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We have considered five different models of charge transfer among coupled defect states in semiconductors
where the free-carrier density is limited by the density of unoccupied trap levels, as in the case of defect-
dominated materials. To determine the time dependence of the trap occupancy features, we formulate a set of
coupled differential equations that govern charge capture and emission processes for two defect states. A
numerical solution assuming model parameters for traps provides features of the trap occupancy as a function
of time. A critical comparison is made in occupancy features for different models, primarily categorized as
serial(hierarchical and parallel mechanisms of charge transfer. The model predictions are successfully applied
to a study of trapping kinetics of defects observed in heavily damaggpge silicon. We show that, in addition
to the occurrence of charge redistribution among multiple traps, the major trap in the damaged silicon exists in
two metastable configurations, perhaps with negatlvélubbard correlation energyand the stable configu-
ration refers to a midgap compensating center related to a small cluster of self-interstitials. The applicability of
our model simulations can be extended to more complex defect systems using a combination of these simple
models.

[. INTRODUCTION coupled to the lattice. Therefore, large lattice relaxation and
thermal barriers for capture have to be taken into account in
Deep electronic states induced by defects in crystallineany satisfactory description of spectra related to these deep-
semiconductors have been extensively studied through tHevel defects. Many important defects in semiconductors ex-
use of capacitance transient spectroscopic techniques suchtabit metastable behavidband a majority of these defects is
deep-level transient spectroscopPLTS)! and its many found to have interstitial characttHowever, very few such
variants> More recently, an isothermal spectroscopic tech-defects have been identified and understood so far in terms
nique called time-analyzed transient spectroscop§TS)®  of fundamental characteristics and the physical mechanism
has been demonstrated to be advantageous in comparisondausing the conversion from a stable to a metastable configu-
the conventional DLTS technique, especially where the infation. Coupling among metastable defects has been invoked
terpretation of the DLTS spectra is questionable due to itsn many physical systems to account for the observed occu-
inherent limitation of being a temperature scanning techpancy features in studies involving depletion layer spectros-
nigue. Both these techniques are based on variations of thepy. Various cases of charge-state-controlled metastable de-
capacitance of a diode as a measure of the number of chargiests have been reported in the literatifte!® and their
trapped within its space-charge region. These techniques pririgin ascribed to various causes such as strong coupling to
marily allow a determination of important defect parametersthe lattice, negativdd (Hubbard correlation ener@gyand
such as defect concentration, energy level, thermal capturentropy-driven spontaneous changes in configurafidul-
cross section, defect profile etc. Moreover, the behavior ofiphonon recombination at defects with large lattice
the spectral line shape as a function of the filling pulse durelaxatiort* has been proposed to stimulate metastability in
ration can provide additional information on the defect ge-the case of compound semiconductors. From recent studies
ometry, the structure of metastable deféctscoupling on the metastability of carbon-related defects and the S-Cu
among defect statdsthe distinction between pointlike and complex in Si, it has been concluded that excitonic Auger
extended defectsetc. capture is an important mechanism for configurational
Standard DLTS analysis for a pointlike defect assumeshange of metastable defeéts.
that the capacitance transient associated with electron emis- Defects with an unusual dependence of the DLTS line
sion obeys an exponential decay law. However, multiplyshape on the filling pulse width have been reported in several
charged defects yield DLTS spectra that are often difficult tostudies:>** Hummelgen and Schroter observed deformation-
interpret. These difficulties arise from the multistep kineticsinduced defects ip-CdTe whose DLTS spectra show a de-
of carrier capture at these traps and of their nonexponentiarease in amplitude with an increasing filling pulse width. A
emissions. The problem becomes even more complicated #imilar behavior was observed imtype HgCd, ,Te by
one of the defect charge states is metastable or strongBarbot et al'® Their samples, containing dislocation loops
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generated by ion implantation, showed two peaks with arthis condition is naturally satisfied. The physical characteris-
unusual dependence between their amplitudes and fillingics of each of these models are briefly presented below.
pulse width. Many of the reported results present an incom-

plete interpretation of the spectra due to a lack of proper A. Internal conversion

