm™2 and a full width
interstitial distributions[V(x,0)] and[1(x,0)], are estimated from 5t half maximum of~ 6600 A. Hence théd’s induced by Ge

TRIM simulations.

V(x,1)] &2
—t ~DvyelVI-47R{(Dy+ D\)[VI[1]+4D\[V]?

= D[V ][I+ Dy VIO ]}

al(x,t)] @

—t = Diggzl]=4mR{(Dy+D)[VI[1]+Di[V][1]
+D\[VOI[11}

d[Va(x,1)]

T =4mR{2D\[VI*~D\[V,][11}
WZLI-WR{DV[V][OJ ~Di[VOIll}
wz — 47R{D[VI[O,]1- D,[VOI[I T}

Capture radius R=5 A

Diffusion coefficients(300 K)
taken from Refs. 39 and 45

Dy=4.2x10"° cn?/s
D,=3.2x10* cnf/s
Initial values ¢=0) [V2(x,0)]=0
[VO(x,0)]=0
[0i(x,0)]=1%x 10 cm™3

ions have to diffuse much larger distances in order to reach a
diluted concentration of’s compared to that for protons,
and, sinceD, is independent of the type of ion, this implies
longer diffusion times in the former case. Thus overlap be-
tween adjacent collision cascades due to diffudiisgtakes
place during longer times for heavy ion bombardment, and
the separation in arrival time between different impinging
ions (At) at which enhanced annihilation ®'s can appear
becomes longer with increasing ion mass. As a result, the
decrease in generation of vacancy-type defects occurs at
lower rates of ion arrival (}§t) for heavy ions.

C. Mass and temperature dependence

For bombardment at RT by heavy projectiles likéGe
and *2%Sn, both experimeritand MD simulation$ predict
formation of amorphouslike zones by individual collision
cascades, while light ions mainly produce point defects and
small disordered zones. However, the results in Fig. 7 reveal
a constant generation of the.—0.43-eV level per ion-
induced vacancy in the damage peak region despite a relative
variation in the elastic energy deposition by a factor of
~16 between'B and *?°Sn ions. The spontaneousorre-
lated recombination ofV and| plays a dominant role, as

. . . shown by an absolute value of ony1.1xX10 2 of gener-
Furthermore, in accordance with the experimental dat y My g

the simulations reveal a mass dependence where the decr

e

aatedvz centers per ion-induced vacancy. The spatial distri-

in defect production shifts to higher dose rates with decreas?ﬁﬁion of theV;, centers within the individual collision cas-
L . . “““cades is not known, but our data indicate a substantial
Ing 1on ma_ss(Flg. 12. The. shift appears because. of an In'stability of the atomic configuration o, even in highly
creasing size of the collision cascade for heavy ions. In th amaged regions. On the other hand, the large decrease in
case of MeV protons the cascades at the depth of the dama €neration of théE —0.23-eV level V\’lith increasing ion
peak can be represented by a step-function-like distributio c
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ass provides strong evidence for distoriégd centers. In
electron-irradiated samples, where isolated point defects pre-
vail, [E.—0.43 eV and[E.—0.23 eV exhibit a close one-
to-one proportionality, as expected for unperturb¥d
center$>?4?5The E,— 0.43- andE.—0.23-eV levels are at-
tributed to a motionally averaged state\6f with an effec-
tive point-group symmetry oD 54, but lattice strain in the
damage peak region of implanted samples prevents, to a
large extent, the motional averagifgjectronic bond switch-
ing) of V,. The importance of the latter effect increases for
heavy ions because of a higher density of elastic energy
deposition and larger distortion and strain of the crystalline
silicon lattice. The electronic bond switching is a thermally
activated process, and th&. —0.23-eV peak, appearing at
low temperatures, is, therefore, more influenced by the lattice
strain than thé&e.—0.43-eV peak. Moreover, the state of the
second acceptor electron is less localized than that of the first
electron because of the lower binding energy, and is antici-
pated to be more affected by the distorted positions of the

FIG. 12. Simulated values for the integrated concentration offtoms in the strained lattice.

