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ABSTRACT. The effects of irradiation with fast neutrons, high energy electrons (50MeV) and
3MeV and 7.5MeV energies electrons on the electrical and optical properties of n-type InAs have
been studied. The influence of fast neutron irradiation on the electrical and optical properties of n-
type InPxAsix solid solutions is also investigated. Detailed investigation confirmed the unique
radiation properties of InAs. Regardless of the conditions and temperature of irradiation and the
method of crystals growth, the type and degree of doping (1-10'%cm>+10'°cm), mainly the radiation
donors are originated in InAs crystals. It has been revealed that InAs-rich InP,As,_, solid solutions
retain the basic electrical and optical properties of InAs samples. The mechanisms of radiation
processes and defect formation in InAs and the InPxAsixsolid solutions are considered. On the basis
of the results of investigations obtained, the role of point and other types of defects in the considered
transport phenomena in InAs and InPxAsi-x solid solutions is revealed. By selecting the composition
of the InPxAsix solid solutions and the initial doping impurities, electrical and optical radiation-
resistant material is possible to obtain. © 207/ 9Bull. Georg. Natl. Acad. Sci.
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The list of suitable semiconductor materials
with immunity to hard irradiation is limited. For
a long time, Si and GaAs were prevailing
selected semiconductors and at present they are
one of the basic materials in modern electronic
engineering. Reliable operation of devices
under extreme outer conditions is impossible in
case of Si, and in spite of the fact that GaAs is

accepted as radiation-resistant material, solar
elements on its base do not withstand great
doses of irradiation. Si and GaAs rapidly
develop high electrical resistance and the

current carriers’ concentration can reduce in

five, six order radiation, and material
approaches to the dielectric state (Fig.1,
Fig. 2).
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Fig. 1. Dependence of electro conductivity of Si on the

fluence of fast neutrons.

2 ~

10

»
101 :\

|1
VAL
10" 107 @ cm?

Fig. 2. Dependence of charge carriers concentration of
GaAs on the fluencies of fast neutrons.
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Devices on the base of Si and GaAs quickly get
out of action at hard irradiation. That is why, the
main goal of our investigation is to create
manufacturable generation of radiation-resistant
materials for efficient use in devices.

Investigations in search of radiation-resistant
semiconductor materials should be focused on binary,
ternary and quaternary complex semiconductor 111-V
compounds. The reason is that they have short lifetime
of the minor current carriers and consequently may
possess a higher radiation resistance in comparison
with the elemental semiconductors. These materials
can perform important role in creation of radiation-
resistant semiconductor devices. During irradiation
very complex processes occur in crystals whose
regularity must be established to solve the problems
of solid-state physics.
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Semiconductor compounds InAs, InP and
InPyAs1x solid solutions are important for opto and
microelectronics and nanotechnology [1-6]. The
investigation of radiation properties of InP, InAs and
InPxAs1.x is implemented in many works by authors
[7-15]. Interesting results are obtained by Brudnyi
[16] and Bolshakova [17]. The investigation of the
radiation properties in the direction of InAs and InP
of binary and especially triple materials in
comparison with silicon is associated with additional
difficulties, because under irradiation, much larger
amounts of new types of defects appear in them. It is
well known that in the mentioned materials severe
irradiation can create many types of point defects
and their small and large associations, both, among
themselves and with chemical impurities, as well as
large-scale defects of the so-called disordered
regions and the other. As a result, we got a very
complex picture, a correct analysis of which, and
even more so, quantitative, is associated with great
difficulties. At the same time, research in the marked
direction provides a good opportunity to elucidate
new physical processes and solve applied problems
on its basis. The purpose of this paper is also to estab-
lish the mechanisms of radiation processes and the
defect formation in the mentioned materials. It is
necessary to clarify the role of the point-type defects
in the noted complicated and multifaceted situation
and, on the basis of the studies carried out, to develop
a technology and create radiation-resistant compo-
unds that withstand high doses of hard radiation.

