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Nonmonotonic current transients at constant temperature, following a pulsed charge injection, have been
observed in silicon diodes heavily irradiated with gamma rays. The features of the transients have been studied
at different temperatures and using various reverse biases. The particular shape of the measured transients is
interpreted, with the help of numeric simulations, in terms of a strong time dependency of the space charge
density due to the discharge of radiation induced deep traps. In particular, a nonmonotonic transient is gener-
ated if the discharge of a dominant trap determines the change of the space charge sign(type inversion). In this
case the active volume of the sample, from which the current is collected, is increased during the discharge and
causes the sample to become fully depleted for a short time. During this time interval the active volume reaches
its maximum value and a peak is produced in the transient shape. The measurement of this peak provides a
sensitive way to detect type inversion in semiconductor devices and to determine the responsible energy levels.
The correlation of nonmonotonic transients with thermally stimulated current spectra and the distortion pro-
duced in deep level transient spectroscopy spectra are discussed in detail.
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I. INTRODUCTION

The study of defects in semiconductors is of fundamental
relevance in solid-state physics and device technology. De-
fects and impurities introduce localized energy states within
the band gap1 and can severely influence the electrical prop-
erties of materials. The effect of deep levels on the semicon-
ductor devices performance is of primary interest for the de-
velopment of position-sensitive particle detectors in high
energy physics experiments.2,3 This applies to experiments at
the future Large Hadron Collider(LHC) at CERN and at its
possible upgrade SuperLHC4 where hadron fluences up to
1016 cm−2 are foreseen. The standard silicon tracking detec-
tors arep+/n/n+ devices produced fromn-type float zone
(STFZ) Si with resistivity of the order of 1 kV cm. Diffusion
oxygenated float zone(DOFZ) silicon is used in some track-
ing areas too.5 For the high fluence levels mentioned above,
deep acceptor traps induced by radiation strongly influence
the “effective doping concentration”Neff= uQ/qu, Q being the
space charge density andq the elementary charge. Irradiation
can eventually produce the sign change ofQ. This phenom-
enon, known as type inversion of the space charge region, or
space charge sign inversion(SCSI), is commonly observed
in irradiated STFZ silicon. In the case of gamma irradiation
from 60Co, type inversion occurs after doses of 215 Mrad or
higher.6

In samples with electrically active defectsNeff is deter-
mined by the occupancy of deep levels, which in turn de-
pends on sample history(as carrier injection before measure-
ment) and operational temperature. Its steady state value is
usually measured by capacitance–voltage profiles at room
temperature, and only few experiments to detect its varia-
tions with temperature have been carried out in the recent

past.7 The sign ofQ can change due to the emission of car-
riers from a charged deep level dominating the space charge
density. Abrupt modifications ofQ andNeff, including SCSI,
after filling of the traps with nonequilibrium carriers at low
temperature, have been recently related8 to the observation of
discontinuities in thermally stimulated currents9 (TSC) spec-
tra.

Capacitance and current transients at constant tempera-
ture, measured across a junction after a priming pulse, have
been widely studied in the past.10 This is because these tech-
niques are suitable to study directly deep levels, and because
they are the foundation of deep level transient spectroscopy
(DLTS),11 a powerful technique to study electrically active
defects in semiconductors. The analysis of capacitance tran-
sients allows one to distinguish between majority and
minority-carrier traps, whereas current transients are of spe-
cial interest to study high resistivity and heavily defective
materials.12,13 Standard DLTS analysis applies when tran-
sients are exponential functions of time. Nonexponential
transients can occur if the deep level emission coefficient
exhibits a dependence on the electric field, or if the trap
concentrationNt is not negligible in comparison toNeff. Non-
exponential transients have been studied by Wang and Sah14

and by Phillips and Lowney.15 However, the transients con-
sidered in all these works were monotonic, even if nonexpo-
nential. To our knowledge, nonmonotonic transients, show-
ing a pronounced peak, have been observed only by
Rosencheret al.16 in silicon junction at cryogenic tempera-
tures. This phenomenon was accounted for in terms of elec-
tric field assisted emissions, such as Poole-Frenkel barrier
lowering and trapped carriers tunneling, leading identical
traps in different places of the depleted region to emit with
different rates.
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In this paper we report the observation of nonmonotonic
current transients in silicon diodes heavily irradiated with
gamma rays, in the temperature range 100–250 K. This ef-
fect is interpreted in terms of charge emission from a few
dominating traps, producing type inversion of the space
charge region. The discussion is supported by the results of
numerical simulations and TSC measurements.

