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A ternary semiconductor Gaj—,Al,P has been synthesized for the first time by hot implantation of aluminum
in GaP. Two mixed crystals of various compositions have been synthesized when implanting by two different
fluencies of aluminum ions. The identification of the above mentioned mixed semiconductors in the amorphous
as well as in the crystalline phases has been carried out by the laser Raman spectroscopy. The synthesis of
the ternary compositions has been carried out at different depths from the substrate surface by implantation of
aluminum ions of various energies. Gaj_;Al,P synthesized by the ion implantation shows the behavior of two-
mode mixed semiconductors. The synthesized compounds are defective and the Raman spectra prove the fact.
The share of disordered structure of the composition synthesized with high fluencies of aluminum ion implantation,

2.5 x 10'7 ion/cm?, is especially big.
DOI: 10.12693/APhysPolA.127.1680
PACS: 78.30.Fs, 78.40.Pg

1. Introduction

As is known, the ion implantation method is widely
used for the modification of semiconductor materials.
Particularly in some papers binary and ternary semicon-
ductor synthesis by ion implantation is considered [1-
3]. In some works [4-15] optical methods (Raman spec-
troscopy, photoluminescence, IR spectroscopy) are used
for the identification of compounds synthesized by the
ion implantation.

The ion implantation is an extreme technological pro-
cess. Because of forming radiation defects and in-
termediate disordered structures of various types dur-
ing the implantation process it is difficult to determine
preliminarily at what combination of accelerated ions
and corresponding substrates is synthesized the planned
compound with a preliminarily calculated composition.
A mixed crystal is not always synthesized as a conse-
quence of any substrate implantation with any ion. Gen-
erally the result of synthesizing by ion implantation is
seen in the process of experiment. Thus, the techno-
logical parameters of ion synthesis, conditions and re-
sults for all individual cases, for synthesis of a concrete
compound, are necessary to be investigated. Everything
must be taken into consideration: types of ions, their en-
ergies and fluencies, the substrate properties and tem-
perature; kinetic processes of energy transfer between
ions, defects and the substrate orientation are also im-
portant. Probably, because of these reasons only few
ternary semiconductor compounds are synthesized by the
ion implantation.
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In the given paper a ternary semiconductor
Gaj;_,Al,P synthesized by hot aluminum implan-
tation on substrate GaP has been studied by laser
Raman spectroscopy. Our aims are to investigate: if
there is possible the synthesis of Ga;_,Al,P by hot
implantation of substrate GaP with aluminum ions at
various depths of surface of substrate GaP; the tech-
nological conditions of ion synthesis and the vibration
dynamics of synthesized mixed crystals; if the defects
induced by the implantation can be neutralized by
quenching; how the implantation of aluminum with high
fluencies influences upon the structural perfection of
synthesized mixed crystal.

We have used only the Raman scattering with the
purpose of monitoring the dynamics of structural trans-
formations of synthesized mixed crystals. Of course,
employment of other structural methods simultaneously
would be very important as an additional informational
source but we have been limited to use those methods.
Besides, it is known that both monitoring of crystal struc-
ture transformation into amorphous and the dynamics of
recovering processes almost unambiguously are carried
out by the Raman scattering.

We have not met the analogous work yet except our
works [14, 15].

