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A comparative analysis of capacitance–voltage (C–V ) and current–voltage (I–V ) characteristics dependent on proton irra-
diation fluence in the range from 7·1012 to 7·1014 p/cm2 has been performed in float zone (FZ) silicon PIN diodes. Aδ-shape
and triangle profiles of radiation induced defects were formed by irradiation with protons having energy in the range from 2.0
to 2.7 MeV. Temperature-dependent variations of current (I–T ) at fixed reverse voltageVR enable one to extract the thermal
activation parameters. These values are found to be in a quantitative agreement with trap activation parameters measured by
DLTS technique. The role of point and extended defects in correlated modifications ofC–V andI–V characteristics of the
irradiated diodes is discussed.
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1. Introduction

High energy proton implantation is an effective tech-
nology for a local modification of carrier lifetime in
silicon power devices [1]. The radiation technology
of depth-profiled density of recombination centres en-
ables one to design both the distribution of radiation
defects, by varying proton beam energy, as well as
the defect density, by varying irradiation fluence [2],
respectively. Together with beneficial recombination
centres, deep levels acting as carrier generation traps
are produced as well. Proton irradiation reduces the
reverse recovery time of the PIN rectifiers, however,
this procedure causes a simultaneous increase of the
forward voltage drop and of the leakage current [3].
Consequently, heat treatment procedures should be per-
formed on the post-irradiated devices to reduce the con-
centration of detrimental traps that stretch the device
switching characteristics. Then the transforms and evo-
lution of radiation induced defects can be governed ex-
pediently by reasonable heat treatment regimes.

In this work, fluence dependent variations of capacit-
ance–voltage (C–V ) and of current–voltage (I–V )
characteristics in FZ Si industrial PIN diodes have been
examined. Modifications of these characteristics de-
pendent on proton beam energy, on irradiation fluence,
and on temperature of heat treatments have been re-
vealed.

2. Samples and measurement techniques

Industrial PIN diodes fabricated on the substrates
of float zone Si material and irradiated with different
proton fluences have been examined. The irradiations
were performed using a proton accelerator at Univer-
sity of Helsinki. Aδ-shape profile of enhanced density
of the recombination centres within a diode base re-
gion ofn-type conductivity Si material was formed by
irradiating with 2.0 MeV energy protons. A triangle-
shape depth profile of density of these defects was cre-
ated by varying gradually the energy of protons in the
range from 2.0 to 2.7 MeV. The density of radiation de-
fects has been manipulated by changing the irradiation
fluence in the range from 7·1012 to 7·1014 p/cm2. To
modify the radiation induced defects and to control the
consequent changes of the functional parameters of de-
vices, the 24 h isochronal annealings were performed
by varying temperature in the range from 20 to 420◦C
via 60–80◦C heat treatment steps.

Measurements of current–voltage (I–V ) charac-
teristics have been performed by using a commer-
cial sub-femtoamp source-meter Keithley 6430 instru-
ment. Capacitance–voltage (C–V ) characteristics have
been examined by employing the small signal AC
impedance measurement technique implemented by
using a high precision QuadTech 7600LRC-meter. A
computer-controlled bias voltage source for the range
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of 0–500 V made of a set of batteries connected in
series within a shielded box has been exploited in or-
der to arrange the noiseless and galvanically isolated
measurements. The latter is required for small signal
AC measurements within frequency range of 20 Hz –
2 MHz by employing a high precision LRC-meter.
Temperature dependent measurements of theseI–V
andC–V characteristics have been carried out by plac-
ing a sample into a liquid nitrogen cryostat.

3. Results and discussion

Contact methods are one of the most reliable means
to characterize the radiation induced defects, the mate-
rial electrical properties, and the functional parameters
of diodes after irradiation. In this work,I–V , I–T , and
C–V measurements have been carried out to determine
the radiation induced changes in diode parameters and
their evolution after isochronal annealings.

