
JOURNAL OF APPLIED PHYSICS VOLUME 84, NUMBER 4 15 AUGUST 1998
Electrical characterization of MeV heavy-ion-induced damage in silicon:
Evidence for defect migration and clustering

P. K. Giri and Y. N. Mohapatraa)

Department of Physics, Indian Institute of Technology, Kanpur 208016, India

~Received 1 December 1997; accepted for publication 29 April 1998!

We have studied electrical activity of defects created by high-dose MeV heavy-ion implantation in
n-silicon. Heavy damage induced by Ar1 and Au1 ions is embedded within depletion layers of
Schottky diodes. The defects are characterized using capacitance–voltage (C–V), current–voltage
(I –V), deep-level transient spectroscopy~DLTS! and time analyzed transient spectroscopy
techniques. Large concentration of defects in the depletion layer of as-implanted device lead to
unusual features inC–V and I –V characteristics. The damage layer is found to extend several
microns beyond the ion range or the damage profile predicted by standard Monte Carlo simulation
packages. The dominance of a single trap in the damaged region is established from hysteresis effect
in C–V, space-charge-limited conduction in forwardI –V and DLTS spectrum. With annealing in
the temperature range of 400–600 °C, the observed changes in the defect profile indicate that the
effective electrical interface between damaged and undamaged layer moves progressively towards
the surface. From transient spectroscopic analysis the major defect is found to be a midgap trap
whose energy is sensitive to the degree of disorder in the damaged layer. The experimental features
in C–V characteristics have been simulated using model charge profiles taking into account
crossing of the Fermi level with the midgap trap within the depletion layer. The simulations suggest
the presence of a compensated region and a sharp negatively charged defect profile at a distance
much larger than that expected from ion range. Our results constitute experimental evidence, in
qualitative agreement with recent predictions of molecular dynamics simulations, of defect
migration and clustering of interstitial related defects even at room temperature in the case of
high-dose irradiation. ©1998 American Institute of Physics.@S0021-8979~98!06115-5#
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I. INTRODUCTION

There has been a recent thrust in studies of defects
duced by high-dose irradiations of MeV heavy ions in sem
conductors motivated by the increasing importance of s
ion beams in processing technologies.1–3 At present, it is not
clear as to which aspects and to what extent our underst
ing of light particles, low-energy, and low-dose implantati
can be carried over to the cases of high-dose, high-ene
and heavy-ion implantations. There are likely to be sign
cant differences in the nature of evolution of damage, dis
bution of defects, and their electrical manifestation in the
different ranges of parameters. In spite of considera
progress in studies on implantation-induced damage, the
clearly two discernible limits of damage which have receiv
most attention. At the lower limit of damage, only isolat
point defects occur, which have been studied in great de
by techniques such as electron paramagnetic resonance
deep-level transient spectroscopy~DLTS!.4,5 In the limit of
high damage the focus has been on the formation and
lution of extended defects accessible to structural tools s
as cross-sectional transmission electron microscopy.6 The in-
termediate regime of damage, though inaccessible to con
tional probes, plays an important role in many phenomen
current interest such as defect clustering, transient enha
diffusion,7 modification of properties of buried layers as

a!Electronic mail: ynm@iitk.ernet.in
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rare-earth doping, etc.8 Recently, there has been simulation
studies using molecular dynamics in this regime,9,10 though
empirical studies for comparison are lacking. In a rec
study, Bentonet al.11 have attempted to trace the evolutio
of damage induced by MeV Si ions in Si with dose a
annealing in an effort to provide what they term as t
‘‘missing link’’ between point defect and extended defe
regimes.

Electrical studies in the high damage regime have b
meager, principally because they have been restricted to
sistivity profiles,12 and therefore, defects controlling com
pensation and trapping are the least understood. Studie
volving the electrical characterization of point defec
particularly those involving depletion layer capacitance a
transients, deliberately avoid complexities attributable
heavy damage in order to preserve the validity of the te
niques used and the simplicity of interpretations. There i
strong need for attempts to extend the scope of such t
niques, thereby identifying the electrical manifestation of d
fects distinct to the regime of heavy damage. We show h
that such studies would be helpful in issues of recent conc
in heavy-ion implantation such as long-range defect mig
tion, disagreement between predicted and observed de
profiles, and evolution of defect clusters.11,13,14

In this work, we have investigated the electrical ma
festation of damage in MeV heavy-ion-~Ar1, Au1! im-
planted Si. Steady-state capacitance measurements have
carried out on Schottky diodes, with the damaged layer e
1 © 1998 American Institute of Physics
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bedded within the depletion layer, as a function of the vo
age sweep rate, temperature, and annealing conditions.
usual features in capacitance–voltage (C–V) and current–
voltage (I –V) characteristics have been correlated with
defect-dominated nature of the damaged layers. Nume
simulations with model charge profiles are performed to
produce the experimental features ofC–V characteristics.
Issues of defect migration and clustering have been discu
in view of these results. Transient spectroscopic metho
namely, deep-level transient spectroscopy and time analy
transient spectroscopy~TATS! have been utilized to isolat
the dominant defect in these materials.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Epitaxial layers of phosphorous-dopedn-Si with resis-
tivity 2–5 V cm were used for this study. Vacuum annea
back Ohmic contacts were made on then1 substrate. The
wafers were irradiated from the front side at room tempe
ture using a 2 MeV Van de Graaff accelerator with Ar1 ions
at doses 531013 and 131014 cm22. These fluences are be
low the amorphization threshold of Ar1 ions,15 and were
chosen so as to create heavy damage typical of high-d
applications without causing amorphization. The beam c
rent was chosen below microampere to avoid any signific
heating of the sample during irradiations. A few samp
irradiated with 4.6 MeV Au1 ions at a dose of 5
3109 cm22 were also studied for comparison with Ar1 ions.
Schottky contacts were made by evaporating gold dots
mm diam. The as-implanted samples did not receive
other high-temperature annealing except for heating at 70
for 30 min for curing the contact epoxy. A few finishe
devices having implant-induced damage were oven anne
at 160 °C for 30 min to study any possible damage rel
ation. To monitor the effect of annealing, two groups of
radiated wafers were annealed in vacuum ('2
31026 Torr) for 30 min at 400 and 600 °C prior to Schottk
contact formation.

