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Based on the results of X-ray structura analysis, changesin the crystalline structure during natural aging and
laser annealing, which occurred in near-surface layers of epitaxial films of LaGa-substituted Iron-Y ttrium Garnet,
implanted by F" ions, were studied. The processes that occur during the ion implantation by F* in ferrite-garnet
films, and the processes that accompany the |ow-temperature aging of ion-implanted films are considered. From
the experimental rocking curves, obtained immediately after ion implantation, after the laser irradiation and after
severd years, strain profiles were determined. Two stages in the changes of the crystalline structure of the near-
surface disturbed layer over time are revealed. During the firgt of them, the maximum deformation in the ion-
implanted layer increased dightly, and on the second it decreased. It was established that the results of laser
annealing and natural aging of near-surface layers implanted by F* ions and laser irradiated LaGa:Y |G films
depend on the direction from which laser irradiation occurred. However, the result of their total exposure does not

depend on the side of laser irradiation.

Keywords: natura aging, strain profile, X-ray diffractometry, ion implantation, laser irradiation, defects of

structure.
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I ntr oduction

lon implantation leads to defects in the near-surface
layer and, accordingly, change in the interplanar distance
init, and also to changesin al properties of the materials
[1]. The change over the time of physical properties is
typical for al the materials [2], including radiation
resistant as ferrite garnets, and the restructuring and
migration of defects in the crystal lattice during the
exploitation are the main factors that lead to changes in
the exploitative characteristics of devices with implanted
epitaxial ferrite-garnet films. Therefore, it isimportant to
study the time stability of the structural parameters of the
modified layer, establish the regularities of the
restructuring of their crystalline sructure during aging at
room temperatures and predict their behavior during the
process of exploitation.

The purpose of this work was to study the time
stability of structural parameters of near-surface layers of
epitaxial films of ferrite garnets implanted by F ions and
establish the regularities of their crystalline sructure
rearrangement during aging at room temperatures and
similar aging after laser annealing.
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I.  Objects and methods of research

The films of lanthanum-gallium substituted yttrium
iron garnets (LaGa:Y 1G) were studied. They were grown
by the method of liquid-phase epitaxy on the substrates
of gadolinium-gallium garnet (GGG) with a plane (111).
Implantation of ions F* was carried out with an energy of
90 keV in therange of doses 1-10* cm? —2-10% cm™.

X-ray structural investigations were carried out by
methods two-crystal diffractometry at the DRON-3
(monochromator GGG or two-crystal monochromator Ge
(in mutualy dispersed positions)) using CuK,; radiation.

Strain  profiles Dd/d(z) and defect parameters
obtained from the experimentally rocking curves were
calculated. These calculations were made by simulating
the propagation of X-raysin anonideal crystal by means
of the statistical dynamic theory of scattering of X-rays.
The method which was used to anayze the rocking
curvesis described in detail in [3].
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I1. Crystal structure of the films of
LaGa:YIG impaled by F"ions

To analyze the processes that occur during ion
implantation and subsequent deformation of the near-
surface layer, we will use the approaches that were used
in our article [4] while studying the aging processes in
implanted by B* ions yttrium iron garnet films.

With the help of the SRIM [5] program profiles of
losses of ions energy in nuclear subsystem were
caculated (Fig. 1, @ and the distribution of implanted
fluorine ions and displaced ion matrices (Fig. 1, b). From
Fig. 1, b it is seen that the maximum of implanted
fluorineionsis at adepth of ~ 1200 A, the maxima of the
displaced ion of the matrix and the maxima of the
profiles of losses of ions energy in nuclear subsystem
coincide and equal to ~ 800 A.
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The gtatigtical analysis of the results smulation of a
full cascade of collisions on the basis of the theory of
elagtic callisions using the SRIM program showed that
the energy transmitted by the ion to the nuclear
subsystem of the matrix throughout the length of the
track in many cases reaches the values necessary for the
development of the secondary displacement cascade (Fig.
2). It has been established that for fluorine ion implants
with the energy of 90 keV the process of generating
Frenkel pair (one displaced atom) is the most probable (=
46%). The probability of the development of cascade
from two recoil atoms is ~15%, from three ~8%. It turns
out that there are cascades which consist of 20 or more
displaced atoms of the matrix (6.5%). There are aso
cascades containing more than 160 decayed atoms
(0.18%). Radiation clusters and dislocation loops formed
from large cascades are taken into account in the
diffraction model while determining the parameters of
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Fig. 1. Profiles of losses of ions energy in nuclear subsystem (a) and profiles implanted fluorineions and displaced
ions of the main components of the matrix (b). Implantation by F* ions, E = 90 keV.
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Fig. 2. Simulation tracks of Fluor ionsin LaGa:Y |G. Implantation by F* ions, E = 90 keV.