3.1. Variations of leakage current

There are two basic mechanisms responsible for cur-
rent flow under reverse bias conditions. The first is as-
sociated with thermal generation of carriers within the
depleted base region, referred to as generation current,
and the second is associated with diffusion of carriers
in the neutral region, referred to as diffusion leakage
current. Total leakage current can be written as a sum
of the mentioned components [1, 4]:

JL = JDP + JSC + JDN

=
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whereJSC is space-charge-generation leakage current,
JDP diffusion current component fromp+ region,JDN

diffusion current component fromn or n+ region,q el-
ementary charge,ni intrinsic carrier concentration,τsc

space charge generation lifetime,Dn, p carrier diffusion
coefficient in the respectivep or n region,Ln, p carrier
diffusion length within corresponding side of the junc-
tion, NA, D is the respective concentration of acceptors
or donors.W is a width of depletion region, expressed
as

W =

√
2 ε ε0(Vbi + Va)

q ND
. (2)

Here,ε is dielectric permittivity,ε0 vacuum dielectric
constant,Vbi built-in barrier potential,Va applied bias

voltage. Carrier generation lifetime within a space-
charge region is commonly described by using an ap-
proach of the Shockley–Read–Hall (S–R–H) recombi-
nation statistics, as [1]

τsc = τp0 e(Er−Ei)/(kT ) + τn0 e(Ei−Er)/(kT ) , (3)

with microscopic lifetimesτn0 = 1/CnNr = 1/vTn ×
σcn Nr for electrons andτp0 = 1/CpNr = 1/vTp ×
σcp Nr for holes, respectively. The notifications used
are the same as commonly accepted. The leakage cur-
rent due to space charge generation is increased with
enhancement of the reverse bias until the depletion
layer no longer expands due to punch-through. At full
depletion, the value of leakage current is determined
only by a space-charge-generation component.

The effect of proton induced defects can be easily
resolved by measuring the changes in theI–V char-
acteristics, as illustrated in Fig. 1(a) for diodes irra-
diated by 2.0 MeV varying fluences. An increase of
leakage current is clearly observed with enhancement
of fluence, and a linear leakage current increase with
fluence at fixed reverse voltageVR of 30 V has been ob-
tained within the flat component of the reverse branch
of theI–V characteristic (Fig. 1(b)). This linear leak-
age current dependence on fluence can be explained by
prevalence of the point carrier generation centres. The
density of these centres is proportional to irradiation
fluence.

A steep increase of a leakage current has been found
at elevated reverse voltages, those values exceed a
threshold of>50 V in diodes irradiated by protons of
fluence>7·1013 p/cm2 (Fig. 1(a), grey dotted curve).
A threshold value of the reverse voltage for detection
of this component of the steep leakage current increase
is reduced with an enhancement of irradiation fluence
(Fig. 1(a), light grey dash-dotted curve). This pecu-
liarity might be cursorily explained as a manifestation
of the Poole–Frenkel effect due to emission of carriers
from the deep levels at a sufficient electric field due to
reduction of a potential barrier at a local trap. Due to an
increase of resistivity of the locally radiation damaged
material area, a local enhancement of the strength of
the electric field is very probable when a depth distri-
bution of a voltage drop exists within very narrow (few
microns) diode base region. Then the threshold reverse
voltage value (for the steep leakage current increase) is
reduced if the increment of resistivity is proportional to
the irradiation fluence. Alternatively, the steep leak-
age current increase can be understood by involving
the current percolation effects for a damaged range of
a diode base. It is well known that large values of an
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(a) (b)

Fig. 1. (a)I–V characteristics in diodes irradiated by 2.0 MeV protons of different fluences, (b) leakage current as function of irradiation
fluence at fixed bias voltage ofVR=30 V.

