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lon mass effect on vacancy-related deep levels in Si induced by ion implantation
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The ion mass effect on the dominating vacancy related deep levels in Cz-Si implanted with 4-MeV C ions
and 6-MeV Si ions has been investigated by deep level transient spectra&iop$). It is found that the
intensity of the DLTS signal for the doubly negative charge state of the diva¢afy-/—)] deviates from
a one-to-one correlation with that of the singly negative charge state of the divalcdpicy/0)] and de-
creases, compared ¥,(—/0), with increasing ion mass. Capture kinetics studies reveal that the electron-
capture rate folv,(=/—) decreases with increasing ion mass, while that\fgf—/0) has a weaker depen-
dence on ion mass. In this work, we suggest a model to explain most of the known experimental observations
of the ion mass effect fov,(=/—). The model assumes a local compensation of the carrier concentration in
highly disordered regions located within the collision cascades. In addition, it has been observed that the DLTS
signal of the vacancy-oxygen pair exhibits a trend similar to thavfdr=/—) regarding the ion mass effect.
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[. INTRODUCTION point-group symmetry of the divacancy@y, .2 It is consid-
ered that the basiD ;3 symmetry ofV, as a six-atom center
The divacancy ¥,) is one of the most prominent and with the four equivalen{111) directions is lowered t&C,,
fundamental intrinsic defect in Si stable at room temperaturedue to Jahn-Teller distortion. However, abov&0 K, ther-
Since the pioneering investigations of electron irradiated Smally activated switching of electronic bonds between the
by Watkins and Corbett? V, is also one of the most dis- three equivalent directions of Jahn-Teller distortion takes
puted elementary defects. This is mostly due to the existenddace, and at higher temperatures the switching rate becomes
of the doubly negative charge stdte) of V, that has two SO high thal/, exhibits a so-called motionally averaged state
paired electrons and can not be directly observed by suciith the effective symmetry 0Dsq, which has also been
experimental techniques as electron paramagnetifPserved by EPR.It is then suggested that,(—/0) and
resonancé? (EPR or electron-nuclear double resonaride, Y2(=/—)., detected by DLTS above 70 K, are unperturbed
which are capable of an unambiguous determination of th¥‘”th the effectlve symmetrsy in electron or light ion ir- .
defect symmetry. The existence bh(=) was suggested radiated Si and the two peaks show a one-to-one correlation.
since the EPR signal froi, disappeared in low resistivity For_he_avy ions, on the other hapd, the lattice distortion and
. L ; strain in the damage peak region can prevent, to a large
n-type Si and a dominating fraction &f, became doubly

, p extent, the electronic bond switching, i.e., the motional aver-
negatively chargedLater, several charge states\tf have  ing The Jatter effect increases for heavier ions because of

been observed in electron irradiated Si by different éeCh'a higher density of elastic energy deposition and larger dis-
niques such as pho_toconducnv?t@,mfraredg alkl)sorpt_loﬁ', tortion and strain of the crystalline lattice. Since the elec-
and deep level transient spectrosc@py.TS).” " The iden-  tronic bond switching is a thermally activated process, the
tification OfVZ(:) by DLTS is based on identical radiation- VZ(Z/_) peak, appearing at lower temperatures in the
induced generation and annealing behavior and one-to-0rBLTS spectra, is more influenced by the lattice strain than
intensity correlation of the transitions from the doubly nega-the V,(—/0) peak.
tive charged state to the singly negative charged state In this paper we report on DLTS studies of Czochralski
[Vo(=/-)] and from the singly negative charged state to(Cz) Si implanted with 4-MeV C ions and 6-MeV Si ions.
the neutral stat¢V,(—/0)]. These two transitions occur at Depth profiling and electron-capture kinetics measurements
~E.—0.23 and~E.—0.43 eV, respectively, wherg; is  of V,(—/0), V,(=/-) and vacancy oxygen pair VO have
the conduction band edge. been carried out. On the basis of the experimental results in
It has been shown, however, that the one-to-one correlasombination with computer simulations of the collision cas-
tion between the DLTS peaks W,(=/—) andV,(—/0) can  cade structure and the occupancy of deep levels in strongly
be broken, where/,(=/-) is suppressed with respect to compensated local regions, an additional model for the de-
V,(—/0) if the defects are produced by heavy ions instead ofiiation from the one-to-one correlation betwe¥p(=/-)
electronst?*3An explanation of this effect has been put for- andV,(—/0) is put forward. The model yields a local deple-
ward taking into account the lattice distortion and strain intion of the carrier concentration in the cascade region, which
the cascade regions produced by heavy ions in combinatiois most likely the dominating effect in suppressing charge-
with the electronic structure &f,.? It has been experimen- carrier population of “shallow” states such as tEe—0.23
tally established by EPR at temperatures below 20 K that thandE.—0.18 eV levels in heavy-ion implanted Si.
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Il. EXPERIMENTAL DETAILS 0.20 e