models of coupling mechanisms and inherent limitations of
the respective techniques used. A general formalism fo .
treatingpthe coupled trgpping Kinetics gamong multiple state rom shallow to deep states. While the shallow state has a

would enable one to understand and isolate the nature &mall barrier to capture, the deep state has a large barrier and

coupling and possible metastable behavior of defects cannot localize an electron directly from the conduction
In this paper, we first analyze various models of Couplingband. Both states, however, emit carriers to the conduction

among defect states and the corresponding charge-transi%?nd' A schematic Of. this model is shown in FigAJ, with
levels 1 and 2 showing relevant charge states after capture

mechanisms by solving kinetic equations to obtain the dis- L ) o9 :
tinguishing features of trap occupancy as a function of time.and emission. The correspondmg Kinetic equations govern-
Significant characteristics so obtained are used for modél'd their occupancy can be written as
distinction in real systems. We successfully apply our model
to unravel the coupling mechanism among multiple traps ob-
served in ion-damaged silicon. A critical comparison of ex-
perimental and theoretical occupancy features suggests the
involvement of a defect with two different configurations. It with a crucial constraint on the number of electrons as
is also emphasized that isothermal spectroscopic method

such as TATS should be preferred over the conventional n=1-n;—n,. (€

DLTS technique to correctly analyze trap occupancy

Here we consider two states which can have conversion

Ny=—eN;—epNy+cinN(1—n;—ny), (1

Ny=€12N;1—E5N7, (2

n, andn, refer to the concentration of filled levels,is the

features. free-electron concentratiore; and e, are their respective
emission rates, ang, is the rate of conversion from state 1
Il. MODELS OF CHARGE TRANSFER AMONG to state 2. Note that in the equations above, we have normal-

COUPLED DEFECT STATES ized all concentrations by the total trap concentratibiq)(
for ease of calculations. The normalizing factéds is in-
In a typical capacitance transient measurement, the tragguded in the capture coefficient, and this convention is
are filled with charge by collapsing the depletion region dur-followed in all subsequent discussion.
ing a filling-pulse time {¢), and emptied during a relaxation  The effective emission rate of states 1 and 2 can be given
time (t;) what is usually measured is the magnitude of theby
capacitance transient during trap emptying. In trapping kinet-

ics studies, for a simple point defect, the trap occupancy e;=e;+ery, (4)
monotonically increases with increasing filling timtg)( and
finally reaches saturation for longer filling times. In such a e,=e, ()

case, the change In trap occupancy for different f|II|_ng F'mesand the effective occupancy at any instant in state 1 and 2
follows a semilogarithmic plot. However, complications

arise in the presence of multiple states which may be couple(éan be given by

through d|ffe_rent mechan]sms. A simple way to classify dif- N =ny1—e/(ep+e—ey)l, (6)
ferent coupling mechanisms is by noting whether such
charge transfers are seridilierarchical or parallel. In the ny=n,[ 1+ e/ €15+ €1—€,)]. @)

case of a serial coupling, the occupancy of the states pro-

ceeds sequentially from one localized state to another. In The set of equation$l) and (2) is solved numerically
contrast, for parallel coupling, such transfers are indirect angising model parameters. The result of such a simulation is
are mediated by the bands, for example by a recapture Ghown in Fig. 2a), and the simulation parameter are pre-
carrier into a slow emitting state after emission from a fastsented in Table I. Note that the observed emission rates and
emitting staté.’ In a real system of defects, there can also begffective emission rates are modified due to the occurrence
many combinations of such serial and parallel processes. of charge transfer even during emission. The reduction of
Here we will consider five simple models of coupled ki- gccupancy for the fast state for a longer filling time, as seen

netics among multiple states for a detailed analysis. In ordef, Fig. 2(a), is characteristic of this type of coupling.
to make a comparative study of different models, we first

formulate their kinetic equations and use numerical simula-
tions to obtain their occupancy features, which is usually
obtained from typical variable filling-pulse-width experi-  Here two different charge states of the same defect is
ments. In the first two models, the charge transfer is serial ifonsidered. A schematic of this model is presented in Fig.
nature, while in the latter three it is parallel in nature. Forl(B), and the corresponding rate equations can be expressed
simplicity, we have considered models with only two states&S

