Experimental data show a significant reduction in test application time for most of the circuits, an
average of 36% with two peak gains of 66%. It can also be noted that, as the number of memory elements
increase, the improvement for removing a scan-in set operation step up. Thus, the interleaved scan is
expected to scale well with design complexity.

Few benchmarks, like s635 and s641, are so hard-to-test that almost all ATPG-generated full-scan
vectors are required in the interleaved-scan test pattern, thus, gain is strongly limited. On the other hand,
benchmark s9234 deserves special consideration and is currently under study.

5. Conclusions

Interleaved scan is a promising test architecture for reducing the number of clock cycles required for
a test session. Interleaved scan requires an effective optimisation algorithm to extend the test vectors
generated by a standard ATPG. A local-search technique has been presented to address this issue, based on
explicit neighborhood exploration and exploiting the concept of population. A prototype was

tested on the standard ISCAS benchmarks and the experimental results show the effectiveness of the
proposed approach. Authors are experimenting the interleaved scan on a larger set of circuits to better
assess its applicability. Simultaneously, they are working on applying the evolutionary core proposed in
this paper to different problems.
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In the paper, is investigated the influence of the irradiation with full reactor neutron
spectrum up to the fluence of F=3.10'"® cm™ upon the electrophysical properties of complex
doped InSb microcrystals and thin film InSb samples with charge carrier concentration of
n=(9-10"+3-10"*) cm™. The influence of the initial doping level on the radiation resistance is
determined. The optimal charge carrier concentration for the manufacturing of the radiation
resistant magnetic field microsensors is determined and is equal to n=(6+7)-10"" cm™ for the
complex doped InSb microcrystals, and n=3-10"" cm™ for thin film samples.

Introduction
The InSb semiconductor material, owing to its electrophysical properties (high charge carrier
mobility, performance etc) has found its practical application as a sensitive element in magnetic field
sensors, intended for operation in extreme conditions.
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The feature of the presented experiment is that the InSb samples investigation was performed
directly under their irradiation with full neutron flux in the Fast Pulsed Reactor (IBR-2) reactor channel in
Joint Institute of Nuclear Research (Dubna, Russia). The change of electrophysical parameters of the
samples with accuracy of 0.01% was measured directly under the irradiation, which allowed obtaining the
sufficient information volume, which is very important for the understanding of the processes occurring in
the semiconductor material under the high energy particles influence. Besides, the data of the strongly
doped InSb samples irradiation with neutrons of different energies are practically absent in the literature
and the results presented in the paper are filling this gap.

The Experiment

The study of the influence of the irradiation with full reactor neutrons spectrum was performed on
the InSb semiconductor microcrystals and thin film samples with different doping level. The InSb
microcrystals have been grown from gas phase by the Chemical Transport Reaction method, which allows
achieving the material with sufficiently high structural perfection. During the growth process they were
doped with impurity complex, that includes Sn, Al, and Cr. Thin film samples of InSb/i-GaAs
heterostructure were obtained by the molecular-beam deposition.

The major nuclear reactions of the indium and stibium with thermal and intermediate neutrons,
present in the reactor neutron flux, are the reaction of the type as follows [3]:

§
“317’1(}’1,Y), 1141n N 114Sn
49days

B
llSIn(n’,Y)’ 116[n N “6Sn
54 min

B.y
121Sb(l’l,y), 122Sb N 122Te
2.8days

By
123Sb(}’l, Y)a 124Sb N 124Te
21days

In this case the nuclear reaction products concentration depends on the value of thetrmal capture
cross-section by the basic atoms of semiconductor compound. The thermal cross-section by the indium
atoms is 190 barn, and for the stibium atoms it is 5.5 barns. Therefore, during the transaction of such
nuclear reactions the stannum is the major (97.5%) end product, and the Te isotopes does not exceed 2%.

So, taking it into the consideration, the major doping impurity for the given impurity complex that
provides the necessary doping level Sn has been chosen. The Al and Cr impurities was introduced for the
improvement of the material characteristics stability.

The dimensions of the InSb microcrystalline samples prepared for the investigation was
0,7x0,07x0,03 mm’, and the dimensions of sensitive element of the InSb/i-GaAs thin film samples was
0,4x0,3x0,002 mm’. The main parameters of the sensors under the investigation (at T=300K): initial
charge carrier concentration n=(9-10'°+3-10'") cm™; the charge carrier mobility p=(5,2+1,0)-10*, cm*>V'-s
': the resistance p=(14,3+2,1)-10™, Ohm-cm.