II. EXPERIMENTAL PROCEDURES

A. Samples

The samples considered in this work arep+/n/n+ silicon
diodes produced with different starting materials. Twin
samples have been produced by CiS, Institute for Microsen-
sors, Erfurt, Germany, from standard(STFZ) and oxygen
diffused float zone(DOFZ) n-type Si with an initial resistiv-
ity of about 5 kV cm. The crystal orientation isk111l and
the thickness isw=285mm. The electrode active area on the
p+ side isAp=25 mm2, while the electrode on then+ side has
an areaAn=1 cm2. The oxygen diffusion technology, devel-
oped at Brookhaven National Laboratory,17 has been system-
atically applied by the CERN RD48 and RD50
Collaborations18 to increase the radiation hardness of Si par-
ticle detectors. In our DOFZ sample the oxygenation was
performed for 72 h at 1150 °C. The samples have been irra-
diated at Brookhaven National Laboratory with gamma rays
from a 60Co source, up to a dose of 300 Mrad. After irradia-
tion the STFZ sample showed type inversion at room tem-
perature, with a change ofNeff from a donor concentration
Neff=1.231012 cm−3 before irradiation to an acceptor con-
centrationNeff=6.031010 cm−3. In contrast, the DOFZ Si
sample is not inverted by irradiation, showing a slight in-
crease of donor concentration fromNeff=8.331011 cm−3 be-
fore irradiation toNeff=9.031011 cm−3 after irradiation. The
samples have been stored 6 months at room temperature be-
fore carrying out the measurements reported in this work,
unless indicated differently in the text.

B. Experimental setup

The DLTS experimental setup, which is also used to
sample current transients at constant temperature, is de-
scribed in Fig. 1. The reverse biasVrev and the forward volt-
age pulsesVp for sample excitation are provided by a pulse
generator(Systron Donner 110D). The durationtp of the ex-
citation pulses can be varied starting from 1ms. The current
transientsist ,Td are measured using a custom readout circuit.
It converts the current into voltage, ensuring adequate values
of transresistancefr =s0.5–1d3106 V/A g, input resistance
sRin=2.2 kVd, and bandwidthsBWD=1 MHzd. The readout
circuit is a three stage amplifier. The first stage is a current–
voltage converter, while the next two are voltage amplifiers.
The same operational amplifier(Analog OP467G) was used
to construct each stage. This device ensures fast recovering
from saturation and the readout circuit can be used to clamp
the forward current peak, which is superimposed on the deep
levels emission. As a matter of fact, the forward current is
much more intense than the deep levels signal, and it is nec-
essary to permit the saturation of the amplifier during the

excitation in order to detect the emission from traps. The
whole readout circuit recovers its linear behavior from deep
saturation in about 3ms. The readout circuit output is moni-
tored by a 500 MHz digital oscilloscope(Tektronix
TDS520D) which samples the current transients. The test
diode is located inside a vacuum chamber where a pressure
lower than 10−3 mbar is maintained and which is cooled by a
cryogenerator(Officine Galileo K1). The system is kept un-
der vacuum to prevent the condensation of air humidity. The
heating is provided by a resistor wounded around the sample
support, and the heater power supply is controlled by the
computer. Thus heating and cooling cycles with fixed rate
can be obtained. In DLTS experiments we always adopted a
heating rate slower than 0.07 K/s, in order to prevent spec-
trum distortion due to a fast temperature variation. During
each current transientist ,Td acquisition the temperature was
kept constant.

A different setup is used for TSC measurements. In this
case, the sample is cooled at the excitation temperatureTp by
immersion in liquid helium vapor.TP is determined by the
sample holder height above the liquid He surface. A heating
resistance allocated inside the sample holder increases the
sample temperature. Reverse biasing and current reading are
provided by a Keithley 617 electrometer. During excitation
a forward bias is applied to the diode, in order to saturate
the forward current at 3.8 mA. The filling time was always
tf =1 min. The system used to monitor the temperature is the
same in the TSC and DLTS setups. The sensor is a silicon
diode (Lake Shore DT-470-CU11) measured by a tempera-
ture controller (Lake Shore DRC91C). The temperature
range investigated in this work is 100–250 K.

