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| Generation and Annealing Behaviour of MeV Proton and 252Cf Irradiation Induced Deep

Abstract

The generation and annihilation of deep levels in diodes
fabricated on n- and p-type floating zone and Czochralski sili-
con substrates is discussed as a function of the substrate pa-
rameters and the irradiation and thermal annealing conditions.
Both low fluence irradiations with MeV protons and with the
fission products of a 252Cf source are investigated. The pres-
i ence of deep levels with densities in the range of 4x1011 10
= 2x1012 cm-3, is correlated with increase of the diode leakage
. current.

I. INTRODUCTION

Substrate damage introduced by incident high energy parti-
cles is one of the important radiation related problems encoun-
tered by electronic components in space or nuclear environ-
ments [1]. Accelerators to generate high energy particle beams
are expensive and 252Cf irradiation sources are frequently used
as an affordable alternative to study hardening of technologies
for space applications. In previous reports [2,3] it was shown
that proton and 252Cf irradiations create similar electrically
active defects in silicon. The main differences are the damage
generation rate per unit of fluence and the relative distribution
of the different traps.

In the present paper results are presented of a study of the
degradation and recovery of diode characteristics by proton and
252Cf jrradiations. The influence of oxygen and dopant con-
centration on the trap generation is discussed.

II. EXPERIMENTAL

Square diodes with different areas are fabricated on p-type
floating zone (FZ) and Czochralski (Cz) wafers with intersti-
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tial oxygen content (Oj) between 6.5 and 8.6x10!7 cm3 ac-
cording to the new ASTM standard [4], and on n-type FZ
wafers as listed in Tables I and II. A first set of wafers re-
ceives no thermal pre-treatment (no) and the second set is sub-
jected to a full internal gettering (IG) treatment. The internal
gettering heat treatment consists of a 6h oxygen outdiffussion
step at 1100°C, followed by a 8h nucleation step at 750°C in
a N7 atmosphere and a high temperature oxygen precipitation
step for 110 min at 975°C in a 5% oxygen atmosphere. The
last step corresponds with the oxidation step of the diode pro-
cess. The full diode process is described elsewhere [2].

To address the impact of the interstitial oxygen content on
the irradiation damage, p-type Cz wafers are used as listed in
Table II. The starting interstitial oxygen content ([Oj]) is
7.3x1017 (wafers T1 and T3) and 8.6x1017 ¢m-3 (wafers T26
and T28), respectively. For comparison a pp* epi-wafer (T31) .
with a 10 um thick epitaxial silicon layer and a FZ substrate
(W7), both oxygen lean, are also included in the experimental
matrix.

The diodes are irradiated at room temperature with the fis-
sion products of a 252Cf source, which are mainly heavy ions
with energies in the 100 MeV range [2], or with 10 or 100
MeV protons. The particle fluences are listed in Table III.
Due to the non-uniformity of the 100 MeV proton beam, the
following fluences were obtained for PS: W5: 4.06x1011 cm2,
W7: 3.65x10!! cm2 and W17: 2.0x10!1 cm™2.

After irradiation the recovery of the radiation induced sub-
strate damage is studied by performing isochronal anneals for
15 min, increasing the temperature from 373K to 673K in
steps of 50K. :

Fourier transform infra red spectroscopy (FTIR) measure-
ments are performed to determine the interstitial oxygen con-
tent after the diode processing as listed in Tables I and I

Current/voltage (I/V) and capacitance/voltage (C/V) charac-
teristics of the diodes are measured and correlated with results
from the cross-sectional TEM investigation. The cur-
rent/voltage characteristics of the diodes are measured using a
HP 4145 parameter analyser. The potential of the back-side
substrate contact is varied, while the front-side diode contact is
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Table I

Substrate types used in the present study

Wafer Pre-treat- {Doping den-| O; after Type
ment sity Np | process
(x1014 cm'3) x1017 cm'3)
W3 IG 5.8 4.7 p Cz
W4 no 5.8 4.9 p Cz
w5 IG 20 4.5 p Cz
W7 IG 2 - p FZ
W17 no 0.82 - n FZ
Table I
Experimental matrix of p-type wafers with different interstitial
oxygen content.