0.44

Samples were cut from-type CzochralskiCz) Si(100)
wafers doped with phosphorus te1Xx10" cm 3. The
samples were chemically cleaned using a standard procedure 0.15
that includes a final dip in diluted HF. Immediately after the i
cleaning, the samples were loaded into a vacuum chamber,
where Schottky barrier contacts with a thickness=@f1.0 nm
were deposited at room temperatuRa) by thermal evapo-
ration of gold through a metal mask with circular holes of
1.5 mm in diameter. The base pressure in the chamber was
less than X 106 Torr.

The DLTS measurements were performed using a setup
described in detail elsewhetéIn short, the sample tempera-
ture was scanned between 80 and 280 K, and the registered i
capacitance transients were averaged within intervals of 1 K. 0.00
The DLTS signal was extracted from the transients applying
a lock-in type of weighting function, and traditional DLTS
spectra with the rate windows in the range(20 mg™* to FIG. 1. DLTS spectra after implantation by 4-MeV C and
(2.56 97" were obtained from a single temperature scang.mev Si ions with a dose of 2 10° cm™2. The rate window is
Energy position and capture cross section of the observe@4o mg1.
levels were subsequently evaluated from the spectra. During
the measurements the diodes were reverse biased, and
forward bias injection of minority carriers was performed.
DLTS measurements of the as-grown samples did not reved]

any deep levels with concentrations above the detection limi ) ; - ;
of )1011 cFr)n‘3 Ap.29 is roughly 1/0.6, while for Si ions the ratifg 44/ Ag 23

The defect depth distribution and capture kinetics meais 1/0.3. Furthermore, the amplitude of the 0.18-eV peak

surements were performed by selecting one of the rate win(NAf-/lB) is l?ﬁs in the Si-in;lplar!ted hsamplesAlo(M/%o_lg
dows and holding the temperature constant witht2 K at ~ —~1/0-6) W'Nt respect to that in the C-implanted ones
the maximum of the DLTS peak of interest. For the depth-(A0-44/A0-18’” 1/1.2).

profile studies, the steady-state reverse bias was kept co]p- Figure 2 demonztrates the depth profi[es of the major de-
stant while gradually increasing the amplitude of the filling ects observed in the DLTS spectra. Again, one can observe

pulse. The depth profiles were then extracted from the deln® effect of ion mass oly(—/0) andVy(=/~): the ratio

pendence of the DLTS signal on the pulse amplittitlghere ~ etween the maximum  concentrations Wh(—/0) and

the voltages were converted into depth using the data fronY2(=/—) is ~1/0.6 for C iongFig. 2@] and~1/0.4 for Si

capacitance-voltage characteristics of the diodes. For thi@ns[Fig. 2b)]. The effect of ion mass can be observed also

capture kinetics studies, the DLTS signal was measured asfd the ratio between/,(—/0) and VO=1/1.3 for C ions