B. Measurements

Capacitance measurements were done using a Boo
capacitance meter~model 72B! operated at 1 MHz. All tran-
sient measurements were carried out using an autom
setup. Typically, in aC–V measurement, unless otherwi
specifically mentioned the bias voltage is changed from h
reverse bias to zero bias so that the time dependence o
trap occupancy does not affect the steady-state capacit
measurements. In DLTS measurements, at each temper
several transients~typically, ten! are acquired and average
DLTS signals corresponding to seven different rate windo
are obtained enabling construction of Arrhenius plots from
single temperature scan.

TATS is an isothermal spectroscopic technique based
the sweeping rate window in the time domain, which is
contrast to DLTS where the rate window is kept fixed a
the temperature is varied. TATS signalS is given by16

S~ t !5C~ t,T!2C~ t1gt,T!, ~1!
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where C represents the isothermal capacitance transien
temperatureT andg is an experimentally selectable consta
S(t) has a maximum at timetm when plotted against ln(t).
For an exponential transient of the time constantte , tm , and
te are related by

te5
gtm

ln~11g!
. ~2!

TATS being an isothermal spectroscopic technique, it
several advantages over DLTS, especially in the present
where the nature of transients is strongly temperature de
dent. We have demonstrated its efficacy in studies of de
processes in the case of semi-insulating GaAs,17 DX centers
in AlGaAs,18 and ion-induced defects in deep buried laye
in Si.19 In a typical TATS measurement, transient data a
acquired over 4 (1/2) orders of magnitude in time at a sta
lized temperature. To avoid nonexponentiality due to h
trap density, transient measurements were performed in
stant capacitance mode where the voltage transient is m
tored keeping the capacitance constant using a feedb
circuit.20

III. RESULTS

A. C – V characteristics

Figure 1~a! shows a typical 1/C2 versusV plot at room
temperature for unimplanted and Ar1 ion implanted samples
with two different doses. It can be noted that for the uni
planted samples, the curve is linear in the measured vol
range indicating uniformity of shallow doping concentratio

FIG. 1. ~a! Typical C–V characteristics atT5300 K for then-Si Schottky
diode before and after irradiation with various doses of Ar1 ions. ~b! Ap-
parent carrier-concentration profile obtained from differentiation of cur
of ~a!.
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However, for implanted samples there are distinctly two
gions @marked A and B in Fig. 1~a!# of which the linear
region A occurs for higher voltages and the flatter region
occurs for lower voltages. Since depletion widthW is pro-
portional to 1/C, Fig. 1~a! clearly shows that zero bias~or,
even for any particular applied bias! the depletion width sys-
tematically increases on increasing the dose of implantat
Similar qualitative features are observed for Au1-implanted
silicon even though the doses used are only 53109 cm22.

Figure 1~b! shows the apparent free-carrier concentrat
versus depletion widthW, which is obtained by differentiat
ing the curves of Fig. 1~a! for the unimplanted and implante
samples. For the unimplanted samples, the carrier profil
seen to be uniform and the concentration is in accorda
with the background doping of the epitaxial layers. For i
planted samples, the apparent carrier profiles show a s
rise for the lowestW corresponding to the flat region in th
respectiveC–V characteristics. It is known that the presen
of deep acceptors with peaked profiles~as usual in implanted
samples! cause artifactual peaks and dips in the carrier c
centration profiles obtained fromC–V.21,22 The nature of
our observations, on the other hand, seem to be distin
different in two respects. First, there is only a very sharp r
and second, the depths at which these sharp rises occu
very large, i.e., at about four times the zero bias width of
control diodes in the case of Ar1-implanted Si. We go on to
show that this feature in the carrier profile is an artifact d
to a large trap density in the region of the depletion lay
However, the location of this trap-dominated region lies
beyond the range predicted byTRIM23 ~transport of ions in
matter!, which is only 1.23mm. A large concentration o
traps is expected to be present in the as-implanted Si, bu
location is unusual.

The flatness in theC–V characteristic has been reporte
earlier in Mg1- and Ni1-implanted Si~Ref. 24! and in He
ion-implanted Si~Refs. 25–27! without a discussion of its
origin. Singh28 has attributed the occurrence of such flat
gions to interface states in Ni/nCdF2 Schottky diodes using
ideas suggested by Fonash.29 High series resistance in th
device can give rise to such features.30 Consequently, this
yields the wrong carrier-concentration profile. However,
our irradiated devices, independent measurement of the
sipation factor~vRsC, whereRs is the series resistance an
C is the actual capacitance! at various temperatures using a
impedance analyzer showed no significant effect of se
resistance in the capacitance measurement. The dissip
factor was found to vary in the range of 0–0.17, the lar
value being for higher temperature, in the temperature ra
of 100–310 K. The series resistance effect becomes sig
cant when the dissipation factor is comparable to or gre
than 1. Moreover, it can be shown that large series resista
gives rise to a minima in the 1/C2 versusV curve rather than
flatness as observed. Hence, this effect is a significant c
acteristic of the damaged region in the depletion width. W
go on to present more parametric dependence onC–V
curves in order to isolate the origin of these features.

