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Particle-size dependence of phase stability and amorphouslike phase formation in nanometer-sized
Au-Sn alloy particles

H. Yasudal* K. Mitsuishi? and H. Mor?
!Department of Mechanical Engineering, Faculty of Engineering, Kobe University, Rokkodai, Nada, Kobe 657-8501, Japan
National Research Institute for Metals, Sakura, Tsukuba, Ibaraki 305-0003, Japan
SResearch Center for Ultra-High Voltage Electron Microscopy, Osaka University, Yamadaoka, Suita, Osaka 565-0871, Japan
(Received 28 July 2000; revised manuscript received 21 February 2001; published 30 July 2001

The effect of particle size on the phase stability in nanometer-sized Au-Sn alloy particles has been studied by
transmission electron microscopy. When the composition of alloy particles falls in the two-phase region in the
phase diagram for the bulk material, two phases expected from the phase diagram were produced in particles
of larger than 10 mm in diameter, whereas no interfaces between two different phases can be recognized in the
interior of individual alloy particles to produce an amorphouslike phase below 6-nm-sized alloy particles. The
amorphouslike phase directly changes into a liquid phase with increasing temperature and then the reversible
transformation occurs with decreasing temperature. The changes in the free energy in nm-sized particles
bringing about melting temperature depression may play an important role in the stability of amorphouslike
phases.
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[. INTRODUCTION gold particles and alloy particles were forneBy contrast,
when gold particles were larger than this size, dissolution of
Small particles in the size range from a few to severatin was incomplete and only inhomogeneously alloyed par-
nanometersnm) often exhibit structures and phase stabilitiesticles were formed. Both types of particles were then an-
which are significantly different from those of the corre- nealed in the microscope at about 500 K for 300 s and slowly
sponding bulk materials. As a typical example, such phasgooled from the annealing temperature to room temperature
transition temperatures as melting point and order-disordep 900 s. This annealing treatment was done in an attempt to
critical tempgraturg)e are remarkably reduced with decreasing|iow high atomic mobility in the particles which would
size of particles™ However, to the authors’ knowledge, pring about the equilibrium degree. According to the bulk
studies on the phase stability and transformation in nm-sizegitsion constant? the annealing period employéie., 300

binary alloy particles are fe¥ s) is long enough for constituent atoms to migrate over a

In the present work, we _stud|ed the Au-_Sn binary SySteMyjistance of about 10 nm, which is larger than half a maxi-
by transmission electron microscopyEM), in order to see mum diameter of particles used in the present work,

the phase stability of alloy particles as a function of particle The structure and chemical composition of the annealed

size. In the phase diagram of the bulk Au-Sn system, two . .
intermediate phasdse., AusSn and AuShare formed in the alloy particles were then studied by TEM at room tempera-
range from 0O to 60 at.’% Sn and the two-phase region corlure as a function of the particle size. The chemical compo-

sisting of AuSn and AuSn existsThe structures and chemi- sition of .indiviQUaI particles on the film was analyzed by
cal compositions of nm-sized Au-Sn alloy particles in this €Nergy-dispersive x-ray spectroscofDS). The analyses

two-phase region have been investigatedsitu by TEM. ~ Were ce}rried out using an elegtrqn probe of approximately 1
Furthermore, the thermal stability of the alloy particles has"M in diameter. The characteristic x ray of gold and tin were
been investigated bip situ annealing experiments. collected with an ultrathin window x-ray detector at a high
take-off angle of 68°. The background was simulated by
curve fitting, and then subtracted. The chemical composition
of particles was calculated from an intensity ratio oflSa;

Preparation of size-controlled A5 at. % Sn alloy par- to Au L «; peak, using sensitivity factors. In the present
ticles was carried out using a double-source evaporator irexperiments, total x-ray counts under either thelAa, or
stalled in the specimen chamber of a TEM. The evaporatoBn L a4 peaks are from several hundreds to a thousand and
consists of two spiral-shaped tungsten filaments. An amorare low, because only approximately 200-300 atoms are
phous carbon film mounted on a molybdenum grid or acontained in the analyzed region. It was confirmed from the
cleaved graphite substrate were used as a supporting filrpreliminary experiments that the compositional error de-
They were baked out at about 1073 K for 60 s prior to thepending on total x-ray counts is within2 at. % Sn. On the
experiments. Using this evaporator, gold was first evaporatedther hand, the error of compositions determined by mea-
from one filament to produce nm-sized gold particles on thesurements repeated at three close positions in the individual
supporting film. Tin was then evaporated from the other fila-clusters was less thattl at. % Sn. Consequently, it is ex-
ment onto the same film. In cases where gold particles propected that the total error of compositions was withiB
duced on the film were less than approximately 10 nm inat. % Sn. The error in composition of particles produced on
diameter, vapor-deposited tin atoms quickly dissolved intahe film was controlled to be less thar3 at. % Sn.

