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Variation of carrier lifetime in magnetic Czochralski and float zone silicon irradiated with Co-60 «-rays was investigated for
doses in the range from 50 to 400 MRad. The inverse carrier lifetime was found to increase approximately linearly with dose
and the carrier capture cross-section has been determined. The recombination and trapping constituents within recombination
transients have been distinguished by combining analyses of the excess carrier decays measured using microwave absorption
by free carriers for different excitation conditions and temperatures. The activation energies of traps and recombination centres
have been determined from the carrier lifetime dependence on temperature.
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1. Introduction

Silicon detectors used in high energy physics need
better radiation hardness for future Large Hadron Col-
lider experiments. One way to improve silicon material
radiation hardness is to fabricate the particle detectors
on oxygen rich substrates such as high-resistivity mag-
netic Czochralski silicon (MCZ) or oxygenated float
zone silicon (DOFZ) [1-3]. «y-rays induce point defects
in silicon that interact with interstitial oxygen forming
oxygen—radiation defect complexes. Furthermore, the
v-rays are known to activate oxygen associated ther-
mal donors (TDs) that may be electrically inactive af-
ter the device fabrication process. Recently, there has
been strong interest in the manipulation of the sili-
con’s effective resistivity using thermal treatments to
generate TDs [3—6]. The complicated interaction be-
tween the radiation defects, interstitial oxygen, TDs,
and ~y-rays alters the effective space charge concentra-
tion and thus affects the operation of particle detectors,
especially in the case of space charge sign inversion
[5,6]. This interaction results in changes of recombi-
nation and trapping processes in the material due to the
reactions of radiation defects and their oxygen related
complexes. Also, investigation of recombination pro-
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cesses can reveal peculiarities of defect system trans-
formations. Nonequilibrium conductivity decay data
are important for modelling of Si cryogenic detectors
for high energy experiments [7].

In this work, the decay of photoconductivity and car-
rier lifetime variations were measured at different tem-
peratures in ~y-ray irradiated MCZ samples. The n-
and p-type MCZ silicon samples were irradiated with
Co-60 ~y-ray doses ranging from 50 to 370 MRad. The
lifetime measurements were based on the decay of pho-
toconductivity after excitation by a short light pulse.
The decay in the photoconductivity was measured by
microwave absorption (MWA), which depends on the
sample conductivity. The transient has recombination
and trapping components, which can be distinguished
by combining analyses of the transient dependence on
light excitation intensity, bias illumination (BI), and
temperature, allowing the changes of the deep level
system to be studied.

To investigate the influence of interstitial oxygen and
TDs on the recombination and trapping processes, the
results from studies of MCZ were compared with those
of standard float zone (FZ) silicon. A nearly linear in-
crease of the inverse recombination lifetime with the
irradiation dose confirms the existence of point defect
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formation processes in MCZ samples. A comparison of
the effects of excess carrier density and temperature on
recombination and trapping constituents of carrier de-
cay transients revealed interaction between radiation-
and processing-induced defects. It has been observed
that the trapping process contribution into the photo-
conductivity decay depends on the irradiation and the
recombination and trapping roles are more dependent
on irradiation in n-Si than in p-Si.

2. Samples and experimental techniques

The samples under investigation are listed in Table 1.
Most of the samples were 20x20 mm?2, 300 m thick,
homogeneous p- (A) and n-type (B) MCZ Si wafers.
‘“Twin-samples’, one a thermally treated wafer (/, 2)
and the other a non-heated wafer (3, 4), were fabricated
to investigate the effect of thermal donors. TD pro-
cessing of one of the twin-samples was made by heat-
ing for 30 min in an inert Ny atmosphere at 450 °C.
The samples were irradiated with Co-60 ~y-rays to a
dose of 50 MRad. Carrier lifetime and Fourier trans-
form infrared absorption spectroscopy (FTIR) investi-
gations were performed on the irradiated samples. The
irradiated, non-heated wafers were then cut into four
10x 10 mm? pieces and irradiated with additional doses
of 80, 160, 270, and 320 MRad, respectively. Thus,
the fourth sample of the set collected a total irradiation
dose of 370 MRad.