Wafer | Np | Pre- |Ojafter| Bulk | Width | Iadia-
treat- |process | defect of tion
ment density | denuded

(x10% | zone
(x1014 (x1017 | ¢m-3)
cm3) cm3) (um)
T1 10 no 7.30 2 - Cf4
T3 10 IG 7.28 1 - Cf4
T26 9 no 4.23 50 2 Cf5
T28 9 IG 4.32 10 10 Cf5
T31 9 no - 1>108 - Cf4
W7 2 IG - - - Cfl
Table IIT
Irradiation conditions
Energy Fluence Label
(MeV) (cm2)
252¢t 3.92x10° Cfl
source 7.0x106 Cf2
1.16x107 cf3
6.13x100 Cf4
6.39x100 Cfs
Protons 10 5.27x1010 P1
10 7.9x1010 P2
10 1.59x1011 P3
10 4x101! P4
100 2 - 4x10!1 P5

kept grounded. The system leakage is less than 1 pA. The
current is measured through the smaller front contact.
Attention has also been given to an accurate determination of
the doping density by means of capacitance/voltage (C/V)
analyses, using a 100 kHz, 30 mV ac modulation signal.

Capacitance DLTS, based on the lock-in principle, is useq
to determine the position in the band 8ap and the density anq
depth profile of the deep levels present within the depletion re-
gion of the diodes.

On some irradiated samples photoluminescence spectra are
recorded after removal of the diode structure, for a further iden-
tification of the irradiation induced defects.

II1. OBSERVATIONS

A. Diode characteristics
Before irradiation

Before irradiation the average diode leakage current density
at -6V is of the order of 1-2 nA cm2 except for wafer T26
(high oxygen, without IG treatment) where it is ten times
higher.

During the diode process, about 50% of the interstitial
oxygen in the wafers with the highest initial interstitial oxy-
gen content (T26, T28) and less than 10% in the wafers with
the low oxygen content (T1,T3), precipitates. Although the
difference in the initial oxygen content is not large (from
7.3x1017 10 8.6x1017 cm-3) the amount of precipitated oxy-
gen [AQj] increases non-linearly with initial [O;] for conven-
tional "high-low-high" annealing in agreement with the so-
called S-curve [5].

The TEM analyses indicate that in the bulk of the high
oxygen wafers a large density of precipitates is present of the
order of 1010 ¢cm-3, i.e. 5x101%m-3 for T26 and 10!0cm-3
for T28. In the samples without pre treatment (T26), a shal-
low defect lean zone (DLZ), defined as the area in which no de-
fects are observed with cross-section high voltage transmission
electron microscopy, of about 2 pm is observed. In the inter-
nal gettered samples (T28), the DLZ is of the order of 10 pm,
This observation shows that in T28 the precipitates are never
“seen” by the depleted area while in T26, already for a reverse
bias of about 5 V, the depleted area extends into the precipi-
tate-rich bulk.

In the I/V characteristics a strong increase of the leakage
current is indeed observed when the edge of the depletion re-
gion reaches and extends into the part of the substrate with the
high oxygen precipitate density (Fig.1). A more detailed dis-
cussion on the impact of silicon oxide precipitates on the
diode characteristics will be published elsewhere [6].

After irradiation

After irradiation an increase of the leakage current is ob-
served which varies linearly with the irradiation dose for n- and
p-type substrates although the current increase per unit of flu-
ence is substrate dependent. For the gettered Cz wafers the
leakage current is significantly lower and the correlation with
the irradiation dose is less clear. Measurement of the leakage
current as function of the diode area shows that perimeter leak-
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age can be neglected and that the leakage current increase is
mainly due to irradiation induced bulk damage inside the de-
pleted area of the diodes. More extensive information on the
impact of proton and 252Cf jrradiation on the diode leakage
current is published elsewhere [2,3,7].