As is known, the ion implantation produces various
degrees of disorder in a crystalline material ranging from
point defects and clusters to the amorphous state. Most
of the methods used to characterize the disorder, like the
Rutherford backscattering technique, transmission elec-
tron microscopy, and electrical measurements, are de-
structive in nature. The Raman scattering, on the other
hand, is a powerful, nondestructive method for studying
the structure of the disordered solids. A quantitative dis-
tinction between a crystalline lattice and a lattice with
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some degree of disorder can be made by Raman spec-
troscopy [16]. This is done by investigating the broad-
band characteristic of the disordered state and the nar-
row peaks appropriate to crystalline structure. For exam-
ple, the Raman spectrum of amorphous GaAs shows [17]
a broad structure around 250 cm !, while the spectrum
of crystalline GaAs shows a sharp peak at LO = 292 cm ™!
corresponding to zone-center phonons (ZCP). Also, the
Raman spectrum of amorphous GaP shows [17] a broad
structure around 380 cm ™!, while the spectrum of crys-
talline GaP shows a sharp peak at LO = 402 cm™! cor-
responding to ZCP. The ternary mixed semiconductors
have the same properties, too, when their crystalline
structure changes into amorphous by any technological
method. In this case in contrast to double semiconduc-
tors two wide bands are formed at different frequencies;
every band corresponds to two sublattices constituting
the mixed crystal. For example, the Raman spectrum
of amorphous GaAsP shows [18] two broad structures
around 250 cm~! and 380 cm~!. From these two wide
bands one at 250 cm ! characterizes Ga—As bond vibra-
tion in GaAs like sublattice and the other at frequency
380 cm~! characterizes Ga-P bond vibration in GaP
like sublattice. The spectrum of crystalline GaAs;_,P,
shows [19] two sharp peaks at LO; = 289 cm™! and
LO; = 392 cm~! corresponding to ZCP, which charac-
terizes the vibration of GaAs and GaP like sublattice in
ternary semiconductor GaAs;_,P,, respectively. As is
seen, in case of changing the crystalline phase into amor-
phous, the narrow spectral bands LO, TO, the charac-
teristics of a crystallinity, are broadening greatly and
overlapping each other. In the same time the wide spec-
tral bands, the characteristics of amorphism, are shift-
ing towards low frequencies. As to intensities of the
wide bands, they decrease greatly than that of crystalline
sharp band. In case of double amorphous semiconduc-
tors only one wide spectral band is produced while the
ternary amorphous semiconductors unambiguously are
characterized with too wide spectral bands. The Raman
spectroscopy is therefore a versatile tool for studying the
amorphous-to-crystalline transition, which is affected by
annealing the implanted material.

It is worthwhile to note that we use the term “amor-
phous” concerning an entire amorphous solid matter; but
in case when the compound is not an entire amorphous
solid matter and it consists of partially amorphous and
crystalline phases, it is more appropriate to mention the
term “disorder”.

The vibrational dynamics and phonon behavior of crys-
talline lattice GaAlP of ternary compounds synthesized
by implantation and thermal treatment have not been
studied. As is known there are two types of mixed ternary
crystals according to phonon behavior: one- and two-
mode crystals [20-22]. In the one-mode crystals the fre-
quencies of LO and TO phonons observed by infrared and
Raman spectroscopies shift according to concentrations
from the frequency of one sublattice to the frequency of
the second sublattice. In this case no new frequencies,
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that is, no local vibrations, are observed. Two curves
are observed which show the dependence of frequencies
of LO and TO phonons on the composition of the ternary
crystal. In the two-mode ternary compounds with con-
centration increase besides the frequencies of LO and TO
phonons of one sublattice, the frequencies of local vibra-
tions appear in the infrared and Raman spectra. Due to
increase of the concentration of the third component the
local vibrations are splitting into the frequencies of LO
and TO phonons of the second sublattice. As a result
four curves are formed. Each pair shows the dependence
of the frequencies of LO and TO phonons of each sublat-
tice of the ternary compound upon the concentration.

2. Experiment

We carry out the implantation of substrate GaP of ori-
entation (001) by 100 keV ions of aluminum with fluencies
Dy = 2.8 x 10%% and Dy = 2.5 x 10'7 ion/cm?. We carry
out the implantation at substrate temperature 400 °C.
The ion implantation is carried out also by 60 keV alu-
minum ions with fluencies D3 = 8.7 x 106 jon/cm?
at 400°C. The aim of using of two different energies
is to synthesize a ternary compound in various depths of
the substrate. Besides, it is interesting to see if the form
of wide Raman spectral band characterizing the synthe-
sized amorphous compound changes with the increase of
implantation energy. But as is known, due to high tem-
perature implantation, radiation defects decrease notice-
ably in the process of synthesizing. It is interesting to
know if synthesizing the crystalline phase directly is pos-
sible when implanting GaP with low fluencies at 400 °C.
Interpreting and comparing our results we receive the
Raman spectra of amorphous GaP synthesized with im-
plantation inert Ar ions of crystalline substrate GaP at
100 keV and fluencies 1 x 10'° ion/cm?. During the im-
plantation process we cover one half of substrate GaP
with a foil and use it as a standard. The uncovered part
of the substrate is implanted.

