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Anomalous current transients related to defect discharge in irradiated silicon diodes
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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 chatggsigiversion. 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 past’ The sign ofQ can change due to the emission of car-

The study of defects in semiconductors is of fundamentafi€rs from a charged deep level dominating the space charge
relevance in solid-state physics and device technology. Déjensn_y._Abrupt mOd'f'Cat'Qns @ and_l\_leﬁ_, |nclud|r_19 Scsl,
fects and impurities introduce localized energy states withirfi[t€" filling of the traps with nonequilibrium carriers at low

the band gaband can severely influence the electrical prop_temperature, have been recently rel&tedhe observation of

erties of materials. The effect of deep levels on the semicon‘zi'scommUItIeS in thermally stimulated curreéh(3 SC) spec-

. . : . tra.
ductor devices performance is of primary interest for the de- Capacitance and current transients at constant tempera-

velopment Qf position-sensitive part|_cle detecto_rs in hlghture, measured across a junction after a priming pulse, have
energy physics experimerité This applies to experiments at oo, widely studied in the patThis is because these tech-

the future Large Hadron Collidgt HC) at CERN and atits g es are suitable to study directly deep levels, and because
p0565|blgzupgrade SuperLM@vhere hadron fluences up to they are the foundation of deep level transient spectroscopy
106 cm? are foreset_en. The standard silicon tracking detec(DLTS)’n a powerful technique to study electrically active
tors arep®/n/n* devices produced from-type float zone gefects in semiconductors. The analysis of capacitance tran-
(STF2 Si with resistivity of the order of 1 ® cm. Diffusion  sients allows one to distinguish between majority and
oxygenated float zon@OF2) silicon is used in some track- minority-carrier traps, whereas current transients are of spe-
ing areas tod.For the high fluence levels mentioned above,cial interest to study high resistivity and heavily defective
deep acceptor traps induced by radiation strongly influencenaterialst?3 Standard DLTS analysis applies when tran-
the “effective doping concentratiol=|Q/q|, Q being the  sients are exponential functions of time. Nonexponential
space charge density agdhe elementary charge. Irradiation transients can occur if the deep level emission coefficient
can eventually produce the sign changefThis phenom-  exhibits a dependence on the electric field, or if the trap
enon, known as type inversion of the space charge region, @moncentratiorl; is not negligible in comparison tid.¢. Non-
space charge sign inversigBCS), is commonly observed exponential transients have been studied by Wang an¥ Sah
in irradiated STFZ silicon. In the case of gamma irradiationand by Phillips and Lownel? However, the transients con-
from ®°Co, type inversion occurs after doses of 215 Mrad orsidered in all these works were monotonic, even if nonexpo-
higher® nential. To our knowledge, nonmonotonic transients, show-

In samples with electrically active defeci& is deter- ing a pronounced peak, have been observed only by
mined by the occupancy of deep levels, which in turn de-Rosencheet allf in silicon junction at cryogenic tempera-
pends on sample histofgs carrier injection before measure- tures. This phenomenon was accounted for in terms of elec-
men) and operational temperature. Its steady state value igic field assisted emissions, such as Poole-Frenkel barrier
usually measured by capacitance—voltage profiles at roodowering and trapped carriers tunneling, leading identical
temperature, and only few experiments to detect its variatraps in different places of the depleted region to emit with
tions with temperature have been carried out in the recerdifferent rates.
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In this paper we report the observation of nonmonotonic Bias + Pulse gen. Y —
current transients in silicon diodes heavily irradiated with ~ Chanber
gamma rays, in the temperature range 100-250 K. This ef- L ~
fect is interpreted in terms of charge emission from a few — [ Sample]
dominating traps, producing type inversion of the space Read°“t°|"°u't
charge_ regi(_)n. Th_e discussion is supported by the results of [ TSensor Heater
numerical simulations and TSC measurements.