As a result of the performed experiment the InSb microcrystal samples and InSb/i-GaAs
heterostructures have been irradiated by the reactor neutrons with average energy of E=1.5 MeV with
average flux intensity of /= 9-10° cm™s™ up to the fluence of F=3-10"° cm™. The du ration of the irradiation
is 996 hours.

Results and discussion

. . : : An
The experimental results of the relative charge carrier concentration change measurement (— vs
n

neutron fluence (FYy) is presented in table 1 and in Fig. 1.
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The relative InSb charge carrier concentration change (An/n, %)
vs obtained radiation dose

Table 1

Initial charge Relative charge carrier concentration change An/n, %
" carrier Session duration, hrs 40,5 300 560 996
concentration Neutron fluences PPSE 101 -10'¢ -10'¢
n, cm™ F, o’ 1,0-10 7,4-10 1,7-10 3,0-10
InSb microcrystals
1 8,6:10'° 1,62 9,3 16,1 24,0
2 6,4:10" 0,04 0,6 0,9 0,8
3 9,7-10" -0,05 -0,4 -1,2 3,3
Thin film InSb/i-GaAs samples
4 3,0-10"® 0,3 2,0 4,3 8,2
5 7,5:10"7 0,5 22 4,3 7.3
6 3,3:10"7 0,5 -1,1 2,3 4,5
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Fig. 1. The dose dependence of the relative charge carrier concentration change
(curve number coincides with the number of sample in Table 1)
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Fig. 2. Dose dependence of absolute charge carrier concentration change
(the number of the curve coincides with sample number in table 1)
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As the results have shown, in the investigated reactor neutron fluence range almost linear charge
carrier concentration change is observed. In this case, the behavior of the microcrystals depends on the
charge carriers initial concentration, i.e. on the initial doping level of the material. In case of small values
of the charge carrier concentration in microcrystals (sample 1, n;;=8.6-10'° cm™) the charge carrier
concentration growth is observed while reactor neutron fluence increasing. For the sample 2 (initial charge
carrier concentration 7,=6,4-10'” cm™) the charge carrier concentration change is practically not observed
up to the fluence of 3-10'° cm™. In case of further growth of the initial concentration the change of the sign
of the relative concentration change is observed. For the sample 3 (17,=9,7-10'” ¢cm™) in case of increasing
of the neutron fluence the decreasing of the charge carrier concentration in the material is observed. The
behavior of the microcrystalline sensors proves the investigations on radiation resistance of the InSb
microcrystals under the irradiation with reactor neutrons performed before, in particular the dependence of
relative charge carrier concentration change under the irradiation vs initial charge carrier concentration, i.e.
vs the amount of doping impurity and type of its introducing into the crystalline lattice of the material.

In microsensors, manufactured on the base of epitaxial films (samples 4-6) the charge carrier
concentration in irradiated samples decreases, while the initial charge carrier concentration in initial
material and the neutron fluence increases, moreover, the higher #n;, is, the higher is the charge carrier
concentration decreasing velocity in the material.

. . . An . . . .
The dependencies of charge carrier change velocity (F) in irradiated samples vs charge carrier
S
concentration in initial material for microcrystals (samples 1-3) and epitaxial films (samples 4-6) are given
in Fig. 3. The charge carrier concentration change velocity is given for the maximal reactor neutron fluence
of 3-10' em™. The data for the microcrystals with different initial charge carrier concentration after the
irradiation with a reactor neutron fluence of 1,7-10"° cm™ is also given for the comparison.

2

g

Charge carriers removing rateAn/AF_, cm

W microcrystals (1-3) - ®=3,0x10"° cm”
® epiloyers (4-6) - ©=3,0x10" cm™
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. . -3
Charge carrier concentration n, cm

Fig. 3. The concentration dependence of the charge carrier removal under the neutron irradiation up
to the fluence of F=3-10"" cm™ (the sample number coincides with the sample number in Table 1).

As one may see from the Fig. 3. for the epitaxial layers (sample 4-6) almost linear dependencies of the
charge carrier removal velocity vs charge carrier concentration in initial material are observed. For the
microcrystals the increasing of the charge carrier exhaust velocity is observed while the charge carrier
concentration in initial material increases. However, under the irradiation with the neutrons in IBR-2 reactor
of sample 2, the charge carrier concentration practically does not change within the whole fluence range
under the investigation (see Table 1.). This manifests that among the samples under the investigation in case
of irradiation in stated conditions the sample 2 has the highest radiation resistance.
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The difference of the InSb microcrystals and epitaxial films behavior during this experiment, obviously,
may be explained by the peculiarities of radiation defect creation in samples of different thickness and
structural perfection.