VO centers in a layer perpendicular to the incident beam direction However, theE;—0.43-eV peak is also influenced by the

and at the depth of the damage peak as a function of arrival rate fdattice strain, as indicated by the broadening of the peak rela-
MeV ions of *H, 1B, 28sj, and’“Ge. The model used is described tive to that expected theoretically. The increase in peak
in the text and numerical values for the input parameters are givewidth occurs concurrently with the relative decrease in the

in Table I. amplitude of theE.—0.23-eV peak, and is interpreted as a
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broadening of the well-defined level position associated witin detail. Because of the low doses used, the defects are
unperturbedV, centers?® At elevated implantation tempera- primarily created by single-collision cascades and a strong
tures the lattice strain is gradually relaxed, and\theenters  surface-enhanced annihilation of thlg and VO centers are
become less perturbed, as shown by a substantial decreaseobiserved. In particular, the surface effect is most pronounced
the ratio[ E.—0.43 eVJ/[E.—0.23 eV] at implantation tem-  for VO, where the formation process involves migration of
peratures above-300 K (Fig. 8 and a narrowing of the monovacancies. If the surface is assumed to act as a perfect
peak widths approaching the theoretical val(iég. 9). Here  sjnk for diffusing monovacancies, simulations of the defect

it should be emphasized thigE. — 0.43 eV stays essentially  yeaction kinetics show that the diffusion coeffici@y must
constant for implantation temperatures between 100 and 54Qrease toward the surface in order to obtain a quantitative
K, a_nd the decrez_:tse of the rafi&.—0.43 e\d/[Ec_—O.ZS agreement with the experimental data.

eV] is due to an increase ¢E.—0.23 eV], reflecting the A linear dependence on dose is observed, but at high

crystalline properties of the silicon lattice surrounding the nough dose rates the generation efficiencygfand VO

Va2 centers. Thes_e Conclusions_ are also sup_ported by resul Bnters per incoming ion decreases. The dose rate at which

tar?emql':/iltz jlnns]gﬁfr;’ dStL(]a%%etS(;”r]g ctrhi at|||1i§ edé?sritljered ZON%e decrease occurs shifts to lower values with increasing ion
y y. mass. This mass dependence is attributed to the increasing

Similar to theE.—0.23-eV level, the generation of the . - X
E.—0.18-eV level per ion-induced vacancy also decreaseSiZe of the collision cascades for heavy ions, as supported by

with increasing ion mas&Fig. 10. However, the latter level computer simulatiqns of the defect reaction kinetics usi_ng a
does not originate from a motionally averaged state, and thB10del where the interaction and/or overlap between indi-
decrease is mainly attributed to a true reduction in the con¥idual collision cascades is primarily due to fast-diffusing
centration ofVO centers. Because of the low doses used, an§i'S- Because of the large collision cascades induced by heavy
since Q is a dominating impurity witfO,]>[ VO], the gen-  10ns, it takes long times to dilute the concentration of over-
eration of VO centers is primarily controlled by the amount lapping!’s, and hence, thedés can enhance the annihilation

of monovacancies escaping immediate recombination withi®f V's in adjacent cascades even for low rates of ion arrival
the collision cascades. In fact,O can be considered as a compared to that for light ion bombardment.

monitor for the creation of free vacancies, and is essentially The formation ofV, andVO centers display a distinctly

a primary defect, even more elementary thgnindeed, this different dependence on ion mass; at low dose rates
is confirmed by results from samples irradiated with MeV (<10° cm ?s1) the generation of the former one per ion-
electrons, where the generation WD centers is typically induced vacancy stays constant for all the types of ions used
one order of magnitude higher than that\ef.*%***’Thus  in this work, whereas that ofO decreases with increasing
for a given density of energy deposited in elastic collisionsjon mass. The results farO are consistent with the picture
heavy ions produce less vacancies free to migrate, and fewgtiat light ions are more effective in generating point defects
VO centers are formed than for light ions. This reveals ayhjle the data fol, suggest that the atomic configuration of
distinct difference between thé, andVVO centers where the V, is stable even in highly disordered regions. Thecen-

results for the most elementary onéQ) are fully consistent o5 are, however, strongly perturbed, as demonstrated by
with predictions from MD simulation& Furthermore, the in- large deviations from unity of the ratipE,—0.43 eVy
«—0.

crease in generation &fO centers at elevated implantation [E.—0.23 eV] and broadening of the DLTS peaks. After
—0. .

temperatures can be associated with the following. : .

(iF)) Relaxation of the lattice strain. The migratiogn \bfis implantation at elevated te_m peratu_r_es menters are less
promoted to formVO centers in a relaxed crystalline silicon perturbed, anq appear n a silicon lattice “where the
lattice, and correlated recombination betw&éeandl is less bombardment-induced strain is gradually relaxed. Concur-

' rently, more monovacancies free to migrate and form stable

important. o
(i) Rapid recrystallization of disordered zones. These_VO centers are generated, as shown by a substantial increase

zones may have density fluctuations which upon annealin§f! [VO] for implantation temperatures above 300 K.
give rise to migrating point defects lik¢’s and|’s in the
recrystallized materidl.
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