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The stability of the potential barrier is an essential characteristic in high energy particle detector operation under irradiation
conditions. In this work a technique for barrier evaluation by linearly increasing voltage (BELIV) is presented, based on analysis
of current transients measured at reverse biasing. The technique has been applied to diodes irradiated by neutrons and protons
with fluences in the range of 1012–1016 cm−2 in 1 MeV neutron equivalent. Fluence and temperature dependent characteristics
of the diode barrier capacitance as well as of generation current are discussed.
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1. Introduction

The stability of the potential barrier in pin diodes un-
der irradiation is an essential characteristic of semicon-
ductor particle detectors [1]. In detectors heavily irradi-
ated by high energy particles, the formation of extended
defects inside the metallurgic junction area is very prob-
able [2, 3]. As a consequence, the junction interface
circuitry can be shortened by micro-plasma generation
and other metallurgic junction damage related effects
can occur. Commonly, barrier characteristics are exam-
ined by combined analysis of the capacitance–voltage
(C–V ) and current–voltage (I–V ) characteristics mea-
sured on irradiated devices [4–6]. In this article a tech-
nique for barrier evaluation by linearly increasing volt-
age (BELIV) is presented, based on measurements of
current transients at reverse biasing. This technique has
been applied to an analysis of barrier quality of non-
irradiated devices and of Si pad-detectors irradiated by
reactor neutrons with fluences in the range of 1012–
3·1016 cm−2 as well as by 8 MeV protons.

2. Samples and measurement circuitry

A set of pin diodes with the CERN standard p+nn+
pad-detector structure (with dopant density in the n-
layer of ND ≈ 2.3·1012 cm−3) [1] were investigated.

These pin detectors were neutron irradiated with flu-
ences in the range of 1012–1016 cm−2 in 1 MeV neutron
equivalent, at the TRIGA reactor in Ljubljana. Other
diodes were irradiated with 8 MeV protons with a flu-
ence of 2·1014 cm−2 (1 MeV neutron equivalent) us-
ing the particle accelerator of the Division of Materials
Physics of the University of Helsinki. Measurements of
the current transients were carried out in the tempera-
ture range between 150 and 300 K. During the measure-
ment, the diodes are placed on the cold finger of a vac-
uum cryostat, which is cooled by liquid nitrogen. The
diode is connected to the measurement circuit with an
appropriate electrode system. Connection is arranged
to obtain the lowest system capacitance, and it is usu-
ally kept well below 1 pF in our system. The initial step
in the measurement procedure is to evaluate the back-
ground capacitance of the system when the measure-
ment circuit is disconnected.

A sketch of the measurement circuitry used in the
BELIV technique is shown in Fig. 1. Current transients
are registered using the 50 Ω load input of an Agilent
DSO6102A oscilloscope. Additionally, the measure-
ment circuitry contains the adjustable output of a gener-
ator of linearly increasing voltage (GLIV) and the diode
under investigation, connected in series. The transient
currents are measured in the range from tens of µA to
tens of mA using GLIV pulses with durations in the
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range between 100 ns and 10 ms, while measurements
are performed without any additional current ampli-
fier. Junctions of various material, area, and doping
can be investigated. The sensitivity of the barrier ca-
pacitance current measurement can be varied by chang-
ing the ramp of the LIV pulses. In addition, it can be
increased by using a current amplifier, when necessary.
An averaging of 10–100 transients is usually performed
to reduce statistical noise. Linearity of the GLIV sig-
nal is essential for the implementation of the BELIV
technique. Therefore, the LIV signal and its derivative,
measured simultaneously using the second channel of
the oscilloscope, are always recorded. The measure-
ment system is computer controlled.

Fig. 1. Sketch of the measurement set-up for the implementation of
the BELIV technique. GLIV is a generator of linearly increasing

voltage.

3. Principles of the extraction of parameters

The barrier evaluation by linearly increasing volt-
age (BELIV) technique is founded on analysis of cur-
rent transients measured for reverse and forward biased
junction. For reverse biased diodes, the BELIV tech-
nique is based on the analysis of barrier capacitance
Cb changes with a linearly increasing voltage pulse
U = At. The Cb dependence on voltage and thereby on
time t can be described using the depletion approxima-
tion [7] in the analysis of charge extraction transients in
the trap-free material. This approximation leads to the
simple relation Cb = Cb0(1+U/Ubi)

−1/2 for an abrupt
p+–n junction in the pin diode, where the barrier capac-
itanceCb0 for the non-biased diode of area S is given by
Cb0 = ε ε0S/w0 = [ε ε0S

2 eND/(2Ubi)]
1/2. Here ε0

is the vacuum dielectric constant, ε the material permit-
tivity, e the elementary charge, Ubi the built-in potential
barrier, w0 = [2ε ε0Ubi/(eND)]

1/2 the width of deple-
tion for non-biased junction, and A = UP/τPL the ramp
of the LIV pulse with amplitude UP and of duration τPL.