C–V measurements were also carried out at vari
temperatures in the range 100–310 K. Figure 2 shows
1/C2 versusV plot for low-dose Ar1 ion irradiated Si mea-
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sured at various temperatures in the range 100–310 K
these measurements, at a fixed temperature the samp
initially kept at steady-state reverse bias and thenC–V data
are taken by changing the bias from high to low reverse b
The change in capacitance with temperature is seen to
large, as shown in Fig. 2. Note that as the temperatur
decreased fromT1 to T8 in Fig. 2, the depletion layer edg
for any particular bias~say, zero bias! lies deeper in the
sample. Further, the extent of voltage of the flatter reg
gets reduced and the curves at the lowest temperature
fully linear, indicating constancy of carrier concentratio
These distinct features taken together point to the invol
ment of traps in controlling the nature of the curves. Lar
changes in capacitances, say at zero bias, are an indicat
changes in the charged trap occupancy within the deple
layer with temperature. Clearly, the trapped charge is s
that the depletion width is large at lower temperature. F
higher temperatures and lower voltages, the traps seem
affect theC–V curve, their occupancy being controlled b
crossing of the Fermi level with the trap level within th
depletion layer. These systematics were observed in all
damaged samples. The increase in depletion width in
presence of the damaged region seems to be a consequ
of the acceptor nature of the dominant traps in the dama
region. These interpretations are further supported by
hysteresis measurements described next.

The trap-dominated nature of the damaged layer is c
firmed by observation of the hysteresis behavior in theC–V
measurement. Figure 3 shows 1/C2 versusV plots at a cer-
tain low temperature for different voltage sweep rates in b
directions of voltage change. A typical scan begins with d
creasing reverse voltage from a steady-state value. Note
the C–V characteristics depend on both the rate and dir
tion of the voltage sweep, clearly showing the hysteresis
fect. The occurrence of hysteresis can be easily understoo
terms of the presence of a large number of trapping cen
in concentration comparable to or larger than the backgro
doping. DuringC–V measurement, if the voltage sweep ra
is made faster/comparable to the trap emission rate, one
serves a difference in capacitance between the decrea
and increasing voltage sweep. For the fastest sweep rate

FIG. 2. C–V characteristics of as-implantedn-Si measured at temperature
~T1! 303.9 K,~T2! 278.3 K,~T3! 257.4 K,~T4! 237.9 K,~T5! 217.2 K,~T6!
186.6 K, ~T7! 155.5 K, and~T8! 103.5 K.
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difference between the two curves are maximum and for
slow sweep rate the upper curve approaches the lower c
as shown in Fig. 3. It can be noted that theC–V character-
istics are identical for different sweep rates when the volt
is decreased owing to the fast capture process at the t
while it is different when increasing the voltage since it
now controlled by the rate of emission. Thus, it is clear t
the flat region or nonlinearity inC–V is due to trap filling
during decreasing reverse bias. From transient measure
data presented later, we find that the sweep rates used
are comparable to the emission rate of a single major
identified in this work. The zero bias depletion width of mo
devices having damaged layers are 2–3mm larger than their
corresponding undamaged devices. Also, note that the de
tion width is larger when the reverse bias is increased a
allowing capture duringC–V measurements. This implie
that after the capture of electrons, the defects become n
tively charged in such a large number that the depletion
gion is widened to uncover the required amount of posit
background charge to maintain the charge balance condi
Hence, these traps play the role of a dominant compensa
center.

We have observed a similar hysteresis effect
Au1-implanted Si as well. In Fig. 4, we show that the hy
teresis can be obtained by controlling the extent of filling
the traps by forward biasing the device, and keeping
sweep rate constant for different cycles. During the decre
ing voltage cycle we take the device to forward bias, in
cated as negative voltage in Fig. 4. The vertical arrows
the voltage axis in Fig. 4 indicate the voltage up to which
forward bias is applied before starting reversal of the dir
tion of the sweep. With increasing forward bias, we se
larger hysteresis effect, i.e., the difference between
curves corresponding to the decreasing and increasing
age cycle increases. The occurrence of negative slope
these curves is indicative of the profile in the trap concen
tion. Consider, for example, the filling curve denoted by t
solid line during the voltage change from reverse tow
forward bias. Around zero bias, an increase in forward b
leads to such an increase in the negative trapped charge

FIG. 3. 1/C2 vs V plot showing hysteresis behavior for decreasing a
increasing reverse bias with different voltage sweep rates. Arrows indi
the direction of voltage sweep.
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the depletion width is forced to widen at the same bias
uncover the additional positive charge at the edge. Hen
the slopes are due to the combined effect of trap occupa
in the depletion layer and dopant charges at the edge of
depletion layer.

The observation of hysteresis with different degrees
filling and various sweep rates establish thatC–V is con-
trolled by large trap concentration due to irradiation dama
in these samples. We go on to show their manifestation
I –V measurements.

B. I – V characteristics

In our irradiated devices, a major deviation from co
ventional I –V characteristics of the Schottky barrier~our
control diode! occurs due to the presence of a damaged la
Such behavior is seen in both Ar1 and Au1 irradiated de-
vices.