III. MODELING OF NONMONOTONIC CURRENT
TRANSIENTS

For the modeling we consider an idealp+/n/n+ diode.
The electrode areaAn andAp are different, as in the case of
the test diodes used in our experiments. After high levels of
irradiation the initial doping concentration, determined by
phosphorus doping, is changed by the electrical active de-
fects generated in the bulk. As an example, the deep trap for
holes produced by the carbon-oxygen complex CiOi

+/0 is

FIG. 1. Schematics of the setup used to measure current tran-
sient at constant temperature and DLTS spectra. Solid lines: analog
electrical connections. Dashed lines: digital data flow.
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considered.19 We will assume this defect to be uniformly
distributed in the silicon bulk. The signature of the corre-
sponding deep level is( Ea=0.37 eV, s,10−15 cm2),20,21

where Ea and s are the activation energy an the apparent
cross section, respectively.10 After a filling pulse performed
at temperatureT, a concentrationnt0=nts0,Td of these levels
is filled with holes. The timet=0 is set at the end of the
filling pulse: at this time a reverse bias is applied on the
diode and the emission from this trap can be monitored. The
time variation of the space charge density at the temperature
T is given by

Qst,Td = ± qNeffst,Td = − qN0sTd + qntst,Td. s1d

The term −q·N0sTd includes the contributions to the space
charge density of the doping impurities and of all the energy
levels which can be considered as frozen and filled at the
temperatureT. In this example it is assumed to be negative,
but similar results are obtained with an electron trap and a
positive qN0sTd. In this case Eq.(1) would read:Q=q·N0

−q·nt. The currentist ,Td emitted by the deep levels inside
the depleted region is due to the holes released by CiOi. Thus
Q becomes less and less positive as the defect discharges.
Neglecting carrier recapture, the functionntst ,Td is given
by22

dntst,Td
dt

= − ehsTd ·ntst,Td, s2d

whereehsTd is the hole emission coefficient:

ehsTd = ghsT2exps− Ea/kTd. s3d

Here k is the Boltzmann constant andgh accounts for the
band structure of the material. The current transient can be
then calculated as

ist,Td =
q ·Zst,Td

2
·ehsTd ·ntst,Td, s4d

with Z being the volume of the depleted region. The dielec-
tric relaxation timet=« ·r (« is the absolute dielectric con-
stant andr is the electrical resistivity) is always much
smaller than the time scales,1 msd used in our transient
measurements, and carriers can easily rearrange across the
depleted region as the deep levels discharge. As a conse-
quence, a quasistationary situation will be assumed in which,
at any timet0, the depleted region has the same volume it
would have in stationary conditions, if the constant space
charge density wereQst0d. The depleted region spreads in-
side the bulk following the electric field lines, and its shape
can be determined by numerical simulations.23 The results of
simulations suggest that the volumeZ of the depleted region
can be roughly determined as shown in Fig. 2(two different
situations are shown in the figure, depending on whether the
space charge density is inverted or not). Here, the depletion
depthxd is approximated using the expression valid for an
abrupt planar junction:24

xdst,Td =Î 2«Vrev

qNeffst,Td
. s5d

The actual depleted region is smaller than a square box with
depthxd and base areaAn. On the other hand, it is larger than
the volume of the truncated pyramid indicated in the figure.
As a reasonable and simple evaluation ofZ, we will use the
average between the square box and the volume of the trun-
cated pyramid.

In the limit Nt!Neff, the depleted volume can be consid-
ered time independent, and the current transient retains the
standard exponential form:

ist,Td =
qZnt0eh

2
exps− ehtd. s6d

The case ofNt<Neff shows different dynamics and is
shown in Fig. 3 for a particular choice ofnt0 and N0snt0

=531012 cm−3,N0=2.531012 cm−3d. SeveralNeffst ,Td pro-
files calculated at different temperatures are shown in Fig.
3(c). At the lowest temperatures198 Kd the trap discharge is
quite slow, andQst ,Td becomes negative only at the end of
the time interval of the figure. AsT rises, the SCSI+/− takes
place faster. In general the space charge density may change
from positive to negative or vice versa, and these phenomena
are indicated by SCSI+/− and SCSI−/+, respectively. The ac-
tive volume (normalized to the volume at full depletion)
from which the collected current is emitted is shown in Fig.
3(b). As long asNeff is smaller than a certain valueNfd the
sample is fully depleted and the active volume reaches its
maximal value. From Eq.(5) we obtain