The time dependent changes of the charge q =
CbU within the junction determine the current transient
iC(t):

iC(t) =
dq
dt

=
∂U

∂t

(
Cb + U

∂Cb
∂U

)
=

∂U

∂t
Cb0

× 1+UC(t)/(2Ubi)

[1+UC(t)/Ubi]3/2
∼= ACb0

1+At/(2Ubi)

[1+At/Ubi]3/2
. (1)

This transient contains an initial (t = 0) step ACb0
due to displacement current and a decreasing compo-
nent governed by charge extraction. The latter compo-
nent gives an additional relation to extract Ubi by taking
the ratio rm = iC(0)/iC(tm) ≥ 1 at a fixed time tm.
Subsequently the value of ND (or ND ef = ND − NA,
where ND ef is the effective doping density and NA is
the density of compensation centres in n-type material)
is evaluated by substituting the extracted Ubi in the ini-
tial current expression iC(0) = ACb0. To extract the
barrier parameters more precisely, the above procedure
can be applied after the diffusion current is evaluated.
The diffusion current idiff [8, 9] stabilises rapidly with
reverse bias voltage. The steady value of idiff can be
ignored in comparison with iC(t) for properly fabri-
cated (containing low trap density) pin diodes in a re-
alistic range of LIV pulse durations. However, the dif-
fusion current can be important in the initial stage of
the transients. In reality, a delay appears due to serial
processes of dielectric relaxation within the boundary
of the quasi-neutral range of the non-depleted n layer,
drift and diffusion of carriers to complete the circuit.
The resulting τRC modifies crucially the initial current
step iC(0) by decreasing its amplitude iC(0) by a fac-
tor exp(−t/τRC). The modified current iCM(t) tran-
sient, caused by τRC , is described using the Green’s
function method [10, 11] which leads to a convolution
integral (with τRC = mRC dependent on the preci-
sion required, where m is a multiplier for taking into
consideration further iterations in changes of the signal
due to RC transient processes)

iCM(t) =
1

τRC

t∫
0

iC(x) exp[−(t− x)/τRC ] dx . (2)

The qualitative changes of the transients, simulated
using Eqs. (1) and (2), are illustrated in Fig. 2(a). It
is clearly seen that both a delayed ramp and a shift of
the iCM(t) peak appear. Fitting of the experimental
transient iCM(t) by Eq. (2) with τRC as a fitting pa-
rameter, allows the extraction of Ubi and Cb0. Reduc-
tion of A decreases iC(t) (especially iC(0) = ACb0)
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Fig. 2. (a) Simulated charge extraction current transients without (solid) and with (dash) integration circuit due to RC of τRC = 0, 1, 10, and
100 ns, respectively. (b) Charge extraction current transients measured in a pin diode with reverse (U ) polarity LIV pulses of varied ramp A.

and increases the initial delay. Real GLIV signals con-
tain an intrinsic ramp (rising) delay of about 2–10%
relative to the LIV pulse duration, therefore short LIV
pulses are preferable in BELIV measurements. The
transients measured in commercial encapsulated diodes
and non-irradiated pad-detectors agree well with the
BELIV model of charge extraction current transients,
Fig. 2(b).

In materials containing a considerable density of
deep traps, modification of the iCM(t) transient by
τRC within the initial part appears to be more compli-
cated when τRC is governed by carrier capture/release
processes [7]. For non-encapsulated diode structures,
the initial change of iCM(t ≈ 0) can be suppressed
by steady-state IR illumination. Additionally, the
iCM(t ≈ 0) can be manipulated by imposing a dc volt-
age pedestal of varied polarity on the LIV pulse. Us-
ing both IR and dc forward bias steady-state priming
in pulsed barrier capacitance measurements, the traps
are primarily filled in between the LIV pulses, owing to
carriers introduced by light (IR) or external voltage (dc
UF ) source.