[ 1
Il. EXPERIMENTAL PROCEDURES Teter| | e
- ¥
A. Samples ¥ L
: . Personal
The samples considered in this work a@n/n* silicon Oscilloscope  [¢==% o mputer

diodes produced with different starting materials. Twin
samples have been produced by CiS, Institute for Microsen- FIG. 1. Schematics of the setup used to measure current tran-
sors, Erfurt, Germany, from standat®TF2) and oxygen sient at constant temperature an.d DLT$ spectra. Solid lines: analog
diffused float zonéDOFZ) n-type Si with an initial resistiv- electrical connections. Dashed lines: digital data flow.
ity of about 5 K) cm. The crystal orientation i§€111) and
the thickness isv=285 um. The electrode active area on the excitation in order to detect the emission from traps. The
p* side isA,=25 mn?, while the electrode on the' side has  Whole readout circuit recovers its linear behavior from deep
an areaA,,=1 cn?. The oxygen diffusion technology, devel- saturation in about &s. The readout circuit output is moni-
oped at Brookhaven National Laboratdhhas been system- tored by a 500 MHz digital oscilloscopgTektronix
atically applied by the CERN RD48 and RD50 TDS520D which samples the current transients. The test
Collaboration& to increase the radiation hardness of Si par-diode is located inside a vacuum chamber where a pressure
ticle detectors. In our DOFZ sample the oxygenation wadower than 10° mbar is maintained and which is cooled by a
performed for 72 h at 1150°C. The samples have been irrs€ryogenerato(Officine Galileo KJ). The system is kept un-
diated at Brookhaven National Laboratory with gamma raysier vacuum to prevent the condensation of air humidity. The
from a®°Co source, up to a dose of 300 Mrad. After irradia- heating is provided by a resistor wounded around the sample
tion the STFZ sample showed type inversion at room temsupport, and the heater power supply is controlled by the
perature, with a change ® 4 from a donor concentration computer. Thus heating and cooling cycles with fixed rate
Negr=1.2x 10'2 cmi™® before irradiation to an acceptor con- can be obtained. In DLTS experiments we always adopted a
centrationNgz=6.0X 10'° cm™3. In contrast, the DOFZ Si heating rate slower than 0.07 K/s, in order to prevent spec-
sample is not inverted by irradiation, showing a slight in-trum distortion due to a fast temperature variation. During
crease of donor concentration frddg;=8.3x 10 cm3 be-  €ach current transientt, T) acquisition the temperature was
fore irradiation toNg¢=9.0x 10t cm™2 after irradiation. The kept constant.
samples have been stored 6 months at room temperature be-A different setup is used for TSC measurements. In this
fore carrying out the measurements reported in this work¢ase, the sample is cooled at the excitation temperajiog
unless indicated differently in the text. immersion in liquid helium vaporTp 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
The DLTS experimental setup, which is also used toprovided by a Keithley 617 electrometer. During excitation
sample current transients at constant temperature, is de-forward bias is applied to the diode, in order to saturate
scribed in Fig. 1. The reverse bi¥fg, and the forward volt-  the forward current at 3.8 mA. The filling time was always
age pulsed/, for sample excitation are provided by a pulse t,=1 min. The system used to monitor the temperature is the
generatoSystron Donner 110P The duratiort, of the ex-  same in the TSC and DLTS setups. The sensor is a silicon
citation pulses can be varied starting fronus. The current  diode (Lake Shore DT-470-CUJ)1measured by a tempera-
transients(t, T) are measured using a custom readout circuitture controller (Lake Shore DRC91L The temperature
It converts the current into voltage, ensuring adequate valuasinge investigated in this work is 100—250 K.
of transresistancér=(0.5—1 x 1° V/A], input resistance
(Rp=2.2 k), and bandwidtiBWD=1 MHz). The readout

B. Experimental setup

IIl. MODELING OF NONMONOTONIC CURRENT

circuit is a three stage amplifier. The first stage is a current— TRANSIENTS
voltage converter, while the next two are voltage amplifiers.
The same operational amplifiAnalog OP467G was used For the modeling we consider an ideal/n/n* diode.

to construct each stage. This device ensures fast recoverifigne electrode area,, andA, are different, as in the case of
from saturation and the readout circuit can be used to clamphe test diodes used in our experiments. After high levels of
the forward current peak, which is superimposed on the deejpradiation the initial doping concentration, determined by
levels emission. As a matter of fact, the forward current isphosphorus doping, is changed by the electrical active de-
much more intense than the deep levels signal, and it is nedects generated in the bulk. As an example, the deep trap for
essary to permit the saturation of the amplifier during theholes produced by the carbon-oxygen comple,@i"@ is
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considered® We will assume this defect to be uniformly
distributed in the silicon bulk. The signature of the corre- 5 -
sponding deep level i$ E,=0.37 eV, o~ 1071 cn¥),20:21 C > 7
where E, and o are the activation energy an the apparent 4 3
cross section, respectivélyAfter a filling pulse performed -
at temperaturd, a concentratiom,=n,(0,T) of these levels rside |