For the Ar1 irradiated device, both forward and rever
currents are significantly smaller compared to the cor
sponding currents in the unirradiated device. This is indi
tive of the presence of a compensating region in the de
tion region of the device. For voltages corresponding to l
forward bias, the magnitude of the current is low enough
unproblematic capacitance measurements. However, the
a sudden jump of current for certain forward voltage in t
irradiated devices. In Fig. 5, we have plottedI –V curves in
a log–log scale measured at three different temperatures
an Ar1 ion-implanted sample annealed at a low temperat
~160 °C for 30 min!. Each curve shows a near-ideal case
crossover from Ohmic conduction (I}V) to the square-law
space-charge-limited conduction (I}V2) regime at the volt-
age corresponding to the trap filled limit (VTFL). The nearly
vertical rise in current accompanying the trap filling is
indicator that the associated trap is a discrete level.31 The
same defect controls hysteresis inC–V measurements due t
its large concentration, and is responsible for the ne
intrinsic behavior of the damaged region. Thus, the struct
under study is akin to thep– i –n diode wherep is replaced
by a metal and thei region is nearly intrinsic due to the
above defect level. Similar results of space-charge-limi

te

FIG. 4. C–V characteristics with decreasing and increasing bias show
hysteresis effect in Au1-implantedn-Si. Slanted arrow indicates the direc
tion of voltage sweep, and a different set of curves was obtained for dif
ent degrees of forward bias injection. The forward bias voltage for eac
indicated by vertical arrows above the voltage axis.
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conduction have been reported for silicon amorphized by
implantation,32 and for proton bombarded GaAs.33

The notable feature in this set of curves is the decre
of VTFL with decreasing temperature. The observed shif
VTFL can be explained on the basis of trap filling with low
ering temperature at a fixed bias. As the Fermi level mo
closer to the conduction band inn-Si upon reduction in tem-
perature, more traps get filled. Thus, the number of the
filled fraction reduces with the lowering temperature, d
creasing in turn theVTFL .

An unambiguous observation of space-charge-limi
current proves the presence of a fully trap-controlled reg
in the depletion region of the irradiated diode. Space-cha
limited current measurements have been used in the lit
ture to determine the energetic distribution and spatial pro
of bulk traps in semiconductors.31,34 However, in this case
accurate determination of the energetic distribution of tr
or the trap profile fromI –V characteristics is rendered di
ficult due to the nonuniform spatial distribution of the tra
and temperature dependence of occupancy. Nevertheles
purposes of a rough estimation of trap concentration, un
the assumption of uniform trap distribution over most of t
depletion layer, we can use the following equation:31

NT5
1.13106kVTFL

L2 cm23. ~3!

For VTFL51.7 V ~Fig. 5!, the estimated trap density isNT

55.531014 cm23 for a layer width of 2mm. It is to be noted
that theVTFL measures that fraction of the total trap that
empty in thermal equilibrium. Moreover, the effective leng
over which trapping and detrapping occurs during the b
change is quite small compared to the total depletion wid
Thus, the trap concentration peak value is much larger t
the value estimated above. For our purposes, it suffice
note that a very large concentration of traps occurs wit
the depletion layer, controlling both itsI –V and C–V
characteristics.

FIG. 5. ForwardI –V characteristics of a 160 °C annealed sample at diff
ent temperatures showing Ohmic and space-charge-limited~SCL! current
regions. Shift in trap filled limit voltage (VTFL) can be seen for differen
temperatures.
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C. Effect of annealing on C – V and I – V
characteristics

Figure 6 shows the 1/C2 versusV plot for Ar1 ion irra-
diatedn-Si before and after high-temperature annealing. W
have justified previously the cause of the large deplet
width in as-implanted devices. It is clearly seen that hig
temperature annealing decreases the trap concentration.
leads to systematic changes in both the major features in
1/C2 versusV curve. With an increase in annealing tempe
ture, ~i! the zero bias depletion width recovers towards
control samples, and~ii ! the flat region for low bias reduce
progressively. The temperature range of annealing~400–
600 °C! itself suggests that the dominant defects controll
electrical behavior are point defects, since extended def
begin annealing out only at temperatures above 1000
Comparison with unimplanted devices shows that 600 °C
not sufficient to remove all the defects completely as
depletion width for the implanted samples is larger than
unimplanted case. The near-parallel nature of the curve
Fig. 6 for the high reverse bias region indicates an absenc
defects in the deeper region. For 400 °C annealed sam
we could observe the hysteresis effect inC–V measurements
at room temperature. It was obtained for the fast sweep
voltage during decreasing and increasing bias voltage. T
is also indicative of the changed time constant of the do
nant defects controlling hysteresis. This has been confirm
from transient measurements as well.

Figure 7 shows a comparison ofI –V characteristics at
300 K for samples annealed at 400 and 600 °C after imp
tation. The reverse saturation current is similar for these
samples. But, the forward characteristics of the 600 °C
nealed samples is considerably improved as compared to
case of the 400 °C annealed samples. For the latter case
space-charge-limited current above the trap filled limit vo
age is clearly seen. ThoughVTFL is not as large as it was fo
the as-implanted sample, the presence of a still larger
concentration is clear. It is expected that these defects ca
annealed out by annealing above 600 °C. These defects
anticipated to be due to point defect complexes or clus
rather than extended defects whose formation requires
treatment at higher temperature.

-
FIG. 6. Comparison ofC–V characteristics at 300 K of unimplanted, a
implanted, and annealedn-Si implanted with 531013 cm22 Ar1 ions.
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D. Transient spectroscopic studies

A typical set of DLTS spectra for samples irradiat
with two different doses of Ar1 ions and low-dose Au1 ions
are shown in Fig. 8~a!; the evolution of DLTS spectrum for a
particular sample with oven annealing at a relatively lo
temperature of 160 °C is shown in Fig. 8~b!. Two majority-
carrier related peaks labeled V2 and D1 are observed in th
spectra irrespective of ion species and dose. The peak lab

FIG. 7. Forward and reverseI –V characteristics of Ar1-implanted samples
after 400 and 600 °C annealing.