The registration of the spectra is carried out on home-
made block Raman spectrometer constructed on the
ground of double 800 mm monochromator DFS-24, with
diffraction gratings 1200 groove/mm. An argon ion laser
with emission of 514.5 nm and 488.0 nm is used to excite
the Raman spectra. All Raman scattering measurements
are carried out at room temperature.

3. Results and discussion

The crystalline GaP is of cubic symmetry with point
group symmetry Ty. Therefore on the basis of the
group theory analysis, according to the selection rules,
when exciting (001) surface by laser emission, only
LOgap phonon is observed in the Raman spectrum.
As for surface (111), here both LOg.p and TOgap
phonons are observed, LOgap at 402 cm~! and TOgap
at 365 cm~!. A standard spectrum of (001) GaP is
shown in Fig. la. The picture shows an intense spec-
tral peak at 402 cm~'corresponding to phonon LOg.p
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and a peak at 365 cm™! of low intensity correspond-

ing to phonon TOgap. The reason of generating the
peak of very low intensity is that the Raman backscat-
tering is not a real backscattering configuration in our
experiment. Figure 1b shows the Raman spectra of
(001) GaP implanted by aluminum ions with 100 keV,
Dy = 2.8 x 106 ion/cm?.
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Fig. 1. Raman spectra of standard (001) GaP (a) and
GaP after Al™ hot implantation with 100 keV and flu-
encies 2.8 x 1016 ion/cm? (b); Ap, = 514.5 nm.
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Fig. 2. Raman spectra of a-Ga,Al;_,P synthesized by
Al™ implantation with two different energies and exci-
tation: 60 keV (a) and 100 keV (c) and A, = 514.5 nm;
60 keV (b) and Ar, = 488.0 nm.

Figure 2 shows the Raman spectra of amorphous
GaAlP in case when a-Ga,Aly_,P is synthesized by
aluminum ion implantation with two different energies,
100 keV and 60 keV. Figure 2c shows the Raman spec-
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tra of a-Ga,Al;_,P, when it is synthesized by the bom-
bardment of substrate GaP with comparatively high-
energy, 100 keV aluminum ions. Figure 2a shows the
characteristic spectrum of a-Ga,Al,_,P when bombard-
ing GaP substrate with low-energy, 60 keV aluminum
ions. In both cases exciting of the spectra occurred with
514.5 nm wavelength. Figure 2b shows the characteristic
spectrum of a-Ga,Al;_,P when bombarding GaP sub-
strate with low-energy, 60 keV aluminum ions. In this
case shorter excitation, 488.0 nm has been used to ex-
cite the spectra. It is interesting to analyze the spectra
presented in Fig. 2c, Fig. 2a and Fig. 2b, showing amor-
phous layers formed by the implantation with 100 and
60 keV aluminum ions in GaP and exciting by 514.5 nm
and 488.0 nm, respectively.