A pad-detector, fabricated on standard n-type FZ Si,
was irradiated with 400 MRad of Co-60 ~-rays. A
2 mm diameter optical window in the centre of the de-
tector and a 1 mm wide boundary of the detector area
were left non-metallized, and utilized for MWA mea-
surements.

Room temperature FTIR spectroscopy was em-
ployed to measure the concentration of the interstitial
oxygen (O;). The measurements were carried out by a
Perkin Elmer GX FTIR spectrometer equipped with a
DGTS detector.

Excess carrier density relaxation was measured us-
ing microwave absorption [8], combining analyses of
the dependence of excess carrier decay on excitation
intensity, bias illumination, and temperature. Excess
carriers were generated in the bulk of the samples us-
ing 1064 nm wavelength light from a YAG : Nd>* laser
with 10 ns pulse duration. The excess carrier density
decays due to recombination influenced by carrier trap-
ping. The excess conductivity decay was probed using
the free carrier absorption of 10 GHz microwave ra-
diation. The recombination and trapping components
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Fig. 1. MWA decays measured at 300 K in (a) MCZ n-type heated

(TDs) and (b) untreated (no TDs) starting material wafers. (c)

shows transients measured in MCZ p-Si (presented for compari-

son). Grey lines correspond to the fits with parameters given in
Table 2.

within excess carrier decay were examined at various
carrier densities. Continuous white light bias illumina-
tion (BI) was employed to suppress trapping by emp-
tying the trapping levels. To try to resolve recombi-
nation and trapping processes, changes of the instan-
taneous decay lifetime (7;) with excess carrier density
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Table 1. Investigated samples.

Type MCZ p-Si MCZ n-Si FZ n-Si
Sample Al,A2 A3,A4 BI,B2 B3,B4
processing TDs no TDs TDs no TDs
yrayiadiation g 570 50 50370 50 400

dose (MRad)

were studied by varying the excitation light intensity.
The samples were placed on a cold/hot finger to mea-
sure the lifetime temperature dependence (7;-1"). Acti-
vation energy values were determined from the slopes
of the 7; versus 1/ characteristic.

3. Experimental observations

Figure 1 illustrates MWA transients in the TD pro-
cessed and unheated wafers of n-type Si, measured at
relatively low excitation with and without continuous
bias illumination (BI). The initial (in) and asymptotic
(as) lifetimes, 73, and 7,5, were determined either sim-
ply, from the tangents to the excess carrier decay curve
at the initial part and the end of the transient, respec-
tively, or, for more detailed analysis, by fitting to an ex-
ponential decay function to determine the experimental
errors. The former data are relevant for a phenomeno-
logical analysis of the clearly non-exponential relax-
ation. The more detailed analysis, fitting the decay
curve to the sum of a few exponentials, corresponds to
the case of low level excitation [9] and can identify the
constituents of the decay curve. The 7y, Tas, and con-
stituents of the decay curves in Fig. 1(a, b) are given in
Table 2.

These lifetimes vary differently with changing ex-
citation intensity, bias illumination and temperature.
Variations of 73, are small, while 7,5 changes consid-
erably with excitation regime and temperature. The
markedly non-exponential decay (Fig. 1(a,b), curve /
in Fig. 1(c)) illustrates the competition of carrier re-
combination and trapping processes.

The conventional trapping process, understood to be
caused by relatively shallow levels that capture and ex-
change the excess carriers with only one of the bands, is
responsible for delaying the recombination of the carri-
ers. The levels can be filled up by using additional bias
illumination to suppress trapping and this leads to a de-
crease in the carrier lifetime. This can be seen by com-
paring the lifetimes obtained for different levels of bias
illumination in Fig. 1(a,b). Occupancy of the trapping
centres depends on the free carrier concentration. The
recombination and trapping lifetimes decrease with ex-
citation intensity, and the trapping component almost

disappears at the highest excitation intensities. Such a
non-exponential process can be described phenomeno-
logically in terms of an instantaneous decay lifetime
7i = —n/(0n/0t), which is a function of the excess
carrier density n.