These states are assumed to be of donor type, and free car-

riers are supplied by the ionization of these states. This latter ny=—en;—eNy+cin(l—ny—ny)—conny, (8
assumption is important in controlling the carrier dynamics )

of trapping and detrapping, and for compensated material n,=cyNN;—eyn,, 9

B. Two distinct charge states
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Other symbols have their usual meaning as described in Fig. g0z ]
1(A). Here state 1 is assumed to be a singly charged state, 3
and state 2 refers to doubly charged state. 0.0 g
The result of simulation using Eq&3)—(10) is shown in Log(time/s)

Fig. 2(b). Here the defect states have been assumed to have a _ ) _
positiveU, i.e. the second charge state is deeper than the first FIG. 2. Trap occupancy features as a function of time, for dif-
charge state. Note that the rate of increase of the occupand§fent models of coupling presented in Fig. 1. The parameter values
of the higher charge state is proportional to the occupancy dfS€d for simulation are mentioned in Table I.

the lower charge state. As a consequence, its occupancy in- L
creases with an effective time lag. A critical comparison ofpIeOI cha_rge states of the_defe_zct, _con5|der|ng only eleciron-
features with different models is presented in Sec. Ill electron interaction. The situation is schematically presented

in Fig. 1(C). The corresponding rate equations can be written

as
C. Two distinct negativeU centers
Here we consider two distinct centers with concentrations n;=c,n(N7;/Nt—ny)—eny, (11
N1, andN1,, and they are taken to be negatieeenters,
i.e., their doubly charged state is shallower than the singly Ny=CoN(Nya/Ny—Ny) — €Ny, (12)

charged state. If the electron-phonon coupling is stronger

than the Coulomb repulsion between two electrons, themvhere

negativeU is favored'® Positive U refers to the positive

difference in binding energies for singly and doubly occu- n=1-2n;—2n,, (13



PRB 62 CAPACITANCE TRANSIENT SPECTROSCOPY MODH.. . . 2499

TABLE |. Various models of coupling for charge transfer among two defect states, with simulation parameters and some examples of
physical systems reported in the literature.

Models of coupling Simulation parameters {§ Charge transfer Examples with reference

€ € C1 C2 €12
Internal conversion 96 - 81® - 2.8 serial Si(Ref. 23, Al,Ga, ,As (Ref. 22
Two charge states 9.6 0.36Xx80% 12x10¢% - serial Si(Ref. 24, Al,Ga, _,As (Ref. 27, InP (Ref. 10, etc.
Two distinct centers witty<0 9.6 0.36 & 10* 12x10¢° - parallel ALGa,_,As (Ref. 30, Si (Ref. 29
Two configurations wittJ>0 9.6 0.36 & 10? 12x10? - parallel HgCd,_,Te (Refs. 12 and 25 Al,Ga _,As (Ref. 31
Two configurations witHJ<0 9.6 0.36 &10° 12x10¢° - parallel Si(Ref. 15, this work

and total trap concentratioN;= Ny, + Ny,. The factor 2 in  where
Eq. (13) appears due to the negatilleproperty of the de-
fect. n=1-2n;—2n,, (19

The results of simulation are shown in FigcR As de-
picted in Fig. 1C), note that this model considers a parallel The results are shown in Fig(é. The occupancy features
process of charge transfer between different states in contragfe very similar to those of Fig.(l) model.
to the first two cases of serial process. In this model, if a
large number of shallow donors is introduced, i.e., the con-
dition of Eq. (13) is relaxed, then no charge transfer will be IIl. DISCUSSION ON MODEL DISTINCTION
observed. The distinctive feature of this model in contrast t0 \y/e have considered five different models of coupling be-
the models of Figs.(®) and 1B) is the simultaneous growth yyeen two defect states. The model parameters used for
of occupancy of states 1 and 2, and for filling times largergimyation are listed in Table 1. In the first two cases, charge
than the emission time constant of state 1, there is a marked essentially transferred through a hierarchical prdess
growth of state 2 which is at the cost of decrease of 0CCUggyig| process, whereas the last three models deal with par-

pancy of state 1, a faster emitting state. allel process of transfer. In each case of simulations, the
_ _ _ common constraint we have assumed essentially is on the
D. Two configurations of a defect withU>0 number of free carriers which is taken to be dependent on the