function of the filling pulse duration at the constant reverse?d~1/0.7 for Siiions. It should be noted that the implanta-

bias and filling pulse amplitude. tions were carried out thro_ugh the 3.10—nm. gold contacts,
The Schottky diodes were implanted at room temperaturd/hich lower the projected ion range into Si by0.6-0.7

by 4-MeV C* ions and 6-MeV St ions with a current  #M- _
density of 10 pAlcrAand a dose of £ 10F cm 2, Figure 3 presents capture cross-section measurements for

the V,(—/0) (0.44), V,(=/-) (0.23, and VO(0.18 peaks
using a filling pulse duration from 0.is to 0.1 s. The mea-
surements have been performed for two different sets of the
reverse bias and the filling pulse voltagé; a reverse bias of
Figure 1 shows DLTS spectra after implantation by C and—16 V and a filling pulse voltage of5 V and(2) a reverse
Si ions. The spectra have been measured for a reverse biastwés of —11 V and a filling pulse voltage of11 V, which
—16 V and a pulse amplitude of16 V to ensure detection correspond to different measurement depth intervals of 0.8—
over the full cascade depth. Three major peaks are observed7 and 2.7—4.7um, respectively. The carrier capture kinet-
in the spectra. ics for V,(—/0) [Fig. 3(@)] exhibits only a weak dependence
(1) The one with an activation enthalpy of 0.44 eV is nor- on the type of implanted ions and the depth interval. In con-
mally assigned td/,(—/0) in Cz-Si with a minor contribu- trast, the capture rate f&f,(=/—) [Fig. 3(b)] and VO[Fig.

DLTS signal (pF)
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Qgtween the major peaks depends on the ion mass. For the
pmple implanted with C ions the ratio between the ampli-
des of the 0.44-eV peakA(,) and the 0.23-eV peak

IIl. RESULTS

tion from the vacancy-phosphorous p@iP).1%:11:16 3(c)] depends strongly on the type of implanted ions and the
(2) The E.—0.23 eV level, which is assigned ¥,(=/-) depth interval. FirstV,(=/—) and VO are filled slower in
(Refs. 9 and 11 the Si-implanted sample with respect to the C-implanted one.

(3) The E.—0.18 eV level, which is attributed to the VO Second, the capture rate fol(=/—) and VO is lower in
with possible admixture of the carbon interstitial-carbon subthe deeper region compared to that in the near-surface re-
stitutional complex (@C,).*6~*81t can be seen that the ratio gion. It should be mentioned that a decrease in the capture
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FIG. 3. Amplitudes oV,(—/0) (a), V,(=/—) (b), and VO(c)
in samples implanted with 4-MeV C and 6-MeV Si ions and at

IV. DISCUSSION different depth as a function of the filling pulse duration.

The experimental data show a decrease in the intensity Qf , e effect of ion mass on the ratio betwaés —/0) and
the V,(=/—) and VO peaks with respect to that of the \, (=1-). sei=/0)

V,(—/0) peak in heavy-ion implanted Si. Additionally, the

electron-capture kinetics fo¥,(=/—) and VO exhibit a A. Local compensation model
similar trend regarding the dependence on ion mass and
depth[Fig. 3(b) and 3c)]. This suggests that the effect for 1. Cascade structure

V,(=/-) and VO is, at least partly, due to the same mecha- Figure 4a) shows arriM simulatiort® of a single impact
nism. In the following, the discussion will be focused mainly of a 6-MeV Si ion into Si. It can be seen that several sec-
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FIG. 4. TrRim simulation of a full cascadén), a secondary cas-
cade(b), and the vacancy distributioft) for a single impact of a
6-MeV Si ion. The lines in(b) denote the regions with high local

defect concentration.
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zones, with lateral size 050 nm, by individual collision
cascade®’ The depth distribution of vacancies in a single
cascade has a considerable nonuniformity as illustrated in
Fig. 4(c), which represents the distribution of the vacancies
generated in the cascade shown in Fi@) 4There are sev-

eral separated regions, corresponding to the secondary cas-
cades, with extremely high densities of one to two vacancies
per angstrom of depth. Due to statistical nature of the pro-
cess, next cascades may have different secondary cascade
depth distribution though the typical values of the vacancy
densities are similar.