In the simplified analysis of the experimental results
the initial 73, and the asymptotic 7,5 are a measure of
the lifetime of the recombination processes and of the
trapping, respectively. In reality, this 73, characterizes
processes that can be influenced by other traps. This
paper concentrates more on the asymptotic 7,5, and the
initial 73, is analysed only to determine the influence of
irradiation on the decay of photoconductivity. The ev-
idence for a faster process is seen in the fit of Fig. 1
decay curves with a sum of three exponential func-
tions. Peculiarities related to surface recombination in
the non-irradiated silicon are discussed in [8]. The de-
tails of photoconductivity decay in the irradiated sam-
ples will be analysed elsewhere.

Within the current transient, { = 0 is ascribed to
Tin = 7Ti(t = 0). Employing constant excitation inten-
sity means that the initial excess carrier concentration is
nearly the same at the beginning of decay in materials
of the same resistivity. Thus, values of 73, for differ-
ent samples and temperatures can be compared when
the overall carrier density relaxation process is non-
exponential. The asymptotic time is defined in terms
of the excess carrier density approaching the equilib-
rium carrier concentration (of the order of 10! cm—3
in the investigated samples). The trapping constituents
are therefore compared at the same excess carrier den-
sities at the end of the decay (while these time instants
are defined by the excess carrier density) by employing
Tas = Ti(t|Nex A Neq) to characterize the significantly
non-exponential process.

After irradiation, the instantaneous lifetimes of both
components decrease relative to those of the as-fabri-
cated material, and the lifetime is nearly independent
of the level of excitation for low to moderate excitation
levels. The inverse lifetime increases almost linearly
with irradiation dose for both n- and p-type material at
room temperature, as shown in Fig. 2, but with differ-
ent slopes for 73, and 7,5. This suggests a different in-
troduction rate for recombination and trapping defects.
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Table 2. The constituents of the photoconductivity decay curves of Fig. 1 in heated (TDs) and untreated (no
TDs) n-type MCZ starting material.

Decay Tin, 1S Tas» 1S y = Arexp(—t/71) + Az exp(—t/72) + Az exp(—t/73)

curve 71, pus (A1, a.u.) T2, us (A2, a.u.) 73, ms (As, a.u.)
BI,Bloff 1400427 3120436 2342 (11£1) 86146 (66+1) 3.124+0.04 (37+1)
BI,Blon 1227424 2290+25 1942 (11£1) 69314 (48+1) 2.2940.03 (55+£1)
B3 Bloff 1890+32 2417425 526116 (21%1) 2.4240.03 (110%1)
B3,Blon 1764435 2262428 619116 (21%1) 2.264+0.03 (107%1)
Al, BI off 275+1 496604190 10.5+£0.7 21£1) 180+1 (97.54+0.3)  49.740.2 (20.14+0.2)
Al, Bl on 22143 315+1 54.74+1.6 (33.44+0.5) 319+1 (109.1£0.5)
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Fig. 2. Inverse instantaneous carrier lifetime versus y-ray irradiation dose in different samples of p-type and n-type MCZ Si. (a) Tin, (b) Tas.
The straight lines correspond to a linear fit for irradiated samples (the dotted lines are a guide to the eye for the n-Si experimental data).

However, a range of absolute lifetime values and devi-
ations from linearity were found for the different sam-
ples. The fit to linear dependence is better in the p-Si.
In n-Si at lower doses (up to 200 MRad) the fit to a lin-
ear dependence on dose is more obvious than at higher
doses, where saturation is observed.

The 73, and 7,5 in MCZ Si are shorter than in the
FZ Si. This is related with the influence of the higher
oxygen content in MCZ Si.

The carrier lifetime in the material irradiated with a
fixed dose appeared to depend on temperature in the
range from 90 to 430 K, as shown in Fig. 3. For
both types of material and all irradiated samples a peak
is observed in the asymptotic lifetime at lower than
room temperatures, but the absolute lifetime values
vary slightly in samples irradiated by different doses.
Some of the peculiarities are shown in Fig. 3 for n- and
p-type material and for irradiated MCZ and FZ silicon
samples. In the starting material, the lifetime versus
temperature variations were not resolvable.