At implantation with 100 keV aluminum ions in GaP
the ion path is about R, = 90 nm, and at implanta-
tion with 60 keV, about R, = 50 nm [23]. Here R, is
a projection of implanted ion path of an average depth
in the substrate on the primary direction of an inci-
dent ion. At wavelength 514.5 nm the absorption coeffi-
cient a ~ 350 cm~! is lower for GaP and the skin-layer,
1/2« for this wavelength is almost 14 pm; at wavelength
488.0 nm the absorption coefficient o =~ 1500 cm~! and
the skin-layer, 1/2«a for this wavelength is 5 pm [24].
Our preliminary measurements show that synthesizing
of a-Ga;Al;_,P causes sharp increase of absorption co-
efficient at 514.5 nm and 488.0 nm. It becomes about
6 x 10 em~! and 2 x 10%, respectively, far greater than
that of crystalline GaP and its magnitude depends on flu-
encies and energies of implanted ions. At implantation
with aluminum ions of 100 keV the production of absorp-
tion coefficient, a, by thickness of amorphous layer d,
that is, ad, is of such a size that radiation of 514.5 nm is
entirely absorbed in amorphous layer. Because of this the
Raman spectrum characterizes only the amorphous layer
as is shown in Fig. 2c. At implantation with aluminum
ions of 60 keV, ad is not of such magnitude to absorb
the radiation of 514.5 nm entirely; the radiation passes
through the amorphous layer and stimulates excitation
of the Raman spectra from substrate GaP. As a result,
in the Raman spectrum two wide bands, characteristics
of a-Ga,Al;_,P and a narrow band of LOg.p phonon of
crystalline substrate GaP at 402 cm™!, are fixed simul-
taneously. These are shown in Fig. 2a. In this case the
narrow band of LOg,p phonon is a very good reference
point for measuring precisely the frequency shift of wide
band of synthesized a-Ga,Al;_,.P. Therefore, Fig. 2a
shows exactly the magnitude of shift of wide bands char-
acterizing the amorphous phase a-Ga,Al;_,P synthe-
sized by ion implantation from the reference LOg,p; this
value for GaP-like band is 26 cm~!. Thus, at high-
temperature implantation entire amorphous new ternary
compound a-Ga,Al;_,P is synthesized on surface GaP.
Continuity of the synthesized amorphous phase is proved
by the fact that the narrow spectral peak correspond-
ing to phonon LOg.p we have fixed, belongs to the
substrate of crystalline LOg,.p located under the amor-
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phous phase and not to crystalline fragments suspended
in amorphous phase. Figure 2c also indicates the men-
tioned fact. In case of suspended crystalline phase the
characteristic phonon of LOg,p was to appear here, too.
Figure 2b also proves this consideration, its comparison
with Fig. 2a shows that the intensity of phonon LOg,p
decreases distinctly with decrease of exciting wavelength
(by increase of absorption coefficient on this wavelength).
Thus, when exciting by 488 nm, comparatively small sig-
nal is imposed to the Raman spectrum of a-Ga,Al;_,P
from GaP substrate than that by exciting with 514.5 nm.
In case of crystalline phase suspended into amorphous
phase the intensity of peak corresponding to LOg.p was
to be the same during the both excitation. Simultane-
ously the ratio of the intensity of the peak corresponding
to LOgap to the intensity of wide strip representing the
amorphous phase was not to be changed. Figure 2a and b
shows clearly that this ratio is far too small at excitation
of 514.5 nm than at excitation of 488.0 nm. In case of
suspended crystalline phase the mentioned ratios were to
be almost unchanged, at any rate not with such difference
in ratios as in our case.

We have mentioned above the thickness of the amor-
phous phase, d, the absorption coefficients of which at
514.5 nm and 488.0 nm are a lot more than in case of
crystalline phase. Under this thickness we mean the ap-
proximate measure of the thin layer of a-Ga,Al; P syn-
thesized near the surface of substrate GaP, forming af-
ter critical fluencies of implantation of aluminum ions.
We do not need to determine its absolute value in this
case.
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Fig. 3. Raman spectra of standard (111) GaP (a) and

a-GaP synthesized with 100 keV Ar* implantation, flu-
encies 2.8 x 1015 ion/cm? (b); A, = 514.5 nm.