Fig. 3. Growing clustersin the structure of LaGa: Y 1G films.
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the structure of the disturbed layer.

Not only do the nuclear energy losses (interaction of
the implant with the nuclei of the ions of the matrix)
occur, but also an indastic interaction of the ion-implant
with electrons during the motion of an ion-implant in a
crystal. As shown in [6], thisinteraction may also lead to
the formation of radiation defects. Therefore, while
andyzing experimental rocking curves, the strain profile
was considered to be proportional to the defect profile
(which is valid for irradiation doses in which the
amorphization of the structure is indggnificant) and was
given as a sum of asymmetric Gaussian (describes defect
formation due to nuclear losses of ions energy) and
downward Gaussian (describes defect formation due to
electronic losses of ions energy). According to the results
of ion implantation simulation, it can also be assumed
that the strain profiles will extend to a depth of 2500 A
and have maximums in the region of ~ 800-900 A.

Using optical microscopy, it was found that
triangular and hexagonal clugters of size 8-40 mkm in the
studied films (Fig. 3). These may be clusters of
technological impurity, such as platinum or iridium.
These clusters are located in the plane of growth (111) of
garnet films, and for their inclusion in the diffraction
model it is necessary to take into account the anisotropy
in their orientation. To do this, corresponding functional
dependences were obtained using the gatistical dynamic
theory of diffraction [7, 8]. Authors of this article have
taken into account both the orientation of the cluster and
the shape of the field of mechanical stress created by it.
Also, used diffraction model takes into account the
anisotropy in the orientation of the dislocation loops in
the ion-implanted layer. Defects in the crystalline
structure of the substrate, film and disturbed layer were
taken into account for analysis of structure of disturbed
layers[9].

In [10] was described the strain profiles we have
defined for implanted by F' ions LaGaYIG films.
Although there they were calculated in the form of only
one asymmetric Gaussian, they express all basic
characteristics of the distribution of deformation in the
ion-implanted layer. For this reason, they are not given in
this paper, but we will provide only their genera
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characteristics. The deformation maximum in that
profiles is situated on a depth of 500-600 A and the
deformation extends to a depth of 2500 A. At low doses
of implantation, the profiles are monotonically
decreasing, and with large nonmonotonic ones.
Dependence of the magnitude of the maximum relative
deformation of the lattice on the dose of implantation in
the studied dose interval is linear. The thickness of the
deformed layer at al doses is the same. Maximum
deformations at the implantation dose of 1.10™-
2:10%cm™ are on the surface; with increasing dose they
are shifted to the depth of the film.

[11. Structural transformationsin ion-
implanted La, Ga: YIG during the
natural aging

Over time, even at room temperatures there are
intense diffusion processes in the ion-implanted layer
[11, 12]. The study of changes in the sructure of ion-
implanted layers over time was carried out on LaGa'YIG
filmsimplanted by F* ions with energy 90 keV and doses
430" cm?, 840" cm? 240™ cm™ The rocking curves
were obtained in 4, 11 and 14 years after ion
implantation and storage of ion-implanted films at room
temperature. Changes can be seen on the experimental
rocking curves obtained at certain intervals (Fig. 4, a).
Firg of all, this is manifested in the region of an
additional oscillatory structure. The angular length of the
additional oscillatory structure over time initially
increases dightly, and then decreases, which is evidence
of a nonmonotonic change in the maximum deformation
of theion-implanted layer.