Nfd =
2«Vrev

qw2 , s7d

w being sample thickness. The calculated current transients
are shown in Fig. 3(a). Three characteristic stages in the
ist ,Td evolution can be distinguished, as indicated in the fig-
ure. The current rises as the depleted volume increases. A
pronounced current spike occurs whenNeff,0 (during full
depletion and SCSI). After this SCSI the absolute value of
Neff continues to grow and leads to a decrease of the deple-
tion width. In consequence the current decreases as well. At

FIG. 2. Cross section of a diode showing the qualitative deter-
mination of the depleted region profile used in the text to estimate
the depleted volume. The dotted lines indicate the geometric shape
of the depleted region. The two regions used to estimateZ, a trun-
cated pyramid and a squared box, are plotted by dashed lines. Black
and gray areas indicate metallizations and implants, respectively.
Scheme(a) refers to a noninverted bulk, while scheme(b) describe
an inverted one. In the latter case the junction is shifted to then+

side.
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the end of this last stage, the depleted volume tends to its
steady state under the applied reverse bias and the transients
approach an exponential behavior.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Current transient analysis

The discussion will focus on the charge emissions from
two deep levels observed both in irradiated STFZ and DOFZ
silicon. The first level is related to the already mentioned
“interstitial carbon-interstitial oxygen” complex CiOi

+/0, and
the second to the single charged state of double vacancyV2

−/0

(Ea=0.42 eV, s>2310−15 cm2).21,25 The introduction of
these levels in silicon afterg irradiation has been widely
investigated, starting from the work of Brotherton and
Bradley26 (see, e.g., Mollet al.27 for a general overview).
The concentration of such defects in our samples is of the
order of 1013 cm−3, as it can be deduced from the amplitude
of TSC spectra shown in the next section. Note that CiOi and
V2 are not responsible for the different value ofNeff at room

temperature in irradiated STFZ and DOFZ Si devices. This is
because at room temperature these levels are almost com-
pletely uncharged. The different value ofNeff measured
at room temperature is due mainly to the presence in
g-irradiated STFZ Si of a deeper defect, the so-called
“I defect,” characterized by an acceptor level with
Ea=0.54 eV, whose concentration is strongly reduced in
DOFZ Si.28,29

The evolution of current transients at constant tempera-
ture in the DOFZ sample, in the range 204–225 K, is shown
in Fig. 4. In this temperature range the current transient is
due mainly to the CiOi discharge. At each temperature, an
abrupt irregularity (a nonmonotonic feature resembling a
“peak” in the current profile) is observed.

The resemblance of these measurements with the simula-
tions of Fig. 3 is striking. As a matter of fact, the main
features of the measured transients can be accounted for in
terms of SCSI+/− by using Eqs.(1)–(6). As an example, a fit
to the signal measured at 216 K is shown in Fig. 5. The
measured current transient(for an applied voltage of 10 V)
and the calculated one are shown in Fig. 5(c). There is a
good agreement between them, even if the details of the
experimental result cannot be fully reproduced by our simple
model. In particular, the behavior before and after SCSI, as
well as the position of the full depletion peak and its width
can be very well described. The time evolution of depleted
volumeZstd and ofNeffstd are shown in Figs. 5(a) and 5(b),
respectively. The initial values used for the simulation are
Nts0,216 Kd=2.031013 cm−3 for CiOi concentration and
−qN0=−q·1.231013 cm−3 for background space charge den-
sity. Qstd starts from the positive valueQs0d=qsNt−N0d,
ending to the negative value −qNeffs`d=−qN0. The SCSI+/−

takes place at aboutt=2.5 ms. Around this point, as long as
Neff,Nfd, the sample is fully depleted. The width of the peak
corresponds to the time spent at full depletion and, according
to Eq. (7), is proportional to the applied bias. Two main
features of the current peaks shown in Fig. 4 are

(1) the peak occurs earlier asT increases(for instance,
at T=204 K the peak is observed beyondt=5 ms, while at
T=225 K the peak is close tot=1.2 ms).

(2) The rising edge of the peak becomes steeper and
steeper as the temperature increases.

