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Abstract

The dfeds of irradiation by 16MeV and 27MeV protons
on standard and oxygenated silicon dodes, processd by
different techndogies, have been investigated. The accetor
credion rate 3, after type inversion can be lower for standard
diodes than for state of the at oxygenated devices, suggesting
that the role of oxygen is more complex than expeded and
must be folded with the techndogy d the fabricaion process
In addition we show the inacarracy of the f normalizaion by
the nortrionizing energy loss (NIEL) fador not only for
oxygenated diodes but also for standard nonoxygenated
devices.

|. INTRODUCTION

It is well known that under irradiation the presence in
silicon d high oxygen concentrations up to [O] = 210" O/cm’
does nat affed the volumetric lekage aurrent increase rate a,
which depends on energy and type of radiation, in agreement
with the NIEL scding model [1-6]. On ore hand, the accetor
credion rate () after neutron irradiation is not significantly
affeded by the oxygen concentration [1-4]; on the other hand,
B and consequently the depletion vdtage (Vdep) is
dramaticdly reduced, and bythe same amourt, in oxygenated
diodesirradiated by 24GeV protons and 192MeV pions[2-5]
wheress this effed is snaler for 27 MeV protons [7].
Oxygen-based models have been proposed to explain the
capability of oxygen to suppressthe formation o V,0 centers
considered to be resporsible for changes in Vdep after
irradiation [8].

The B behavior under charged hadron irradiation shows
that the nornrionizing energy loss (NIEL) fadors are not
sufficient to namalize the accetor credion rate for
oxygenated devices [3,4]. Moreover our group hes recently
reported that B canna be scded by NIEL fadors even for
standard silicon devices after low energy proton irradiation
[9]. In addition, other studies simmarized in [10] have shown
that B values for standard silicon dodes fabricaed with
different process can vary significantly, thus confirming the
limits of the NIEL hypahesis, whereas oxygenated dodes are
less endtive to the fabrication process and their Bs are
systematicdly lower than those of the standard diodes.

In this work we report further on the evidence of the role
of processng for what concerns the accetor credion rate for
standard and oxygenated dodes, showing that lower (3 values
can be found for standard devices than for state of the at

oxygenated dodes. In the light of this evidence, oxygen-based
models appea to betoo restrictive withou taking into acount
other impurities and/or processng step effeds, which affed
the radiation induced acceptor credion rate.

II. DEVICES, EXPERIMENTAL CONDITIONSAND
ELECTRICAL MEASUREMENTS

The devices tested are state of the at slicon dodes
fabricaed by ITE [11] and ST Microeledronics [12]. The
bulk of al the diodes was initially n-type with resistivity of
1.3-3 kQ-cm. The ative aeais surrounced by a n* guard-
ring. The ITE devices were provided to us by the ROSE
collaboration [13]. They were processd in bah standard
([O]aandard < 41016cm3) and Oxywded ([O]oxygenated > 1017Cm3)
Si substrates. The standard diodes were obtained from wafers
produced by Polovodce (PV) [14]. The oxygenated devices
(JO) were procesed on wafers by ITME [15]: oxygen was
introduced by ajet of gas during the refining process The ST
Microeledronics diodes (ST) were processed onwafers with
standard oxygen concentrations from Waker [16].

The geometricd dimensions and the oxygen and carbon
concentrations of the PV and JO diodes, measured by SIMS at
EVANS [17], are summarized in Table 1 aong with data
provided to us by ST. A new SIMS analysis of the cabonand
oxygen content of the ST diodesis underway.

Table1
Typicd diode tharaderistics.
PL JO ST
Area (cm?) 0.25 0.25 0.25
Thickness(um) 285 307 305
[O] (cm’) <4 10° | 2.1-2.3- 107 | <4 10°
[C] (cm®) 9. 10 1. 10 <9. 10®°

Irradiations were performed in two periods at the SIRAD
irradiation fadlity of the Tandem acceerator at the INFN
Laboratori Nazonali di Legnaro (Padova, Italy) [18]. In the
first (second) period the standard PV and the oxygenated JO
diodes (the standard PV and ST devices) were irradiated; i.e.
the PV diodes were mnsidered asreferencedevices.