Vacancies and self-interstitials, which have been gener-
ated by the cascades and then escape annihilation, migrate
from the cascade cores and can form defect complexes stable
at RT. It is a long-standing discussion on the migration
length of vacancies and self-interstitials in different types of
Si at RT. Although some MD calculations show that diffu-
sivity of these defects is quite lofl,experimental evidence
for long-range migration has been found under implantation
at temperatures between 80 and 306*#2 It has been sug-
gested that the interstitial migration is strongly enhanced by
ionization effects occurring during the irradiation, which is
not taken into account by the MD calculations. For vacan-
cies, recent experimental estimates of the migration length,
before they form stable complexes, give a value of the order
of ~100 nm in Cz and float-zone &i.For divacancy forma-
tion, however, the migration length of monovacancies may
not be very crucial. Assuming a simplified model for diva-
cancy formation as a reaction of pairing of monovacancies
(V+V—V,), one can conclude that divacancies are pre-
dominantly formed in the cascade cores since the formation
rate depends quadratically on the monovacancy concentra-
tion. Moreover, it is known tha¥, can be generated directly
in a primary collision event without any subsequent
migration® Thus, on the basis of these considerations and the
TRIM simulations (Fig. 4), it appears that the majority of
vacancy-related complexes, and divacancies in particular, are
confined to separated regions with a characteristic size of
~100 nm, surrounded by almost perfect crystalline material.
From the data in Fig. (@) one can estimate the local primary
defect concentration in such regions to be(1-2)

x 10 cm™3. It is known, however, that the total average
concentration of electrically active vacancy-type defects, ob-
served experimentally by DLTS, amounts only to a few per-
cent of the primary vacancy concentration, estimated by
TRIM,™® which suggests a local defect concentration in such
regions in the 18 cm™2 range.

2. Carrier concentration and trap occupancy
in the cascade region

Figure 5 shows a one-dimensional calculation of the free-
electron concentration in Si with a 100-nm wide disordered

ondary cascades are formed along the trajectory. Figlime 4 region surrounded by perfect crystalline material at different
demonstrates a magnified image of a secondary cascade. Oleeperatures. The calculations have been made within the
can observe that the atomic displacements are confined todhift-diffusion transport approximation using the commer-

relatively narrow regior{<50 nm in cross sectigralong the

cially availablesiLvaco software?® Uniform doping is as-

secondary cascades. This is consistent with moleculasumed and put equal toXI10"° cm 2 as in the samples
dynamics (MD) simulations of low-energy heavy-ion im- studied experimentally. The electron and hole mobilities in
plantation in Si at RT, which predict formation of amorphousthe calculations are temperature dependent and proportional
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FIG. 5. One-dimensional calculation of the free-electron con- hausted and th fthe shall /Yy
centration in Si with a 100-nm-thick disordered region surrounde xhausted an e occupancy of the shallovigr=/-) lev-

by perfect crystalline material at different temperatures. The dasheﬁIS becomes very limited. .
lines denote the disordered region. One can support the results of the calculations by the