According to [17], when implanting the substrate (001)
GaP by inert argon ions the crystalline substrate trans-
forms into an amorphous phase. The entire amorphous
phase of a-GaP synthesizes after reaching the critical
fluencies of implantation. Figure 3 shows the Raman
spectrum giving a picture of changing crystalline GaP
to amorphous when implanting by inert argon ions with
100 keV and fluencies 1 x 10'® ion/cm?. The spec-
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trum characterizing the amorphous GaP is given by a
wide spectral band. The sharp spectral lines in Fig. 3
at 402 cm~! and 365 cm ™! correspond to LO and TO
phonons of crystalline GaP, respectively. When trans-
forming into an amorphous phase the narrow lines of LO
and TO phonons of crystalline GaP are widening grad-
ually. According to fluencies, their intensities decrease
noticeably and on reaching the critical fluencies of amor-
phization they overlap each other. The amorphous phase
of the substrate is formed. Besides, as is known and seen
from the given figures, the wide spectral bands of the
amorphous phase are shifted to lower frequencies from
the corresponding crystalline LO and TO phonon fre-
quencies. All A3B® semiconductors in the amorphous
condition are characterized with such an unambiguous
picture [17]. The same properties are possessed by the
Raman spectra of covalent Si, Ge and many other com-
pounds [17]. As is known [25, 26], the Raman spectra
of the amorphous semiconductors reflect the picture of
density of vibration modes.

When implanting GaP with aluminum ions, two wide
spectral bands are formed in contrast to the case of
implanting with inert argon ions,one at 400-350 cm™!
and the other at about 443 cm~! (Fig. 1b and Fig. 2).
To compare with, the characteristic Raman spectrum of
the crystalline GaAlP is shown in Fig. 4 [26]. In this
case the crystalline GaAlP is synthesized on substrate
GaP of orientation (001) by liquid-phase epitaxy. As is
known from [27], the high-frequency narrow spectral
band 472 em ™! of crystalline GaAlP corresponds to LOgy
phonon of mixed crystal GaAlP and shows the vibration
of AlP-like sublattice. As to the low-frequency spectral
band at 397 cn !, it corresponds to LO; phonon of the
mixed crystal and shows the vibration of GaP-like sublat-
tice. Right here, together with LO; and LOgy character-
istic phonons of the mixed crystal, LOg,p and TOgap
characteristic phonons of GaP substrate at 402 cm™!
and 365 cm ™!, respectively, are seen. According to [28],
LOap and TOap phonons corresponding to AIP are lo-
cated at 501 cm~! and 439 cm ™!, respectively.
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Fig. 4. Raman spectra of crystalline GaAlP grown by
liquid-phase epitaxy, A\, = 514.5 nm.
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As is seen from Fig. 1b and Fig. 2, after implanta-
tion Al with fluencies D; = 2.8 x 10'® ion/cm? and
D3 = 8.7 x 10'® ion/cm? (the fluencies are more than
the critical fluencies of amorphization of GaP at implan-
tation with aluminum ions of the same energy) two wide
bands are originated in the Raman spectrum. These
bands are shifted from the corresponding frequencies
of LOgap, LO;7, LO2 phonons of the crystalline GaP
and Ga;_,Al, P, respectively, to the lower frequencies.
The comparison of Figs. 1-4 shows this fact. In con-
trast to the implantation of GaP with argon ions, the
formation of a wide spectral band of high-frequency takes
place besides. The band is located at about 443 cm™!.
The mentioned facts indicate that a ternary compound,
different from AIP and GaP, has been formed. As is
known the mentioned picture characterizes the amor-
phous phase. Thus, the comparison of Raman spectra in
Figs. 1-4 unambiguously indicates that when implanting
GaP with aluminum fluencies D; = 2.8 x 106 ion/cm?
and D3 = 8.7 x 10'6 ion/cm?, synthesizing of ternary
mixed amorphous phase of GaAlP takes place.

As we have mentioned above, the frequency of the
wide band showing the vibration of AlP-like sublattice
of a-Ga;_,Al,P is 443 cm~'. The frequency of this
band is very likely greatly lower than that of amor-
phous AIP. We have not found the Raman-spectrum
of amorphous AIP in the literature but our opinion is
based on the following argumentation: according to the
above-mentioned, the frequency of a-GaP band is shifted
about12 cm ™! from the crystalline LO phonon towards
low frequencies. The wide bands of other amorphous
semiconductors (GaAs, InP) of A3B® type are shifted
approximately the same distance from the correspond-
ing frequency of LO phonon. The cited frequency of LO
phonon of crystalline AIP from the literature is equal to
501 ecm~'. Therefore the frequency of the wide band
of amorphous AIP probably will not be lower than 480-
490 cm~'. The isotopic substitution of Al by heavier
gallium in a-Ga,Al;_ P causes a great shift of the wide
band corresponding to AlP-like sublattice from the fre-
quency of a-AIP. On the whole with the aid of such dis-
cussion we come to a conclusion that the single-phase
a-GazAl P has been synthesized and no segregation
of separate phases GaP and AIP takes place.