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 FIG. 2. Cross section of a diode showing the qualitative deter-
diode and the emission from this trap can be monitored. Th&ination of the depleted region profile used in the text to estimate

time variation of the space charge density at the temperatuﬂ@e depleted volume. The dotted lines indicate the geometric shape
T is given by of the depleted region. The two regions used to estirdate trun-

cated pyramid and a squared box, are plotted by dashed lines. Black
_ _ and gray areas indicate metallizations and implants, respectively.
QtT) = £aNes(t, T) = = aNo(T) + an(t, T).. @) Schemga) refers to a noninverted bulk, while scherii® describe

. I an inverted one. In the latter case the junction is shifted tonthe
The term g-No(T) includes the contributions to the space o :

charge density of the doping impurities and of all the energy

levels which can be considered as frozen and filled at the

temperaturel. In this example it is assumed to be negative, x(t,T) = 2&Vrey (5)
but similar results are obtained with an electron trap and a a qNer(t,T)

positive ay(T). In this case Eq(1) would read:Q=q-N The actual depleted region is smaller than a square box with
—-g-n. The currenti(t,T) emitted by the deep levels inside LS
a4t ¢.D y P depthxy and base ared,,. On the other hand, it is larger than

the depleted region is due to the holes released;By. Thus S . X
Q becomes less and less positive as the defelct dischargér*g.e volume of the truncated pyramid indicated in the figure.
S a reasonable and simple evaluatiorZofve will use the

Neglecting carrier recapture, the functiog(t,T) is given

p* side |

average between the square box and the volume of the trun-

by?? :
cated pyramid.
dn(t,T) In the limit N;<<Ng, the depleted volume can be consid-
———=—¢e(T) -n(t,7), (2)  ered time independent, and the current transient retains the
dt standard exponential form:
whereey(T) is the hole emission coefficient: it,T) = qZ;\oeheXp(_ e). 6)

T) = yhoT?exp(— E/KT).
&n(T) = T exp(- E/kT) ® The case ofN;=Ng; shows different dynamics and is

shown in Fig. 3 for a particular choice @fy and Ny(ny

Here k is the Boltzmann constant ang, accounts for the
" 55X 10" cm3,Ny=2.5x 10'* cm3). SeveralNeq(t,T) pro-

band structure of the material. The current transient can b

then calculated as files calculated at different temperatures are shown in Fig.
3(c). At the lowest temperaturel98 K) the trap discharge is
q-Z(tT) quite slow, andQ(t, T) becomes negative only at the end of
it =——— e(T) -n(t, T), (4)  the time interval of the figure. A¥ rises, the SCSI™ takes

place faster. In general the space charge density may change
. . . . from positive to negative or vice versa, and these phenomena
e e et e e ndcted by SCST and SCSI- respecively The ac

=e-p (e tive volume (normalized to the volume at full depletipn

stant andp Is the_ electrical resistivity IS, always muph from which the collected current is emitted is shown in Fig.
smaller than the time scale-1 m9 used in our transient @(b

. _ ). As long asNg is smaller than a certain valuéy the
measurements, and carriers can easn_y rearrange across ple is fully depleted and the active volume reaches its
depleted region as.the degp Igvels_dlscharge. As.a consgy. vimal value. From Eq5) we obtain
quence, a quasistationary situation will be assumed in which,
at any timetg, the depleted region has the same volume it 2eViey
would have in stationary conditions, if the constant space Nig = quw? (7)
charge density wer€(ty). The depleted region spreads in-
side the bulk following the electric field lines, and its shapew being sample thickness. The calculated current transients
can be determined by numerical simulatid3he results of are shown in Fig. @). Three characteristic stages in the
simulations suggest that the voluef the depleted region i(t,T) evolution can be distinguished, as indicated in the fig-
can be roughly determined as shown in Figh&#o different  ure. The current rises as the depleted volume increases. A
situations are shown in the figure, depending on whether thpronounced current spike occurs whieg:~ 0 (during full
space charge density is inverted or)adiere, the depletion depletion and SC$I After this SCSI the absolute value of
depthxy is approximated using the expression valid for anNgg continues to grow and leads to a decrease of the deple-
abrupt planar junctiof? tion width. In consequence the current decreases as well. At
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FIG. 4. Current transients measured in the DOFZ sample in the
<—‘ range 204-225 KV,¢,=10 V, V,=7 V, t,=100 us. 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.

