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Summary The formation and annealing of radiation-induced defects in MOS structures exposed to 710 MeV Bi ions and
305 MeV Kr ions radiation with a fluency of 10” and 10"%m™ have been studied by capacitance methods. Electrical activity
of the defects has brought increase of interface trap density D;, and a sharp decrease in the generation parameters ¢, and 7.
The parameters of nine deep levels were detected in the investigation MOS structures. Eight of these levels were radiation

defects.

1. INTRODUCTION

The influence of irradiation on semiconductor
materials and devices is presented in many issues
[1-5]. At the same time are resolved the questions of
electronic  devices  radiation  hardness,  the
understanding of a radiation defect creation and its
kinetics and an application high energy heavy ion
irradiation for a deep implantation.

The scope of this paper is to present the effect of

305 MeV Kr and 710 MeV Bi ions irradiation with

a fluency of 10°cm™ and 10cm™ on the MOS

structures and the behavior of ionizing radiation

induced defect on the same structures under an

isochronal annealing.

2.  EXPERIMENTAL

<100> -oriented n-type antimony doped silicon
homogeneous wafers with a resistivity of 2-5 Qcm
and a 300 um thickness were used as a substrate of
the investigated MOS structures. The gate SiO,
layers were prepared by a thermal oxidation in an
atmosphere of a dry oxygen at 1050°C for 90
minutes. The thickness of the SiO; layer was about
100 nm. All gates were prepared by a vapour
deposition of Al (a thickness 1,3 pm) and patterned
photo lithographically. After the MOS structures
manufacturing the sample was annealed in N, + H,
at 460°C for 20 minutes. The ohmic contact from
the backside of the wafer was prepared by an Al vapour
deposition. These structures were marked DO.
Afterwards, the MOS structures were exposed to
a 305 MeV Kr ion irradiation with a fluency of 10%cm™
(samples D1) and fluency 10"%cm™? (D2) and to a
710 MeV Bi ion irradiation with fluency 10°cm™
(D8) and with a fluency of 10" cm? (D6) at the
Joint Institute for Nuclear Research in Dubna,
Russia [6]. Kr and Bi ions distributions in MOS
structures  after ion exposition calculated by
implanted process simulations in the Monte Carlo
code, Transport of lons in Matter (TRIM-2000) [7]
are shown in Fig. 1. These simulations affirmed the
assumptions: the concentration N;,, maximum is
deep in substrate below the structure active region
and its position is greater about 14% after the

irradiation by high-energy Bi than Kr ions at the
same fluency.
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Fig. 1. Krypton and Bismuth ions distribution in MOS structures
after ions exposition calculated by simudation program TRIM

On samples D1, D2, D6 an isochronal annealing
was carried out for 30 minutes at temperatures 100,
200, 300°C and on sample D8 an isochronal
annealing was carried out for 30 minutes at
temperatures 150, 300°C.
The non-irradiated MOS structure DO and the
irradiated MOS structures (D1, D2, D6 and D8)
were investigated by capacitance methods. The
measurements were carried out using an automated
set-up designed in our laboratory SEMITEST [8].
Energy distributions of interface trap density of all
structures have been determined from the low
frequency C-V curve measurement by a quasistatic
method.  For alow frequency C-V  curve
measurement was utilized a computer controlled
capacitance meter Keithley 595, which implements
the charge-voltage method [9].
For the energy distribution determination of the
interface trap density it was necessary to know the
dependence of band bending on the gate bias

¢s = fWs)- (1
This dependence was obtained from integration of
the low frequency C-V curve and is given as [10]
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The @5 is linearly proportional to the energy in the
band gap

E~E =qlg, ~¢,)- (3)
The capacitance of the interface trap is given as

[11]

L TLE reat )
where Crpoeq 18 the measured capacitance and
Crrien 15 the ideal capacitance. The density of
interface traps is given by [11]

D, =1c )

The flat-band voltage Uy and the free carriers
concentration profile n{x) have been determined by
a high frequency capacitance-voltage (C-V) method
(12].

The relaxation time 17, generation lifetime of
minority charge carriers 7, and surface generation
velocity S, characterizing the electrical behaviour
of defects in the MOS structure have been
diagnosed by non-equilibrium C-t method [13].

A depth profile of a generation lifetime 7,(x) has
been established by a time-domain constant
capacitance (cC-t) technique [14]. Multistep ¢C-t
technique is an excellent alternative to the Zerbst
technique. Capacitance of an initially deep-depleted
MOS-C is maintained at a constant value by
increasing the gate charge by a computer-controlled
voltage source. The value of generation lifetime is
then calculated from the slope of voltage transient,
moreover depth profile of the generation lifetime
can be obtained.

C-V, C-t and ¢C-t measurements were performed
using ‘the 42801 MHz C Meter/C-V  Plotter
Hewlett-Packard.

Electrically active radiation-induced defects have
been studied by standard Deep Level Transient
Spectroscopy (DLTS) measurements [15]. DLTS is
a high-frequency fransient capacitance thermal
scanning method, where an electrical excitation
pulse causes the capacitance transient effect in a
potential barrier of a semiconductor. DLTS
measurements have been performed using a Polaron
BioRad DLTS spectrometer with a boxcar detection
system for acquiring the DLTS output signal. The
values of the activation enthalpies AE, of electron
deep levels were determined from an Arrhenius
diagram using known equations

In ’1-1: (o,K,)
L T r i, k
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where e, is the emission rate, K, -a material
constant, 7 -the absolute temperature, kg the
Boltzmann constant.