following considerations. Figure(& shows schematically

15 . the conductio{CB) and valenc€VB) band edges, the Fermi
to T~ As a reference point at 300 K, the values 1000 andeye| and an electron trap, which is not filled and neutral. As
500 cnf/V's are used for the electron and hole mobilities,the sample temperature is lowered, the Fermi level raises
respectively, in both the perfect material and the disordere¢owardsE, and the trap in the disordered region starts to be
region. The disordered region is simulated by introducingilled. However, since the trap concentration in the disor-
two deep acceptor levels at 0.44 and 0.23 eV belpwith  dered region exceeds the doping concentration, the Fermi
the electron-capture cross sectionsx B ™ and 2 level in this region becomes pinned . As a result of the
X107 cn?, respectively. These parameters of the traps arelifference in the Fermi-level position in the disordered re-
obtained from the experimental data for thlg(—/0) and  gion and in the surrounding “perfect” material, an energy
V,(=/-) levels. The hole-capture cross-section values use#arrier for the electrons is developed around the disordered
for V,(—) and V,(=) are 510 '* and 1.4<10 2 cn?,
respectively’® It should be mentioned that the results of the disordered region
calculations do not depend strongly on the capture cross- ,—L\
section values and are mainly determined by the level posi-
tions in the band gap. A uniform trap concentration of 1 CB
X 10" cm~? is assumed in the disordered region. This value IEE‘

of the trap concentration is limited by the convergence of the Ec-E;
numerical solution but reasonably close to that estimated N I ©
from theTRIM calculations and taking into account the spon-

taneous recombination between vacancies and self- a)
interstitials (~2x10'® cm™%). Carrier capture/emission VB
rates by the deep levels is calculated using the standard
Shockley-Read-Hall model.

Figure 6 presents the trap occupancy calculated in the
disordered regioitFig. 5 for the 0.44-eV trap at 200 K and
for the 0.23-eV trap at 100 K. These temperatures are similar E, 1; o
to those at which the corresponding levels are observed in —/ \ E-E,
the DLTS spectra. The 0.44-eV traps are filled almost com- Ec-E; $ S WP S
pletely (=100% at 200 K, while only a small fraction of the
0.23-eV trapg~1%) is occupied at 100 K. Thus, although
the concentration 0¥, in the disordered regions exceeds the b) _/ ‘\
doping concentration by one order of magnitudlg(—/0)
can be essentially fully saturated during the filling pulse in
the DLTS measurements because of carrier diffusion into the FIG. 7. Band structure af-type Si at a disordered region with a
disordered regions. As a result, the supply of free electrons isigh density of unfilled neutrala) and filled (b) electron traps.
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region [Fig. 7(b)]. The energy barrier isE,=(E.—E,) (vi) All these effects are observed in Si with doping concen-
—(E.—E;), whereE.— E,=0.44 eV forV,(—/0). One can trations in the range 810" to 1x 10'® cm 2 and have, to
estimate the rate of electron penetration into the disorderethe best of our knowledge, not been investigated in samples
region over the barrieE, by with a higher or lower dopant concentration.
Observationgi) and(ii) can to a large extent be attributed

to incomplete occupation of¥/,(=/—) during the filling
)- pulse in DLTS measurements, while almost\&J( —/0) lev-

els are occupiedFig. 6). This effect is enhanced for heavy
where a4 is the capture cross section of the disordered reions and in the damage peak, since the cascade contains
gion, vy, is the average thermal velocity of electrons, ahd more defects for heavy ions and especially in the dense peak
is the electron concentration in the undistorted material. In &€g10n.
first approximation, the capture cross sectigncan be esti- Observation(iii) can be explained by a decreased carrier
mated as a geometrical cross section of the disordered regig@ncentration in the dense cascade region. The rate equations
(~100x 100 nnf). For N=1x10" cm 3 and T=200K, for carrier concentration and deep level filling in a semicon-
the temperature at whicN,(—/0) peak is observedg,  ductor with two deep levels can be written as
equals 0.27 eV an®~3x10° s~ 1. Assuming theV, con-