interaction cross-section in Si for 2–3 MeV protons is a
reason for rather short penetration depth of these parti-
cles and for creation of a high density of cluster defects
within a stopping range of 2–3 MeV protons. The ex-
istence of sharply inhomogeneous distribution of den-
sity of these cluster defects, with a rather flat pedestal
within the proton penetration path and aδ-shape peak
density at proton stopping length, acts as extended de-
fects with the local-field-governed space charge regions
surrounding the cluster cores. Then, the applied voltage
drop distributes among the space-charge areas of clus-
ters, while the conductivity current can be ascribed to
areas free of clusters, those contain only point defects.
It is the latter component that determines the magnitude
of a percolative current flowing along the random paths
of the non-damaged material. A cross-sectional area
of these channels of a relatively non-damaged material
depends on density of clusters and on applied external
voltage which modifies the extent of space-charge re-
gions surrounding the clusters. The parallel and serial
linkage of components of inhomogeneously damaged
areas determines the total leakage current. Thus, an in-
crease of cluster density within a pedestal component
of the damage depth distribution can be a reason for
reduction of a threshold voltage to observe the steep
leakage current increase if applied voltage enhances an
integral diameter of percolation channels.

The space charge generation current is a strong func-
tion of temperature due to the carrier thermal emission
rate changes with temperature. AnI–T spectrum mea-
sured in a diode irradiated by 2.0 MeV protons of flu-
enceΦ = 7·1013 p/cm2 is illustrated in Fig. 2. Several
peaks in current variations as a function of a recipro-
cal thermal energy have been resolved below a range

Fig. 2. I–T spectrum measured in diode irradiated by 2.0 MeV
protons of fluenceΦ = 7·1013 p/cm2. Ciphers indicate the thermal

activation energy values for different deep centres resolved.

of the interband transitions stimulated by temperature
changes. The activation energies ofE1 = 0.17 eV and
E2 = 0.31 eV have been deduced by a standard pro-
cedure of analysis of the slopes in symmetrical wings
associated with resolved peaks in theI–T dependence.
The symmetrical wings can be ascribed to current vari-
ations due to dominance of thermal emission within a
low temperature slope while fast capture of emitted car-
riers prevails in the elevated temperature wing when the
same deep level associated with the fixed peak is emp-
tied by a rather rapid emission. An impact of the rather
shallow centres of activation energy valuesE smaller
than a mid-gap energyEi can be only assumed if sym-
metrical slopes at peaks in theI–T dependence are ob-
served, and point-defects with discrete deep levels are
associated with these peaks.
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It is commonly accepted [1] that concentration of
deep centres introduced by proton irradiation is propor-
tional to irradiation fluenceΦ. Then, a componentIPD,
associated with radiation induced change within a total
leakage current due to point defects, can be estimated
by introduction rateKL, PD of defect density, which is
proportional to irradiation fluence but is independent
of applied voltage, i. e.IPD = KL, PD Φ. The impact
of clusters is more complicated. It is reasonable to as-
sume that the density of clusters is also proportional to
irradiation fluence but it is characterized by a different
introduction coefficientKL, cl. However, radiation in-
duced clusters scale a redistribution between currents
flowing due to thermal generation from point defects
and the percolation (conductivity) current when cross-
section of channels is governed both by density of clus-
ters and by applied voltage. The latter determines the
depletion width of space charge region surrounding the
cluster. Then, a component associated with creation of
clusters can be phenomenologically described by a di-
mensionless redistribution factorR, dependent on both
the applied voltage and fluence, i. e.R(Va,Φ). There-
fore, the changes of the total leakage current in proton
irradiation damaged material can be qualitatively ex-
plained by using a phenomenological expression:

IL = Ii + KLΦ + KL, clR(Va,Φ) Φ , (4)

whereIi is the initial leakage current of not irradiated
material. Consequently, the total leakage current as a
function of fluence contains the linear and non-linear
components. Threshold effects should be included
within R due to percolation character of current. Then,
a distance between the space-charge spheres, surround-
ing the clusters, reduces with enhancement of fluence
at assumption that density of clusters is proportional
to fluence. Due to depletion/space-charge screening
effects, the exponential behaviour ofR as a function
of applied voltage (Va) is implied forVa values above
percolation threshold. Thus, the increase of leakage
current with fluence in the range below a threshold re-
verse voltage can be explained by a generation current
from point deep centres while the introduction of clus-
ters determines an existence of a threshold voltage and
of an exponential increase segment of leakage current
above threshold voltage dependent on irradiation flu-
ence. Particular function ofΦ and ofVa in description
of leakage current nonlinearities can be obtained only
on the basis of a cluster model, which is beyond the
scope of this consideration.