Here it is assumed that the same defect can have multipleUmber of ionized donor states. Except for model of Fig.
configurations, and it can switch between these configural(C), in all the models the coupling between the two states is
tions by emitting an electron from one configuration andinbuilt and thus charge transfer will be observed irrespective
capturing an electron into the other configuration. These corf the above constraint. In case of deep defect dominated
figurations have been assumed to introduce positivevels materials, this constraint is naturally satisfied due to compen-

[Fig. 1(D)]. The rate equations can be expressed as sation effect, as in the case of silicon relaeX center in
GaAl;_,As?® damage-related compensating center in
ny=cin(1—ny—ny) —eqny, (14  heavy-ion-implanted silicofy, etc.

A critical comparison of the characteristics of the simu-
(15) lated curves reveals that in the case of a serial model, ini-
tially the occupancy of the slow states is very low compared
where to the fast emitting state. This is in contrast to the parallel
model, where individual occupancies are substantial even for
n=1-ny—n;. (160 short filling times irrespective of the emission rate. Thus it
The results of such simulations are shown in Fig)2Note ~ May be treated as a primary guide for model distinction in
that the occupancy features are similar to the results of Figdnalyzing experimental data. o
1(C), except the fact that there is substantial decrease in the Noteé that the basic occupancy characteristics of all the
occupancy of state 1 for larger filling time and the corre-three parallel models are quite similar. However, the model
sponding state 2 occupancy becomes very high: i.e., for larggf Fig- 1(C), which is based on two distinct negatikeeen-
filling time all the states of configuration 2 are filled. ters, is qualitatively different from the models of FiggDl
and XE) in regard to the dependence of the model of Fig.
1(C) on the number of free carriers, as argued earlier. More-
over, it is to be noted that the reduction in occupancy at
This model is identical with Fig. (D), but now with the  |onger filling time for the fast state is substantial in the mod-
two configurations introducing negatié-energy levels. els of Figs. 1D) and XE), compared to the model of Fig.
The situation is schematically presented in FigE)L The  1(C). In a parallel mechanism, the electrons emitted from the

hzzczn(l—nl—nz)—eznz,

E. Two configurations of the defect withU<0

relevant rate equations can be expressed as fast state are recaptured into the slow state, and the relative
. occupancies of the two states in the short filling region is
np=cin(l-—n;—ny)—eny, (170 governed by the product of their respective capture rates and

_ the probabilities of occurrence. However, in the steady state
n,=con(1l—n;—ny)—eyn,, (18  the slower state gains significantly at the cost of the faster
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state, and occupancies are largely independent of capture and
emission rates.

The models we discussed above have been invoked in
various physical systems, especially in the study of defect
metastability, which are often charge state controlled. The
mechanism of the model of Fig(A), i.e., internal conver-
sion, was suggested for charge transfer between siliz¥n
states in AlGa,_,As.??> Multistable defect configurations

0218 py 18 ¢ _100us

t=2.7 ms

and internal conversion between them have been reported for g
interstitial-carbon substitutional-group-V-atom pair defects A
in electron irradiated silicof® Traps with two charge states o2
which present strong coupling to the lattice have been ob- 5
served in a variety of semiconductors, for example, iR*Si, -§’0-1
InP% Hg,Cdy_,Te? GaAs?® and ALGa_,As? which 2ol
<0.

were mainly analyzed through DLTS studies without at-
tempting such model formalism. As the DLTS technique is
based on the temperature scanning method, inherent limita-
tions of the spectral line shape due to a temperature-
dependent prefactor in the capacitance transient, and the pos-
sible presence of a thermally activated capture process, may
lead to a misinterpretation of the result. Such problems can 028 o t=155
be easily overcome by using single-shot measurements at a

particular temperature, and by performing a spectroscopic f
analysis for isothermal transients taken for different filling ook’ . . :
times. Any isothermal transient spectroscopic technique will 3 2 0 1
be more powerful to analyze such phenomena. We have re- log(time/s)

cently demonstrated the use of TATS, an isothermal spectro-

scopic t.e‘Chqu!e’ N “”de’St?‘f‘d'”% the trapping klnet'lcs OI( for different filling times ¢;), showing progressive changes in
defects in heavily damaged silic8it° and theDX center in occupancy for a high dose (10 cm™2) Ar*-implanted sample.