temperature in irradiated STFZ and DOFZ Si devices. This is
because at room temperature these levels are almost com-
pletely uncharged. The different value ®f+ measured
at room temperature is due mainly to the presence in
v-irradiated STFZ Si of a deeper defect, the so-called
“I defect,” characterized by an acceptor level with
E,=0.54 eV, whose concentration is strongly reduced in
DOFZ Si282°

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

FIG. 3. Calculated dynamics of current emission from a holeq,e mainly to the (@, discharge. At each temperature, an
trap dominating the space charge density. Current trans@nts gprypt jrregularity(a nonmonotonic feature resembling a
active volumeZ (b), and space charge densit,T) calculated at “peak” in the current profilgis observed.

different temperature&) are shown. The curves corresponding to The resemblance of these measurements with the simula-
the temperaturd =206 K are plotted with a thicker lines to guide tions of Fig. 3 is striking. As a matter of fact, the main
the eye. The space charge density has been normalized to elenmafre]'atures of fhe measured .transients can be acéounted for in

tary chargeg. For T=206 K, a schematic illustration of the diode St- - .
tion, indicating the depleted vol is sh t the top dFTMS of_SC by using Eqs(l)—(6)_. As an ex.ample, a fit
cross Section, Indicaing e depieted VOIIMe, 1S snown &t te fop the signal measured at 216 K is shown in Fig. 5. The

the figure. The shaded and the black areas are the depleted regio‘i‘?s . .
and the metallizations, respectively. measured current transie¢for an applied voltage of 10 v

and the calculated one are shown in Figc)5There is a
. .good agreement between them, even if the details of the
the end of this last stage, fche depleted _volume tends o |th erimental result cannot be fully reproduced by our simple
steady state under the_applled reverse bias and the transmra]ﬁdel. In particular, the behavior before and after SCSI, as
approach an exponential behavior. well as the position of the full depletion peak and its width
can be very well described. The time evolution of depleted

Time (ms)

IV. EXPERIMENTAL RESULTS AND DISCUSSION volume Z(t) and of Ne«(t) are shown in Figs. (@) and §b),
_ _ respectively. The initial values used for the simulation are
A. Current transient analysis N,(0,216 K=2.0x 10*3cm® for C,0, concentration and

The discussion will focus on the charge emissions from-qNy=—q- 1.2x 10'3 cm™3 for background space charge den-
two deep levels observed both in irradiated STFZ and DOF3ity. Q(t) starts from the positive valu€(0)=q(N;—Np),
silicon. The first level is related to the already mentionedending to the negative valuegqNui() =—qN,. The SCSY~
“interstitial carbon-interstitial oxygen” complexiO,”O, and takes place at abotit2.5 ms. Around this point, as long as
the second to the single charged state of double vace#§ity N.;< Ny, the sample is fully depleted. The width of the peak
(E4=0.42 eV, 0=2Xx 1015 cn?).2%?% The introduction of corresponds to the time spent at full depletion and, according
these levels in silicon aftey irradiation has been widely to Eq. (7), is proportional to the applied bias. Two main
investigated, starting from the work of Brotherton andfeatures of the current peaks shown in Fig. 4 are
Bradley® (see, e.g., Mollet al?” for a general overvieyw (1) the peak occurs earlier asincreasegfor instance,
The concentration of such defects in our samples is of that T=204 K the peak is observed beyotrd5 ms, while at
order of 162 cm™3, as it can be deduced from the amplitude T=225 K the peak is close t=1.2 ms.
of TSC spectra shown in the next section. Note th&; @nd (2) The rising edge of the peak becomes steeper and
V, are not responsible for the different valueMy;; at room  steeper as the temperature increases.
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FIG. 5. A fit of current transient measured in DOFZ Si at Time (ms)