3.2. Capacitance–voltage characteristics

Barrier capacitance of the reverse biased diode is
commonly approximated by a plane capacitor approach
and expressed as

C =
ε ε0 A

deff
. (5)

HereA is an active area of the junction, and an effective
width of depleted diode with abrupt junction is either

deff =

d|VR≥VFD

W |VR<VFD

, (6)

equal to a geometrical lengthd of a diode base above
full depletion voltage (≥VED) or it is equal to a de-
pletion depthW . The latterW is evaluated by solv-
ing a Poisson equation with standard boundary condi-
tions, and it is described by Eq. (2) for abrupt junc-
tion. For homogeneously irradiated base material, the
radiation induced acceptors are able to compensate the
initial doping by donors of then-base material or even
to change the conductivity type. Therefore, the value
of concentration of donorsND in Eq. (2) should be
replaced by an effective densityNeff = ND − NA

of the electrically active centres in description of the
depletion width of a reversely biased irradiated diode.
For sharply inhomogeneous depth (x) profile of radi-
ation defectsNeff(x) introduced by stopped protons,
the depletion depth as a function of reverse voltage
is found by a digital solution of the Poisson equa-
tion. An analytical approximation of such an inhomo-
geneously irradiated base can be obtained by integrat-
ing a step-like profile, ascribed to a pedestal (of thick-
nessd1), to a high density ofNeff but narrow (of thick-
nessd2 < d1 � d) step in the protons’ stopping range,
and to a non-irradiated material of an initial doping
ND, respectively. Subsequently, a cumbersome func-
tion of W = W (Va, d1, d2, d) is obtained, which de-
termines a significant deviation from the well-known
linear slopes [3, 4] within either1/C2 or 1/C3 plots
versusVR for either an abrupt or a linear junction mod-
els, respectively.

Comparison of the measured capacitance–voltage
characteristics for diode irradiated by 2.0 MeV pro-
tons of fluence 7·1012 p/cm2 and for non-irradiated
one is presented in Fig. 3. The decrease of a slope
observed at low voltages within aC−2–VR plot can
be cursorily interpreted as the increase ofNeff value
from Neff,n = 1.77·1014 cm−3 for the non-irradiated
diode toNeff,i = 5.47·1014 cm−3 after irradiation. At
higher voltages, the slope of a segment for theC–V
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Fig. 3. C–V characteristics measured on reverse biased diodes:
solid black curve for non-irradiated material and dashed grey
curve for diode irradiated by 2.0 MeV protons of fluenceΦ =

7·1012 p/cm2.

curve measured on irradiated diode coincides with that
for a non-irradiated one, as predicted by the simu-
latedW = W (Va, d1, d2, d) changes in the step-like
Neff,i−n profile structure. On the other hand, the in-
crease of a diode capacitance (i. e. a reduced value of
C−2 for irradiated diode relatively to initial one, Fig. 3)
when the external field covers only a damaged layer
can also be understood as a shrinkage of the depletion
width due to compensation of a local space-charge field
within a cluster by an external one. This proves that the
C–V measurement is a proper technique to control ra-
diation inducedNeff profile withinn-base region.

3.3. Modifications of diode characteristics by
irradiation profile and fluence

Current–voltage characteristics measured on diodes
containing different defect distributionNeff(x) profiles
formed by proton beam either of fixed (2.0 MeV) en-
ergy or of multi-step gradually varied energy in the
range of 2.7–2.0 MeV are compared in Fig. 4 for (a) re-
verse and (b) forward biasing branches of theI–V de-
pendences, respectively. Here,I–V characteristics ob-
tained for the smallest irradiation fluences employed in
this work are presented. Also, these fluences are of
nearly the same peak value forδ- and triangle-shape
Neff(x) profiles.

