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Abstract 
Damage induced by MeV Ar+ ion implantation and end of range defects in Si have been studied by capacitance-voltage, 

thermally stimulated capacitance, deep level transient spectroscopy (DLTS) and time analyzed transient spectroscopy 
(TATS). Unlike earlier studies, which focus on defects induced during post-implantation annealing steps, we study as- 
implanted p-type silicon samples. We report the occurrence of mid-gap acceptor levels using DLTS and TATS in a region 
well beyond the ion range. The presence of temperature dependent series resistance due to damaged region distorts DLTS 
lineshapes, even leading to sign reversal of DLTS peaks in some cases. A new and better method of correcting series 
resistance effects in capacitance transients has been employed. It is based on detecting the point of inversion of isothermal 
transients which are nonmonotonic due to the presence of series resistance. The capture process is found to be thermally 
activated with a high barrier energy. Possible origin of capture barrier and broadening in activation energy are discussed. 
Our results indicate that these deep levels are associated with point defects with local disorder in the neighbourhood. 

1. Introduction 

The effect of high-energy heavy ion implantation in semi- 
conductors is being investigated extensively at present due 
to its potential applications in tailoring material properties 
and device structures [l-3]. This is primarily due to its 
ability to introduce deep buried layers with controlled dam- 
age and doping [ 21. Specifically, argon ion implantation in 
semiconductors has been recognized as a means in the get- 
tering process and it seems to be very attractive for lifetime 
control in silicon offering the advantage of stability with re- 
spect to annealing [ 4,5]. However, suitability of high energy 
implantation rests on a thorough understanding of dynamics 
of defects induced by implantation and their subsequent an- 
nealing. Damage created by heavy ion implantation has been 
studied by electron microscopy [ 6-91, Rutherford backscat- 
tering spectrometry, positron annihilation spectroscopy and 
infrared absorption measurements [lo] from which struc- 
tural information on defects are obtained. Recently, the study 
of point defects generated by MeV ions has assumed greater 
significance since identification and underlying kinetics of 
point defects seem to hold the key to structural relaxation 
[ 111, extended defect formation on annealing [ 8,121 and 
electrical activation of dopants [ 131 in the damaged layer. 
Traditionally, electrically active defects have been studied 
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by deep level transient spectroscopy (DLTS) for low doses 
of implantation with heavy ions [ 14,151. For higher doses 
of implantation, use of DLTS has been mostly limited to 
samples annealed at high temperature in order to remove 
heavy disorder [ 16-181. Furthermore, there has been very 
few studies on p-type Si compared to n-type Si. There has 
been hardly any study on the electrically active point defects 
or extended defects beyond the ion range in as-implanted 
samples, i.e. prior to any high temperature annealing pro- 
cesses. Such identification and characterization is becoming 
increasingly important in view of the need to understand de- 
fect creation mechanisms and dependence of defect dynam- 
ics on processing parameters. 

There are several problems which need to be addressed 
for a meaningful electrical characterization of deep level de- 
fects in as-implanted semiconductors. Principal among them 
is the effect of the presence of a physically disordered region 
which renders invalid the standard analysis of depletion layer 
spectroscopy such as DLTS. There are also associated inter- 
pretational problems arising from different contributions to 
non-exponential nature of capacitance transients. Recently 
we have used an isothermal spectroscopic method to study 
non-exponentiality of transients and shown its advantages 
over traditional DLTS analysis for other standard defects in 
GaAlAs [ 191 and semi-insulating GaAs [ 201. These tech- 
niques can therefore now be used for evaluating defects in 
implant induced semiconductors. 
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In this article, we study electrically active defects induced 
by MeV Ar’ ions in p-type silicon. The as-implanted sam- 

ples are studied by capacitance-voltage (C-V) and ther- 
mally stimulated capacitance (TSCAP), time analyzed tran- 
sient spectroscopy (TATS) and deep level transient spec- 

troscopy (DLTS) measurements. The results point at the 
involvement of structural defects beyond the range of the 

ion. The nature of these defects are evaluated by capture and 

emission measurements. 

2. Experimental details 

Polished p-type silicon wafers of 4-7 62 cm resistivity, 
( 11 I )-orientation was used for making Schottky contact 

with vacuum deposited aluminium. Control diodes tested 
by C-V measurement showed uniformity of shallow dop- 
ing. I-V measurements were done to check the quality of 

the diode. The implantations were performed at room tem- 
perature with I .5 MeV Ar+ ions for doses of 1 x 1 014 and 

5 x IO” ions/cm2 on the finished device from the front side 

of the device. No post-implantation annealing was done on 
any of the samples. A Boonton capacitance meter (72B) was 

used for C-V and DLTS measurement. The whole set up is 
computer (PC) controlled, except for temperature control. 

3. Method of series resistance analysis 

In as-implanted samples, the presence of thin layer of 
damage created by implanted species gives rise to high series 

resistance. In presence of series resistance R, in a Schottky 
diode, the true capacitance C, is related to the measured 
capacitance C, by 

cm = CS 
(I +w2RtC,?)’ 

(1) 

where w is a test signal frequency of the capacitance meter. 