After all irradiations the C/V measurements reveal that the
diodes show the same active doping density as before, indicat-
ing that the density of traps is much smaller than the doping
concentration.
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Fig. 1 Increase of reverse current before and after irradiation
Cf5 as a function of depletion width. Taking into account the
junction depth of 0.5 um, the 2 um denuded zone is clearly re-

flected in the profile before irradiation.

B. DLTS results
Before irradiation

The DL TS measurements correspond well with the leakage
current results and confirm the good quality of the diodes. As
for the leakage currents, diode T26 behaves however different.
Increasing the depletion width in T26, leads to the observation
of two minority traps (E¢ - 0.17eV-and E¢ - 0.43eV). The sec-
ond one, located closest to mid-gap can directly be correlated
with the leakage current increase. Depth profiles of leakage
current increase and deep level density, correspond very well
with each other and with the TEM observations. A more de-
tailed discussion of the correlation between silicon oxide pre-
cipitates and minority carrier traps observed with DLTS will
be published elsewhere [8].

After irradiation

DLTS measurements reveal the formation of deep levels
which are also observed after high energy electron or proton ir-
radiation [2,3]. A typical DLTS spectrum is shown in Fig 2.
In p-type silicon, the dominant deep levels are interpreted as
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related with the di-vacancy V7 (H4, 0.21 eV) and with a car-
bon-oxygen C;O; or carbon-carbon C;C; related complex (HS5,

0.36 eV). Interesting to notice is that the minority carrier
traps E¢-0.43 eV, which are present in the sample T26 before

“irradiation and which are associated with the occurrence of sili-

con oxide precipitates inside the depleted area, are still present
after irradiation as illustrated in Fig. 3.
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Fig. 2 Typical DLTS spectrum recorded on wafer T1 after
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Fig. 3 DLTS spectra recorded on wafer T26 with (top) and
without minority carrier injection.

In agreement with the leakage current measurements,
DLTS reveals much smaller peak amplitudes for the Cz
wafers. Most probably the large number of precipitates and
the high concentration of interstitial oxygen deeper in the bulk
form an effective sink for the vacancies and self-interstitials
which are the primary defects created during the irradiation,
thus leading to lower defect concentrations in the active deple-
tion area of the diodes. Cz wafers with high oxygen content



are thus more radiation hard than FZ wafers with respect to
deep level generation. The same deep levels are introduced
both by proton and 252Cf irradiations but the relative distribu-
tion and the generation rate of the traps is particle dependent.
The number of deep levels generated per unit of fluence is
about 103 times larger for 25§Cf irradiation than for proton ir-
radiation similar to the increase of the leakage current per unit
of fluence [3].

Table IV gives an overview of the different traps which are
observed in the present study together with the associated lat-
tice defect as reported in literature.

be compared as the depleted region is similar (of the order of 5

um). For the 20x1014 B ¢cm-3 doped wafer the depleted area is .
only of the order of 2.5 um so that only the tail of the damage

profile is addressed and the observed trap concentration thus

too low. Nevertheless the results show that déep level genera-

tion is more efficient in FZ substrates and increases with

boron concentration.

Table V
Summary of DLTS observations obtained with a reverse bias
of -15V after irradiations Cf4, CfS and Cf1