The low temperature peak is formed by the trap-
ping long-tail component. This trapping component is
nearly BI independent in the range of BI intensities ap-
plied. The characteristic values of the carrier lifetime

and the effective thermal activation and quenching en-
ergies were deduced from a linear fit to the logarithm of
lifetime versus 1/kT plots and by fitting with the pro-
posed models according Egs. (4) and (5). They were
found to be different in samples irradiated with various
doses. The variations were weakly dependent on the
nonequilibrium carrier density required to record a re-
liable MWA response and were similar in all samples.

The photoconductivity decay variation with temper-
ature is rather complicated, as illustrated in a case of
FZ Si (Fig. 3(d)). An intriguing, significant decrease of
the lifetime at low temperature needs a more detailed
analysis.

4. Discussion

The concentrations of recombination centres R and
trapping centres M, estimated at the lowest excitation
in the as-grown material, are less than 10! cm™3, and
observed lifetimes are in the range of ms (Fig. 1). Bias
illumination partially or fully suppresses the long-tail
trapping component, which is more pronounced in the
TD treated material (Fig. 1(a)). Trapping is also more
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Fig. 3. (a) Carrier lifetime as a function of the inverse temperature in 210 MRad irradiated wafers of p-type and n-type MCZ Si at the

same excitation conditions; (b) compares the carrier lifetime in the sample B1 after different levels of irradiation; (c) is the asymptotic decay

lifetime in 50 MRad irradiated wafers of n-type MCZ Si and in a 400 MRad irradiated FZ pad detector at different temperature, and (d)

is the normalized MWA decay at different temperature in the irradiated FZ Si. The lines in (a) and (b) are the simulation results with the

parameters presented in Table 3. The dashed lines show the results if trapping is neglected. The insets in (c) are the effective activation
(quenching) energies. The errors (if not shown) are ~0.02 eV.

conspicuous in the p-type material (Fig. 1(c)). These
observations are consistent with FTIR spectra, where
the Oj-related absorption peak for the untreated p-Si
material shows larger values than that of the TD pro-
cessed p-type material and those of n-Si. More pro-
nounced changes of peaks attributed to O; and SiO,
were also revealed in the FTIR spectra of irradiated
wafers of both n- and p-type, relative to those of the
starting material. This implies consumption of O; in
creation of complexes with radiation defects. The
trapping centres might be ascribed to thermal donors
grown-in within MCZ Si, with oxygen densities inten-
tionally enhanced [10] relative to the FZ Si.

The interstitial oxygen concentration was estimated
from FTIR spectra at 1106 cm™!, employing a base-
line method [11-12] and using the IOC88 standard cal-

ibration factor Frt = 3.14-10'7 ¢cm™2 [13] at room
temperature (RT). The measured value of less than
9-10'7 ¢cm~3 is nearly the same in oxygenated n- and
p-Si starting material. Due to the overlapping of O;
and SiO, bands the absolute value of the O; concentra-
tion may be overestimated, while O; concentrations of
about 5-10'7 cm~3 are inherent for MCZ Si [10]. How-
ever, these spectra do allow comparative evaluations.
Thermal donor (TD) formation changes the O; concen-
tration more in the p-Si. The oxygenation and heat
treatments (TD procedure) probably introduce shallow
levels which serve as trapping centres (TDs are char-
acterized by energy factors of 0.07 and 0.15 eV [12]).
Assuming that the carrier lifetime at low excitation is
mainly determined by capture of minority carriers, TDs
are more efficient in p-type material, as observed in our
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experiments. Together with O;, a peak at 1220 cm™!
is observable in the FTIR spectra that is attributed to
Si0O,, precipitates.