For the numerical explanation of the radiation-physical processes occurring in the InSb under the
irradiation with reactor neutrons, it is necessary to take into consideration two major factors of radiation
defects creation in the material under the influence of fast neutrons, recoil atoms and gamma-component of
the reactor irradiation and doping atoms creation due to the nuclear reactions, occurring during the interaction
of thermal and intermediate neutrons with atoms of the base material.

It is known [5], the creation of Sn atoms under the irradiation depends only on the value of neutron
fluence and does not depend on charge carrier concentration in the initial material. From the result analysis
(Fig. 3) one may see that in the neutron fluence range under the investigation the charge carrier
concentration change velocity may be presented by the linear dependence as follows:

(%):a—ﬁ-(% + 0 Fy —n,(300K)),

n

where o - the coefficient which describes the introduction of stannum atoms (cm™); B - acceptor type
defect creation intersection (cm”); 7(300K) =2-10'® cm™ — intrinsic electron concentration in InSb at 300K.

The results obtained earlier [5] on irradiation of InSb samples with high fluences of full reactor
neutrons spectrum for nuclear doping performance are the evidence that the major part of the impurity
introduced into the material (in this case of the Sn) is in electrically active state right after the irradiation
(without further thermal treatment). This will determine the major electrophysical characteristics of the
irradiated samples. The decreasing, in that way, of the introduced Sn due to the cut off slow neutrons in
flux (irradiation in Cd-box [6]) causes the major electrophysical parameters of the irradiated samples are
determining only by the created radiation defects (RD). Separate determination of the RD contribution,
created during the irradiation, and introduced Sn impurity onto the irradiated InSb samples with different
initial charge carrier concentration is one of the primary tasks, which solution will allow explaining of the
radiation-physical processes, occurring in the materials.

The performed calculations of the slow and intermediate neutron flux density in neutron spectrum of
the IBR-2 pulsed reactor allowed the determination of their values in total neutron flux, that are
correspondently equal to 20% and 25% from the integral fast neutron flux.

Besides, for the In atoms there is resonance neutron adsorption (G, = 4:10* barn) with energy of 1.46
eV, which flux density in InSb decreases by ¢ times on depth of the order of 10 um [5]. Taking into
consideration the small dimensions of the microcrystals and epitaxial films during the calculation of the
introduced Sn one should take into account also the contribution of the resonance neutrons.

For the given neutron spectrum the concentration of stannum impurity, that is introduced as a result
of the nuclear reactions on In atoms, was calculated [7]. The obtained value of Sn introducing factor on
thermal neutrons is equal to 0,56 cm”, on the intermediate neutrons taking into account the maximum
resonance — 0.19 cm™', ant total value of the Sn introducing factor c=0,75 cm™ (the factor is normalized for
one fast neutron).

The stated value of & coincides with charge carrier change velocity in low-doped sample 1 with sufficient

accuracy. It is equal for all samples and therefore it may be deducted from the experimental values An . Then
n

in fig. 3 the line of concentration dependence % = flny,x) Will cross the point of origin.
n

An . S . .
In the dependence G = f(n,x) in case of certain initial charge carrier concentration the value of
n

. . A .. .
charge carrier removal velocity 2 0. One may conclude, that namely the additional doping by stannum
n
during the irradiation with full reactor neutron spectrum causes this situation, and the specific concentration
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An . . . S
n(——=0) for the given material depends on the reactor neutron spectrum in the irradiation area. Small

n
changes of n during the irradiation are extremely important for the construction of stable Hall sensors.

Conclusions

The relative charge carrier concentration change occurs under the influence of irradiation with
reactor neutrons by two mechanisms: by means of nuclear doping under the influence of thermal and
resonance neutrons and on account of creation radiation defects in the material of mostly acceptor type.

The obtained results are indicating that during the irradiation of IBR-2 reactor neutrons up to the
fluence of the order of 3:10'° cm™ the most resistant to the irradiation influence are InSb microcrystalline
samples with initial charge carrier concentration of the order of (6+7)-10"" cm™ and epitaxial film samples
with ng= 310" ecm”, which may be considered as a major recommendation during the selection of the
material for magnetic field radiation resistant microsensors manufacturing. In case of irradiation with
neutrons with different energy spectrum, the value of the optimal charge carrier concentration in initial
material will change by means of different Sn atoms introducing, that are introduced as a result of nuclear
reactions on thermal and intermediate neutrons.

In case of reactor neutron fluence of 3-10'® cm™ the relative charge carrier concentration change in
microcrystals (sample 2) does not exceed 1%, and in epitaxial films (sample 6) it does not exceed 5%. At
the same time for the ordinary bulk InSb crystals the similar changes are observed at considerably lower
neutron fluence = 1-10"° cm™ [6].
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