Ea
R:UdthN exp — k_T

centration in the disordered region to be'®010'" cm™3, dn/dt=—Cn1NPr1+€niNT1—C2NPr2t En2Nr2,
such a region of a 100 nm size contains 10—¥QG. Thus,
for a time of 50 ms(filling pulse width in the DLTS mea- dp/dt=—Cp1pNr1+€p1Pr1— CpaP N2+ €p2Pr2,

surements the rate of electron penetration into the disor-

dered region is high enough to provide at least two orders of dnyy/dt=cCniNPri—€n1NT1— Cp1PNy1+ €p1 P71,
magnitude more electrons than the number of traps. It should

be mentioned that this estimate is made assuming a fully  dnr,/dt=cpnpr,—€,N72— Cp2P N2+ €poP12,
developed barrier while during the initial stage of the trap

filling no barrier exists. Nty + Pri= N1,
For 100 K, the temperature at which thg(=/—) peak
is observed, the situation changes dramatically. First, at this Neot D =N 1)
T2T P12= Nt2.

temperatureV,(—) is filled and the barrier is established

even before/,(=) starts to be filled. Second, the exponen-wheren andp are the electron and hole concentratioms,
tial factor in the formula for the electron penetration r&te andpr; denote the filled and empty level fgth center N,
decreases considerably not only because of the decreaseigthe total concentration djfth center,c,,; andc,; are the
temperature, but also because of an increadg,inindeed,  electron- and hole-capture coefficients féin center, ane,;
the Fermi level in the surrounding undistorted material ap-ande,; are the electron-and hole-emission ratesjtorcen-
proachesE; with decreasing temperature, while the Fermiter. In the case o¥,(—/0) andV,(=/—), N;;=Ny,. Nor-
level in the disordered region is pinned to the trap levelmally, in DLTS the conditiomsNy; is fulfilled which, in a
which givesE,=0.37 eV for 100 K. The electron penetra- first approximation, gives an exponential dependence for the
tion rateR~1.4x10 " s *, and few electrons are available filled fraction of thejth deep levels as a function of the
in the disordered region for the filling &f,(=). filling pulse width ¢,):

B. The effect of ion mass orV,(—/0) and V,(=/—) nTJ(tp) = NTi[l_qu_anmp)]'

One can summarize the main experimental observationand experimental data for the capture cross-section kinetics
of the effect of ion mass on the DLTS signals \6§(—/0) are interpreted within this assumption. In the present model,
andV,(=/—) as follows'?1%18 however, locallyn<Nry; and the standard approach is not
(i) The intensity of V,(=/-) is lower than that of applicable. Hence, in this case, Ed) cannot be greatly
V,(—/0) and the effect becomes more pronounced for bottsimplified, but one can make the following consideration.
heavier ions and in the depth region where the defect gerDue to the high concentration ®,(—/0) and the large cap-
eration peaks. ture cross section and midgap position of the level, the prob-
(i) The generation o¥,(—/0) per ion-induced vacancy does ability for electrons to be captured and to recombine at
not depend on ion mass, while that \#§(=/—) decreases V,(—/0) increases, relative to the “normal” casa Nv;)
with increasing ion mass. as supported by theiLvaco calculationg(Figs. 5 and pand
(iii ) The capture rate of electrons ®My(=/—) decreases for the energy barrier considerations in Fig. 7. Thus, few elec-
heavy ions and especially in the depth region of the damag&ons remain available fo¥,(=/—), which decreases the
peak. corresponding capture ratec{,-,—yn). The conclusion
(iv) The full width at half-maximum of the/,(—/0) and that the slowed capture kinetics foh(=/—) is mainly due
V,(=/-) peaks increases in heavy-ion implanted sample$o the decreased electron concentration and not the decreased

with respect to that in electron irradiated samples. capture cross section &f,(=/—) is also supported by the
(v) The effect of ion mass diminishes for implantation atexperimental observation of the stability of the peak posi-
elevated temperature. tions in the DLTS spectra, as mentioned in Sec. Ill.
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Two effects can be proposed to explain observation