During ead period al the diodes were simultaneously
irradiated withou bias in cumulative steps a room
temperature. At least two diodes of the same type were
irradiated in the same experimental condtions: a proton (p)
bean of 27 MeV was rastered with a uniformity of a few
percent aaoss the sample holder where the diodes were



arranged in two rows. The diodes of one row receved diredly
the 27 MeV protons, the other diodes were placed
immediately behind a 2.45 mm thick sili ca strip that degrades
the proton energy dowvn to 157 MeV (FWHM=0.7 MeV).
This energy is dill large enough to guarantee a uniform
energy lossaong the proton path in a =300 um thick silicon
diode. The fradion d protons <atered by the silica strip
away from the diodes in the low energy row is cdculated to be
negligible. The energy degradation and the scattering estimate
due to the sili castrip were evaluated with SRIM [19].

The proton flux was measured ontline by a square 3-by-3
battery of independent small Faraday cups positioned 10 cm
behind the target plane. A fluence of 10° p/cm® is typicdly
acamulated in 15 minutes; the initial fluence (® > 3-10°
p/cm’) was chosen so that the diodes were type inverted.

After ead irradiation step the devices were thermally
anneded at 80°C for 4 minutes in order to complete the
beneficial anneding for the depletion vdtage Vdep [1-5].
After anneding the devices were dharaderized by current-
voltage (1-V) and 1 KHz, 10 kHz and 100 Hz cgadtance
voltage (C-V) measurements by a HP4142 B moduar DC
source monitor and a HP4284A LCR meter, respedively.
During the dedricd charaderizaion the reverse bias voltage
(Vbias) was applied to the badkside mntad, while the n
guard-ring was grounced.

[Il. EXPERIMENTAL RESULTS: PV AND JO DIODES

The depletion vdtage used in reporting the following
results is defined as the intersedion pant of the two dfferent
dopes on alog-log scde of the 10 kHz C-V curve, as shown
in Figure 1 for a standard PV diode dter receving 27 MeV
protons for a aumulative delivered fluence of 910" p/cn’.
The C-V curves of the oxygenated JO devices show the same
shape of the PV diodes.
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Figure 1. C-V measurement at 10 kHz for a PV diode dter the
cumulative delivered 27MeV proton fluence of 910" p/ent.

The dfedive dopng concentration Neff has been
cdculated by:

2
W2

Neff= Vdep )
q

where W is the thickness of the diode, € is the ésolute Si
dieledric constant and qisthe dedron charge.

The Neff data versus the aumulative delivered fluence ®
for PV and JO diodes, irradiated by 16 MeV and 27 MeV
protons, are shown in Figure 2. As expeded, Neff increases
linealy by increasing @, being the diode substrate type
inverted just before the first irradiation step. The accetor
credion rate 3, that is the dope of the Neff(®) curve dter
substrate inversion, is lower for oxygenated dodes at both
proton energies. Moreover 3 depends on the proton energy in
a sizedle way andis lower for 16 MeV protons, whereas the
NIEL is expeded to increase by deaeasing the proton energy
[20.
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Figure 2. Neff for PV (dashed symboals) and JO (close symbals)
diodes as a function d the wmulative delivered fluencefor 27 MeV
(circles) and 16 MeV (triangles) protons. The solid lines are linea
fits of the experimental data; the B parameters are dso reported.
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Figure 3. Diode (solid thick line) and guard-ring (solid thin line)
current densities normalized to 20°C for PV devices irradiated by 27
MeV protons at ®, = 3.6010° p/cm?, @, = 5.4010° plem?, &, =
7.2010° plem? and ®, = 9M10° p/c?. The drcles on the four diode
curves mark the diode aurrent density at full depletion.

The aurrent densities FI/Vol, where | and Vol are the arrents
and the volume of the diode, respedively, have been
nomaized to 20°C by considering the temperature
dependence [21] XT)=AT -exp(-E/2k,T), where A is a
constant, T is the ebsolute temperature, k; is the Boltzmann
constant and E=1.24 eV.