For recovering the crystal structure, high temperature
annealing in vacuum has been used. After implantation
we cover GaP plate with SiO5 protective capsule to avoid
the outlet of light volatile phosphorus from the substrate.
After implantation GaP with 100 keV Al* ions and flu-
encies 2.8 x 1016 ion/cm?, we carry out annealing at 500,
700, and 850°C during an hour. After each annealing
stage we receive the Raman spectra of standard and im-
planted parts of the substrate together with the quartz
capsule. The corresponding spectra are shown in Fig. 5.
In the same picture a vertical line shows LOg,p phonon
in the Raman spectra of crystalline (001) GaP. It is seen
from the spectra (Fig. 5a) that after annealing at 500 °C
the signs of crystal lattice recovering become apparent.
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Fig. 5. Raman spectra of GaP implanted with 100 keV
Al™ and fluencies 2.8 x 1016 ion/cm? after anneal-
ing; annealing temperature: (a) 5000°C; (b) 7000 °C;
(c) 8500°C; A, = 514.5 nm.

This is expressed by splitting the wide spectral band, the
characteristics of the amorphization, into two narrower
bands. The mentioned bands correspond to LO; and
TO; phonons of synthesized film Ga;_,Al,P which show
the vibration of GaP-like sublattice. The structureless
spectrum in Fig. 5a represented by the dotted line shows
the portion of amorphous a-Ga,Al;_,P remained after
annealing at 500 °C. We observe the co-existence of two
phases of system Gaj_,Al,P in this stage of annealing —
the amorphous in great quantity (the structureless spec-
trum represented by the dotted line) and the crystalline
(the Raman spectrum represented by narrower bands)
in small quantity. In the post-annealing stages at 700
and 850°C the Raman spectra show clearly the crystal
lattice recovering dynamics. The above-mentioned are
illustrated in Fig. 5b and c, respectively. It is seen that
in those stages of annealing sharp, narrow bands appear
at 363 cm~! and 399 cm~!'. Those peaks correspond
to TO; and LO; phonons of recrystallized Ga;_,Al,P,
which show the vibration of GaP-like sublattice. Be-
sides, a new well-shaped small peak appears at 445 cm ™!
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which represents LOy phonon of the synthesized film and
characterizes the vibration of AIP-like sublattice, respec-
tively. As is known, due to high-temperature annealing
the wide Raman spectrum, the characteristic of amor-
phous semiconductor, changes into the narrow Raman
spectrum, the characteristic of crystalline phase. On this
stage of annealing also a background of wide structure-
less spectral band, represented with the dotted line, is
observed clearly. This indicates that Ga;_,Al,P synthe-
sized by the implantation and post thermal treatment
contains a disodered structure in small quantity.

With the aid of parts of vertical lines the Raman in-
tensities of shares of disordered structure and crystalline
Gay_,AlLP, I4;s and I, respectively, are indicated in the
Raman spectra (Fig. 5). As is seen from Fig. 5a—c the
ratio I, /Iqis increases proportionally with the increase of
annealing temperature. This fact indicates to recovering
of the crystal structure. It is also seen clearly that even
after annealing at 850 °C, Iy;s does not become infinites-
imal, though the ratio I/l is far bigger than after
early stages of annealing. This fact proves once more the
coexistence of a small disordered structural phase with
the synthesized crystal phase Ga; _,AlL,P.

Comparing Fig. 1 with Fig. 5 one can see that in the
Raman spectra of standard GaP of orientation (001) the
forbidden TO phonon becomes visible after Al* implan-
tation and annealing. That is, a new compound synthe-
sized by the implantation does not repeat the substrate
orientation. Moreover, spectra in Fig. 5 show that with
the increase of annealing temperature the half widths of
peaks corresponding to LOy, TOq, and LO5 phonons get
narrower and their intensities increase sharply. This fact
indicates that the contribution of crystalline ternary com-
pound increases distinctly and radiation defects decrease
due to annealing at high temperatures.