The increase for both leakage (Fig. 4(a)) and for-
ward (Fig. 4(b)) current is obtained in the irradiated
diodes when comparing with those for non-irradiated
material diode. A rather smooth variation of theI–V
curves in the typicalI–V saturation regions indicates
dominance of the point centres. The impact of the
same deep levels can be implied, when their action as
generation/trapping centres is inherent. These genera-
tion centres increase the leakage current. An enhance-
ment of the forward current with irradiation can be ex-
plained by the reduction of carrier recombination life-
time. Dominance of the point deep centres in the range
of moderate reverse voltages can be corroborated by
temperature dependent leakage current characteristics.
These characteristics measured atVa ≤ 30 V (Fig. 5)
show a significant amplitude of theE1 = 0.17 eV
and E2 = 0.31 eV peaks (Fig. 2). Those are well-
known in TSC [5] and DLTS [6] spectra and are in-
terpreted as the vacancy–oxygen and vacancy–oxygen–
hydrogen point-like complexes in Si. The amplitude of

(a) (b)

Fig. 4.I–V characteristics for (a) reverse and (b) forward biased diodes. TheI–V of diodes with non-irradiated base (black solid curves), of
diodes containing a triangle-shape proton irradiation inducedNeff(x) (grey dotted curves) over width of diode base, and ofδ-shapeNeff(x)

(dark grey dashed curves) damaged layer located at 7µm from the metallurgical junction are compared.
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Fig. 5. Leakage current as a function of temperature measured in
diodes of non-irradiated (black solid curve) material compared with
those obtained for proton irradiated diodes containing a triangle-
shape proton irradiation inducedNeff(x) (light grey dotted curve)
over width of diode base and of aδ-shapeNeff(x) (grey dashed
curve) damaged layer located at 7µm from the metallurgical junc-

tion.

Fig. 6. I–V characteristics in reverse biased diodes irradiated by
2.0 MeV (black solid curve) and by 2.3 MeV (light grey dotted
curve) protons when aδ-shape damage layer is located at 7µm
from metallurgicalp–n junction (black solid curve) and in the mid-
dle of n-base region (light grey dotted curve). TheI–V charac-
teristic for diode containing a triangleNeff(x) profile (grey dashed
curve), with peak located at junction, is also presented for compar-
ison. Values of peak irradiation fluence are of close magnitude for

different shape and location of the radiation damaged layers.

the leakage current peaks increases with enhancement
of density of these radiation defects which is increased
both by the irradiation fluence and by the narrowing of
a damaged layer width (in the case of aδ-shape pro-
file, Fig. 5). The generation centres also determine an
observable increase of the averaged value of leakage
current exceeding that in the non-irradiated diode (as
compared in Fig. 5).

However, the discussed segment of the steep in-
crease of a leakage current inevitably appears for the el-
evated reverse voltages in the proton irradiated diodes.
The threshold reverse voltage value, for which the
steep increase of a leakage current is detectable, de-
pends on irradiation fluence, on defect distribution pro-
file Neff(x), and on location of a damaged layer rela-
tively to a metallurgical junction, as illustrated in Fig. 6.
The segment of the steep increase of a leakage cur-
rent starts at a threshold reverse voltage value which
is the smaller the larger irradiation fluence (Fig. 1(a))
or a closer location of the damaged layer relatively to
junction (Fig. 6) is. A reduction of the threshold re-
verse voltage with a closer location of a peak of the
damaged layer to metallurgical junction implies that
the impact of the extended radiation defects, containing
space-charge surroundings, exceeds that of the genera-
tion centres in the increase of leakage current depen-
dently on the local strength of electric field. The lat-
ter is weaker in the middle of a diode base relatively
to that at junction. Therefore, for the sameNeff(x)
shape layers formed by 2.0 and 2.3 MeV protons, the
observed threshold reverse voltages differ significantly,
when comparing the respectiveI–V s in Fig. 6 for a
layer located at junction and for a layer within the
half-width of a diode base. With enhancing the clus-
ter density when the latter is proportional to irradiation
fluence, the cluster-surrounding space-charge spheres
tend to overlap. Consequently, an external applied field
governs the percolation current or the local field. Di-
rection of local fields is dependent on the polarity of
space charge and is caused by the cluster core struc-
ture in the space-charge it surrounds. Then, a leakage
current increase is typical either to that of a forward bi-
ased junction or to avalanche processes evolved within
a local strong field.

