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Electron-irradiation-induced phase separation in GaSb nanoparticles
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Electron irradiation effects in GaSb compound nanoparticles have been studied by transmission electron
microscopy, in order to examine structural stability under electron irradiation in a nanometer-sized system. It is
revealed that when 75 keV electron irradiation was carried out in approxim@téh25-nm-sized GaSh
particles kept at 423 K, a phase separation of the GaSb compound was induced to form a two-phase structure
consisting of a crystalline antimony core and a liquid gallium shell. The phase separation was induced neither
by 75 keV electron irradiation in GaSb nanoparticles kept at more than 443 K or less than 363 K nor by 200
keV electron irradiation in particles kept from 363 to 443 K. It is suggested that the phase separation in GaSbh
nanoparticles may be induced by electronic excitations rather than knock-on displacements.

DOI: 10.1103/PhysRevB.70.214105 PACS nuni®eré4.70—p

Semiconductor compound materials which have ionic, corator installed in the specimen chamber of an electron micro-
valent, or mixed bonding exhibit a wide variation in damagescope. The evaporator consists of two spiral-shaped tungsten
response to electron irradiation. Atom displacements in thesgiaments. An amorphous carbon film was used as a support-
materials may be produced either by direct momentum transgng film and it was mounted on a molybdenum grid. It was
fer from the irradiating electron to an atom nucleus or as annealed at approximately 1000 K for about 30 s in the elec-
response to alteration of atomic_ electronic states by ionizingygn microscope prior to the experiments. Using the evapo-
radiation. Electronic effects will be expected to becomeraior, gallium was first evaporated from one filament to pro-
much more important in semiconductor compound materialsyyce nanometer-sized gallium particles on the supporting
__In our previous StUd'?S on knock-on displacement eventg, Antimony was then evaporated from the other filament
in lil-v co_r;pour;]d materlalls such as GdaAs G_a?b, andr;so 9™nto the same film. The supporting film was kept at ambient
ga\iva(;s%\?dgr?rt]gt ?)tr hg%/ofp?](i:zt:;ir; ll"nrthlzTg\(/)vn t'gmté)%ersatf}féeén"temperatqre duri.ng the de_position. Vapor—depo;ited antimony
From the viewpoint of alteration of electronic states, severa toms quickly d|ssolv.ed into the 9"’?"'“”‘ particles to form

aSb compound particles. The particles were then annealed

criteria for efficient coupling of the electronic stopping . ;
power of matter to atom displacement phenomena have to §8 the microscope at 573 K for 3.6 ks and were slowly cooled
from the annealing temperature to room temperature in 2.7

satisfied in bulk solids: for examplé€l) the electronic exci- : . _
tation must be localized to a few atom sit¢®) the excita- ks. This annealing treatment was done in an attempt to allow

tion must have a lifetime comparable with the phonon periodligh atomic mobility in the particles which would homog-
in order to couple into a mechanical response of the nuclea#hize the solute concentration. The chemical compositions of
masses(3) the available excitation energy must be Compa_the particles on the film were checked from the intensity
rable to the atom displacement energy in its excited stdje; ratio of the GaL.«1 to the ShLal peak by energy-dispersive
an energy to momentum conservation mechanism must-ray spectroscopy. The specimens with chemical composi-
exist® In materials with both ionic and covalent bonding tions controlled within approximately +3 at. % Sb of the sto-
such as semiconductor compounds, it was shown that eletshiometric composition of 50 at. % Sb were used for the
tronic excitations enhance the formation and migration ofelectron irradiation experiments.
defects in bulk solidé.On the other hand, in isolated mol-  The electron irradiation experiments and observations
ecules it was found that electronic excitations generated byvere carried out using the same microscope. The microscope
interaction with ionizing radiation tend to induce atom dis-used was a Hitachi H-800 TEM operating at accelerating
placements and the resulting structural changes because itvsltages of 75 and 200 kV. The electron microscope was
easy to satisfy the criteria mentioned above. However, to thequipped with a turbomolecular pumping system and a
authors’ knowledge, there is no example of studies from eiliquid-nitrogen-cooled anticontamination device to achieve a
ther the viewpoint of knock-on displacement events or ofbase pressure below>2107° Pa. The contamination was
electronic excitations in mesoscopic solids such as nanopakept quite low. The maximum value of electron flux used for
ticles. irradiation was approximately 1:%610°* m™2s™t. The tem-
Thus, in the present work, electron irradiation effects inperatures of the supporting films were kept from 363 to 443
GaSb compound nanoparticles have been studied by trank-during irradiation. Structural changes associated with irra-
mission electron microscopy, in order to see whethediation were observenh situ.
irradiation-induced atom displacements and the resulting A typical example of structural changes in GaSb nanopar-
structural changes occur in a nanometer-sized system or ndicles associated with 75 keV electron irradiation at 423 K is
Preparation of size-controlled Ga8Ba-50 at. % Sppar-  shown in Fig. 1. Figures(d) and Xa’) show a bright-field
ticles was carried out with the use of a double-source evapdmage (BFI) of particles with diameter of approximately
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FIG. 1. A typical example of the structural
change in GaSb nanoparticles associated with 75
keV electron irradiation at 423 K@a) A BFI of
particles of 10-25 nm in mean diameter, dad
the corresponding SAED before irradiatiofin)
The same area after irradiation for 240 s, ébd
the corresponding SAED. The line profiles of the
SAEDs are indicated.