FIG. 3. Calculated dynamics of current emission from a hole
trap dominating the space charge density. Current transients(a),
active volumeZ (b), and space charge densityQst ,Td calculated at
different temperatures(c) are shown. The curves corresponding to
the temperatureT=206 K are plotted with a thicker lines to guide
the eye. The space charge density has been normalized to elemen-
tary chargeq. For T=206 K, a schematic illustration of the diode
cross section, indicating the depleted volume, is shown at the top of
the figure. The shaded and the black areas are the depleted regions
and the metallizations, respectively.

FIG. 4. Current transients measured in the DOFZ sample in the
range 204–225 K.Vrev=10 V, Vp=7 V, tp=100ms. A step in the
current transient occurs at a time which is reduced as temperature
grows. The numbers typed above each transient indicate the tem-
perature at which the measurement was performed.
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These two facts(which are common to all the transients
shown in the following) are consistent with the proposed
picture: the higher the temperature, the faster the trap dis-
charge and the occurrence of type inversion.

Nonmonotonic current transients are not unique tog irra-
diated DOFZ silicon. Current transients similar to those of
Fig. 4 have been observed also in the STFZ sample, as
shown in Fig. 6. The current peaks can be explained in terms
of SCSI occurring during hole emission from CiOi in this
case, as well.

Additional measurements aimed at studying the depen-
dence of transient shape on the value of the reverse bias have
been carried out. The results obtained with the oxygenated
sample atT=231 K are shown in Fig. 7. Note that these
measurements have been carried out six months after the
experiments reported in Fig. 4. During this time the sample
was stored at room temperature, and a modification of deep
level population occurred, determining a different ratio be-
tween the concentrations of positively and negatively
charged traps. Now, for the different applied bias voltages,

the current transients exhibit two discontinuities. The first
one occurs when, during the CiOi discharge, the samples
enter into full depletion. The time at which this transition
appears depends on the bias voltage and is shifted to shorter
times for increasing bias voltage. After this period all re-
corded transient values are independent of the reverse bias
up to a certain time where the second discontinuity occurs.
During the time interval between the two discontinuities the
device remains fully depleted for each applied bias and the
active volume is fixed by the geometry of the sample. The
second discontinuity occurs as the space charge density be-
comes larger and positive after some electron emission from
V2. Thus for a given bias voltage the device cannot remain
fully depleted, and this leads to an abrupt decrease of the
current signal. Before and after the discontinuities the acti-
vation energies of CiOi and V2 determine the slope of the
current transient, as shown by the dotted lines in the figure,
and the signal intensity rises as long as the bias voltage is
increased.

B. TSC analysis on DOFZ silicon

One question to be answered is if TSC measurements are
in agreement with transient analysis in predicting that CiOi
and V2 dominate the space charge density when they start
discharging. The TSC spectrum measured withVrev=10 V is
shown in Fig. 8 as a thick solid line connecting experimental
points, while the fit components are plotted with thin solid
lines. Two main emissions are found in the range
100–200 K. The first is the hole emission from CiOi

+/0 and
the other is the electron emission fromV2

−/0. Below 137 K,
the signal can be fitted by a deep level with activation energy

FIG. 6. Current transients in the STFZ sample, corresponding to
different temperatures in the range from 194 K(weaker signal) to
210 K (stronger signal). Vrev=10 V, Vp=7 V, andtp=100ms.

FIG. 5. A fit of current transient measured in DOFZ Si at
T=216 K obtained with Eqs.(1)–(5). The applied reverse bias dur-
ing measurement isVrev=10 V. Calculated evolution with time of
Neff (b) and of depleted volumeZ (a) are shown above the current
transient(c). The depleted volume is normalized to the value at full
depletion. The steady state effective doping concentrationN0

reached after a complete CiOi discharge and the highestNeff value
which permits full depletionsNfdd are shown.

FIG. 7. Current transient measured atT=231 K in DOFZ
sample(after 6 additional months storing at room temperature) us-
ing various reverse biases, as indicated in the legend. The vertical
axis is plotted using a logarithmic scale. Two straight lines whose
slope corresponding to CiOi andV2 emissions are indicated too. The
arrows indicate the time at which the sample becomes fully de-
pleted (near 1 ms), and the time at which the formerly depleted
sample becomes partially depleted again(near 2.5 ms). Vp=7 V,
tp=100ms.
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close to 0.3 eV(line A). Then, as soon as CiOi starts to emit,
a discontinuity(indicated as “1st transition” in the figure)
occurs, and the current jumps toward higher value. This tran-
sition is similar to the jump reported in Ref. 8 near 150 K,
caused by a SCSI+/− leading to an increase of the active
volume. After this transition, the signal can be well fitted by
the CiOi

+/0 contribution (line B) plus theV2
−/0 contribution

(line C). The sum of these two components(B1C) is shown
as a dashed line. Above 160 K the signal undergoes a second
abrupt transition toward lower current values. This second
transition corresponds to a SCSI−/+ which reduces again the
depleted volume. After the second transition the signal pro-
file can be well fitted by an attenuatedV2 contribution(line
D).