Capacitance–voltage characteristics in the as-irra-
diated diodes containing aδ-shape and a triangle-
profile layer of radiation induced defects are compared
in Fig. 7 with that for non-irradiated one. A reduction
of value ofC−2 with enhancement of irradiation flu-
ence in diodes containing aδ-shapeNeff(x) layer lo-
cated close to junction can be cursorily explained by
the increase of effective dopingNeff in then-base re-
gion due to introduction of point radiation defects of
donor type with densities exceeding the initial doping.
But, peaks in theI–T characteristics are identified as
the acceptor-like point centres. On the other hand, in-
troduction rate of point defects by irradiation of fluence
<1013 p/cm2 should be assumed to be unprecedently
large for Si. For the diodes irradiated by 2.0 MeV
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Fig. 7. C–V characteristics dependent on fluence in diode with
irradiation damagedδ-shape layer (dotted curves) compared with
those in non-irradiated diode (solid curve) and in irradiated diode

containing a triangleNeff(x) profile (gray dashed curve).

protons with fluences less than 1013 p/cm2, a C–V
characteristic, measured at voltages of values above
those necessary to cover aδ-shapeNeff(x) layer, shows
a C−2–VR course parallel to that of a non-irradiated
diode (Fig. 7). This implies that enhanced values of
capacitance can be caused by a junction-located inter-
nal space-charge field which screens the external strong
field. Subsequently, theC−2–VR course is similar to
that for non-irradiated diode but with a reduced effec-
tive voltageV ∗

R = Va − V (Elocal).
The increase of capacitance with irradiation fluence

for the diode containing aδ-shape layer located at the
same distance from junction can be explained by an
enhanced screening of the strong external field by in-
creased density of clusters. The smoother profile of
Neff(x) within a triangle shape layer (in a diode ir-

radiated with a close value of fluence) determines the
smaller density of clusters within area of the strong ex-
ternal field. Therefore, the capacitance for a diode con-
taining a triangle shape layer is reduced relatively to
that obtained in a diode containing aδ-shape layer in
the range of small reverse voltages. Existence of clus-
ters within entire base width for a diode containing a
triangle shape irradiation profile determines a clear de-
viation of theC−2–VR course from those observed for
both non-irradiated and irradiated by 2.0 MeV protons
of fluence<1013 cm−2 diodes, in the range of elevated
VRs.

Thus, coordinated variations of theI–V , I–T , and
C–V characteristics with irradiation fluence and vary-
ing Neff(x) profile imply that the influence of point
radiation defects can be detected within current vari-
ations for the range of low bias voltages. An impact of
extended cluster defects determines the non-linear cur-
rent changes (might be as generation of microplasma)
at elevated reverse voltages, and it appears in theC–V s
dependent on irradiation fluence.

3.4. Heat treatment induced modifications of the
irradiated diode characteristics

Isochronal 24 h annealings by varying temperature
in the range of 20–420◦C were performed on proton
irradiated diodes in order to resolve behaviour of dif-
ferent radiation defects under heat treatments and to
determine a range of requested modifications in func-
tional parameters of the irradiated devices.