FIG. 8. ~a! A set of typical DLTS spectra for~1! 531013 cm22 Ar1 ions,~2!
131014 cm22 Ar1 ions, and~3! 53109 cm22 Au1 ions irradiatedn-Si.
Two pepaks V2 and D1 are common in all spectra.~b! A set of DLTS
spectra for~I! as-implanted,~II ! 160 °C, 30 min annealed, and~III ! 160 °C,
3 h annealed samples implanted with high-dose Ar1 ions.
led

V2 is due to the second ionization of the well-known div
cancy center at energyEc-0.42 eV with a capture cross
section of 3310215 cm2. This is in good agreement with th
reported values in the literature.5,35,36The observed concen
tration of this defect is smaller than expected, most proba
due to suppression of its formation by more efficient def
reactions in the case of high-dose irradiations. The peak
beled as D1 is a newly found level, which occurs cons
tently in a large concentration in our samples implanted w
high doses. The emission rate of defect D1 for a particu
temperature as obtained from DLTS spectra and the sw
rate of the voltage in hysteresis at the same temperature
comparable. Thus, the peak D1 related defect is the domi
trap controlling hysteresis inC–V and space-charge-limite
conduction in forwardI –V characteristics. To the best of ou
knowledge, this level has not been observed mostly beca
to our knowledge, no other DLTS study uses unannea
samples with as high doses as in our case.

A comparison of spectra corresponding to unannea
and oven annealed samples@as depicted in Fig. 8~b!# shows
several interesting features. With annealing, though the2

related peak height seems to have been reduced without
change of peak position, the D1 peak is shifted towa
higher temperatures along with an increase in peak hei
Also, note that this peak shape is substantially narrow,
skewed at the right side compared to the as-implanted c
The shift in peak position in DLTS spectra implies that low
temperature annealing of the damaged layer results in d
ening in emission energy of the dominant defect. Proper
spection of the transient causing the skewed peak in DL
spectra reveals that it is due to premature termination of
transient.37 Due to the occurrence of a cusplike peak
DLTS, and since a large concentration of defects are
volved, conventional analysis to obtain the trap parameter
defect D1 is not appropriate.

In order to obtain reliable information regarding defe
D1, an isothermal spectroscopic technique such as TATS
constant capacitance~CC! mode is employed. TATS signal
corresponding to D1 at three different temperatures
shown in Fig. 9, where the dotted lines refer to fitted pea
corresponding to exponential transients in each case.
high temperature~T3!, the TATS peak is seen to be narrow

FIG. 9. CC-TATS spectra~solid line! of D1 measured at temperatures~T1!
212.7 K,~T2! 217.7 K, and~T3! 228.6 K. The dotted line corresponds to th
peak fitted with exponential transients showing broad, exponential, and
row peaks, respectively.
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than the exponential case. This is due to a change in
quasi-Fermi level during trap emission.37 However, at lower
temperatures this effect weakens due to less change in
occupancy. At sufficiently low temperatures~as at T1!,
TATS peaks are found to be broader than corresponding
ponential transients. Broadening in the line shape indica
distribution in emission energy. If a Gaussian distributi
around the mean energy is assumed, energy broadeni
about 25 meV for high-dose (Ar1) implanted Si, whereas i
is only 6 meV for the low-dose Ar1-implanted sample. This
broadening in energy can be attributed to lattice str
around the defect in the damaged layer. We have rece
shown37 that a careful analysis of the line shape of the TA
peak is necessary to obtain trap parameters in the presen
unusual sources of narrowness. It has been found that
pending on the dose and annealing conditions, the Arrhe
plot for the major peak yields an activation energy in t
range 0.49–0.56 eV and an approximate capture cross
tion of 1310215 cm2. The magnitude of the capture cro
section is typical of a deep neutral center38 accepting an elec
tron to become negatively charged. The sensitivity of acti
tion energy to annealing conditions and dose indicate
marked influence of changes in the environment of the de
in the damaged layer due to accumulation of disorder
relaxation. Thus, this defect can act as a probe in the stud
the degree of disorder for high-dose implantations. In sp
of moderate broadening, peak D1 has a point-defect-like
shape and corresponds to a well-defined defect. The fact
it occurs in high-dose irradiated samples, and does so prio
any high-temperature annealing, suggests that it is du
defect clusters.

IV. DISCUSSION

A. Qualitative explanation of major features in C – V

Let us first consider flatness in the low-bias regime
C–V curves or the bias independence of the capacitance
the consequent nonlinearity of the 1/C2 versusV curves. It is
well known that a trap can be occupied in the transit
region of the depletion layer where the trap level is below
Fermi level. Let us consider an energy band for a Scho
diode with one uniformly distributed deep level at ener
ET , which becomes negatively charged when occupied w
electrons. Changes in occupancy occur within the deple
layer at the location whereEF andET cross each other due t
band bending. In our case, we are dealing with a large c
centration and nonuniform spatial distribution of traps. It
worth mentioning here that in standard cases of small
concentration, band bending is mainly controlled by ba
ground shallow dopants. For the present case, in cont
trap concentration is so large that it controls band bendin
the region of its presence, which in turn determines
crossing betweenET andEF . Therefore, the location of the
crossing is determined by the dynamics of the defect oc
pation. In the case of a depletion layer without deep tra
voltage changes across the device are accommod
through changes at the depletion layer edge. However, in
case of large trap concentration, changes of occupancy a
ET–EF crossing would control the total depletion widt
he
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This process is responsible for nonexponential transients
ing rise to narrow peaks in DLTS or TATS spectra.