Experiments
Experimental samples of InAs, InP and InP,As,

solid solutions were grown from stoichiometric
melt by the horizontal zone melting method with
three zones. The data of electrical properties are
obtained by the measurements of Hall Effect and
electric conductivity with compensation circuit at
the direct current. The obtained samples were of n-
(doping by Te) and p-type (doping by Zn). High
degree of homogeneity of InP-InAs solid solutions
was confirmed by several methods, among which
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the most important are X-ray micro analysis and
performance of VVegard law. The optical properties
of investigated materials were studied in IR region
on UR-20 spectrometer. The thermoelectric
properties and thermal conductivity of investigated
materials were measured on the equipment
constructed and made by us.

The crystals were irradiated with fast neutrons
to fluencies of @=2-10%n/cm? and high-energy
electrons 50MeV (®=6-10e/cm?) and 3MeV
electrons (@=3-10%e/cm?).

Results and Discussions

A. Electrical phenomenon. As a result of detailed
investigation of InAs compounds we established
that InAs has unique radiation properties, in
difference of other materials (Si, GaAs, InP etc.).
As a result of irradiation, InAs always creates
radiation donors.
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Fig. 3. Temperature dependence of electron concentration
(a) and mobility (b) of charge carriers in the InPo,1Aso,9 solid
solutions (no=3.5-10%cm3) before and after irradiation
with fast neutrons ®=2-108n/cm-2,

We irradiated InAs crystals with fast neutrons,
high energy electrons (50MeV) and also by
electrons with energies of 3MeV and 7.5MeV.
Also, we changed fluencies of neutrons, conditions
and temperature of irradiation and the method of
crystals growth, type and degree of doping (in wide
range 1-10%cm? +10¥m=3). We invariably
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discovered that as a result of irradiation mainly
radiation donors are originated in InAs crystals.

After irradiation, electron concentration
increases, which indicates that the InPg1Asy solid
solution retains the basic electrical properties of
InAs samples. At the same time, the electron
mobility significantly reduces, which is a
consequence of the introduction of a large number
of radiation defects.

Fig. 4 presents the analogical result for
InPo2ASe s solid solution. It is shown that up to
x=0.2, the basic electrical properties of the InAs
are preserved.

23
b
:20 (b)
E
o
-°—h1 NA‘
= = © O——0 —_— 2
80 120 160 200 240 280 K
E3 (@)
o
:::_; " T - 0. o—0 — 2
!:—1- o ~7 -
v - a g 1
80 120 ) 11'50 ) 2(')0 o240 280 TK
Fig. 4. Temperature dependence of electrons

concentration (a) and mobility (b) of charge carriers in
the InPo2Asos before and after irradiation with fast
neutrons ®=2-108n/cm-?, (ne=8.4-10%cm3). 1 — before
irradiation, 2 — after irradiation.

In irradiated InAs-InP solid solutions the
phenomenon of mutual compensation of
radiation donors and acceptors was discovered
and on the basis of this phenomenon the
radiation-resistant  InPg3ASo7 material
created [7, 8, 10].

In material, the electron concentration remains
constant even after irradiation with a large flux of
fast @=2-10¥n/cm?.  Conductivity
dependence on the fluence of fast neutrons for
InPyAs1.« at x=0.3 are shown in Fig. 5. Here, for
comparison, the dependence for Si is presented as
well.
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Fig. 5. Specific conductivity dependence on the
fluence of fast neutrons for InP,;As,; with

ny,=1.5-107cm-3 (curve 1) and with ny=7.0-10'7cm-3
(curve 2). Curve 3-Si.

B. Optical phenomenon. In the most of semi-
conductor materials, irradiation causes a decrease in
the concentration of charge carriers of both electrons
and holes. Similar behavior was observed during
studying the radiation properties of InP. However,
Aukerman [18] showed that the carrier concentration
of n-type InAs increases during irradiation.
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Fig. 6. Dependence of the optical absorption coefficient on
the photon energy in InAs np=2.66-10"cm: 1, 2 before
irradiation; T=300K and T=80K respectively. 3, 4 after
irradiation @®=1.0-10e/cm?2, at T=300K and T=80K
respectively; 5, 6 after annealing at T=500°C, t=3hours,
measurements at T=300K and T=80K, respectively.