C-V, C-t and standard DLTS methods were applied
on all irradiated MOS structures before and after
the isochronal annealing.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

The radiation changes interface trap density D, have
been observed at the slope of low frequency C-V
curves (Fig. 2) in depletion and weak inversion
region and in an increased flat band voltage Upgy.
We assumed that the increased flat band voltage
Upg (Fig. 2 and Fig. 3) is resulted of arise in the
positive defect charge in the oxide and at the
interface with the silicon substrate after the high
energy heavy Kr an Bi ions irradiation on the MOS
structure.
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Fig. 3. Typical high frequency C-V curves measured on
structures DO, DI, D2, D8 before and under isochronal
annealing

The values of Dy in Tab.l were determined at
022eV over the mid-gap (Fig.4). The non-
irradiated sample DO has the lower value of D,,. The
Dy increasing was observed on the Kr' ions
irradiated sample D1 (Tab.1). The higher value of
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D, in comparison with the sample D1 detected on
sample D2 was due to the same radiation with
higher fluency. The highest value of Dy was
observed on the sample DS irradiated by Bi* jons.
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Fig 4. Energy distribution of interface trap density of structures
DO, DI, D2 and DS.
By comparison with the values of the generation
surface velocity S, (Tab.l} obtained from C-t
measurements  (Fig. 5) we registered a good
agreement with the results gained from quasistatic
method (D). Moreover we determined the
magnitude of the capture cross-section ¢, which
defines the electrical activity of traps [16]
S, =ovD,. (7
where v, = 1-10° ms™ is electron thermal velocity for
silicon,
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Fig. 5. Typical high frequency C-f curves measured on
structures DO, DI, D2, DS before and under isochronal
annealing.

Further from characteristic high frequency C-V
(Fig. 3) and C-t (Fig. 5) curves measured on the
non-irradiated MOS  structures DO and  the
irradiated MOS structures DI, before and after
annealing we can see that the antimony doped MOS
structures had the same or only a slightly lower
concentration of impurities Np. The rise in the
density of radiation defects is  expressed
quantitatively through a considerable decrease of
generation lifetime 7, values and an increase of
a generation surface velocity S,. After the annealing
we observed the lengthening of the relaxation time
t.. Annealing temperature increase reveals a
reduction of defects and decrease in their activity,
Also the changes in 7, and §, reveal significant
reduction of electrically active defects in the
depleted region and on a Si-Si0, interface (Tab. 1).
Fig. 6 shows a depth profile of a generation lifetime
{x} on MOS structure D1 after annealing at 300°C
obtained by ¢C-t method. Measured values are in
good agreement with result obtained by C-t method.
According to

Ve, ~N.» (8)

where Ny is the trap concentration, we shall assume
homogeneous depth distribution of traps in space
charge region.
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Fig. 6. A depth profile of a generation lifetime.
Tab 1. Parameters extracted from C-V, C-t and Q8 C-V

measwrements on MOS structures.

Annealing Do Dia- h;» I)’:O- K{; DSQ‘ B«ij, D?O-Bi
at 300 °C C [107em™ | 10 em™ | 107em ™ | 10 ey
Upg (V) -0.1 -0.4 -0.5 .5 -1.2
Trp (V) - 0.1 0.2 0.1 0.4
Np(10°'m™)1 122 | 18 1.6 1.1 | 08
Np (107 m ™| - 18 1.6 11| 08

1,(s) 487 | 77 0.6 1.7 -
1, (s) . 15.2 0.8 83 | 046
7, (1ts) 472 3.9 0.5 1.3 -
7y (Us) - 8.4 0.7 3.5 -
5, (10°ms™h| 022 | 0.31 13 45 .

S, (10%ms ™l - | 1.415 | 2245 | 116 .
D, (m7eV'")1,41072,4.10" 1310 19-10'6 -
o, (107°m)) | 242 | 1.29 10 [242:10
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The non-irradiated MOS structures (DO) were of a
high quality, having a low density of defects. We
detected only one deep energy level DL1 (0.61eV)
with a very low concentration 2-10%em™ by DLTS
measurements. This deep level corresponds fo
apresence of Au (0,59 eV). Fig. 7 shows typical
DLTS spectra measured on the irradiated MOS
structures before and after the isochronal annealing.
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and D8 before and under isochronal annealing.

The values of the activation enthalpies AE, of the
detected electron deep levels L1-L7 and DL1-DL8
were extracted from an Arrhenius diagram
{equation 6) and are listed in Tab.2.

4.  Conclusion
Our results confirmed that the quality of MOS
structure became much worse after the irradiation
by high-energy Bi than Kr ions at the same fluency.
The irradiation with a higher fluency had a harder
negative influence on electrophysical properties of

the structures. 14 identifiable radiation defects were
created in irradiated structures. The annealing
caused an improvement of structures properties,
radiation induced defects in MOS structures were
healed out considerably by annealing and so
enabled to identify deep level parameters further.
Tab.Z. Deep energy levels activation enthalpies AL, and similar
traps in literature.

gep in sample | AE, [meV] Sim_iiar traps in
evel literature
11 D2 224 v
12 D2 D1 156 | 170 A-centre
L3 1 D2 D2 121 154 A-centre
14 D1, D2 305
L3 D1, D2 334
L6 D2 407 v+
1.7 Di 196
DL1 DO, D6, D8 611 Au, 590meV.[17]
DL2 D6, D8 523
DL3 | D8 | D6 | 269 | 300 V(18]
DL4 D8 246 V2 [18]
DL5 D8 | D8 | 171 | 141 A-centre [17]
DL6 D8 143 A-centre [17]
DL7 | D8 360
DLSB D6, D8 411
Annealing [100, 200, 300°C]
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