The TSC measurements were repeated using a higher re-
verse voltage,Vrev=100 V, which ensures an almost full
depletion of the sample over the full TSC temperature range.
The result is shown in Fig. 9. Now the spectrum is smooth-
ened and can be completely fitted by CiOi

+/0 and V2
−/0 contri-

butions. This is because in this case the bulk is permanently
fully depleted during the measurement and the total active
volume uniquely determined by the geometry of the sample,
independently of traps charge state andNeff value.

Using Vrev=100 V the signal-to-noise ratio is improved,
and a peak near 207 K can be distinguished. It corresponds

to the emission from the acceptor level close to midgap re-
lated to the “I defect.”

C. Effect on DLTS spectra

Usually the current transients are analyzed to determine
the current-DLTS spectrum. A common procedure is to de-
fine the spectrumSDLsTd as

SDLsTd = ist1,Td − ist2,Td. s8d

Here t1 and t2 are the transient sampling times. If the tran-
sients are exponential,SDLsTd can be analyzed(e.g., by nu-
merical fitting or by an Arrhenius plot) in order to find out
deep level signatures and concentrations. However, if the
transients are similar to those shown in Sec. IV A, this pro-
cedure cannot be followed. Nevertheless, it is interesting to
analyze the peculiar effect of nonmonotonic transients on a
DLTS spectrum, due to the wide use of this technique. Here
we show how a distortion in the DLTS spectrum can be
related to carrier emission from a trap strongly influencing
NeffsTd.

The relationship between the nonmonotonic current tran-
sientsist ,Td flowing through the sample and the shape of the
spectrumSDLsTd is shown in Fig. 10. The logarithm of a few
selected current transients measured at different temperatures
are displayed in Fig. 10(a). The curves are placed one beside
the other to obtain a clear plot, and their absolute positions
do not provide information(see Fig. 4 for a comparison of
their relative amplitude). In this graph a purely exponential

FIG. 8. TSC spectrum of the DOFZ sample measured in the
range 110–180 K withVrev=10 V. The heating rate is 0.1 K/s.
Thin solid lines(A–C) correspond to the calculated contribution of
discrete deep levels. The dashed line corresponds to the sum B
+C, while the thick solid line connecting the experimental points is
the measured current.

FIG. 9. TSC spectrum of the DOFZ sample measured in the
range 110–220 K withVrev=100 V, heating rate 0.15 K/s. Dashed
lines correspond to the calculated contribution of CiOi

+/0 (peak at
150 K) andV2

−/0 (peak close to 170 K).

FIG. 10. Current transients at constant temperature(a) and
DLTS spectrum(b) of the DOFZ sample. The current transients are
plotted on a logarithmic scale. The sampling times used to calculate
the DLTS spectrum( t1=5 ms,t2=8 ms), are indicated in the upper
plot by horizontal lines. The dotted lines A and B correspond to the
contributions calculated for CiOi

+/0 and V2
−/0, respectively. A vertical

arrow connects each transient to the corresponding point in the
spectrum; the transient temperature is indicated near the arrow(and
corresponds to the abscissa on the temperature axis). Vrev=10 V,
Vp=7 V.
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transient is plotted as a straight line. The sampling timest1
and t2 are indicated too. The corresponding DLTS spectrum
is shown in Fig. 10(b). An arrow guides the eye from every
transient to the corresponding spectrum point. Below 195 K
the transients are exponential and the spectrum can be fitted
to Eq. (7) using the CiOi signature(dotted line A). Above
195 K a peak in the current transient associated with a
SCSI+/− appears. It moves toward shorter times asT in-
creases, leading to a distortion of the DLTS spectrum. Thus
when the SCSI+/− occurs betweent1 and t2, ist2,Td abruptly
grows whileist1,Td remains almost constant. The result is a
negativeSDLsTd. At T=204 K the peak in the current tran-
sient crosses the timet1. At this point ist1,Td grows too:SDL