First, the high local concentration of traps can lead to a non- 16} DLTS simulations ;
exponential behavior of the electron-emission process during= [ - ocalized distr.
the DLTS measurements. The electron concentration in &z E.-0.42 eV - Dilute distr.
semiconductor with a single electron trap, neglecting the in- 512f ~¢

teraction of the trap with the valence band, is determined by2 [ 1x10-15 ¢m?2

the following continuity equations:

o0

anlat=1/q(divJ,) —CcpnNpri+eninTe,

dnyy/dt=cniNpri—€n1N11, (2

DL.TS signal (a
F=N

N1t Pr1=Nrg, ,

whereq is the electron charge anlj is the current density, '

&

180 200 220 240

Temperature
Jn=anunEn+qD,Vn, P )

FIG. 8. Comparison between simulated DLTS spectra for a de-
fect with a level atE.—0.42 eV and electron-capture cross section
( KT of 1x1071® cn? assuming dilut€1% of the doping concentratipn

Y+ —1In ni> ,

where ., is the electron mobility, and

and highly localizedequal to the doping concentratiodefect dis-

tributions. The total number of defects is identical for the two spec-
. . L s i -1

where y is the electrostatic potentiaf; is the intrinsic car- (ra and the rate window used (40 ms .

rier concentration, and

En=—

x10" " ecm 3/s [as for V,(—/0)] (Ref. 26 becomes
b _kT (0.4—-4)x 10" s™1, which is <1% of the term Id(divJ,).
g M- Thus, we can rule out the effect of electron recapturing since
only a negligible fraction of emitted electrons is recaptured
the deep levels before they escape the disordered region
d ny; displays an exponential time dependence during

Normally, it is suggested for DLTS measurements that th
emitted electrons escape the space-charge region before thg;
can be recaptured by the empty traps, i.e., the termission.

1/g(divJ,) in Eg. (2) dominates. This gives the ordinary Second, despite an exponential behavionef, the ca-

exponential time dependence for the trap occupancy duringa itance transient becomes nonexponential if the concentra-

the emission process, tion of ny, is comparable with the doping concentration.
This has a strong influence on the shape of the corresponding
DLTS peak, as illustrated in Fig. 8 showing two simulated
However, if the trap concentration is high enough, it is pos-spectra of a level located &.—0.42 eV with an electron-
sible that the recapture of the emitted electrons cannot beapture cross section ofxI10 ° cn?. In the simulations,
neglected. One can make a simple estimation for such athe full capacitance transient is calculated and a lock-in type
effect in a 100-nm disordered region. For a one-dimensionabf weighting function, identical to the one used for the ex-

dnT]_/dt: _enlnTl.

case the term #{divJ,) can be approximated as perimental data, is applied. The total number of traps is the
_ same for both spectra in Fig. 8 but one represents a dilute
1/q(divJy)~(nuaEs+ Dyn/L)/L, trap distribution(1% of the doping concentratidpmvhile the