6
AlGa _,As.” PeakP1 is fitted (dotted ling with two different center$1A and
Model of Fig. 1(C) has been suggested by several clustelp1g and peakP2 is fitted to a Gaussian-broadened pdttie

calculations performed fobX centers in AlGa_AS™ A fy|l width at half maximum is 25 me)with separate dotted line in
similar model was invoked recently in the study of chargefamee.

redistribution among multiple traps in heavily damaged

silicon? Figure AD), i.e., a model of a defect with two o def in heavilv d d sili The def
different configurations, has been invoked in several®" efects in heavily damaged silicon. The defects are cre-

studiest?1325 Two defect configurations with positiveJ ated by MeV Af -ion implantation with considerably high
were suggested by Morgrin a study of theDX center in ~ doses (510-1x 10 cm?), but below the amorphiza-
Ga Al As, whereas Su and Farmésuggested negative- tion threshold. More detailed information on experimental
U configurations in their study on the same system. In addiconditions and properties of the defects under consideration
tion to various studies on metastable defects using DLTSWas reported elsewhefé*** For as-implanted silicon, a
optical techniques have also been used to study metastattenventional DLTS spectra shows the presence of a
defects in electron irradiated &i. divacancy-related trap and a damage-related defect which
In general, though it is not straightforward to distinguishhas been ascribed to interstitial complex. To unravel any
between serial and parallel kinetic mod@ldue to the lack possible coupling between these defects, we performed a
of a simple set of criteria, our simulation results provide avariable filling-pulse-width transient technigue in the isother-
clear guideline to identify the suitability of a particular mal spectroscopic mode using TATS. To overcome the prob-
model in a real set of spectra. It is worth mentioning that forlems due to the high trap density and series resistance effect
metastable defects, transformations occur among differergn a transient signal, a constant capacitance mode of opera-
configurations of the same defect, and the total concent.ratic_mbn was implemented using a feedback circuit, and voltage
of the metastable defect is the sum of the concentration ifansients were used to monitor the trap occupancies for fill-
each configuration. This total concentration is constant. Thehg time over five orders of magnitude in time. Using higher-
simple formalism presented for two defect states can be eagrder TATS(see the Appendix it was found that for lower
ily extended for a greater number of states as well. A comyilling times (t; of the order of a fewus), the well-known
bination of models can also be invoked in a real system ofjjyacancy-related peak constitutes two peaks whose occu-
data. pancy changes nonmonotonically with filling tirffieFor a
longer filling time, the peak height saturates, and constitutes
only one peak which is usually attributed to divacancy trap.
In Fig. 3, we show a set of TATS spectra for progres-
In this section we will consider the applicability of the sively increasing filling times over five orders in magnitude
models discussed above to trapping kinetics data obtaine@nging from 100us to 15 sec. Pealkl1 is fitted (dotted

0.1

FIG. 3. First-order TATS spectra of ion-damage®i at 217.6

IV. APPLICATION
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’_g e AARAREALES ma sy R these defects, in the present case the key observation is that
‘H 04| mP1A Ar*: 5x10" cm™ ] shallow states lose charges to deeper ones, when filling times
2 s F1B A ] are larger than their characteristic emission time. This sug-
o 7 \ ] gests a redistribution of charges through multiple trapping.
50'3 N _7.< T ><*’*'. For filling times ;) shorter than the characteristic emission
o F _? " 7 o—e] (a) time (7,) of a particular level, the occupancy increases in
Toz2f /‘ oo\ Ts 7 proportion to the product of its capture constant and the
d N\ ] number density of empty states. Fgi> 7., emitted elec-
5 ok 1'(/ . ] trons from shallow states are recaptured by deeper states.
- / - The situation can be modeled using the following rate equa-
g ek ~* tion for three independent traps :
d‘: 0.0 AR S T I U T
-4 -3 -2 -1 0 1 L N -
Log(filling time/s) ni=—en;+cn(Nyi/Ny—n;), i=1-3, (20
“w 0.20 prr——r—e———————————— with a constraint on number of electrons as
3'5 [ 2 pi1A Ar*: 1x10" em™ ]
5 gk N ] :
Goasf*FEL e ] n=2, (Nri/Nr=ny), (20)
& g O 1) RN — =1
: 0.10 St N /’t ST wheren; is the concentration of occupied states for itte
= [ * ] level with g; andc; its emission rate and capture constants,
71 e / (b)
g [ * and Ny; its total concentration. Equatiorf20) and (21) are
= 0.05 [ AN ] normalized with respect tdl;. Results of numerical solu-
aa / . NS 1 tions of the above set of equations are shown in Fi@.5
* ~8-p.3
3 o *_*/*/ " We have used model parameters ot (with equal concen-
M 0.00 b ] trationg and c; and experimentally determined time con-