Radiation induced traps are responsible for a gen-
eration current [9] within the depletion region. This
current ig(t) = e ni S w0(1 +At/Ubi)

1/2/τg increases
with voltage U(t) and can exceed the barrier charging
current in the rearward range of the pulsed transient
when the carrier generation lifetime τg is rather short.
In a more detailed analysis of the impact of traps [7]
on barrier capacitance changes with time, traps located
below the mid-gap are assumed to be the compensa-
tion centres which modify the effective doping density
(in the expressions for w0 and Cb0). Deep centres, lo-
cated in the upper-half of the band-gap, are able to re-
spond rapidly by majority carrier capture/emission and

to modify the space charge in the time scale of the di-
electric relaxation.

The total reverse current transient is described by the
sum iR (t) = iC(t) + idiff(t) + ig(t):

iR (t) =ACb0
1 + UC(t)/(2Ubi)

[1 + UC(t)/Ubi]3/2

+ idiff∞

[
1− exp

(
− −eUC(t)

kBT

)]

+
e ni S w0

τg

(
1 +

UC(t)

Ubi

)1/2

. (3)

The decreasing charge extraction and increasing gen-
eration current variation with LIV pulse time (voltage)
implies the existence of a current minimum within the
transient. The time instant te for this extremum can
be found by using the condition ∂iR /∂t|te = 0. This
leads (assuming ∂idiff(t)/∂t = 0 for te ≫ kB T/(eA))
to a relation for an extremum time instant te and to a
minimal total current value, expressed by initial values
of barrier charging and generation currents iC(0) and
ig(0) as

te =

[
iC(0)

4
− ig(0) +

√(
iC(0)

4

)2

+
3

2
iC(0) ig(0)

]

× Ubi
A ig(0)

. (4)

The initial current component (iR (t) ≈ iC(t) +
idiff(t) ≫ ig(0) for t ≪ te) can be used to determine
the barrier Ubi using Eqs. (1) and (2). Subsequently,
the carrier generation lifetime can be determined using
Eq. (4). For a reverse bias LIV, the main voltage drop
appears on the diode, and errors due to voltage distri-
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bution between diode and load resistor RL can be ig-
nored for small leakage currents, for small LIV volt-
ages, and for diodes with rather small barrier capac-
itance. The value of the GLIV voltage should be re-
placed by U(t) = At − RL iR (t) and voltage sharing
between load resistor and diode with consequent delay
in UC(t) must be used during the second iteration of
modelling. In a more rigorous approach, nonlinear dif-
ferential equations and transcendental equations should
be solved to simulate the variations of the BELIV tran-
sients. Injection current transients and their analysis be-
come more complicated for forward biasing of a diode.
The latter analysis will be published elsewhere [12].

4. Variation of characteristics with irradiation
fluence and temperature

The variation of the charge extraction transients in Si
pin diodes with neutron and proton irradiation fluence
Φ and with temperature are illustrated in Fig. 3. It is
clearly observed (Fig. 3(a)), that for relatively small flu-
ences the charge extraction current dominates. Increas-
ing the neutron irradiation fluence leads to a reduction
of the barrier capacitance and to an increase of the space
charge generation (leakage) currents. A similar depen-
dence of the BELIV transients on fluence have been ob-
served for neutron and proton irradiation (Fig. 3(a)).

For diodes irradiated with fluences of 1014 n cm−2

and above, the generation current becomes the pre-
vailing component within the later stage of the cur-
rent pulse. Carrier capture processes, with inherent
RC (R ∼ 1/(e n0µe) and n0 ∼ 1/Φ), modify the
initial component of the transient, as well. The in-
terplay of carrier capture/space charge generation pro-
cesses within the depleted and transition layers is anal-
ysed in detail in [7]. Priming of the steady-state trap fill-
ing can be implemented by a small forward dc bias (us-
ing injection of minority carriers and consequent ma-
jority carrier supply into the neutral region from the
external electrode, due to narrowing of the depletion
width) between the LIV pulses (Fig. 3(b)). As a con-
sequence, the peak of the barrier charging current pulse
shifts (shown in Fig. 3(b) by symbols) towards the be-
ginning of the LIV pulse. In the case of dc forward
voltage bias, an increase of the barrier charging cur-
rent is observed when minority carrier traps are filled
and ND ef is consequently increased thereby modifying
the depletion width. Then, a delay ∆τRC of the peak
of current transient (Fig. 3(b)), determined by changes
of the serial resistance of diode base, can be measured,
as the shape of current transient is invariable. Using

continuous wave (cw) bias illumination (BI) with vary-
ing intensity and of proper spectral range, both minor-
ity and majority (Fig. 3(c)) carrier traps can be satu-
rated in diodes irradiated up to moderate fluences of
≤1014 n cm−2. In this case, an increase of the barrier
charging current peak with bias illumination intensity
is also observed. However, this barrier charging current
enhancement – which indicates an increase (restoration)
of the doping density – is followed by an increase of
the generation current (Fig. 3(c)). To highlight this in-
crease of generation current component, BELIV tran-
sients were normalized in Fig. 3(c) to the barrier charg-
ing current peak value for each transient. This enables
one to extract the carrier generation lifetime by separat-
ing the peculiar point te in the transients in Fig. 3(c).