Evolution ofI–V andI–T characteristics for diodes
irradiated by 2.0 MeV protons of fluence 7·1013 p/cm2

(a) (b)

Fig. 8. Variations of the (a)I–V and (b)I–T characteristics in 2.0 MeV proton irradiated diodes after various temperature steps of the
isochronal 24 h heat treatment.
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(Fig. 8(a)) and 7·1014 p/cm2 (Fig. 8(b)) after several
temperature steps within isochronous 24 h heat treat-
ment is illustrated in Fig. 8. The leakage current is re-
duced in all the applied reverse voltage range relatively
to the current values obtained in the as-irradiated diode.
The steep current increase due to percolation and to
avalanche current effects disappears in the whole range
of applied bias voltages. However, an enhancement of
the heat treatment temperature above 160◦C leads to
an increase of leakage current at elevated reverse volt-
ages. This implies a shift of the steep current increase
segment towards the range of higher voltages, exceed-
ing those employed in this investigation. The course of
leakage current variation withVR in the diode heated at
320◦C remains similar to that obtained after annealing
at 240◦C. Therefore, a beneficial annealing of radiation
defects can be implemented in the temperature range of
20–200◦C. This result is corroborated byI–T charac-
teristics measured in the same diodes. The initial heat
temperature steps below 200◦C lead to a reduction of
a leakage current value and of the amplitude of the cur-
rent peaks (in the range of<200 K) relatively to those
measured in the as-irradiated diode. Further enhance-
ment of the annealing temperature causes shifts of the
peaks when amplitude of the latter increases and might
be of the same magnitude as measured at previous steps
and even within the as-irradiated diode. These changes
of the I–T spectra imply transforms of the defects.
However, the integral impact of the deepest centres is
reduced with enhancement of heat treatment tempera-
ture up to 420◦C, and this assumption can be deduced
from a decrease of the leakage current ascribed to the
interband transitions (in the range of>200 K).

Variations of theC−2–VR characteristics in the as-
irradiated diodes (solid curves) and in heat treated
at 420◦C (dotted curves) samples are illustrated in
Fig. 9 and compared with those measured in the non-
irradiated diode. AC–V characteristic is almost re-
stored to that obtained in the non-irradiated diode af-
ter multi-step 24 h isochronous annealings of the diode
irradiated by the smallest 7·1012 p/cm2 fluence of
2.0 MeV protons, employed in this investigation. As
mentioned above, the course of theC−2–VR charac-
teristic in the as-irradiated with smallest fluence diode
(for VRs above those required to deplete the width of an
irradiated layer) is isomorphous to theC−2–VR charac-
teristic measured in the non-irradiated diode. Capaci-
tance of an as-irradiated diode increases relatively to
that in the initial diode only forVRs responsible for
depletion of radiation damaged layer of diode base.
The heat treatment induced shrinkage of the space-

Fig. 9. Variation of theC−2–VR characteristics in the non-
irradiated (light grey dashed curve) diode as well as in the as-
irradiated diodes (solid curves) and in a heat treated at 420◦C (dot-
ted curves) diode. Capacitance changes dependent on fluence of
7·1012 p/cm2 (black curves) and of 7·1013 p/cm2 (grey curves)

of 2.0 MeV protons are compared.

charge region width (where the external electric field
is screened) can be deduced by analysing a charac-
ter of C−2–VR restoration in the annealed diode, ir-
radiated by the smallest fluence of 2.0 MeV protons.
The same effect of an effective shrinkage of the space-
charge region width can be observed in theC−2–VR

changes in the annealed diodes irradiated by the larger
fluence (Fig. 9). However, a complete restoration of the
C−2–VR characteristic to that of non-irradiated diode
is not reached in the latter case of large fluence. Con-
sequently, annealing of point defects within material
surrounding the cluster space-charge spheres is mostly
probable and observable when the density of clusters is
rather small. At elevated fluences, generation of cluster
densities sufficient to change the strength of external
field in vicinity of junction does not allow to suppress
radiation defects by annealings.