wherel is the size of the disordered region. Thus, the firstOther one corresponds o a highly localized di;tribution
line in Eq.(2) can be written as where the trap concentration equals that of the doping. In the
latter case, a substantial broadening of the DLTS peak occurs
onl gt~ (B /L+D,/L2=Crypr)n+emnr. (3 at low tempera}tures3 in accordance with obsgrvaﬂi’m}] and
the peak amplitude is also enhanced and shifted towards low
For the diodes used experimentally, a reverse bias of 16 Yemperatures. Details about the simulations and further com-
creates a depletion depth of 4um with an average electric parison with experimental data will be discussed
field E,~3.4x10* V/cm. The electron mobility in disor- elsewheré®
dered regions with a defect concentration of@ 0" cm™3 Observatior(iv) can also be a manifestation of the lattice
is expected to be less than in a “perfect” material. One cardistortion in the cascade region, as originally suggested in
estimate the electron mobilitye,, in such regions to be Ref. 12. It should be mentioned that uniaxial stress in Si
700-1000 crVs, as for Si with a doping of considerably affect¥,(=/—) resulting in a splitting of the
10*-10"" cm 2.’ For the region sizd =100 nm and at peak with a reduced amplitude but unchanged integral of the
200 K, the termu,E, /L is ~(2-4)x 102 s ! and the term  peak?®
D, /L?is ~(1.5-2)x 10" s™1. In comparison, the recapture  Observatior(v) can be related to increased mobility of the
rate (Ch1Pt1) IN @ region with a trap concentration of primary defects at an elevated temperature. Since the va-
10'%-10""cm 2 and trap capture coefficient of~4  cancy migration increases at an elevated temperature, the
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distribution of defects becomes less localized and the locaV/,(—/0) andV,(=/—) DLTS signals, some results cannot
defect concentration in the disordered regions decreases. be readily explained. It has been shown, for instance, that
The lack of dependence on dopant concentration, obsegnnealing ofV, in heavy-ion implanted Si does not restore
vation (vi), can be explained if the local concentration of completely the one-to-one correlation betwaésf—/0) and
deep levels in the disordered regions is considerably highey,(=/—).3 |t has also been observed thd(=/—) is
than the doping concentration. In this case, the electrons geRyongly suppressed in strained SiGe lay@syggesting that

erated by donors within the disordered region play a negliy |ocajized lattice strain in the cascade region contributes to
gible role in filling the deep levels, which diminishes the the suppression of the,(=/—) signal.

influence of doping. The carrier concentration and carrier
capture/emission processes in the cascade region are deter-
mined by carrier diffusion into this region from surrounding
perfect material. The fact that the effect of ion mass is simi-
lar in Si with doping concentrations up tox110' cm™3 _ o
gives an estimation for the defect concentration in the cas- The ion mass effect on the dominating vacancy related
cade region as=10'° cm™3. This value is in accordance deep levels in Cz-Si implanted with 4-MeV C ions and
with that from TRIM calculations in combination with esti- 6-MeV Si ions has been investigated by DLTS. It is found

V. SUMMARY AND CONCLUSIONS

mates for defect annihilation. that the intensity of DLTS signals for VO and,(=/-)
decreases, compared ¥6(—/0), with increasing ion mass
C. The effect of ion mass on VO and the effect is enhanced in the damage peak region. Cap-

) ture kinetics studies have revealed that the capture rate for
The decrease of the VO peak with respect to théyq and in particulai,(=/—) decreases with increasing ion

V3(—/0) peak in the DLTS spectra for heavy-ion implanted 555, while that fol,(—/0) has a weaker dependence on
samples(Fig. 1) can be accounted for big) a decreased jon mass. In this work, we suggest a model to explain most
generation rate of VO and/db) the same phenomenon of 4 {he experimental observations for the ion mass effect:
incomplete trap occupancy as in the cas&/gf=/—). At {he deviation from the one-to-one correlation between
this stage it is difficult to conclude which of these effects IS\/,(=/—) andV,(—/0), the decrease in the electron-capture
dominant. It should be mentlon_ed, howe\_/er_, that the ion e forV,(=/—), the broadening of the peaks, and the tem-
mass effect on/,(=/—) and VO is rather similar. The de- perature dependence of the ion mass effect. This model as-
crease in the intensities of both thig(=/—) and VO peaks g mes a local compensation of the carrier concentration in
relative to the Vo(—/0) peak in the Si-ion implanted highly disordered regions located within the cascade region.
samples, as compared to the C-implanted ones, is about{g,e similarity of the ion mass effect on th&(=/—) and
factor of 2(Fig. 1): Ag 44/ Ag23changes from 1/0.6 for the C v/ peaks may be considered as an evidence that local com-

sponding variation oA 44/ Ag 1gis from 1/1.2 to 1/0.6. Such

a similarity may suggest that the phenomenon of incomplete
trap occupancy, caused by local compensation, is also an
important contribution to the decrease in the intensity of the

VO peak.
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D. The influence of lattice strain
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