The diode (J,) and guard-ring (J;;) current densities
normalized to 20°C are shown in Figure 3 for aPV diode & a
function d Vhias, at ead cumulative delivered fluence dter



27 MeV proton irradiation. As expeded, J, monaonicaly
increases by increasing Vbias, Vdep is within the low sope
region o the JV curve and J; is lower than J, even beyond
full depletion. Similar results were obtained for the JO diodes.
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Figure 4. J, normalized to 20°C at full depletion for PV (dashed
symbals) and JO (close symbals) diodes as afunction d the 27 MeV
(circles) and 16MeV (triangles) cumulative delivered proton fluence
The solid lines are linea fits of the eperimental data; the o
parameters are dso reported.
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Figure 5. Neff as afunction o 1 MeV neutron equivalent fluencefor
PV (dashed symbals) and JO (close symboals) diodes irradiated by 27
MeV (circles) and 16 MeV (triangles) protons. The solid lines are
linea fits of the eperimental data; the By parameters are dso
reported.

The J, data measured at Vdep and namalized to 20°C as a
function o @ are shown in Figure 4 for PV and JO diodes. As
expeded, J, is propational to the amulative delivered
fluence i.e. J,=a®. The volumetric leekage arrent incresse
rate a=a(X,E,) depends on the radiation type X and onits
energy E, but it does not depend on the device oxygen
concentration. The a parameter is higher for 16 MeV protons
in agreement with the NIEL scding hypdesis:

a(X E)a(Y E)=K(XEJK(Y E) (2
where k is the hardnessfador [21] of radiation X at energy E,.
By using the eperimentaly determined values of a at a

standard temperature of 20°C, shown in Figure 4, the 27 MeV
and 16 MeV cumulative delivered proton fluences have been
normali zed to the 1 MeV neutron equivalent fluence (®,) by:

a(proton; E) 3)

o(neutron;1MeV)

where a(neutron,1 MeV)=4-10"" A/cm [6].

After normalizaion, the Neff data for 16 MeV and 27
MeV protons, as a function d @, (see Figure 5), do nd
overlap for both standard and oxygenated diodes, confirming
that the B parameter does not scde by the NIEL fadtor not
only for oxygenated bu also for standard devices, at least for
low energy protons. The slope of the Neff(®,) line, that isthe
3, parameter, is snaller for the JO diodes, and for a fixed
device type it is lower for devices irradiated by 16 MeV
protons. This suggests that there is a similar energy
dependencefor agiven oxygen concentration. In particular the
energy dependence of B for PV diodes indicaes that the
suppresson d acceptor credion cccurs at low proton energy
even with very small oxygen concentrations.

b =

N

V. EXPERIMENTAL RESULTS:. ST DIODES

The ST diodes srow a somewhat peauliar behaviour. At
high cumulative delivered fluences (>6-10° p/cm’) the C-V
curves at the standard 10 KHz frequency used to determine
Vdep present an anomalous ped structure completely absent
in the standard PV and JO diodes (seeFigure 6). The structure
grows with fluence ad is more pronourced for C-V
measurements at 1 kHz, while it is pradicdly absent at 100
kHz. This gructure may introduce asystematic etror in the
Vdep determination a the highest fluences, which
neverthelessis expeded to be small in ou analysis becaise
the linea fit of the C-V curve in the low slope region is well
outside of the pe&k region, as sown in Figure 6.
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Figure 6: C-V meaurement at 10 kHz for a ST diode d&ter the
cumulative delivered 27MeV proton fluence of 910" p/en’.

The Neff(®) curves determined by the C-V measurements
for the ST diodes are shown in Figure 7: the B parameter is
lower for devices irradiated by 16 MeV protons, as arealy
observed with the PV and JO diodes. The standard ST
Neff(®) curves are surprisingly close to the data shown in
Figure 2 for the oxygenated JO devices. Even thoughthe two
ST diodes irradiated by 27 MeV protons sow a small data



dispersion, 3 is lower for standard ST diode than for state of
the at oxygenated devices. This suggests that other impurities
and/or effeds in procesing steps affed the radiation
hardening of the final devicein order to oktain low 3 values.
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Figure 7: Neff for ST diodes as a function d the amulative
delivered fluence for 27 MeV (circles) and 16 MeV (trianges)

protons. The solid lines are linea fits of the experimental data; the B
parameters are dso reported.
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Figure 8. J, normdized to 20°C at full depletion for ST diodes as a
function d the 27 MeV (circles) and 16MeV (triangles) cumulative
delivered proton fluence The solid lines are linea fits of the
experimental data; the o parameters are dso reported.