The impact of carrier generation centres can be also
suppressed by varying the temperature. The reduc-
tion of the generation current with temperature is illus-
trated in Fig. 3(d). Carrier capture/emission lifetimes
can be increased by reducing temperature and by vary-
ing either intensity of the cw BI or dc forward volt-
age pedestal. However, it is possible only for diodes
irradiated with fluences ≤1014 n cm−2. For diodes ir-
radiated with fluences >1015 cm−2, due to which the
carrier recombination lifetimes are shortened to a few
ns or hundreds of picoseconds [13], the barrier capaci-
tance values decrease approaching that of the geomet-
rical capacitance. For reduced temperatures (to about
170 K), BELIV transients measured on diodes irradi-
ated with a neutron fluence of 1016 n cm−2 (Fig. 3(d))
have the expected shape for a capacitor. Additionally,
the extracted capacitance value agrees well with that
estimated for the geometrical capacitance of the inves-
tigated diodes. This result indicates full depletion of
a diode for LIV voltage values close to zero, e. g. for
UC(t = 50 ns) ≤ 0.3 V (Fig. 3(d)), one obtains Cb0 ≈
8.7 pF for a diode irradiated with 1016 n cm−2 fluence
and cooled to 170 K.

The analysis of the measured BELIV transient
changes, shown in Fig. 3, provides qualitative infor-
mation about the fluence and temperature dependent
variations of the junction parameters and their possible
modifications by external conditioning (dc voltage/IR
illumination priming and temperature). To extract the
barrier parameters more precisely, fitting of the mea-
sured transients by simulated ones is essential. There
are several approaches to implementation of fitting pro-
cedures dependent on the observed initial delays rela-
tive to the LIV pulse, the regularity of GLIV pulses,
the values of applied LIV voltages, the values of barrier
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(a) (b)

(c) (d)
Fig. 3. (a) Fluence dependent variations of BELIV transients in neutron (black curves) and proton (grey) irradiated diodes. (b) Dc voltage bias
dependent charge extraction transients. (c) Modification of BELIV transients by varying the intensity of cw illumination. (d) Temperature

dependent variations of BELIV transients in heavily irradiated (Φ = 1016 n cm−2) Si diode.

capacitance (area of junction), and the prevailing pro-
cesses within the junction (impact of space charge gen-
eration current, rapid carrier capture/emission by fast
deep centres in the upper half of band-gap, etc.). The
influence of these factors can be estimated from a qual-
itative analysis of the experimental BELIV transients
(as discussed for Fig. 3). For short regular GLIV pulses
of voltage <10 V applied to diodes with barrier capac-
itance <300 pF, the time dependent nonlinear voltage
sharing between the components of the RC circuit can
be ignored during the first iteration of the fitting proce-
dure. Then the analytical approximation (Eqs. (1)–(4))
is applicable in the fitting procedure. A sketch of the fit-
ting procedure applied to BELIV transients measured at
295 K temperature on a diode irradiated with 1013 cm−2

neutron fluence is presented in Fig. 4. Given the im-
pact of traps in space charge generation and diffusion
currents implied from the primary qualitative analysis,

in order to have a closed system of equations, the set
of LIV voltage varied BELIV transients (Fig. 4(a)) are
simultaneously fitted, keeping a fixed set of adjustable
parameters (ND, τg, and idiff∞). The fitting procedure
is finished when the best fit of required precision (con-
trolled by NLS, the non-linear least squares algorithm)
is obtained for all the transients included (in Fig. 4(a)),
and values of ND, τg, and idiff∞ are simultaneously ex-
tracted.