On the basis of the above-mentioned experimental
facts we can say that at hot (400°C) implantation of
substrate GaP with 100 keV aluminum ions and fluen-
cies 2.8 x 106 ion/cm?, the crystalline phase of ternary
compound Gaj_,Al,P is not formed directly. The amor-
phous phase of the above semiconductor is synthesized
and after the further high temperature treatment the
crystalline Ga;_,Al,P is synthesized. It should be noted
that the synthesized compound does not repeat the sub-
strate orientation; the Raman spectra show that the syn-
thesized semiconductor is polycrystalline. It contains
small quantities of radiation defects, which decrease with
the temperature increase.

When carrying out the hot implantation (400°C) of
substrate GaP of orientation (001) with 100 keV alu-
minum ions and fluencies 2.5 x 10'7 ions/cm?, the amor-
phous phase of system Ga;_,Al, P is formed again and
the Raman spectrum unambiguously shows it. The spec-
trum is similar to that in Fig. 1b. Afterwards we put the
implanted plates GaP in vacuum furnace according to
the above-mentioned procedure and anneal at 500, 700,
850°C during an hour. The implanted substrates with
both 2.8 x 10*¢ and 2.5 x 10'7 ions/cm? fluencies are an-
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nealed in high vacuum simultaneously. Thus the plate
annealing conditions for the both fluencies are the same.

Figure 6 shows the recrystallization process dynamics
of synthesized amorphous compound a-Ga,Al;_,P. It is
seen from the spectra (Fig. 6a), that when annealing at
500°C the compound remains in the amorphous state.
This fact differs from the result when the implantation
occurred with fluencies 2.8 x 10'® ions/cm?. When an-
nealing at 700°C (Fig. 6b) the wide band characterizing
the Ga—P bond vibration in the amorphous phase, is split
into two narrow peaks corresponding to LO; and TO;
phonon vibrations of crystalline phase of Ga;_,Al,P. Ac-
cordingly, the band reflecting Al1-P bond vibration in the
amorphous phase, near 451 cm™! grows narrower dis-
tinctly. Those experimental facts indicate that recover-
ing re-crystallization of long-range ordering is begun at
this stage of annealing. In the further stage of anneal-
ing, at 850 °C, the peaks corresponding to TO; and LO,
phonons at 362 and 396 cm ™!, respectively, are distinctly
seen in Fig. 6¢ and they are far sharper and narrower
than in case of annealing at the former stage. Those
peaks belong to GaP-like sublattice vibration. At the
same time a sharp peak formed at 453 cm™!, belonging
to LO9 phonon, represents AIP-like sublattice vibration.
Besides, the Raman spectra show the radiation defects
in quantity in recrystallized lattice. In Fig. 6a a verti-
cal line shows LOg,p phonon in the Raman spectra of
crystalline (001) GaP.

Raman Intensity

LOgar

300 350 400 450 500
Raman Shift (cm™)

Fig. 6. Raman spectra of GaP implanted with 100 keV
Al™ and fluencies 2.8 x 1017 ion/cm? after anneal-
ing; annealing temperature: (a) 5000°C; (b) 7000 °C;
(c) 8500°C; AL = 514.5 nm.
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In this case just as in the previous case (Fig. 5) the
ratio I.,/I4is shows the ratio of shares of recrystallized
and remained in the amorphous phase Ga;_,Al,P. From
the analyses of the Raman spectra in Fig. 5 and Fig. 6
it is obvious that the ratio I../I4is increases with the
increase of the annealing temperature. At the implanta-
tion with fluencies 2.5 x 10'7 ions/cm? and post anneal-
ing at 850 °C this ratio is equal about to one. It is much
smaller than the same ratio at implantation with fluen-
cies 2.8 x 106 ions/cm? and annealing at 850 °C. That is,
by increasing the fluencies of implanted aluminum ions
the process of recrystallization becomes more difficult,
the annealing temperature increases.