‘(4#:10)&-54_0,”1 Ga (4x8in6)A=31.0nm

10-25 nm before irradiation and the corresponding selected- In an attempt to elucidate the spatial arrangement of the
area electron diffraction pattef8AED), respectively. The two phasegi.e., crystalline antimony and liquid galliynm-
insets in the BFI show enlargements of the parts framedduced by the electron irradiation, the microstructure in the
The line profiles of the SAEDs are indicated. As noted inindividual particles was examined by dark-field electron mi-
Fig. 1(a’), the Debye-Scherrer rings can be consistently inCroscopy. An example of the results is depicted in Fig. 2.
dexed as those of Gaghich has the zinc-blende structure Figures 2&) and 2b) are a BFI and a dark-field imag®FI)

with a lattice constant of,=0.61 nm). The same area after ©Of the same sample shown in Figb}, respectively. The DF|
irradiation for 240 s is shown in Fig.(l). In the interior of ~ WaS taken by setting the QbJeCt'Ve. aperture on a part of the
particles after irradiation, there appears a definite structurg? 012 Debye-Scherrer ring. Particles A to D in Fige) 2

- . : . d 2b) are encircled by dashed lines. From a comparison of
consisting of a core with dark contrast and a shell with bnghtan . L : . o .
contrast, as seen from a comparison of the indetad 1) in particles A to D in Fig. 2) with those in 20), it is evident

(@) with those(l” and I} in (b). The corresponding SAED that crystalline antimony is present preferentially at the cen-

. . A A tral portion of individual particles.
taken from the irradiated region is shown in Figb3. In This fact suggests that in GaSb nanoparticles kept at 423

the SAED, Debye-Scherrer rings are recognized, superimg the 75 keV electron irradiation induces phase separation to
posed on halo rings. The Debye-Scherrer rings can be inprm a two-phase structure consisting of a crystalline anti-
dexed consistently as those of crystalline antimony whichnony core and a liquid gallium shell.

has the hexagonal structure with lattice constants of A typical example of behavior in GaSb nanoparticles as-
a,=0.43 nm andc,=1.13 nm. The values of the scattering sociated with 75 keV electron irradiation at 443 K is shown
vector [K=(4msin6)/\] for the halo rings are approxi- in Fig. 3. Figures @) and 3a’) show a BFI of particles
mately 31.0 and 54.0 nthwhich correspond to those from before irradiation and the corresponding SAED, respectively.
liquid gallium. This fact indicates that a two-phase mixture The diameter of the particles is again approximately 10-25
of crystalline antimony and liquid gallium is formed in the nm. In the SAED, Debye-Scherrer rings can be consistently
particles after irradiation. indexed as those of GaSh. Figurgb)&and 3b’) show a BFI
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FIG. 2. (a) A BFI of the same sample shown in FighbL (b) A
DFI of the same area as (i) taken by setting the objective aper-
ture on a part of the Sb 012 Debye-Scherrer ringibn regions of || | " | ”
crystalline antimony appear bright. SBESN 8-

of the same area after irradiation for 240 s and the corre- GaSb

sponding SAED, respectively. The particles remain un- FIG. 4. Atypical example of the behavior in GaSb nanoparticles
changed in both the microstructure and the SAED. This reassociated with 75 keV electron irradiation at 363(&.A BFI of
sult indicates that such phase separation as observed duripgrticles of 10-25 nm in mean diameter, a8 the corresponding
the irradiation in GaSb nanopatrticles kept at 423 K is absen$AED before irradiation(b) The same area after irradiation for 240
during the irradiation in the particles kept at 443 K. s, and(b’) the corresponding SAED.