Table IV Wafer] PT |Majority car-| Ratio] Minority carrier traps
Characteristics of 252Cf irradiation induced deep levels. o(c) rier traps
is the capture cross-section as determined from a conventional (x1011 ¢cm3) (x1011 cm3y
Arrhenius plot while o(T) is directly measured at the peak CH4 | CHS | CH5/ | SiOx related | Radiation in-
temperature, by varying the DLTS filling pulse length. (0.19] (0.36| CH4 duced
Waf | oe o(T) | Lattice d N N
er ) ce de-
TL | no | 5441941175 - -
-16 -16
level | (V) x }](1)2) (xcl,:,)z) fect T3 | 1G_| 64 | 971 1.5 - -
Wwi7 | El [ 017 13 | 02413 70 | |T26| mo | 61160 1.0} 043eV -
VO on= 1014
90K) 9
A-center cm
E2 | 0.23 55 0.31 v 7.5-10
(133K) 2 T = 240K
E3 0.42 23 1.1 -10 811G | 611 431 0.7 - -
28K) | V%
@BK) | o 31| no [ 7.0 | 48] 07 - -
~center
-/0 W7| IG | 65| 201 3.1 - 024 eV
*V2 ®0)
HT? | 0.35 13 - C,0, 5.7
W7 | H4 | 019 6.1 0.35-0.73 vg” The densities of the irradiation-induced and SiOy related
(123 K) deep levels derived from DLTS peak amplitude for majority
HS 0.36 19 0.7-1.8 G, C, O+ 1 and minority carriers are presented in Table V. For the fluence
(203 K) used in the present study the densities of the SiOy-related and
and/or irradiation induced traps is similar. As expected, the resulting
C. 0. 0/+ | increase of leakage current is also of the same order of magni-
171 tude as the one due to the SiOy centres (Fig. 1) and similar for
all p-type substrates studied. Additional data obtained on p-
ET1 [ 024 3 B B, O, type FZ material irradiated with a lower 252Cf fluence, are in-

The impact of the starting interstitial oxygen content on
the deep level distribution is illustrated in Table V, listing ob-
servations after 252Cf irradiation. As W7 has a lower doping
density, one has to take into account that a larger fraction of
the damage peak is probed with DLTS. Nevertheless it is
clear that the concentration of level H4 does not depend on the
oxygen content and status, while CH5 varies strongly with
starting oxygen content.

Fig. 4 summarises the observed deep level density per unit
of fluence both for the proton and 252Cf irradiated p-type sub-
strates, as a function of the boron concentration. The results
for the wafers doped with 2, 5.8, 9 and 10x10!4 B ¢cm-3 can

cluded in the table for comparison.

Consideration must be given concerning the depth of the
wafer which is probed by the DLTS method. The standard re-
verse bias applied to the samples is -15 V. The corresponding
depletion width is about 5 um for the samples with doping
density N = 9x1014 cm-3. Thus, only a part of the radiation
damage profile is probed under these measurement conditions.

Beside the radiation damage profile, there is a non uniform
distribution of interstitial oxygen due to outdifussion and pre-
cipitation of oxygen as was mentioned above. In spite of the
complicated superposition of those two depth profiles, some
general conclusions can be drawn regarding the dependence of
radiation-induced defects on interstitial oxygen concentration.
The density CH4 of di-vacancies (V5) is independent of the in-
terstitial oxygen content (integrated through the thickness of
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wafer) as well as of the thermal pre treatment. For the wafers

'"T1,..,T31 the density CHS of the interstitial carbon- intersti-

-tial oxygen complexes (Cj-Oj), and the ratio of densities
- CH5/CH4 increases with the amount of interstitial oxygen
which remains after the full diode process.
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Fig. 4 Concentration per unit of fluence of the two domi-
nant majority carrier traps in p-type silicon as a function of
boron concentration and for different oxygen contents. The
samples with boron concentrations of 9 and 10x1014 ¢m-3
have been measured with a reverse bias of 15V. The other

samples were measured with a reverse bias of 6V.

Although the average density of {Oj] in wafers T25 and
T28 (also in T1 and T3) is the same (see Table II), due to dif-
ferent thermal processing, the radiation sensitivity of sample -
T28 (IG) with initial high value of [Oj] is similar to the one
of the oxygen-poor epi-wafer T31. Due to the small denuded
zone in sample T26, the peak of the interstitial oxygen con-
centration lies within the depletion region which explains the
higher value for CHS5. In sample T28 this peak lies much
deeper than the depletion width so that the part of the denuded
zone which is addressed with DLTS compares very well with
the oxygen-lean epi wafer T31.

The leakage current measurements show an opposite ten-
dency: diodes T1 and T3 show a 20% lower leakage current
than diodes T26 (after correction for the precipitate contribu-
tion), T28 and T31 although the density of H5, which is the
dominant level contributing to the leakage current due to its
position closest to the middle of the band gap, is 50% to
200% higher in T1 and T3. Two possible explanations are:
either the presence of minority or majority traps which are not
detected by DLTS or an influence of the high precipitate and
defect density which is present deeper in the bulk in T26, T28
and T31.