2 3 2 -1 0 1

Log(filling time/s) stants ) for this simulation.

A distinctive feature of the occupancy data of this model,

FIG. 4. Occupancy characteristics of individual peaks as a func@SSUMINg independent states, is that the final equilibrium
tion of filling time for samples implanted with doséa) 5x 103  concentrationnormalized of the fastest trapR1A) is not
cm 2 and(b) 1X 10" cm2 of Ar* ions. Arrows indicate the mea- as low as the one seen in the exper_lmental occupancy feature
sured emission time constants) (for the corresponding centers.  (See Fig. 4. It is also found that this feature is not merely
dependent on the choice of capture and emission parameters,
. i~ . but is an essential characteristic of these sets of equations.
lines tp two em'“”?g centersR1A qnd Pl.B) assuming a - g suggests that the fastest pe&klA) and the slowest
Gaussian broadening of 10 meV in activation energy for eak (2) may not be independent, as we have assumed
each of them. The time constant for each peak is obtaine ence we modify the above model to include the assumption

forgg e;gsnrgsnt:;;p; ﬁ:grfeogst:: mgzggg%:lregﬁt';?& that peaksP1A and P2 are two different configurations of
pancy P Y, the same defect. This additional constraint modifies the

rates for a ang filling time. T_he pegk is fitted with a G.aus.s'above rate equations as follows :
ian broadening of 25 meV in activation energy, which is
believed to result from a damage-induced strain surrounding

the defects. The peak intensities obtained from such an N =CiN((Nt1+Np3)/Nr—n;—nz)—ejn;, (22
analysis have been plotted as a function of the logarithm of :

filling time in Figs. 4a) and 4b) for samples implanted with N2=CoN(Nr2/Ny—nz) —€zny, (23)
two different doses. PealR1A initially increases, going .

through a maximum at a filling time approximately equal to N3=CzN((Nt1+Nr3)/Ny—ni—nz)—esns, (24
its emission time constant. The increase of p&occurs : :

when, peakP1A starts to decrease. Pe&lB also goes with the constraint on number of electrons as

through a maximum for longer filling times. These general n=1-n;—n,—ns. (25)

features are common to samples irradiated with both high

and low doses. Clearly this is a case of coupled carrier kiFigure %b) shows the occupancy behavior in such a case,

netics with multiple traps. Note that the apparent shift ofassuming the same emission and capture time constants as in

peaksP1A andP1B is not due to any change in energy of the earlier case. Here we have assumed tHai+ Ny3

the defect in question, but rather to a relative occupancy=0.5Nt and N1,=0.9N;. This occupancy feature closely

change of the constituent peaks. resembles those of experimental features of Fig. 4, particu-
In the light of the models discussed in Sec. llI, thereare larly relating the reduction of occupancy of peBRA for

priori many possible-coupling mechanisms that can give riséonger filling times. Hence the defect related to pdakA

to such features, viz. multiple-charge states of the same dean be considered an unstable configuration of déf@ctfor

fect, an internal conversion from a metastable state to &igher filling times, configuratiorP2 dominates. A more

stable state, different configurations of the same defect, etcareful comparison of Figs. 4 andt® reveals that in the

Before we attempt to pinpoint the mode of coupling amongsimulated curves, the reduction of peR&B for longer fill-
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' ' ' ' configuration of the defect, while the slow st§peakP?2) is