From the experimental results it is clear that the oc
pied dominant traps produce charges opposite in sign to
background doping, i.e., they become negatively charged
ter capture of electrons. Hence, when reverse bias is
creased~from, say, zero bias! the extra voltage drop can b
accommodated either by increasing the depletion wid
which leads to uncovering of positive charges at the edge
by emitting electrons from the traps thereby increasing
net effective positive charge in the depletion layer. T
former process would occur within the time constant of
electric relaxation time while the later would be controlle
by the trap emission rate. At sufficiently high temperature
the trap emission rate is faster than the voltage sweep
detrapping at the crossing would itself accommodate
voltage change. The width of the depletion layer, and hen
capacitance would remain constant even when the bia
being changed, causing the feature of flatness. For la
biases, the trap concentration may not be sufficient to do
and the width would also increase in part. This would co
tinue until the Fermi level loses contact with the trap lev
Beyond this, theC–V would reflect the background concen
tration giving rise to conventional linearity in the 1/C2 ver-
susV curve. In this sense, theET–EF crossing is the primary
determinant in studies involving high-dose-implant
samples, while it is only a minor irritant in convention
depletion capacitance studies.

This explanation of major features inC–V characteris-
tics is fully consistent with the occurrence of hysteresis a
temperature dependence. Hysteresis arises from the fac
the traps become occupied by a fast capture process a
crossing point during the decreasing bias cycle while on
increasing cycle the capacitance change is dependent o
slower emission process from the traps. Similarly, when te
perature is decreased the bulk Fermi level of the semic
ductor moves up in relation to the metal Fermi level caus
the crossing point to move towards the surface. This lead
increased occupation of the traps; hence, increased neg
charge forces the depletion layer to move out. At low te
perature the traps filled in the process stay occupied, lea
to both a larger zero bias depletion width, and linear 1/C2

versusV curves.
Therefore, information regarding electrically active d

fects would be from theET–EF crossing point. In principle,
by manipulating this crossing point in space, one can ob
charge profile information. However, the problem of iden
fying the absolute location in space where this crossing
curs is not straightforward. The measurement of capacita
only gives the location of the edge of the depletion layer a
the crossing point relative to this edge would depend on
details of the profile inside. We have shown that the cha
of slope from the flat region to the linear region in 1/C2

versusV curves is rather sharp as represented in the appa
concentration profile@Fig. 1~b!#. The trap concentration pro
file at the crossing point is very sharp and can be treate
an ‘‘effective electrical interface’’ between trap-free an
trap-dominated regions of the sample. The nature of
crossing point is distinctly different from that of a heter
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junction or insulator–semiconductor interface capable of
version. We have in the course of our work ruled out the
possibilities on the basis ofC–V studies over an extende
region of bias. Note that the doses used were below
amorphization threshold and it was several orders of ma
tude lower in the case of Au1 ion implantation. Yet, the
nature of the characteristics are similar.

The deactivation of shallow dopants due to damage
charges due to electrically active traps produce a comp
sated region with low net charge density. The degree of c
pensation would be expected to have a profile more or
similar to the damage distribution as obtained fromTRIM

simulations.

B. Model simulations of C – V characteristics

The purpose of model simulations is to arrive at the
sential requirements of the charge profile that would rep
duce the major features ofC–V characteristics. We seek t
obtain reasonable estimates of the concentration of cha
and the distances at which they are located without attem
ing to provide a numerical fit to the experimental data.

Several simplifying assumptions are required in order
keep the results of the simulation transparent. To accoun
the presence of the dominant trap indicated in the exp
ments, we assume that there exists only one midgap d
acceptor trap due to damage. The fact that its energy is in
middle of the band gap is justified on the basis of spec
scopic measurements. The region of the depletion layer f
the surface to the location of the damage-induced trap
assumed to be uniformly compensated, having a low cha
density. In reality, the degree of compensation would v
over distance with a profile more or less similar to that p
dicted for damage distribution. Compensation would mai
be due to deactivation of shallow dopants and the prese
of deep defects in the region. However, the edge of
depletion layer is unable to penetrate into this layer dur
our capacitance measurements, preventing changes in
charge distribution in that region. Therefore, an assumed
fective compensation would suffice to take into account
voltage drop across this region. We also assume that
metal–semiconductor barrier height is the same as tha
control samples~i.e., a standard value of 0.8 eV for Au o
the n-Si Schottky!. This value only appears as a constant
the magnitude of voltage.

The one-dimensional Poisson equation is solved num
cally for a particular choice of trap profile to obtain the ba
bending in the semiconductor. The voltage dependenc
capacitance is obtained by integrating over different wid
of the depletion layer. The trap occupation, band bend
and carrier concentrations are determinedself-consistently
during numerical integration. For the purposes of trap oc
pation, the Fermi occupancy function is replaced with
usual step approximation, i.e., all traps lying below the Fe
level are considered to be occupied, giving rise to a ste
the occupancy at theET–EF crossing point. Nondegenera
carrier statistics were only needed for all simulations. T
depletion approximation was not explicitly assumed, thou
-
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most of the results reported are well within the ambit of th
approximation.

The parameters of simulation are specified in terms o
charge profile as depicted in Fig. 10~a!. The relevant param-
eters are~i! the mean position (x0) of trap profile~assumed
to be Gaussian!, ~ii ! the full width at half maximum
~FWHM! ~2A2 ln 2s, wheres is the standard deviation! of
the Gaussian distribution,~iii ! the maximum concentration o
trap NT , and ~iv! the width of the compensated layer (xc)
and the level of compensation specified in terms of the fr
tion ( f ) of background doping (Nd). The Poisson equation
can now be written as

d2V

dx2 52
r t1rd

e
, ~4!

where the trap charge density (r t) and shallow donor density
(rd) are given by

FIG. 10. ~a! Typical charge profile due to trap concentrationNT and back-
ground dopingND showing different parameters used for simulations.~b!
Calculated energy-band diagram and~c! corresponding simulatedC–V
characteristics for a Schottky diode with one acceptor trap level at en
ET . Two sets of energy-band diagrams are shown corresponding to c
when:~1! all traps in the distribution are occupied, and~2! only a portion of
the charge profile is occupied.
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r t52qNT expF2
~x2x0!2

2s2 G ,
rd5 HqNd / f , x,xc

qNd , x.xc
.