Trap generation in FZ silicon

A somewhat surprising result is also obtained for the FZ
wafer where CHS is much larger than in the other wafers.
Investigation with photoluminescence (PL) showed however
that in wafer W7, the deep level HS is connected only with the
presence of interstitial carbon/substitutional carbon complexes
(PL. line 969.5 meV [9]) while in the Czochralski wafers only
the CjOj complex (PL line 789.4 meV [9]) can be detected
with PL. It is well documented that both types of defects in-
troduce deep levels with the same position in the bandgap and
can thus not be resolved in a straightforward way using DLTS.
As wafer W7 has a ten times lower dopant concentration, the
depletion width for a filling pulse between -10 and -0.5 V cor-
responds with the position of the maximum of radiation dam-
age (= 9 um) making it possible to measure accurately the
depth profiles of the different traps by using the Double-DLTS
(DDLTS) technique. The observations show that the peak
concentration for the di-vacancy lies somewhat closer to the
surface than thai of the self-interstitial related defect C;Cs,
which might be due to the knock-on effect by which the self-
interstitial after its creation is driven deeper towards the sub-
strate while the vacancy is left behind [8].

The depletion width in the FZ sample under zero reverse
bias is large enough (about 2 pm) to perform also a DLTS
measurement of minority carrier emission by applying only an
injection pulse, i.c. from 0 to 1.0 V. An electron trap with
activation energy Ec-0.24 ¢V and an estimated concentration
N¢ = 6x10!1 cm3 is observed (Fig. 5a). The origin of this
level is well documented in the literature and can be related ei-
ther with the di-vacancy in the negative charge state (0.23-0.25
eV) or with the interstitial boron-interstitial oxygen complex
(B;-0;, 0.27 eV) [10,11].
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Fig. 5 a) DLTS spectra recorded on wafer W7 after irradiation
Cf1, before (top) and after anneal at 523K for 15 min. The
spectra are recorded with a filling pulse between O and 1 V
thus revealing also the minority carrier capture levels.

b) DLTS spectra obtained on the same specimen using a fill-
ing pulse from -10 to 0.5 V. The top spectrum is the one af-
ter the thermal anneal and reveals a new majority trap at
around 155 K, corresponding with a V-O-B complex.

To clarify this uncertainty, the FZ sample is annealed for
15 min at T = 523K in an argon atmosphere. The di-vacancy
related defect is known to anneal out at 573K, whereas the B;-
O; complex is stable below 473K [11,12). As illustrated in
Fig. 5b, after annealing, the disappearance of the electron trap
E:-0.24 eV is accompanied by the emergence of a new hole
trap at Ey+0.30 eV while the amplitude of the hole trap
Ey+0.21 eV decreases by about 25% showing only partial an-
nealing of di-vacancies.

A similar sequence of annealing of the deep levels at tem-
peratures in the range of 523-573K has been observed in elec-
tron and a.-particle irradiated p-type silicon [13] and attributed

to the transformation of the B;-Oj complex to a vacancy-oxy-
gen-boron (V-O-B) complex.

C. Annealing experiments

The irradiated FZ wafers were chosen for the annealing ex-
periments as more sensitive DLTS measurements are possible
due to the lower background doping.

In Fig. 6 the density of H4 and HS traps in a p-type FZ
diode are plotted versus the isochronal anneal temperature.
The vacancy related deep level is stable up to 500K, while the
carbon/oxygen related center anneals out around 640K,
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Fig. 6 Effect of 15 min isochronal anneals on the hole trap
densities CH4 and CH5 in W7 after irradiation Cf3.

In Fig. 7 the same graph is given for the E1, E2 and E3
traps in the n-type FZ diode. A two step anneal is observed
for the E3 level: a first one occurs at about 400K while a sec-
ond occurs at around 570K.