Calculated drain profiles for LaGaYIG film
implanted dose of 840" cm™are shown in Fig. 4, b. As
we see, there is a dight increase in the maximum
deformation with the simultaneous displacement of the
profile to the surface. After this stage of aging thereis a
decrease in the maximum deformation. A diffusion
model describing such behavior of strain profiles is
considered in [13]. It is worth noting that the changes in
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Fig. 4. Experimental rocking curves (444) (a) and corresponding strain profiles (b), obtained
from films LaGa' Y |G implanted by F* ions immediately after implantation (1), after 11 years(2)
and after 14 years (3) (irradiation dose was 840" cm™®).
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near-surface ion-implanted layers described in [13] were
much larger, which is due to a much larger diffusion
mobility of helium in the ion-implanted layer.

IV. Structural transformationsin ion-
implanted and laser irradiated L a,
Ga: Y1G during the natural aging

In order to eliminate the radiation defects formed as
aresult of ion irradiation, increase the thermostability of
the structure, and partial removal of mechanical stresses
[14, 15], laser irradiation of the films was performed. A
pulse laser YAG: Nd* with pulse E = 0.04 J, pulse
duration t = 15 ns, and pulse follower frequency f = 56
Hz were used. The irradiation duration varies within 25-
35 s. The films were irradiated with a laser both from
implanted and from nonimplanted side (from the side of
the substrate). The rocking curves was obtained
immediately after ion implantation and laser irradiation,
and 7 years after storage of ion-implanted films at room

temperature.
Given that for the films under hc/i<Ey
(A=2106mkm - wavelength of laser radiation,

Ey = 2,8 eV —width of the band gap), the energy of laser
radiation is absorbed mainly by the imperfections of the
crystalline structure formed both in the process of growth
of ferrite-garnet films and by generated ion implantation.
Obvioudy, the concentration of defects in the ion-
implanted layer of the garnet film is several orders of
magnitude larger than that of the non-implanted one, and
consequently, the effect of the laser irradiation is most
fully manifested in thislayer.

Laser irradiation dtimulates  diffuson  and
recombination processes, and thus partial or complete
elimination of radiation defects created by ion irradiation
proceeds [2, 14]. Thisis possible both as a result of the
recombination of neighboring Frenkel pairs (most likely
oxygen-anion vacancy) and the movement of defects to
the surface of the runoff (dislocation loops, surface). In

=
e
0 T T T T T T T T T T 1
0 200 400 600 800 1000
A®, ang. sek.
a

case of laser anneding, deformation gradient and
temperature gradient are one of the determining factors
of the motion of defects [16, 17].

Rocking curves from samples after ion implantation,
annealing and natural aging are shown in Fig. 5.

As can be seen from the length of the additional
oscillatory structure of the rocking curves (Fig. 5), after
the laser annealing, the maximum deformation slightly
decreased. Reducing the maximum deformation is more
in the sample implanted from the side of the substrate.
The effect of further natural aging for 7 years manifests
itself in the redistribution of deformation in the thickness
of the disturbed layer. The natural aging of the sample
irradiated by the laser from the side of the substrate does
not lead to a noticeable change of the maximum
deformation. The natural aging of the sample irradiated
by the laser from the side of the disturbed layer is
manifested in a dight decrease of the maximum
deformation.

The difference between the rocking curves and,
accordingly, the difference between the strain profiles of
samples irradiated from different sides (from the side of
the implanted layer and from the side opposite to the
implanted layer), indicates that changes in the strain
profile after laser irradiation are influenced by both
factors — deformation gradient and temperature gradient.
In particular, in [18] it is shown that irradiation of ion-
implanted ferrite garnet films from the side opposite to
the implanted layer is more effective (the strain profiles
were defined in the form of only one asymmetric
Gaussian). This is due to the lower concentration of
radiation defects, which absorb the energy of the laser
beam on its path to the layer with maximum deformation.
It isworth paying attention that after laser annealing and
natural aging, the rocking curves from films with laser
irradiated of different sides do not differ in accuracy,
and, therefore, the strain profiles are the same. Thus, the
difference in the influence of laser irradiation was
compensated by the difference in diffusion processes
during natural aging.