An example of behavior in GaSh nanoparticles kept at
363 K during 75 keV electron irradiation is shown in Fig. 4.
In the SAED taken from the region irradiated for 240Fg.
4(b’)], the Debye-Scherrer rings from GaSb nanopart|cle§Io

are not changed a}s compared with those before irradiation 2 rried out. A typical example of GaSb nanoparticles associ-
shown !n Fig. 42). This re_sult_ |nd|_ca_tes _that S_UCh phase ated with 200 keV electron irradiation at 423 K is shown in
separation as observed during irradiation in particles kept e\iig. 5. The diameter of the particles is again approximately
10-25 nm. The structure in the particles remains unchanged
(@)’ ® % '.. ey ® %0 (b as seen from a comparison of the SAED in Fi¢a'’ with
that in Fig. §b’). It is noted here that such a phase separation
as observed during the 75 keV electron irradiation in par-
ticles kept at 423 K was not induced by 200 keV electron
irradiation in particles kept at the same temperature. In our
other experiments, it was confirmed that remarkable struc-
tural changes did not take place, when 200 keV electron
irradiations were carried out if10—25-nm-sized GaSb par-
ticles in the temperature range from 363 to 443 K.

Through the present experiments, it becomes evident that
when the 75 keV electron irradiation was carried out in ap-
proximately(10-25-nm-sized GaSb particles kept at 423 K
(in a limited temperature range of more than 363 K or less
than 443 K, a phase separation of the GaSb compound is
induced to form a two-phase structure consisting of a crys-

talline antimony core and a liquid gallium shell. Here, it is
II I " | ” considered that oxidation is not related to the phase separa-
8- tion phenomenon, as the fact that the phase separation of the
GaSb GaSb compound is induced in a limited temperature range is
not in agreement with the general rule that the higher the

FIG. 3. Atypical example of the behavior in GaSb nanoparticlestemperature, the faster the specimen oxidizes. It was also
associated with 75 keV electron irradiation at 443(%.A BFI of ~ confirmed that hydrocarbon contamination cannot be depos-
particles of 10-25 nm in mean diameter, 4at) the corresponding  ited at the specimen temperature of more than approximately
SAED before irradiation(b) The same area after irradiation for 240 400 K. These facts suggest that oxidation and contamination
s, and(b’) the corresponding SAED. have no affect on the phase separation in GaSb nanoparticles.

423 K is also absent during irradiation in particles kept at
363 K.

In order to study the effect of electron energy on irradia-
n in GaSb nanoparticles, 200 keV electron irradiation was
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It is known that in crystals with ionic bonding such as
alkali-metal halides the electronic-excitation-induced atom
displacements can be more efficient to form metallic colloids
in the crystals$:® A desorption of surface atoms by electronic
excitation has been observed also at the surface of IlI-V
semiconductor compounds’ It is proposed as a mechanism
that the emission of atoms from the surface occurs due to
breaking of the bond by local electronic transitions from the
bonding states to the antibonding states, that is, the formation
of excited states such as electron-hole pairs or pairs of holes
(for example, produced by Auger transition proge&ince
the fundamental electronic excitation produces delocalized
excited states in the solid, localization of the excitations is
required for the initial step for the emission of atoms. Then,
the interactions of the excited states with various kinds of
defects on the surfaces are effective in those localizations.
The energy accumulated by the localization of the excited

" ” | ” states is directly converted into atomic energy, resulting in
85 £§ 8 the atomic emission. Howev_er, the yield of the emission _of
¥ - atoms from the bulk surface in 11l-V compounds observed in

GaSb the previous studies is quite small. A similar mechanism

) o . could play an important role also in the phase separation in
FIG. 5. Atypical example of the behavior in GaSb nanoparticlesg 35 compound nanoparticles. It is considered that atom
associated with 200 keV electron irradiation at 423#&.A BFI of displacements and the resulting phase separation could be

particles of 10._25 nm in mean diameter, 4a th.e cor_re_spondmg remarkably enhanced, since the excited states tend to localize
SAED before irradiation(b) The same area after irradiation for 240 . —. . . . .
in isolated nanoparticles which have a high ratio of the sur-

d(b’) th ding SAED.
s, and(b’) the corresponding face to the volume.