The wrrelation J, at Vdep of the ST diodes as a function
of @, shown in Figure 8, isnat as goodas that obtained for PV
and JO diodes (see Figure 4): the experimental data seem to
deviate from lineaity at the highest fluences. In addition the
ST a values disagreesomewhat with the PV and JO data, even
if the ST a is again higher for the 16 MeV proton irradiated
diodes, asin Figure 4. The peauli arities of the ST a values are
due to the anomalous behavior of the diode and guerd-ring
currents (see Figure 9), which affeds the J, measurement at
Vdep, espedally for high fluences. We recdl that J., is lower
than J, in PV and JO diodes up to Vhias values sgnificantly
higher than Vdep, and J, mondonicdly increases by
increasing Vhias (see Figure 4). On the ontrary, the ST J_,
(Figure 9) starts to increase quickly at values of Vhias the
neaer to Vdep the higher the receved fluence, reating 50
mA/cm’® at 400 V. Correspondngly the diode aurrent density
J, deaeases. These aomalous behaviors indicae that our
measurements do nd well estimate J, at Vdep by an amourt
which increases with the fluence. Using the face values of

Vdep oltained with the standard procedures used for the PV
and JO diodes, we obtain the results pI otted in Figure 8.

8
6
o
&
S
<4
=
2
0
0 100 200 300 400
Vbias (V)

Figure 9. Diode (solid thick line) and guard-ring (solid thin line)
current densities normalized to 20°C for ST devicesirradiated by 27
MeV protons at ®,=3.6010" p/cn?, ®,=5.400° p/en?’, ®.=7.2010°
p/em® and ,=9110" p/cm?. The solid circles on the four diode arves
mark the diode aurrent density at full depletion.
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Figure 10. Neff for ST diodes as a function o the 1 MeV neutron
equivaent fluence Devices were irradiated by 27MeV (circles) and
16 MeV (triangles) protons. The thin solid lines are linea fits of the
experimental data; the By parameters are dso reported. The thick
solid lines are linea fits, whose By parameters are dso reported,
obtained by namalizing the 27 MeV (16 MeV) proton fluenceto 1
MeV neutron by considering the average value of al the 27 MeV (16
MeV) PV and JO a values.

The values of 3, obtained for the ST diodes by considering
the a values of Figure 6 for normaization of the proton
fluence to the 1 MeV neutron equivalent value are shown in
Figure 10. In the same figure we dso report the fits which are
obtained if the proton fluence normalizaion is performed by
considering the average o value of the PV and JO diodes
irradiated by potons with the mrrespondng energy. The
dopes ', of these fits are compatible with the éove B, within
the fitting perameter error. In spite of the reported difficulties
in determining Vdep and J, at full depletion, the data of the
ST diodes present quditatively the same energy dependence
of (3, shown for the standard PV and oxygenated JO diodes.
However standard ST diodes have values of B, that are



significantly small, even smaller than those of the oxygenated
JO devices.

V. CONCLUSIONS

We have shown that, in silicon dodes irradiated by 27
MeV and 16 MeV protons, the accetor credion rate (3, after
type inversion, is engtive to the energy of the impinging
particles also for standard (nonoxygenated) material. This
effed is amplified when the delivered fluences are normalized
to the 1 MeV neutron equivalent values in disagreement with
the currently accepted NIEL hypothesis. The 3 parameter
deaeases in a significant way when the proton energy is
lowered by 27MeV to 16 MeV. It isworth nding that on the
contrary the le&kage aurrent damage constant o isindependent
of the oxygen content and increases by lowering the proton
energy, in good gantitative areanent with NIEL
expedations.

When processed the same way, oxygenated diodes sow a
lower acceptor credion rate than the standard ores, the dfed
being lower of afador 2-3 at these proton energies than for 24
GeV protons.

However standard diodes fabricated from sili con wafers of
similar charaderistics (in perticular resistivity) with a diff erent
process fiow an acceptor credion rate which can be lower
than that of highly oxygenated diodes.

A further comparison d the behavior of standard and
oxygenated ST diodes is underway. The data of the ST diodes
presented here indicate, at least qualitatively, that the role of
oxygen in affeding the accetor credion rate is not yet
completely understood High oxygen concentrations play an
important role in improving the hardening of the starting
material, but the dfeds of other impurities and/or processng
steps can be quite important in changing the accetor credion
rate B and in asesdng the radiation hardness of silicon
detedor. Therefore these dfeds must be systematicdly
investigated in order to understand the behavior of the low 3
standard sili con devices.
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