T=216 K obtained with Eqg1)«5). The applied reverse bias dur-  FIG. 7. Current transient measured &:231 K in DOFZ

ing measurement i¥,=10 V. Calculated evolution with time of sample(after 6 additional months storing at room temperatus

Nesr (D) and of depleted volumé (a) are shown above the current ing various reverse biases, as indicated in the legend. The vertical
transient(c). The depleted volume is normalized to the value at full axis is plotted using a logarithmic scale. Two straight lines whose
depletion. The steady state effective doping concentratign  slope corresponding to;O; andV, emissions are indicated too. The
reached after a completg@ discharge and the highet« value  arrows indicate the time at which the sample becomes fully de-
which permits full depletior{N;y) are shown. pleted (near 1 my and the time at which the formerly depleted

sample becomes partially depleted agéiear 2.5 mp V,=7V,
These two factgwhich are common to all the transients t,=100 us.

shown in the following are consistent with the proposed

picture: the higher the temperature, the faster the trap dispe cyrrent transients exhibit two discontinuities. The first
charge and the occurrence of type inversion. one occurs when, during the;@ discharge, the samples
_ Nonmonotonic current transients are not unique/iora-  gnter into full depletion. The time at which this transition
d[ated DOFZ silicon. Current trans[ents similar to those o appears depends on the bias voltage and is shifted to shorter
Fig. 4 have been observed also in the STFZ sample, &gyes for increasing bias voltage. After this period all re-
shown in Fig. 6. The current peaks can be explained in terms,qeq transient values are independent of the reverse bias
of SCSI occurring during hole emission from@ in this 1, 15 a certain time where the second discontinuity occurs.
case, as well. , _ During the time interval between the two discontinuities the
Additional measurements aimed at studying the depengeyice remains fully depleted for each applied bias and the
dence of transient shape on the value of the reverse bias ha¥giive volume is fixed by the geometry of the sample. The
been carried out. The results obtained with the oxygenatedecong discontinuity occurs as the space charge density be-
sample afT=231 K are shown in Fig. 7. Note that these ;omeg |arger and positive after some electron emission from
measurements have been carried out six months after tl\yzz_ Thus for a given bias voltage the device cannot remain

experiments reported in Fig. 4. During this time the sampl& |y depleted, and this leads to an abrupt decrease of the
was stored at room temperature, and a modification of deegyrrent signal. Before and after the discontinuities the acti-

level population occurred, determining a different ratio be-,5tion energies of ©; and V, determine the slope of the

tween the concentrations of positively and negativelye,rent transient, as shown by the dotted lines in the figure,
charged traps. Now, for the different applied bias voltagesang 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 thgd,C
and V, dominate the space charge density when they start
discharging. The TSC spectrum measured With=10 V is
shown in Fig. 8 as a thick solid line connecting experimental
points, while the fit components are plotted with thin solid

Time [ms] lines. Two main emissions are found in the range

FIG. 6. Current transients in the STFZ sample, corresponding td00—200 K. The first is the hole emission froma¢® and
different temperatures in the range from 194\Weaker signalto  the other is the electron emission frd«frj’o. Below 137 K,

210 K (stronger signal Ve, =10 V, V,=7 V, andt,=100 us. the signal can be fitted by a deep level with activation energy

Transient current (uA)
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FIG. 8. TSC spectrum of the DOFZ sample measured in the
range 110-180 K withv,e,=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.

SoL(T) (nA)

180 200 220 240
Temperature (K)

close to 0.3 e\(line A). Then, as soon as;G; starts to emit, .
a discontinuity(indicated as “Ist transition” in the figure ~ FIG. 10. Current transients at constant temperai@eand
occurs, and the current jumps toward higher value. This tranPLTS spectrumb) of the DOFZ sample. The current transients are
sition is similar to the jump reported in Ref. 8 near 150 K, plotted on a Iogarlthmf: scale. The samplln_g tl_mes used to calculate
caused by a SCSEr leading to an increase of the active tr;e ?)LThS S_pecml”l‘,qtl‘STrTSgTSd”I‘s* ari '”décgted in the udpperh
volume. After this transition, the signal can be well fitted by Eoonttri)t:ut%:lzsozg?ch?:a fofosgt(;nd”:/?/% rssn ectixc/gIrrez\pvoer;tictglt )
the GO;”° contribution (line B) plus theV,” contribution . 2 fesp Y- A Verlic:

. ! . arrow connects each transient to the corresponding point in the
(line C). The sum of these two componeliB+C) is shown - th . is indicated h

dashed line. Above 160 K the signal undergoes a seco saectrum, the transient tgmperature IS Indicate! near.t e aﬂmﬁv

asa e i rresponds to the abscissa on the temperaturg. axis=10 V,
abrupt transition toward lower current values. This second, _, /.
transition corresponds to a SC8Iwhich reduces again the

depleted volume. After the second transition the signal pro- h ission f h level cl id
file can be well fitted by an attenuat&t) contribution(line to the emission from the acceptor level close to midgap re-

D). lated to the “I defect.”

The TSC measurements were repeated using a higher re-
verse .voItage,Vre\,= 100 V, which ensures an almost full C. Effect on DLTS spectra
depletion of the sample over the full TSC temperature range. _ )
The result is shown in Fig. 9. Now the spectrum is smooth- Usually the current transients are analyzed to determine
ened and can be completely fitted byo®® and %' contri- the current-DLTS spectrum. A common procedure is to de-

butions. This is because in this case the bulk is permanentfjne the spectrun$, (T) as

fully depleted during the measurement and the total active _ .
volume uniquely determined by the geometry of the sample, LM =it D =it T). ®
independently of traps charge state awg value. Heret, andt, are the transient sampling times. If the tran-

Using V,,=100 V the signal-to-noise ratio is improved, sients are exponentiaf, (T) can be analyze¢e.g., by nu-
and a peak near 207 K can be distinguished. It correspondserical fitting or by an Arrhenius plptin 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
T 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
Neﬁ(T)-

The relationship between the nonmonotonic current tran-
sientsi(t,T) flowing through the sample and the shape of the
210 spectrumS,, (T) is shown in Fig. 10. The logarithm of a few

selected current transients measured at different temperatures

FIG. 9. TSC spectrum of the DOFZ sample measured in theire displayed in Fig. ¥8). The curves are placed one beside
range 110—220 K witlV,,,=100 V, heating rate 0.15 K/s. Dashed the other to obtain a clear plot, and their absolute positions
lines correspond to the calculated contribution gOC° (peak at ~ do not provide informatior{see Fig. 4 for a comparison of
150 K) and V" (peak close to 170 K their relative amplitude In this graph a purely exponential

TSC current (pA)

1 1 I
150 170 190

Temperature (K)

L 1
110 120
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from G,O;, which is a minority carrier trap, is significant only

16 if a sufficient forward injection takes place, while thg’
contribution is always observed. The discontinuities near
§1'2 230 K, which are related t¥, (a majority carrier trapcan
. be seen as soon a=1 V. On the contrary, the disconti-
308 nuity near 190 K, related to;O; (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 scéselid lineg. The
— o — calculated contribution of ©"° (dotted line$ and V"
Temperature (K) (dashed linesare shown as well. As expected, before and
_ _ after the discontinuities at 220 and 240 K, the spectra can be
FIG. 11. I-DLTS spectra measured on DOFZ using differentfjiteq by standard contributions.
filling (forward) voltagesyp. These voltages are, moving from the Distorted current DLTS spectra have been already mea-
weaker to the stronger signa},=0.5, 0.7, 1, 1.2, 1.5,and 7 V. The g0 jn the past on high resistivity irradiated sili€dand
gtfizsezzzz'rfgn::; Prif?::ﬁéssia%gl?o;{é dtpgnlgolgsérittlhmicon semi-insulating GaA%. In the latter work it was sug-
~ ' 2oL 1€ sSIgnats, plo gan gested that the distortion, and in particular the negative side
scals(,) are shown in the |n%eﬂolld lineg superimposed to the fit of of the DLTS peak, should be related to SCSI, but no quanti-
C;O"" (dotted lines and \,'~ (dashed line . Lo !
O ( nes 2 ( Ines tative description of the phenomenon was given.