4. Conclusions

Concerted analysis of changes of theI–V andC–V
characteristics in PIN diodes with radiation damaged
layers of various profiles unveiled a different impact of
point and of cluster type radiation defects on transforms
of diode electrical characteristics. Point-like radiation-
induced and vacancy-ascribed complexes are responsi-
ble for the increase of leakage current in the range of
small reverse voltages. Extended clusters, owing to a
space-charge sphere surrounding a cluster with inher-
ent charging of cluster core, modify theC–V andI–V
characteristics when radiation damaged layers are lo-
cated nearby the metallurgic junction. TheC–V varies
due to local changes of applied external field. A steep
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leakage current increase inI–V characteristic appears
to be caused by forward biased space-charge regions
around clusters or generation of microplasma in local
strong fields. The local field effects, caused by the
extended radiation defects, depend on cluster density
gradients, and these effects are more pronounced in
diodes containing a narrowδ-shape radiation damaged
layer within the diode base. Annealing of point de-
fects within a material that surrounds the cluster space-
charge spheres is mostly probable and observable after
heat treatments in the temperature range of 20–320◦C,
when the density of clusters is rather small. Effects
caused by elevated densities of cluster type radiation
defects are hardly manageable by annealing.
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SILICIO PIN DIODŲ ELEKTRINIŲ CHARAKTERISTIKŲ PRIKLAUSOMYB Ė NUO PROTONŲ
ĮT ĖKIO
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Santrauka

Radiaciṅes technologijos yra vienos efektyviausių valdant ga-
lios puslaidininkinių prietaisų greitaveiką, formuojant ir lokalizuo-
jant padidintos rekombinacijos sluoksnius darinio aktyviosiose sri-
tyse. Kartu su pageidautinais rekombinaciniais centrais, mažinan-
čiais diodų atgaliṅes srov̇es atsistatymo trukmę, formuojasi ir ge-
neraciniai centrai, didinantys nuotėkio sroves ir tiesiogiṅes įtam-
pos kritimą. Šiame darbe galios PIN diodai buvo švitinami fik-
suotos energijos protonais sudarantδ formos padidintos rekombi-
nacijos sluoksnį arba formuojant trikampio formos suardymo pro-
filį n bażes srityje. Pastaruoju atveju laipsniškai ir suderintai buvo
keičiama protonų energija ir apšvitos įtėkis. Defektų koncentra-
cija buvo keǐciama, varijuojant apšvitos įtėkį. Nepageidautiniems
defektams valdyti buvo vykdomi izochroniniai 24 h iškaitinimai,
keičiant temperat ūrą 80–420◦C intervale. Pasitelkiant sąlytinius
voltamperinių (I–V ) ir voltfaradinių (C–V ) b ūdingųjų dydžių ma-

tavimo metodus, buvo ištirti įvairių energijų protonais švitintų PIN
diodų parametrų kitimai.

Analizuojant diodų, kuriuose suformuoti skirtingo defektų tan-
kio pasiskirstymo profiliai,I–V ir C–V charakteristikas, paste-
bėtas skirtingas taškinių ir klasterių tipo defektų pasireiškimas
diodų elektrinių parametrų kitimuose. Taškiniai defektai ir vakan-
sijoms priskiriami kompleksai lemia nuotėkio srov̇es padiḋejimą
mažų atgalinių įtampų srityje. Tuo tarpu klasteriai dėl juos supan-
čios erdvinio kr ūvio sferos modifikuojaC–V charakteristiką (ḋel
lokalaus elektrinio lauko) ir nulemia staigų nuotėkio srov̇es išau-
gimą, kai suardymo spinduliuote sluoksniai yra netoli metalurginės
sand ūros. Lokalaus lauko efektai priklauso nuo klasterių tankio ir
labiau pasireiškia dioduose, kuriuose suformuotasδ pavidalo padi-
dintos rekombinacijos spartos profilisn bażes srityje. Atskleista,
kad taškiniai defektai išsikaitina 20–320◦C temperat ūrų intervale,
tuo tarpu klasterių tipo defektai išsilaiko po diodų iškaitinimų.
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