If R, is such that w*R:C: > 1. then C,,, goes through a 
maximum when plotted with respect to time. At this point of 
inversion (time r,,,) of the nonmonotonic transient, wR,C, = 
1 which can be easily obtained by differentiating Eq. ( I ) 
with respect to time. So, 

R, = I/o&(&,,) = I/2wC,(fm). (2) 

Knowing R, for a particular temperature (in case of isother- 
mal transient) we get from Eq. (I ) 

c, = 2c, 
1-m forr<r 

X2 
In. 

(3) 

c, = 2c,, 
I+- forr>r 

X2 
III 1 

where x = 2wR,C,,(f). 
Thus from the actual capacitance ( C,) transient, we con- 

struct a spectroscopic signal S( 7’) given by 
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Fig. 1. 1 C2 vs. V plot for p-S irradiated with 1.5 MeV A? ion at dose 

I x IO’ 
4 

ions/cm*. The dotted line is the least square fit giving shallow 

acceptor concentration. 

S(T) = Cs(t,T) - Cs((I +Y)r.T), (4) 

y is a experimentally chosen constant. This is known as a 
TATS signal [ 191. Being an isothermal spectroscopic tech- 
nique it has many advantages over other conventional spec- 

troscopic techniques such as DLTS and temperature scan- 
ning techniques [ 19,201. When plotted against the logarithm 

of time, S(T) goes through a maximum at time tm given by 

(5) 

where e,Z is the emission rate of the trap level. 
From the Arrhenius plot corrected time constants are ob- 

tained. 

4. Results and discussion 

In order to see the degree of damage created by implanted 
ion species (Ar’), C-V measurements were done on the 
control sample and the implanted sample with two different 
doses (a) 1 x lOI and (b) 5 x lOI ions/cm’. In contrast to 
the control sample, the irradiated sample with dose 1 x lOI 

ions/cm2 shows a flat region in the l/C2 vs. V plot indicat- 
ing the presence of a damaged region which increases with 
increasing dose ( see Fig. 1) The dose of 5 x I 014 ions/cm2 
is close to the amorphization dose. This is in good agreement 
with the results of Bollmann et al. [21]. Beyond the dam- 
aged region, both the control and irradiated sample show an 
identical shallow level profile. Thus the 1 /C’* method allows 
the determination of the extent of the damaged region. C-V 
measurements at lower temperatures showed partial carrier 
freeze out resulting in a temperature dependent series resis- 
tance in the device. 

The control sample is tested for the presence of deep 
levels using DLTS. No signal was observed showing absence 
of deep levels up to the detection limit of 10” cmm3. The 
sample irradiated with a dose of 1 x lOI ions/cm* showed 
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Fig. 2. DLTS spectra for Ar+ implantedp-Si. Rate windows: (a) 2128 s-‘, 

1 b) 495 s-‘, (c) 125 s-’ and (d) 33 s-‘. 

a DLTS signal with two distinct peaks as shown in Fig. 2. 
The activation energies of the two traps as obtained from 
DLTS analysis are 0.60 eV and 0.62 eV for peaks labeled 
A and B in Fig. 2 and the corresponding Arrhenius plot for 
the dominant peak is shown in Fig. 3. Results from TSCAP 
studies also show two dominant trap levels as shown in 
Fig. 4. 

The decrease of DLTS peak height with a decreasing rate 
window, as can be seen in Fig. 2, is partly due to the effect 
of series resistance which increases on lowering the temper- 
ature and also due to the temperature dependent occupancy 
of the traps for the same filling pulse. For smaller rate win- 
dows, the DLTS signal undergoes sign reversal, an effect 
known to occur in the presence of series resistance [ 221. 
The methods for overcoming problems due to series resis- 
tance proposed earlier by various workers are rather cum- 
bersome and difficult to implement in actual measurements 
since both resistance and capacitance are temperature depen- 
dent. The use of an external series resistance to overcome 
the problem, as suggested by Broniatowski et al. [22], is 
less practical. Moreover, the procedure is not valid for high 
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Fig. 4. Differentiated thermally stimulated capacitance (TSCAP) signal 

showing two major peaks. The heating rate is 2.5 KImin. 

trap concentrations. The use of a low modulation frequency 
capacitance meter in DLTS instruments [23] severely re- 
stricts the range of usable time constants. Therefore we use 
TATS so that each isothermal transient can be corrected for 
prior to analysis, as discussed in Section 3. The estimated 
series resistance ranges from 2 kR to 3 kR in the temper- 
ature range 220-260 K. An Arrhenius plot of the corrected 
time constant is shown in Fig. 3 along with Arrhenius of 
DLTS data points and time constant obtained from TATS 
measurements using uncorrected transients. A clear distinc- 
tion between corrected TATS and uncorrected TATS/DLTS 
data points can be seen in Fig. 3. An Arrhenius plot of 
time constants without resistance correction gives an acti- 
vation energy (ET) of 0.57 eV and with proper correction 
it is 0.66 eV. Hence, also note that activation energy ob- 
tained from DLTS measurements can be misleading due to 
the presence of temperature dependent series resistance. 