In order to estimate whether the electron-irradiation- It is noted from the present experiment that an optimum
induced phase separation in GaSb nanoparticles observedtemperature range for the phase separation appears. From
the present experiments is responsible for knock-on displaceéhe optimum temperature range for the thermal activation
ments or electronic excitations, the characteristics of thef the reaction, changes in the free energy of formation
present experimental results are discussed as follows. under excitation is estimated on the basis of thermal equilib-

(1) The structural change by knock-on displacements isium. In the reaction for GaSb compound formation,
enhanced with increasing incident electron energy, becausga+Sbh— GaSh, the heat of formation at 298 K\H,
they are induced by the il’lCident e|eCtr0n haVing energyS -41.9 kJ mo‘]l_lo The values of standard entropy at

higher than the threshold energy for atom displacement$g3 K for GaSb, gallium, and antimony are 77.4, 41.0,
However, this phase separation is induced by several tens gh,q 456 J R mol:, respectively® The formation

keV electron irradiation and is suppressed with increasingEntropy at 293 K calculated using these values is

incident electron energy. AS=-9.2 JK*mol ™. In the Ga-Sb binary system in which

(2) Knock-on displacements will induce chemical disor- 44 negative(-41.9 kJ mot?), the chemicalcovalent and
dering or amorphization, that is, disordering of atom arrange: ' ’

ments, which were observed by 2 MeV electron irradiation in'onic) bond between gallium and gntimony is stabilized in
continuous thin films of GaSb in our previous studiés. the ground state. If phase separation from the compound to

However, this phase separation does not correspond to di%’—"0 pure substancgse., antimony and galliupoccurs, the
ordering. ree energy _shou_ld increase. Hovye_ver, once such a hgtero—
(3) The structural Change induced by knock-on disp|aceb0nd. IS eXClted, it can be destabilized by the mechanisms
ments is able to occur only at low temperatures at whicHnentioned above, and consequently the homo-itbativeen
point defectgi.e., vacancies or interstitial atopistroduced ~ gallium and gallium or between antimony and antimpny
by irradiation are frozen in, and is suppressed by the enwhich is neither covalent nor ionic, may be more stabilized.
hancement of the mobility of the point defects with increas-In order to satisfy such a change in the free enexglyunder
ing temperature. However, this phase separation occurs onBxcitations may have to become a positive value. If the dif-
in the optimum temperature range. The fact that no phasterence betweeAH in the ground state and that in the ex-
separation is induced in particles kept at less than 363 Kited states, that is, the increase of the potential energy of
indicates that there is no relation between the occurrence @géaSh accompanied by the excitation, is supplied by the en-
the phase separation and the mobility of point defects. ergy accumulated by some kinds of electronic transition, the
These facts suggest that this phase separation may be ghase separation could be induced. It is expected that the
sulting from electronic-excitation-induced atom displace-bond instability induced by the excitations changes the sign
ments rather than knock-on displacements. The phase sepaf-the heat of formation positively. It is noted in the present
ration observed in GaSb compound nanoparticles will beexperiments the temperature at which the phase separation
discussed qualitatively from the viewpoint of electronic- successfully occurs is optimized in a limited range. From the
excitation-induced atom displacements. result of a drastic suppression of the phase separation by the
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temperature change from 423 to 443 K, the free energy o gallium shell and an antimony core. Composite nanopar-
GaSb formation under excitations is speculated to changgcles consisting of a crystalline antimony core and a liquid
from a positive to negative value with increasing temperatureallium shell will be formed because the gallium shell sepa-
from 423 to 443 K. In order to suppress the phase separatiomted near the surface transforms to the liquid phase because
with increasing temperature, the value ofAS has to be of the melting temperature depression with decreasing size.
negative, that is, the value &fS has to be positive. Positive ~ On the other hand, the effect of incident electron energy
formation entropyAS could be brought about with increasing On the electronic-excitation-induced p_hase separation will be
entropy of GaSh in the excited states. It is considered that th@iscussed as follows. The cross section for the formation of
increase of entropy of GaSb in the excited states could bEe excited states introduced by electronic excitation in nano-
induced by the increase of the internal energy of constituerff@'ticles is quite sensitive to the incident electron energy.
atoms, variety of atomic characteristics in different excited/N€lastic scattering takes place in the nanoparticle transmit-

states, and so on. The suppression of the phase separati@ﬁ by the incident electron. The cross section for the forma-

with increasing temperature may be speculated to be drivefo" of the excited states may be approximately equivalent