The simulations were tested using various standard ca
of known trap and doping profiles. It correctly predicts, a
expected from the analysis of Kimerling,21 the presence of
artifactual peaks and dips in the apparent carrier concen
tion due to the presence of peaked profiles of deep accept
Typical results of a simulation corresponding to our case a
shown in Figs. 10~b! and 10~c! where the energy band dia
gram and the resulting 1/C2 versusV are depicted in se-
quence. For a small change in depletion widthw ~first two
points in theC–V plot!, the large change in band bending
shown due to the presence of a high trap density. TheC–V
characteristics shown reproduced the major features of
experimental curves. The trap concentration and location
adjusted to obtain capacitance and voltage close to the
periments. Recall that the flatness in theC–V curve is due to
the fact that changes in trap occupation account for the ex
voltage drop without necessitating significant changes in
depletion width as shown for points 1 and 2 in Fig. 10~c!.

In order to evaluate how the choice of parameters affe
the calculatedC–V curves, we have performed simulation
varying each parameter at a time holding others consta
Figures 11~a!–11~d! show the sets ofC–V characteristics
which clearly display different dependences. They can
summarized as follows:

~i! The sharpness of the transition from the flat to line
region is controlled by the FWHM of the trap distribution
@Fig. 11~a!#.

FIG. 11. Different parameter dependence of simulatedC–V characteristics
for a Schottky diode with one acceptor trap level at energyET . The charge
profile parameters are shown in Fig. 10~a! with parameters being varied as
shown in each case:~a! FWHM of Gaussian distribution,~b! trap concen-
tration (NT), ~c! mean of trap profile (x0), and~d! compensation (Nd / f ).
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~ii ! The zero bias width is relatively insensitive t
changes in trap concentration@Fig. 11~b!# but very sensitive
to the choice of its mean position@Fig. 11~c!#. The mean
position largely controls the level of capacitance of the fl
region without affecting the linear portion.

~iii ! The mean position of the trap profile strongly affec
the zero bias depletion width@Fig. 11~c!#.

~iv! The choice of the degree of compensation contr
the linear shift of the characteristics along the voltage a
leaving the magnitude of the flat level capacitance u
changed@Fig. 11~d!#.

The demonstration of the one-to-one relationship
tween the parameters and features inC–V characteristics
makes interpretation of experimental curves relativ
straightforward, enabling us to fix parameters with con
dence.

Figure 12~a! shows a set of 1/C2 versusV curves calcu-
lated to mimic the irradiation dose dependence as in the
perimental curves of Fig. 1~a!. The correspondingcharge
distribution ~as distinct from the trap distribution! is shown
in Fig. 12~b!. The charge profile used to simulate them
consistent with the conclusions drawn from the experime
For example, it supports the conclusions regarding grad
movement of the trap profile and compensation with var
tions in dose or annealing. Note that the required trap c
centration is extremely high as compared to background d
ing.

The occupation profile of the traps accessible to our

FIG. 12. ~a! SimulatedC–V characteristics to reproduce the features due
different irradiation doses.~b! The corresponding charge profile. Compe
sation assumed for different cases were:~1! Nd/5000, ~2! Nd/50, and~3!
Nd/5.
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periments is only the farther tail of the profile. Hence, we c
only conclude that the trap concentration falls sharply
wards the edge of the depletion layer. The assumption
Gaussian distribution is only incidental and a means of p
viding an adjustable charge distribution corresponding to
cupied traps. The occupied trap profile could as well ha
been assumed to be a narrow rectangular slice of charg
the ET–EF crossing. The idea of treating this crossing po
as an ‘‘effective electrical interface’’ as introduced prev
ously, gets reinforced through these simulations. The frac
of the depletion layer beyond this interface is only about
mm, a value determined by the distance over which the v
age equivalent of (ET–EF) is dropped due to backgroun
dopant charges alone. Hence, most of the depletion w
constitutes the region between the surface and the effec
electrical interface. Changes in zero bias depletion width
the flat-region capacitance level with process variables s
as irradiation dose and annealing temperature can, there
be traced to movement of this interface.

To be able to replicate the feature of hysteresis ofC–V,
we introduce a time constant of emission of the carrier fr
the trap into the simulations. A typical set of calculat
curves demonstrating hysteresis in close agreement with
periment is shown in Fig. 13.

C. Physical processes: Defect migration and
clustering

Armed with insights from simulation, we are now in
position to discuss the most perplexing aspect of the res
It has been mentioned that except for the last fraction o
micron, the depletion width is mostly due to the distance
the falling edge of the trap profile. The typical depletio
width in samples containing damage is between 2.5 an
mm. In contrast, the prediction ofTRIM simulations give an
end-of-ion range of 1.23mm only. Hence, the question arise
as to why the trap profile extends so much beyond the lo
tion of the end-of-ion range damage. There is also the rela
question of how is one able to change the interface betw
the trap-dominated and trap-free region through irradiat
dose and annealing.

FIG. 13. SimulatedC–V curves showing hysteresis effect assuming a fix
rate of emission from one acceptor trap level at energyET .
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Any residual channeling in spite of misorientation of th
surface with respect to the beam cannot lead to observa
of a huge concentration of traps so far away from the lo
tion of the nuclear damage. This has been confirmed in
other set of experiments,27 in which n-Si samples were im-
planted with a very high dose of 1.5 MeV He ions at
angle as large as 60° to the surface normal so as to keep
range of these light ions to approximately 1–1.5mm. In
these experiments also the total depletion width turned ou
be larger than that predicted fromTRIM simulations.