The non-exponential decay and variations with ex-
citation regimes of the carrier density transients in the
starting material imply that the relaxation process of
excess carrier pairs is caused by at least two centres.
The dependence of photoconductivity decay compo-
nents on the background excitation shows the influence
of local level filling. If one of the centres is character-
ized by similar values of the capture cross-section for
electrons and holes, it acts as a recombination centre.
If the other centre traps only one type of carrier and ex-
changes carriers with only one band, then the process
of trapping-mediated recombination can be described
in terms of the instantaneous lifetime 7; and trapping
coefficient Ky, [9]:

7 = TR K, (1

M Ny
Ko=114+———1—]. 2
i (NVM—‘FATL)Z 2)

Here, 7R is the lifetime given by the Shockley—Read—
Hall (S-R-H) one-level recombination model, with
the well-known dependence on excess carrier density
An and temperature 7' [9]. The trapping coefficient
(Eq. (2)) is determined by the concentration M of
trapping centres and the density of states Nyy =
Ny exp(—AFEM/ET). (If the trap is related to the
conduction band, the index “C” is used and the A Fy
means the energy from the corresponding band.) The
Ny is the effective density of band states. Hence the
trapping coefficient increases during the relaxation pro-
cess as the carrier density decreases, and the trapping
effect appears as a long-tail component within MWA
transients at relatively low excitation intensity. Trap-
ping is suppressed with enhancement of An, via either
excitation intensity or bias illumination, as observed in
our experiments. Also, resolution of lifetime variations
is determined by trap concentration, M. At low defect
concentration and at temperatures for which the small
number of carriers can be captured by traps, the trap-
ping coefficient is small and the relaxation is controlled
by recombination centres. The features of simultane-
ous recombination and trapping, simulated according
to Eqgs. (1) and (2), are illustrated in Fig. 4.

In the starting material, the lifetime-versus-tempera-
ture variations were not resolvable due to the low con-
centration of grown-in centres. The low temperature
peak in the post-irradiated samples is most probably
formed by the long-tail trapping decay component,

Asymptotic decay time (a.u.)

] S without trapping |
20 30 40 50 60
1/KT (eV?)

Fig. 4. Simulated instantaneous lifetime in the asymptotic decay
as a function of the inverse thermal energy, calculated varying the
concentration of the trapping centres at fixed excitation intensity.

which appears together with the initial, short compo-
nent when the temperature is decreased. This model
was used to analyse the temperature dependence of the
asymptotic time constant presented in Fig. 3, adding
into Egs. (1) and (2) only an intrinsic carrier concen-
tration, recombination centre activation energy, and re-
combination lifetime at low temperature. The full for-
mula used is then:

<1 n M Nom ) (—AER>
= €
T Teft (NcoMm + ni +n0)? *P kT

+70. 3)

Here 79 and 7.¢ are the lifetimes at low and high tem-
perature (T), correspondingly, n; is the intrinsic free
carrier concentration, AFEgR is thermal activation en-
ergy of the recombination (R) centres. The best fit pa-
rameters for the experimental curves in Fig. 3 are given
in Table 3. The relatively large number of fitting pa-
rameters did not allow of a simple procedure. The best
fit parameters proved to be very sensitive to the decay
asymptotic time constant activation and quenching en-
ergies and maximum temperature. The thermal activa-
tion of 7T.g was a parameter that allowed to achieve a
fit of asymmetry of the peak in the temperature depen-
dence of the asymptotic decay constant. The experi-
ment and evaluation did not allow the trap type to be
established, but for definiteness the parameters of the
conduction or valence bands were used, as shown in the
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Table 3. A set of data for the best fit of experimental curves in Fig. 3 to the Eq. (3).

Sample Teft, 48 M, cm™?  ABEuv,eV n’,em™® AEgr,eV 1, us  Trap for:
B3, 50 MRad 150 7.0-1013 0.48 1.0-107 0.22 0.2 e
BI, 50 MRad 800 2.5-1014 0.40 7.5-10% 0.27 0.8 e
B1,210 MRad 1000 8-101° 0.56 2.0-10° 0.17 0.035 e
B1,210 MRad 1000 2.5-10'° 0.56 1.0-10° 0.17 0.035 h
Al, 210 MRad 650 5-101° 0.48 8.0-107 0.15 0.07 h
FZ, 400 MRad 180 42-10'2 0.495 1.5-10° 0.18 0.04 e

337

last column of the table. The differences made by this
assumption are not great, as illustrated for the sample
BI (210 MRad), where both choices have been applied.