o
»

transient is plotted as a straight line. The sampling times
andt, are indicated too. The corresponding DLTS spectrum V. CONCLUSIONS
is shown in Fig. 1(). An arrow guides the eye from every
transient to the corresponding spectrum point. Below 195 ﬁ
the transients are exponential and the spectrum can be fitt 8"
to Eq. (7) using the QO; signature(dotted line A. Above
195 K a peak in the current transient associated with
SCSI'~ appears. It moves toward shorter times Tasn-
creases, leading to a distortion of the DLTS spectrum. Thu

when the SCSI~ occurs betweein, andt,, i(t,,T) abruptly related to irregularities observed in TSC measurements.
grows whilei(t,, T) remains almost constant. The result is a. The particular shape of the current transients is interpreted

: _ : in terms of strong space charge density modifications due to
negativeS,, (T). At T=204 K the peak in the current tran- . A
sient crosses the ting. At this pointi(t;, T) grows t00:Sp, the discharge of the dominating trafdouble vacancy and

exhibits a strong increase and becomes positive again Nogefygen-carbon complex in the explored temperature range
that, as long as the;0; emission is dominanfup to 212 K oducing a change in the space charge gigne inversion

) ; . ... 0r space charge sign inversjpoi®@ur experimental and simu-
g‘yt?ﬁeﬂg%gsggﬂgr gg?rgot:tfigjt?cl)(ﬁ thDeetsr,Sir:ZIfr?itsc?gebsgggdlaﬁon _Work shows that_the study of current transi_ent is_ a
trum Sy, cannot be fitied since the. transient is r;ot exponenrsensm\./e tool to deter.mlne the oceurrence of type inversion
tial in tere whole time int'erval betwee andt,. The tran- in semiconductor devices and quite effective in relating this
sient fit is shown by straight thin lines in Fig (%) Between phenomenon to the respons!ble energy levels. :
225 and 231 Ki(t,,T) decreases and tr&, 'Si ﬁal [OWS _ The effect of nonm_onotonlc transients on DL_TS spectra is

o I, L signai g " discussed. The resulting spectra are strongly distorted and do
This is because, above 225 K, the electron emission f¥gm

tarts chandi i d i lue. As di qi not allow performing a standard analysis of the deep level
starts changinle oward a positive value. As discussed in signatures. However, our analysis of the current transients
Sec. IV A, the decreasing step observed in the current tra

ients during the disch b lained i rbrovides a powerful tool for the correct interpretation of
Sien Ssgrs';‘,? r? 'Sg "’.‘fgegﬁ c{‘an € etxpt)halne t_conS||er- these measurements. Current transient analysis appears
ng a when, auring the transient, the active VOIUMe o afore an accurate technique in detecting space charge
of the sample changes dramatically.

) . modifications and type inversion during the emission of non-
At about 230 K the decre_a_lsmg st_ep crosﬁeAbove this equilibrium carriers from dominating defects, produced in
temperatureQ remains positive during the whole interval

. o our case by high doses ofirradiation.
(t,tp) and the exponential shape of thg 9 emission starts to y g of

Nonmonotonic current transients at constant temperature,
owing a pulsed carrier injection, have been observed in
standard float zone and diffusion oxygenated float zone sili-
gon diodes irradiated with a high total do&00 Mrad of
gamma rays from a CB source. The features of the tran-
sients are studied at different temperatures and they are cor-

be recovered. Thg result is that both Bhe_ transients and the ACKNOWLEDGMENTS
spectrum can be fitted by means of M}é signature(dotted
line B). This work has been performed in the framework of the

The DLTS spectra measured using different forward exci-CERN RD50 collaboration and financially supported by the
tation voltagesv,, in the rangeV,=0.1-7 V, are shown in INFN project SMART. We wish to thank Andrea Baldi from
Fig. 11. Here the sampling times are different with respect tdJniversity of Florence for technical support to this work. We
those used in Fig. 10. Comparing Figs. 10 and 11, we notearmly thank Z. Li from BNL, E. Verbitskaya, and V. Er-
that the peak of the signal does not move to lower temperaemin from IOFFE, St. Petersburg, and H. F. W. Sadrozinski
tures by increasing the time window as for standard DLTSfrom Santa Cruz Institute for Particle Physics for helpful
this is because the signal is heavily distorted. The signafliscussions.
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