The input of the required set of independent equa-
tions (transients) and parameters in the optimization of
the fitting task is determined by the primary fitting step.
This procedure is illustrated in Fig. 4(b). The exper-
imental transient can be successfully fitted with mini-
mal current components and their parameters analysed.
In the discussed fitting procedure, the barrier charg-
ing current, the generation current, and the diffusion
current components (shown by the broken curves in
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Fig. 4. (a) A set of barrier capacitance charging current transients (dots), measured by the BELIV technique at different (3, 4, and 5 V)
LIV voltages on a Si diode irradiated with neutron fluence of 1013 cm−2, simultaneously fitted by simulated ones (using Eqs. (1) and (3))
(lines), keeping a fixed set of adjustable parameters: ND = 1.05·1012 cm−3, τg = 0.23 µs, and idiff∞ = 6 µA. (b) Comparison of the barrier
capacitance charging current transient (dots) measured for a 3 V LIV pulse with the simulated total barrier current (solid line), composed of

the barrier capacitance charging current (dash-dot), of the diffusion current (short-dash), and of the generation (short-dot) current.

Fig. 4(b)) should be involved. It is assumed that pa-
rameters, such asUbi, Cb0, andw0, are defined by an ad-
justable value ofND for iC(t) simulations using Eq. (3).
There a simple solution of the linear RC circuit for a
LIV pulse is used, leading to a time-dependent voltage
drop on the barrier under test, expressed as UC(t) =
A{t − RC[1 − exp(−t/(RC))]}. It is worth noting
that for a pure capacitor and for time instants t ≫ RC
(after the initial rise), the voltage on the load resistor
UR(t) = ACR{1 − exp[−t/(RC)]}|t≫RC

∼= ARC
is invariant, due to the exact compensation of voltage
changes on the capacitor and the resistor (at every time
instant). Thus, for a LIV pulse UP(t) = At, the RC
circuit with linear elements of R and C exhibits a step-
like transient shape with a flat vertex. This can be an
indication (Fig. 3(d)) of degradation of the diode bar-
rier, when the material of the diode base mutates from
the semiconducting state to an insulating one, due to
heavy irradiation. The parameter RC is defined by the
characteristics of the load resistor and of the diode un-
der test. The transient for the fixed LIV pulse is then
simulated to fit the experimental transient of the total
current shown in Fig. 4(b) and to evaluate the primary
set of ND, τg, and idiff∞ values.

The extracted set of parameters reveals a reduction
of ND to 1.05·1012 cm−3 (compared to the value for
a non-irradiated diode, ND = 2.3·1012 cm−3), an in-
crease of generation and diffusion currents (with τg =
0.23 µs and idiff∞ = 6 µA), after neutron irradiation
with a fluence of 1013 cm−2. This fitting approach
works even better for diodes irradiated with lower flu-
ences, whereby larger values of ND are obtained. For
more complicated situations (e. g. the appearance of

a series resistance due to a decrease of n0), transients
measured at reverse LIV pulse are simultaneously ex-
amined with those registered with forward bias LIV
pulses within the BELIV technique.

5. Summary

In summary, the BELIV technique presented is a tool
for the fast evaluation of barrier parameters in radia-
tion detector pin structures. It enables one to examine
changes of τg and ND parameters with temperature and
fluence. Variations of the extracted parameters τg, Ubi,
and ND as functions of irradiation fluence are in good
agreement with the results ofC–V , I–V , and MW-PCT
(microwave probed photoconductivity transients) char-
acterization of the same samples. The fluence depen-
dent variations of BELIV transients examined indicate a
reduction of the barrier capacitance, which approaches
that of the geometrical capacitance when the neutron
irradiation fluence is increased to 1016 n cm−2.
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BARJERINĖS TALPOS IR GENERACINĖS SROVĖS KITIMAI NEUTRONAIS IR PROTONAIS
APŠVITINTUOSE Si DALELIŲ DETEKTORIUOSE

E. Gaubas, T. Čeponis, S. Sakalauskas, A. Uleckas, A. Velička

Vilniaus universiteto Taikomųjų mokslų institutas, Vilnius, Lietuva

Santrauka
Aukštųjų energijų spinduliuotės detektorių sandūrų potencinio

barjero stabilumas kintant apšvitos įtėkiui yra viena esminių tokių
detektorių funkcinių charakteristikų. Šiame darbe yra pateikta ba-
rjero įvertinimo tiesiškai didėjančios įtampos impulsinė metodika
(BELIV), pagrįsta srovių kinetikų analize. Šis metodas buvo pri-

taikytas Si dalelių detektorių, apšvitintų skvarbiaisiais protonais bei
1 MeV energijos ekvivalento neutronais 1012–1016 cm−2 įtėkių sri-
tyje, barjerinės talpos bei generacinės srovės kaitos įvertinimams.
Aptarta barjerinės talpos ir generacinės srovės charakteristikų pri-
klausomybė nuo apšvitos įtėkio, temperatūros, nuostovaus pašvie-
timo.
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