Also, the simulated effect of trapping in the model is
illustrated by the dashed curves, where the trapping has
been neglected. This difference is important in evaluat-
ing the role of trapping in 7,5 and 7, that will be used
below.

The evaluated energies show the dominant effective
trap level in the sample and their values correspond to
observed deep levels in irradiated Si [14]. The devia-
tions between simulation and experimental values can
be understood in terms of the simultaneous activity of
a few traps. Also, the temperature dependence of the
non-equilibrium excess carrier concentration could ex-
plain the small difference in the widths of the simu-
lated and experimental lifetime peaks. Further analysis
needs more experimental results. The results for sam-
ple B3 (n-Si without TDs) shows evidence of an ad-
ditional trapping activation process that also requires
additional analysis. The weakness of this fit are the ex-
tracted activation energy values of the trapping centres
because centres having this activation energy appear as
the effective traps at higher temperatures than RT [14].

Among the intriguing results are a big decrease of
the lifetime at low temperature and the large variations
of 7,5 in rather small intervals of temperature. The
known centres in silicon [14] cannot explain such fea-
tures. Inter-centre recombination [15] could therefore
play a central role in the highly irradiated material at
low temperature, when tunneling plays an important
role. In a more comprehensive analysis, defect clus-
ters and configurational multi-stability of defects [16]
should be taken into account at low temperatures. If the
change of the recombination mechanism at low tem-
perature is confirmed then a different trapping model
should be considered. Instead of multiple trapping,
as described by equations (1-3), a “slow” trap model
could be used (incorporating single trapping before the

recombination process [8]). In this model 7.5 is defined
by the thermal activation time constant:

1
™ (Nes or vy +19)

4

Tas /M =

According to this model the data presented in
Fig. 3(a, c) would give the trap thermal activation en-
ergy values shown in the insets in Fig. 3, if the fit to ex-
perimental data were performed according to the mod-
ified Eq. (4) to include the recombination temperature
dependence:

AFER 1
5
kT ) + i (Nem + nV) O

T:TeffeXp<—

corresponding to the case that the lifetime is defined by
the longest time constant, the thermal activation rate or
recombination [8]. The fitting parameters are given in
Table 4. Here vy, is the carrier capture coefficient by
the trap, given by vo s, where v is the thermal velocity
and o is the carrier capture cross-section.

The fit of this model is better than that given by
Eq. (3), but both models need a more detailed analy-
sis of the nature of recombination at low temperatures.

In the irradiated samples, the significantly decreased
recombination lifetime values (at 7' = 300 K) are evi-
dently caused by radiation induced defects. The inverse
recombination lifetime values as functions of irradia-
tion dose were generalized by a linear fit, excluding the
highest doses for n-Si. The straight lines in Fig. 2 rep-
resent these fitted data in MCZ Si for 73, and 7,5. This
approximation corroborates the increase of the concen-
tration of radiation defects N, o<t~ 1. The slope o = 1
of this dependence, 7! o NT', implies that the irradi-
ation generates predominantly point defects. The data
presented in Fig. 2 show that the rate of introduction of
defects influencing 73, and 7,5 is not so different in the
different samples.

The carrier lifetime dependence on irradiation dose
(under the assumptions that the carrier capture life-
time is proportional to the irradiation dose and carrier
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Table 4. The fitting parameters in Eq. (5) for the results presented in Fig. 3(a, c).

Sample AE\, eV 'y]v[,cm?’sf1 n’,em™®  AFER,eV T, s
B3, 50 MRad 0.28 4.10716 2.0-1012
B1, 50 MRad 0.14 1-10718 1.5-10%°
B1,210 MRad 0.38 3-107 1 1.7-10° 0.14 370
Al, 210 MRad 0.38 310714 1.7-10'° 0.14 370
FZ, 400 MRad 0.30 3.5.1071° 1.3-10%!