041 12,3: All independent ] a relaxed configuration of the same defect. Negativbe-
03k 3] havior has been argued to be consistent with a large lattice
R relaxation model in the case ofaX center’® We anticipate

small interstitial clusters to behave as negativezenters
possibly along with large lattice relaxation. Further, a charge
redistribution among multiple states, as observed here, is
consistent with the framework of a broken bond negative-
e TSV RPT model which incorporates a large lattice relaxation model,

o
]
T
—
L

b
—_
T
L

o
o

4 B8 &2 1 0 1 which has been argued in the case @ X center:’ Isolated
0.4[ 1 and 3 dependent (U)0)- interstitial Si (Si" ,Sf) has been predicted to have a
3 negativetJ behavior, and possesses metastability due to its
03} 2 on- or off-center position in the lattic8.As the defect re-
sponsible is believed to be a self-interstitial cluster, it may
02} . involve a substantial lattice relaxation in the formation of a
stable structure of this defect, and may give rise to negative-
01rp ] U behavior. However, a more direct verification of this
1 negativet) behavior can come from low-temperature photo-
0.0 =1 conductivity studies’
ou 7 T 3 Hependent (0(0) The co_ndition of Eqs(2_1) or (25 is clearly satisfied in
AT 3] our experiment in the region of heavy damage. We not only
have a large number of traps, but also the region is converted
03| ] to a highly compensated regiéhAlso, note that the time

scale of the dynamics is considerably slow due to the limited
availability of free carriers in the damaged region, enabling
capture measurements on a convenient time scale. For ex-

Occupancy (Arb. units) T Occupancy (Arb. units) © Occupancy (Arb. units)
[=3
v
®

01p ] ample, in the case of a divacancy level whose capture cross
0.0 beeerr e section is 3< 10~ cn?, the filling time in the normal case
Y4 3 -2 -1 0 1 with a free-carrier concentration ofx110*> cm™2 would be
(© Log(time/s) of the order of a few tens of nanoseconds. In the damaged

region, however, the carrier concentration is down to near-

FIG. 5. Simulated occupancy characteristics of three trap leve"?’ntrinsic levels, and hence the dynamics is slowed down to a

found by solving rate equations under the condithdp>n (a) as-

suming three independent trap levels with equal concentratibps; mﬂil:SheCOI’]d sgglte:b i ltiole t b d
assuming that are fastest and slowest states are two configurations arge reaistribution among mullipie traps was observe

o . 17'6
of the same defect, with >0 (c) two configurations withty<0. I the case of a silicon-relatdalX center in ALGg, _,As.
Parameters used for the simulations ase-1000, c,=400, c; !N hydrogenated amorphous silicon, the process of charge
=80, e;=200, e,=40, ande;=0.7 (all in s~ * unity). redistribution from shallower to deeper states distributed ex-
ponentially in energy was invok&din interpreting trapping

ing times is not as large as seen in the experimental data. Féfetics data which were originally explained to be due to a
a more accurate description of the coupling among thesBrogressive deepening of emission energy states during cap-
three defects, we assume that defects related to feaks  ture due to a defect relaxation procéSsiere we provide a
andP2 introduce negativé} levels into the band gap. In this cléan demonstration of charge redistribution among coupled