. 2 with that for inelastic scattering in nanoparticles. The mean
gillgxe??egritlve(eratﬁrse l;?(\jlver:i;)]( ?gﬁt'?rgi' ggt@gigtgﬁfruzs)?]di’sfree path length of an electron for the inelastic scatteking
) P . g-rang proportional to the incident electron ener§y*? When the
not activated thermallyi.e., at less than 363 }KXno phase

f . be induced. G v, th | _l_bincident electrons pass the thicknésthe cross section for
transformations can be induced. Generally, thermal equilibg, e jnelastic scattering is estimated to be approximately pro-
fium 1S dlscussgd in the eIectronlg ground state, but aton o rtional to D/ . Consequently, in case of a fixed particle
displacements mduced by re"”?"a“"’? process of electroni ize, the cross section for the formation of excited states is
defects produced in an electronic excited state under electro&oportional to 1E. It is suggested in the present experi-
irradiation are dealt with in the present paper. The interpré, o s that the cross section for the formation of the excited
tation of thermal equmb_ngm IS given for the p.hase Sepalasiates by the 200 keV electron irradiation may be reduced by
tion at 423 K, t_)ecause It s _conS|dered that this phase SeF’@t'[:)proximately 38% of that by 75 keV electron irradiation. It
ration process is an equilibrium process n the_ excited statgy oonsidered that the phase separation is remarkably sup-
at which the formation of a stable phase is driven by long- aqseq by the 200 keV electron irradiation, by which the
rﬁnge3géﬁllismn.r;l_'hﬁ phrocess is diffusion cont[)oll_ed dat Igsl ensity of the excited states introduced is lower than that
than at which phase separation cannot be induced. fyioqced by the 75 keV electron irradiation, when the total

this case, Kinetic effects may play an important rc_)l.e. electron dose was fixed. In order to see details of the cross
In this phase transformation process, compositional fluc:

S ) ) ) ) . section for the formation of the excited states, effects of a
tuation in the interior of particles which have the zinc-blende jittarant parameter, such as electron flux, on the phase trans-

structure is required as a prestage of the phase separatigfy;ations have also been found in our preliminary experi-

Chemical disordering takes place by destabilization of thg,o s The electronic-excitation-induced phase separation is

chemical bond between foreign atoms by electronic excitaz < dependent on electron flux. When the flux becomes

tion. Both the effects that the same kind of atoms cluster Wiﬂhearly half of 1.5<10?' em™2s%, no phase separation is
decreasing degree of chemical order and that the surface €duced after excitations by the ,same total dose. Further de-
ergy of solid gallium(360 mJ m?) is slightly lower than that tails will be published in separate papers.

of solid antimony(370 mJ m?) bring about compositional 1" conclusion, the electron-irradiation-induced phase
fluctuation, which is induced_by the diffusion of gallium to- separation in GaSb nanoparticles may be responsible for
ward the surface and the enrichment near the suffaCem-  gjectronic excitations rather than knock-on displacements.
pound nanoparticles with the zinc-blende structure consistingiom displacements and resulting structural changes driven
of a gallium-enriched crystalline GaSb shell and anpy changes in bond stability induced by electronic excitation
antimony-enriched crystalline GaSb core remain because Qfy|d take place with ease in nanoparticles. Studies to eluci-
the remarkable enhancement of solubility in nanoparticlesgate the mechanisms of electronic-excitation-induced atom

When the deviation from stoichiometric composition is in- gisplacements in nanoparticles in detail are in progress in our
creased above a threshold value, the abrupt increase of lattiggyoratory.

strain energy will induce instabilization of the zinc-blende

structure. Consequently, it is considered that the phase sepa- This work was, in part, supported by the Ministry of Edu-
ration proceeds abruptly, when the lattice strain energy in theation, Culture, Sports, Science and Technol@g#XT) Ja-
off-stoichiometric zinc-blende structure becomes higher thapan under a “Grant-in-Aid for Scientific Research” and the
the interfacial energy in the two-phase structure consisting ofNanotechnology Support Project.”
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