trapping can be neglected) is described according to the
classical relation

1 1 1
T T T

Here 7™ is the carrier capture time related to the centres
which are not generated by irradiation, [V, is the initial
defect concentration that depends on irradiation, D is
the irradiation dose, o is the capture cross-section, and
v is the thermal velocity. Value of the capture cross-
section, inherent for the dominant defects, can be esti-
mated from the slope of the 7! increase with irradi-
ation dose D, in the case the parameter (3, is known.
Earlier work [10] established the rate of defect intro-
duction in Si containing different oxygen concentra-
tions. According to these data, the defect introduction
rate for our samples (O; concentration ~5- 107 cm™3)
is 8, = 5.7-108 MRad~!. The average slopes of 71
versus D (Fig. 2(a, b)) are 0.0023+0.0003 for 73, and
(7£2)-10~* for 7,s. The difference in these values de-
pends on the trapping. The measured difference of the
Tas and the fit to the experimental results, if trapping is
neglected (the dashed curves of Fig. 3), shows a good
correspondence of T3, with the recombination lifetime.
Value of the capture cross-section, ascribed to the cen-
tres that control 7y, is found to be 10719 cm~2, as ob-
tained from data in Fig. 2. This value is typical for a
singly charged repulsive centre.

The nonlinear dependence which appears at higher
doses for n-Si shows the possible effect of a defect re-
action or an overlap of space charge regions, as well as
a change in the competition between different centres.
The data presented in Fig. 2 were measured at 300 K.
As follows from Fig. 3 (and the analysis given below),
at this temperature the recombination centre and trap
contributions are similar. The 7! versus D in n-Si
shows a nonlinear increase of the lifetime with irradi-
ation, which can be explained by an increase of trap
concentration. A more detailed analysis requires the in-
vestigation of 7! versus D at different temperatures.
This will be presented elsewhere.

The inverse recombination lifetime value measured
in the FZ Si irradiated with a 400 MRad dose (indi-
cated by an asterisk in Fig. 2) deviates significantly

from this fitted average value for the largest irradiation
doses in MCZ. The photoconductivity decay compo-
nents at 7' = 300 K are shorter in MCZ Si than in FZ
Si irradiated with doses of similar value. As the resis-
tivity of the initial MCZ and FZ Si material was in the
same range, differences in recombination lifetimes for
the post-irradiated samples can be attributed to forma-
tion of oxygen related complexes.

5. Conclusions

The inverse lifetime of the recombination and trap-
ping processes, estimated from MWA decays, showed
a nearly linear increase with «y-ray irradiation dose in
MCZ wafers, indicating a point defect formation pro-
cess. The measured cross-section of these centres is
consistent with the main role of singly charged repul-
sive centres.

The temperature dependence of the lifetime is ex-
plained by competition of trapping and recombination
processes. The revealed difference in the dose and tem-
perature dependences of the lifetime for standard FZ
and MCZ can be explained by native defects in the
starting material.

The parameters of recombination and trapping were
determined by fitting experimental and simulated data
with two alternative models and therefore the recombi-
nation model has to be analysed in more detail, espe-
cially at low temperatures.
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KRUVININKU REKOMBINACIJOS DOZINIAI KITIMAI v SPINDULIUOTE APSVITINTAME Si,
ISTIRTI NENUOSTOVIOSIOS MIKROBANGU SUGERTIES BUDU
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Santrauka

IStirti rekombinacijos parametry doziniai ir temperattriniai kiti-
mai Si, apSvitintame ~ spinduliuote, siekiant atskleisti vyraujanciy
radiaciniy defekty susidarymo ypatumus. Aptikta, kad nepusiau-
sviryjy kravininky tankio relaksacijos budingos trukmés mazéja
kvazitiesiskai su vy spinduliuotés apSvitos doze. Krivininky tankio

relaksacijos sandai sietini su rekombinacijos bei prilipimo vyks-
mais ir lemia rySkius trukmiy kitimus, kaitaliojant bandinio tempe-
ratiirg tarp 100 ir 350 K. Temperatiirinés aktyvacijos spektre aptik-
tos efektinés trukmés kitimy smailés, i$ kuriy jvertinti kriivininky
gaudykliy parametrai. Aptariami vyraujantys radiaciniai defektai
sietini su aptiktais rekombinacijos biidingujuy dydziy kitimais.