In Fig. 8, three DLTS spectra are shown, recorded after
three isochronal anneals, illustrating the initial increase of the
A-center density at the expense of both di-vacancy related cen-
ters. In Figs. 9 and 10, the results of isothermal annealing of
W17 (Cf2) at 573K and W7 (Cf2) at 623K are shown.

For the n-type substrates, the observed two anneal stages of
the E3 level correspond well with the stability temperature
values reported for the E-center (423K) and the di-vacancy
(573K), respectively [14,15]. The initial fast increase of the
concentration of the A-centre and the di-vacancy during the an-
neal at 573K, can be explained by the instability of the E-cen-
tre which will release rapidly vacancies which are partly cap-
tured by the interstitial oxygen and partly form di-vacancies.
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For longer anneal times the annealing behaviour of the E2 and
E3 level are similar, confirming that both levels can be differ-
ent charge states of the same lattice defect, i.e. the di-vacancy.

From the isothermal annealing behaviour of the trap con-
centration CT, one can calculate the annihilation rate r using

CT(®) =CT©)e™ . ()]

The annihilation rate r(T) itself is temperature dependent
and one can estimate its activation energy E, from the
isochronal annealing results. Assuming an isochronal anneal-
ing time t, and an increase of anneal temperature Tj one can
write

Ey
(T)=rge T, @
and
CT(T+ Ty e 1(T + Tita . 3

CT(D)

The results of this calculation are listed for H4 and HS in
Table VI. Due to the limited number of data points, the E;
values obtained in the present work are only first order esti-
mates. The value obtained for the di-vacancy is however the
same as the one reported for the anneal of the di-vacancy (E2)
in n-type material [14].
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Fig. 7 Effect of isochronal anneals on the electron trap densi-
ties CE1, CE2 and CE3 in W17 after irradiation Cf3.
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Fig. 9 Isothermal anneal at 573K of levels E1, E2 and E3 in
W17 after irradiation Cf3.
Table VI

Trap annihilation rate r and its activation energy E, for levels
H4 and H5, calculated from the isothermal and isochronal an-

neals
Trap Anneal tem- r E,
perature ()(10‘5 s1) this work
K (@)
H4 (V9) 623 45 1.3
H5 (GiCy) 623 32 0.95
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Fig. 10 Isothermal anneal at 623K of H4 and H5 in W7 after
irradiation Cf3.

IV. CONCLUSIONS

SiOy precipitates are responsible for strong minority carrier
traps in p-type silicon. Two deep levels, i.e. E¢-0.17 eV and
Ec-0.43 eV can be related with SiOx precipitates. The ob-
served minority traps are responsible for the increase of the
leakage current of the diodes before irradiation.

The diode leakage current increase due to high energy parti-
cle irradiation, is mainly due to a combination of minority and
majority carrier traps close to the middle of the bandgap, oc-
curring with densities ranging from 4x10! to 2x1012 ¢m-3,

In irradiated p-type silicon substrates the dominant majority
carrier traps contributing to the leakage current are interstitial
related traps, i.e. the C;Cj related trap in FZ silicon and the
CiO; related trap in oxygen-rich Cz silicon. Both traps are lo-
cated at about 0.35 eV above the valence band. The concentra-
tion of di-vacancy levels is independent of the oxygen content
and thermal pre-treatments.

In irradiated n-type silicon substrates the dominant majority
carrier traps contributing to the diode leakage current at room
temperature are both vacancy related, i.e. the E-center (PV
complex) and the di-vacancy.

The observed annealing behaviour of the dominant radiation
induced traps in FZ silicon strengthens their preliminary iden-
tification which was based on the DLTS results. The conver-
sion of the electron trap (E¢-0.24 €V) to a hole trap (Ey+0.30
eV) during annealing at temperature 523K can be interpreted as
the transformation of the interstitial boron-interstitial oxygen
complex into a vacancy-oxygen-boron complex in 252Cf irra-
diated p-type FZ silicon.

An important unresolved problem is the in some samples
observed lack of correlation between the leakage current in-
crease after irradiation and the deep level increase.
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