Thus, when implanting GaP of (001) orientation
with 100 keV aluminum ions by fluencies of 2.5 x
10'7 ions/cm?, the substrate being at 400°C, the di-
rect crystalline phase of ternary compound Ga;_,Al,P is
not formed, but amorphous a-Ga,Al; _, P is synthesized.
To recover the crystalline phase, the higher temperatures
are needed for annealing, than in case of destruction of
the crystalline structure of the substrate by aluminum
implantation with the fluencies 2.8 x 10'¢ ions/cm?.

Comparing the Raman spectra of the two crystalline
Ga;_,Al,P synthesized by different fluencies one can
see that the frequencies corresponding to their charac-
teristic LO1, LO2, and TO; phonons are different. Ta-
ble indicates these frequencies. The phonon frequencies
of ternary Gaj_,Al,P synthesized at implantation with
higher fluencies of aluminum ions are shifted by certain
quantities from that of synthesized by the lower fluencies.
This fact indicates directly that when bombarding with
aluminum ions of different fluencies, ternary mixed semi-
conductors Gaj_,Al,P of two different compositions are
synthesized on GaP surface.

TABLE

LO; and TO; frequencies of GaAlP synthesized by ion im-
plantation, liquid phase epitaxy and LO, TO frequencies of
substrate GaP.

Sample history |[LO; [em™*||TO; [cm™]|LO2 [cm™}]
GaP etalon 402 365

Liquid phase

397 472
epitaxy GaAlP

2.8 x 10'¢ ion/cm? 399 363 445

2.5 x 10'7 ion/cm? 396 362 453

The regularity of the concentration shift of LO;
phonon frequencies and the formation of a new peak
LO, with its concentration shift prove that system
Ga;_,Al,P formed by the ion implantation synthesis be-
longs to the mixed semiconductors of the two-mode be-
havior. This conclusion is in agreement with the results
we have received [27], as well as with the data of other
authors [29-33], in which the mode structure of mixed
crystals Ga;_,Al, P synthesized by the ordinary chemical
methods, have been studied by the Raman spectroscopy.

S.V. Gotoshia, L.V. Gotoshia

4. Conclusion

We can say that we, the first, have shown that by
the hot implantation of substrate GaP with aluminum
ions and post annealing, synthesizing of ternary semi-
conductor Gaj;_,Al,P is possible. Two ternary com-
pounds Gaj_,Al,P of different compositions have been
synthesized by aluminum ion hot implantation in GaP
crystalline substrate with different doses. The dynam-
ics of lattice destruction and its recovering by anneal-
ing have been studied by the laser Raman spectroscopy.
We have proved experimentally that during the hot ion
implantation the ternary compound Ga;_,Al, P cannot
be received directly in crystalline form, but an amor-
phous phase of a-GajAl;_,P is formed. The addi-
tional high temperature heat-treatment is necessary in
the following stage to recover the crystalline structure.
To recover the crystalline structure in case of increased
implanted ion fluencies, higher annealing temperatures
are needed but in spite of this, the synthesized ternary
compounds still will contain radiation defects in fair
quantity. Thus, one may suppose that a-Ga,Al;_,P
synthesized by the implantation with higher fluencies
(2.5 x 107 ions/cm?) of aluminum ions, cannot be
changed into the perfect crystalline phase after the high
temperature annealing. But in case of implanting with
low fluencies (2.8 x 10'¢ ions/cm?) the synthesized mixed
a-GagAly P changes into the crystalline phase almost
entirely at high temperature annealing.

The ternary mixed semiconductors Gaj_, Al P, we
have first synthesized by the ion implantation and studied
by the Raman scattering, show the behavior characteriz-
ing the two-mode semiconductors.

Thus, the complicated system Ga;_,Al, P synthesized
by the high temperature ion implantation and ther-
mal treating, is characterized by a defective structure.
The concentration of defects is considerably less in case
of implanting with low fluencies. To obtain the more per-
fect crystalline structure it is necessary to continue the
experiments.
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