exhibits a strong increase and becomes positive again. Note
that, as long as the CiOi emission is dominant(up to 212 K
in the figure) and far from the peak, the transient can be fitted
by the exponential CiOi contribution. Despite this, the spec-
trum SDL cannot be fitted, since the transient is not exponen-
tial in the whole time interval betweent1 and t2. The tran-
sient fit is shown by straight thin lines in Fig. 10(a). Between
225 and 231 K,ist2,Td decreases and theSDL signal grows.
This is because, above 225 K, the electron emission fromV2
starts changingNeff toward a positive value. As discussed in
Sec. IV A, the decreasing step observed in the current tran-
sients during the discharge ofV2 can be explained consider-
ing a SCSI−/+ when, during the transient, the active volume
of the sample changes dramatically.

At about 230 K the decreasing step crossest1. Above this
temperatureQ remains positive during the whole interval
st1,t2d and the exponential shape of theV2

−/0 emission starts to
be recovered. The result is that both the transients and the
spectrum can be fitted by means of theV2

−/0 signature(dotted
line B).

The DLTS spectra measured using different forward exci-
tation voltagesVp, in the rangeVp=0.1–7 V, are shown in
Fig. 11. Here the sampling times are different with respect to
those used in Fig. 10. Comparing Figs. 10 and 11, we note
that the peak of the signal does not move to lower tempera-
tures by increasing the time window as for standard DLTS:
this is because the signal is heavily distorted. The signal

from CiOi, which is a minority carrier trap, is significant only
if a sufficient forward injection takes place, while theV2

−/0

contribution is always observed. The discontinuities near
230 K, which are related toV2 (a majority carrier trap) can
be seen as soon asVpù1 V. On the contrary, the disconti-
nuity near 190 K, related to CiOi (which is a minority carrier
trap) can be seen only if a stronger forward bias is applied
during excitation. In the inset, the curves of the main graph
have been plotted on a logarithmic scale(solid lines). The
calculated contribution of CiOi

+/0 (dotted lines) and V2
−/0

(dashed lines) are shown as well. As expected, before and
after the discontinuities at 220 and 240 K, the spectra can be
fitted by standard contributions.

Distorted current DLTS spectra have been already mea-
sured in the past on high resistivity irradiated silicon30 and
on semi-insulating GaAs.31 In the latter work it was sug-
gested that the distortion, and in particular the negative side
of the DLTS peak, should be related to SCSI, but no quanti-
tative description of the phenomenon was given.

V. CONCLUSIONS

Nonmonotonic current transients at constant temperature,
following a pulsed carrier injection, have been observed in
standard float zone and diffusion oxygenated float zone sili-
con diodes irradiated with a high total doses300 Mradd of
gamma rays from a Co60 source. The features of the tran-
sients are studied at different temperatures and they are cor-
related to irregularities observed in TSC measurements.

The particular shape of the current transients is interpreted
in terms of strong space charge density modifications due to
the discharge of the dominating traps(double vacancy and
oxygen-carbon complex in the explored temperature range)
producing a change in the space charge sign(type inversion
or space charge sign inversion). Our experimental and simu-
lation work shows that the study of current transient is a
sensitive tool to determine the occurrence of type inversion
in semiconductor devices and quite effective in relating this
phenomenon to the responsible energy levels.

The effect of nonmonotonic transients on DLTS spectra is
discussed. The resulting spectra are strongly distorted and do
not allow performing a standard analysis of the deep level
signatures. However, our analysis of the current transients
provides a powerful tool for the correct interpretation of
these measurements. Current transient analysis appears
therefore an accurate technique in detecting space charge
modifications and type inversion during the emission of non-
equilibrium carriers from dominating defects, produced in
our case by high doses ofg irradiation.
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FIG. 11. I-DLTS spectra measured on DOFZ using different
filling (forward) voltagesVP. These voltages are, moving from the
weaker to the stronger signal,Vp=0.5, 0.7, 1, 1.2, 1.5, and 7 V. The
other experimental parameters areVrev=10 V, tp=100ms, t1
=1 ms, andt2=8 ms. The same signals, plotted on a logarithmic
scale, are shown in the inset(solid lines) superimposed to the fit of
CiOi

+/0 (dotted lines) and V2
−/0 (dashed lines).
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