It isworth noting that some questions to the accuracy
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Fig. 5. Rocking curves from films after ion implantation — 1, laser annealing — 2, and natural aging for 7 years— 3:
a—filmswereirradiated by alaser from the implanted side, b — the films were irradiated by the laser from the side
of the substrate.
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of the obtained rocking curves arise due to small changes
in the rocking curves during the natural aging at room
temperature. Therefore, we would like to note that an X-
ray diffractometer automatic control system was
developed. Automatic control of goniometer, reading and
saving of diffractograms were performed using software
through a personal computer. A special system of
photophixation with the corresponding software has been
developed in order to improve the accuracy and control
of the angular position of the sample and the counter,
which makes it possible to significantly increase the
accuracy of the definition of diffraction data. Also,
control of diffractometric data was obtained by obtaining
control diffractograms using other modern X-ray
diffractometers.

Conclusions

1. During the natural aging of films LaGaYIG
implanted by F" ions in the disturbed layer there are two
consecutive processes:

* adight increase of maximum deformation with
the simultaneous displacement of the strain profiles to
the surface;

o decrease of deformation
thickness of the disturbed layer.

2. Results of laser annealing and natural aging of
near-surface layers implanted by F+ ions and laser

throughout  the

irradiated, depend on the direction from which laser
irradiation occurred. They are manifested in the
redistribution of deformation in the thickness of the
disturbed layer.

3. After laser annedling and natural aging for 7 years
irrespective of the direction from which laser irradiation
occurred, the strain profiles within the limits of accuracy
are the same, that is, the difference in the influence of
laser irradiation was compensated by the difference in
diffusion processes during natural aging.
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IIpouecu crapiHHA B iMIUIAHTOBAHUX I0HAMH (PTOPY Ta JIa3ePHO ONPOMIiHEHHX
miaiBkax LaGa:3Il’
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Ha ocHoBi pe3ynbpTaTiB X-NIpOMEHEBOro CTPYKTYPHOT'O aHaJli3y BUBUCHO 3MiHH KPHCTaIIYHOI CTPYKTYpPH HiJ|
4ac NPHUPOIHOrO CTapiHHA Ta JIa3epPHOro Biamaiy, siki BinOyBaJlMCs B IPUIIOBEPXHEBUX IIapax €HiTaKCiiHHUX
ok LaGar3aMillleHoro 3aii30-iTpieBoro rpaHaTy, iMILIaHTOBaHOro ioHamu F'. Posrismyro mponec, mo
BiOYBarOThCS MiJ Yac iMIUIaHTALil 10HaMH F (epuT-rpaHaTOBHUX IUTIBOK, Ta MPOLECH, SIKi CYIPOBODKYIOTh
HHU3bKOTEMIICPATYPHE CTapiHHA 1OHHO IMIUIAHTOBAHMX IUIIBOK. 3 €KCIIEPUMEHTAJIbHUX KPMBUX AU(pakuiiiHOro
BiOMBaHHs, OTPHMAHMX BiJpa3y MICIs 10HHOI IMIDIAHTAIlli, MiCIs J1a3epHOTO ONPOMIHEHHS Ta 4Yepe3 KiIbKa
pokiB, Bu3HaueHo mpodimi nedopmarii. BuseieHo xaBa eramn B 3MiHaX KPHCTAIIYHOI CTPYKTYpH
MIPUIIOBEPXHEBOrO MOPYIICHOro 1apy 3 4yacoM. Ha npots3i nepiioro 3 HUX MakcuManbHa Jedopmallist B i0HHO
IMIUIAaHTOBAaHOMY ILAPI HE3HAauyHO 3pOCTaja, a Ha JPYyroMy 3MEHIlyBajacs. BCTaHOBIEHO, WO pe3ylbTaTH
JIa3epHOrO BiANamy Ta MPUPOIHOTO CTAPiHHS TPUIIOBEPXHEBMX INAPIB iMILIAHTOBAHMX ioHamu F' Ta jnaszepHo
onpomiHenux 1wriBok LaGa31I" 3anexarts Bif TOro, 3 sIKOI CTOPOHHM BifOyBasocs onpoMiHeHHs JlazepoM. OnHaK,
PEe3yNnbTaT iX CyMapHOro BIUIMBY HE 3aJIEXKHUTD Bijl CTOPOHH JIA3€PHOIO OIPOMiHEHHS.

KnrouoBi cioBa: mnpuponne crapinns, npodins nedopmarii, X-nmpomeHeBa audpakToMerpis, ioHHa
IMIUIaHTALiA, Ja3epHE ONPOMIHEHHS, 1e(EKTH CTPYKTYpH.
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