Curves presented in Fig. 6 are exponential
optical absorption near the fundamental edge of
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InAs, before and after irradiation. It is seen that as
a result of the irradiation, the curves shift sharply
toward higher energies. This is due to the fact that
irradiation in crystals causes an increase in the
concentration of charge carriers. After annealing at
T = 500°C, the curves are restored.

We investigated the frequency dependence of
the optical absorption coefficient of InAs near the
fundamental edge. It is important that unlike the
fundamental edge, its long-wave part (edge tail) is
extremely sensitive to radiation. Therefore, tail
stabilization is an important task.

In irradiated InAs we observed the
manifestation of the Burstein effect, i.e., the
displacement of the spectral curves toward
higher energies. The noted phenomenon is shown
in Fig. 7, where data are presented for InAs
crystals irradiated by electrons with energy of
3MeV.

InK

55 0

45 t

35 r

25 ¢

030 032 0.34 036 0.38 040 hV,eV

Fig. 7. The frequency dependence of the optical
absorption coefficient in the region of the edge for InAs
crystals with an initial electron concentration
no=2.7-107cm3, 1-before and 2-after irradiation with
electrons @=7-10'e/cm?.

In a solid solution, the InAs sub-lattice retains
its individual properties in InAs-InP. So
irradiation causes a shift of curves of the optical
absorption to higher energies, but the shift is
smaller indium

in solid solutions, than in

arsenide (Fig. 8).
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Fig. 8. The frequency dependence of the optical
absorption coefficient in the region of the edge of crystals
of the solid solution InPo1Asoe with ne=3510%cms. 1 —
before radiation, 2 — after irradiation with electrons with
the flux @=2-10%%/cm.
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Fig. 9. The frequency dependence of the optical
absorption coefficient in the edge region of n-InP crystals
("=1.1-10%cmd), 1 — before irradiation, 2 — after irradiation
with electrons (=5.9-107e/cm?).
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Fig. 9 shows the dependence of the optical
absorption coefficient in the edge region on the
photon energy before and after irradiation of the
indium phosphide crystal. It can be seen from the
figure that in this case, the opposite effect is
obtained: the radiation causes the curve shifts
toward the low energy side. This phenomenon is
caused by a fluctuation of the charged radiation
defects, leading to the appearance of fluctuations
tails of the density of the state and to a certain
"narrowing" of the width of the forbidden band.

As inthe case of InAs, the InP sub-lattice retains
its properties in a solid solution. In InP-rich alloys
we also observe displacement of the curves into the
region of low energy.

Shift of curves weakens with the decrease of
phosphorus content in a solid solution decreases.
Displacement depends on the initial concentration
of electrons in the material. The same processes
were detected in crystals irradiated with 50MeV
and ®=2-10%¥n/cm?.

By selecting the composition of the solid
solution and the initial concentration of the
doping donors, optical radiation resistant
material was obtained. The optical absorption
near the age did not shift after irradiation in this
material. Thus, radiation-resistant optical
material was created.

The work was supported by Shota Rustaveli
National Science Foundation of Georgia (SRNSF)
[Grant #YS-2016-74, Project Title: Application of
Arsenic of Georgian Ores for Producing Crystals of
111-V Semiconductor Compounds].
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dglfogaoos BJsto bgoGmmbgdom, dsmsmo gbg@aools (50MeV) gamgddembydom s 3MeV s
7,5MeV 9bg0900L gerg@embgdom ©alboggdol gigd@o n-@Godol InAs-ob gamgddHme ©s
®330396 030l9dgd3bY. 1939 399m33w g 0gbs BJsMo bgo@mmbgdoom @sliboggdols bygysgzergbs
n-¢0o30L InPxAsix 3gs® bbs®gdby. gdswr®ds 33039035 ssEalidhr®ms InAs-ob mbogsgrrmo
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©9839JBH9O0L Hmeo. InPxAsix dgs®o Ubbstgdols 899sanbermdol s bsfigolo doengaomgdgumo
9065693900L dgMbg3000 Tlisdengdgenods MoEOsE0YIErSE MmO JErgdBOHMEo s Mm3E03IM0
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