In Fig. 5, experimental DLTS curve is compared with a 
simulated DLTS fitted with same time constant as that found 
from the experiment. The dominant peak in DLTS is broader 
than the corresponding exponential transients. In the pres- 
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Fig. 3. An Arrhenius plot of (a) DLTS data for level A in Fig. 2, (b) TATS 

t without resistance correction) and (c) TATS (with resistance correction). 
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Fig. 5. Comparison of simulated and experimental DLTS spectra ( 7 = I ms) 

demonstrating broadening. Fitting is done with two exponentials. 
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Fig. 6. Capture DLTS spectra for the same sample with rate windows: (a) 

500 s-‘, (b) 125 s-’ cc). SO s-‘. 

ence of a series resistance, the DLTS peak height is known 
to get reduced. It can also be shown easily from simulation 
that the DLTS line width is reduced due to series resistance 

and its peak position is shifted towards higher temperatures 

for the same rate window [ 241. So, a proper estimation of 
broadening in DLTS lineshape is not possible as the resis- 
tance is temperature dependent and it distorts the DLTS line- 

shape. The occurrence of broadening in DLTS spectra can 
be attributed to the spread of activation energies in the pres- 
ence of inhomogeneousenvironment in the damaged region. 
Since such deep levels would experience a different strain 
field as in the case of less perfect crystals, the model for 

broadened deep energy levels would be applicable. Assum- 

ing a Gaussian distribution of energy, using all other param- 
eters from the experiment, the observed major peak is fitted 

to obtain full width half maximum (FWHM) of the distri- 

bution. For the resistance corrected isothermal transients we 
find FWHM to be 45 meV whereas it is 30 meV for the un- 
corrected transients. Similar broadening of point defect en- 
ergies have been obtained for deep levels found in plastically 
deformed silicon [ 2.51. Leakage current effect on the DLTS 
spectra is negligible for the diodes studied as nc,, << e, for 
a particular temperature. 

The capacitance transients during capture is observed to 
be surprisingly slow. Capture transients are recorded at var- 
ious temperatures and analysis shows that they are expo- 
nential in nature. As suggested by Ghosh et al. [ 261, for a 

straightforward measurement of the capture barrier, DLTS 
scans using capture transients were taken in the tempera- 
ture interval of 175-300 K. Typical capture DLTS peaks for 

different rate windows are shown in Fig. 6. Capture time 
constants have been obtained by both DLTS and TATS pro- 
cessing of capture transients and have been plotted in an 
Arrhenius plot in Fig. 7 yielding an activation energy of 
0.64 eV. Note that this is an unusually high activation en- 
ergy for capture processes. Since hole freeze out has been 
observed in the same temperature range from C-V measure- 
ments, this activation energy must be the sum of the capture 
barrier and the equilibrium energy difference between traps 
and the valence band. The later energy has been estimated 
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Fig. 7. Arrhenius plot obtained by DLTS and TATS analysis of capture 

transients. 

to be 0.31 eV from C-V measurement in this temperature 

range. Hence, the capture barrier is only 0.33 eV. Since the 
emission energy was found to be 0.66 eV, the ground state 

energy of the dominant trap is evaluated to be 0.33 eV. This 
indicates that there is a large lattice relaxation at these defect 
sites. An independent evaluation of the capture barrier by 

varying filling pulse-width techniques can be used to verify 

this energy scheme. 
Since argon is known to be electrically inactive in sili- 

con, the trapping behavior is attributed to damages created 

by high energy ions. The structural defects created by high- 
dose Ar’ implantation [ 51 are: (i) dangling bonds along 

dislocation lines, (ii) cottrell atmosphere around the dislo- 

cations, (iii) dissolved Ar atoms, and (iv) bubbles of Ar 
gas. It is not clear which of these four different types of de- 

fects are responsible for the lifetime degradation process in 
Ar+ implanted silicon. In our case, since the samples were 
not subjected to any post-implantation annealing, the traps 
observed beyond the ion range can be attributed to electri- 

cally active point defects with local disorder in their imme- 
diate neighbourhood. Hence the observed capture barrier is 
most probably due to band bending in the vicinity of the de- 
fect. Similar models of capture barriers have been invoked in 
plastically deformed silicon containing dislocations. How- 
ever in contrast to our results, the capture barriers associated 
with dislocations show time dependence owing to the many 
electron nature of the sites. More detailed investigations on 

capture kinetics are under study. 

5. Conclusions 

In summary, we have characterized electrically active de- 
fects in Ar+ implanted p-type silicon beyond the ion range. 
The damage profile due to high dose implantation is esti- 
mated by C-V measurements. The tail region of the dam- 
aged region shows the signature of the energy broadened 
point defects. Unlike earlier studies on defects induced dur- 
ing post-implantation annealing steps [ 171, we report on 
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the occurrence of the acceptor levels in as-implanted silicon 

samples. For the dominant trap the emission energy, the cap- 

ture barrier and the ground state energy has been obtained. 
The detailed structure and thermal stability of such defects 

need to be further studied in order to understand the forma- 
tion mechanism of such defects and role played by them in 
device structures. 
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