We propose that the dominant compensating deep ac
tor traps have their origin in species which can migrate o
large distances from the source of their creation even at ro
temperature. As migration occurs, these species would
to form clusters rendering them immobile. This process
migration and cluster/complex formation can indeed lead
a profile with a sharply falling edge moving deeper into t
sample.

The pieces of supporting evidence for such a mechan
are increasing in recently reported experimental and theo
ical studies. Recently, Priviteraet al.14 demonstrated room
temperature migration of Si interstitials over several m
crons. In these experiments interstitials generated at
surface migrated deeper into the sample to interact with p
existing damage-induced defects.39 Similarly, Larsenet al.,40

in a study of migration of Si self-interstitials at room tem
perature using a spreading resistance technique, dete
dopant deactivation up to a depth of several microns bey
the region directly modified by the ions. High fluence Me
implants, specifically with heavy ions, have usually been
ported to result in a very wide spatial distribution of defec
~2–4 mm! in contrast toTRIM predictions of a FWHM of
only a fraction of a micron.13,14

Jaraizet al.9 have recently reported a set of significa
results from molecular dynamic simulational studies of co
bined processes of defect generation, migration, and clus
ing during and after implantation. Their atomistic simulatio
show migration of free interstitials and clustering at roo
temperature even several hours after initial fast recomb
tion processes have died out. They also show that the d
distribution of remnant interstitials peak at approximate
twice the implant range. Defect clustering is known to
more favorable in heavy-ion irradiation due to the occ
rence of a high density of collisional cascades in compari
to light ions. Similar effects are also expected for high-do
implants.11 Therefore, there is a growing body of eviden
showing that ion-induced damage acts as a source of mig
ing interstitials, which can combine to form clusters at d
tances beyond the damage location. Though the elect
activity of point defects andextendeddefects in implanted
material have been studied in detail, there is a lack of sim
studies ondefect clusters. Only recently Bentonet al.11 have
reported electrically active traps associated with second-
higher-order interstitial clusters in residual damage of Si i
planted with high fluences. It appears reasonable to conc
that the dominant electrically active traps observed in
experiments also originate from interstitial clusters. T
cluster binding energy is known to change with the size
clusters and this might be reflected in the activation ene
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of the associated defect. The sharp trap profile at distan
much larger than ion range would be fully consistent w
the mechanism of migration and eventual cluster format
of interstitials. Thus, our results constitute direct experim
tal evidence of such a mechanism.

Piecing together the results presented here along with
evidence of others, the view that emerges is summarized
schematic sketch in Fig. 14. The region directly damaged
high doses of implanted species serve as a rich sourc
interstitials, which migrate deeper into the sample. They p
ticipate in formation of clusters enroute, thus leading to
large trap-dominated region beyond the range of the
planted ions. The trap concentration at the edge of the pro
is so large and falls so sharply that it serves as a block
wall in C–V profiling experiments. The trap profile ind
cated by the discontinuous line to the left of the edge is
accessible toC–V experiments through changes in occup
tion, and hence, do not contribute to the charge. The sha
region in the trap profile constitutes the occupied trapp
charge, and hence, delineates the ‘‘effective electrical in
face.’’

The fact that the effective electrical interface moves w
changes in the process variables, such as dose and anne
also supports the occurrence of a mechanism involving
gration and clustering. With an increase in irradiation do
the interface between the trap-dominated and trap-free
gions is expected to move deeper into the sample as t
would be a more abundant supply of interstitials from t
damaged region. Similarly, the effective interface is o
served to move towards the surface with an increase in
nealing temperature. Though the mechanism of recover
unclear at this stage, it is most probably due to spatial va
tion of the degree of clustering. It is known that the bindi
energy for interstitial clusters increases with cluster s
given by Ebi(n)52.121.45(An2An21), wheren is the
number of interstitials in the cluster.9 Hence, a higher tem
perature is needed to repair regions containing larger clus
which are closer to the damage.

The origin of the D1 defect most probably lies in th
formation of interstitial clusters. The sensitivity of carri
activation energy to processing conditions is also an ind
tion in this direction. It is not clear why a single type o
defect should dominate the spectra instead of producin
series of discrete levels or a continuum of energy levels c

FIG. 14. Schematic diagram of the trap profile due to MeV heavy-ion
plantation. The discontinuous line refers to the evolved trap profile du
migrating interstitials from the end-of-range damaged region~crossed lines!.
The shaded region on the right side shows the accesible~occupied! trap
profile due to filling pulse.
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responding to the distribution in cluster sizes. Our resu
point to the urgent need of obtaining a correlation betwe
the electrical signatures of traps and the evolution of clus
ing in very high-dose-implanted samples. Though more
tailed studies are required to pin down the mechanisms,
work demonstrates that capacitance-based studies can
as an important tool in such an endeavor.

V. SUMMARY AND CONCLUSIONS

The role of electrically active defects in heavy-io
implantation-induced damage in silicon has been studied
ing capacitance-based techniques. It has been shown
characteristic features such as the occurrence of a b
independent capacitance region, hysteresis, strong temp
ture dependence of capacitance, and space-charge-lim
conduction are controlled by a large concentration of a do
nant deep acceptor trap within the depletion layer. The eff
tive electrical interface between the trap-free and tr
dominated regions is formed at the crossing between the
level and Fermi level. Model simulations ofC–V character-
istics were carried out to explain major features and to ob
the essential nature of net charge profiles. A sharp trap
file is seen much beyond the ion range and its location
found to be dependent on irradiation dose and annealing t
perature. The observation of a sharp profile of traps at la
distances has been explained on the basis of interstitial
gration and clustering. Transient spectroscopic meas
ments show a dominant midgap defect, whose origin is
tributed to interstitial cluster formation in high-dose
implanted silicon.
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