case, the rate equation of E482)—(24) remains the same, defect Ievel_s. The majpr defect in .as—im.planted silicon was
except, for the constraint on the number of electrpis. found to EXI'St in two different (_:onflg_uratlons, and the shal-
(25)] which will be modified as I_oyver state is an unstable configuration, observable at lower
filling times.
n=1-2n;—n,—2n;. (26) Defects created by electron irradiation in Si produce a
variety of metastable defects, most of which are related to
The result of this analysis is shown in Fig(ch which interstitial defect§®32*!In contrast to the case of electron
matches very well with the experimental features. It can berradiation, MeV heavy-ion irradiation generates a large
noted that the growth of peaR?2 is primarily at the cost of number of interstitials, which can migrate and agglomerate
peak P1A, while peakP1B also contributes to growth of to form stable clusters. From a more detailed investigation of
peakP2 for a filling time longer than its characteristic emis- electrical properties of these defects in as-implanted and low-
sion time. Thus our simulation shows that a proper descriptemperature annealed silicon, we have proposed that these
tion of the coupling among pealkslA, P1B, andP2 canbe  defects are primarily related to interstitial clust&t&hough
made by assuming that peaR4A andP2 are two configu- a detailed understanding of cluster behavior is lacking at
rations of the same defect having negativesharacter. The present in the literature, recent theoretical studies on defect
negativeU could arise due to a strong coupling of the defectclusters(e.g., vacancy and interstitial clustgrisave made
to the lattice relaxation and vibration. In analogy with the several predictions about the total energy, relaxed atomic
case of theDX center in AlGa _,As, it is quite plausible configurations, electronic structure &t Ground-state en-
that the fast statépeak P1A) could be due to a unrelaxed ergy calculations of various interstitial clusters predict that a
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four-interstitial (,) is a stable structure with a reasonably metastable state. A closer match with experimental features
low energy*® Though there has been a lack of consensusould be obtained if the two interdependent states are as-
about the electrical signature of stable defect clusters frorsumed to possess negatidebehavior. The major defect is
theoretical predictions, recent experimental studies by Bernbelieved to be related to a small interstitial cluster where
ton and co-workefé“® on self ion-implanted and annealed metastability may result from many-body relaxation process.
silicon shows that a number of electrically active states reThe model formulation presented here can be easily ex-
lated to interstitial clusters are introduced in the band gap ofended to a more complex system using a combination of
both n- and p-type silicon. We believe that the dominant these simple models.

electrically active defect peakPQ) observed in our experi-

ment is due to interstitial clusters of small size. These clus- ACKNOWLEDGMENTS

ters eventually give rise to well-knowf811 defects during _
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bution and the degree of disorder in the defect surrounding iY@l

also an indication in support of this. Here it is important to

emphasize the importance of using a single-shot isothermal APPENDIX

spec_troscopic technique suqh as TATS in mqnitoring the Time analyzed transient spectroscd@ATS)? is an iso-
relative trap occupancy, and in arriving at a particular modelerma| spectroscopy in the time domain. It is analogous to
of charge transfer. In temperature scanning SpectroSCOPYy| TS which is in the temperature domain. The firsByY

such as DLTS, a sensitivity of signal to filling time and its 54 second orders,) TATS signals are given by.
temperature dependence can lead to erroneous conclusions.
Si()=C(t) = C[(1+pt], (A1)

V. CONCLUSION
S,(t)=C(t)— L.5C[(1+ y)t]+0.5C[ (1+ y)*t]1,
We have presented a comprehensive analysis of several (A2)

simple models of coupled trapping kinetics among multiple . . . .
defe?ct states, monito?ed in z?typical capacitance transielwhere.c(t) is the capamtar)c_e transn=;nt, apds a selectable
spectroscopic measurement of charge occupancy. Assumirft perlme_ntal cons_,tant d_efmmg_movmg rate window. For an
two defect levels coupled through a common constraint of pqnentlal transient with a time con;tant S(1) has_ a
free-carrier density, we solve coupled differential equationdn@ximum when plotted against fji(and it occurs at a time
governing their trapping and detrapping kinetics, and derivdm 9iven by
the relative occupancy of each state as a function of time.

The occupancy features of five different models have been T= % tm- (A3)
critically assessed, with a view toward setting a criterion for n(1+vy)

model distinction in real systems. We successfully apply ouThe peak value of the TATS signal is a measure of the
analysis in studying kinetics of charge relaxation from de-strength of the exponential. One of the principal advantages
fects in heavily damaged silicon. We demonstrate the occuref time domain spectroscopy such as TATS is that the line
rence of charge redistribution among multiple defects in asshape of a peak is independent of the trap parameters or the
implanted silicon. From a careful analysis of the occupancyange of time and temperature. Other advantages include the
features of experimental data and data obtained from simuwstraightforwardness of the analysis for a non-Debye trap sig-
lation assuming three defect states, it was found that theature, and its suitability for studying trapping kinetics at a
major defect is a stable configuration of another shallowefixed temperature.
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