II. EXPERIMENTAL PROCEDURES
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...’ pr7 proximately 7—20 nm and the corresponding selected-area
‘,"' % electron-diffraction patterfSAED), respectively. The line
® &;‘ » profiles of the corresponding SAED’s are indicated at the
v .’.‘ﬁ bottom of Figs. 1&') and Xb’). In particles of larger than 10
B nm in diameter, interfaces can be recognized in the interior
. !'0:.‘ of individual particled as indicated with arrows in Fig.(d)].
I o50m As illustrated in the SAED and the corresponding line profile
—— [Fig. 1(@)], the Debye-Scherrer rings can be consistently
indexed as those of AuSwhich has thé88; structure of the
(4nsin@)A) space-group P63/mmc with lattice constants ofag
__D,—28.0 nm"” =0.43, nm andcy=0.55nm,) superimposed on those of
[~ Dy 225 ™ AusSn (which has the hexagonal structure with lattice con-

stants ofag=0.5Q, nm andcy=1.43;nm).** This observa-
tion indicates that two phases were produced; one is AuSn
and the other is A¢Bn. This result is consistent with that
expected from the phase diagram for the bulk material.
Figures 1b) and Xb’) show a BFI of particles with diam-
eters of approximately 3—6 nm and the corresponding SAED
with the line profile, respectively. In particles, no interfaces
were observed in the interior of individual particles. In the
SAED and the corresponding line profil€ig. 1(b’)], two
kinds of diffuse rings are recognized. The value of the scat-
tering vector K= (44 sin §)/\] for the first diffuse ring(in-
dicated byD,) is approximately 22.5 nit. Similarly, the
value of the scattering vector for the second diffuse ring
(indicated byD,) is approximately 28.0 nmt. This fact in-
dicates that a mixture of two kinds of amorphouslike alloy
phases is formed and equilibrium phases in the correspond-

FIG. 1. Typical examples of size-controlled Au35 at. % Sn ing p”'k material are r_mt produc_ed in ABSat. % Sn alloy
particles.(a) A BFI of particles of 7—20 nm in mean diameter, and particles below 6 nm in mean diameter.

—D,—280m”
= p,—225nm™

(&) the corresponding SAED with the line profiléo) A BFI of An atomic scale observation an_d chemical composit@on
particles of 3—6 nm in mean diameter, art ) the corresponding Measurement of Au-Sn alloy particles on the same film
SAED with the line profile. shown in Fig. 1 have been carried out by a combination of

high-resolution electron microscogfiREM) and EDS. An

In addition, in order to study the thermal stability in the example of HREM images of an approximately 20-nm-sized
alloy particles, some of the samples were then subjected to particle is shown in Fig. @). The particle consists of two
situ annealing experiments. The television camera and videgrains; grains | and Il. In grain I, the 0.31-nm nm-spaced
tape recordefVTR) system were used fdn situ observa- fringes are thg101) lattice fringes of AuSn. These fringes
tions. The time resolution of the VTR system, i.e., the timemake an angle of 68° to each other, showing the incident
for one frame, wasg s. The micrographs were reproduced beam direction is along tH@10] direction of AuSn. In grain
from the images recorded with the VTR system. 1, the 0.22-nm and 0.24-nm-spaced fringes are(ii&) and

The microscope used was a Hitachi HF-2000 TEM(00g) lattice fringes of AySn, respectively. These fringes
equipped with a field emission gun, operating at an acceleimake an angle of 62° to each other, showing that the incident
ating voltage of 200 kV. The base pressure in the specimegeam direction is along tHe-110] direction of AuSn. EDS

chamber was below$10" " Pa, and is low enough to keep gnecira were measured in regions A and B encircled in each
OX|dat|_on in the Specimens negligibly slow. On the other rain. Tin concentrations measured in regions A and B en-
hand, it was confirmed by EDS measurement that the amou frcled were 52 and 16 at. % Sn, respectively, as shown in

of carbon and oxygen impurity in the Au-Sn alloy particles is Fig. 2(a) and Zb). This fact suggests that grains | and Il are

negligibly small. AuSn and AySn, respectively.
An example of HREM images of an approximately 6-nm-
Ill. RESULTS AND DISCUSSION sized particle is shown in Fig.(B). The particle exhibits a
contrast similar to the salt and pepper contrast reminiscent of
amorphous materials. This result is consistent with the result
shown in Fig. 1b’") where diffuse rings are recognized in the
Examples of size-controlled Au35at. % Sn alloy par- SAED. An EDS spectrum measured in the encircled part of
ticles are shown in Fig. 1. Figureqdl and 1a’) show a region C indicates that the tin concentration in the particle is
bright-field image(BFI) of particles with diameters of ap- 38 at. % Sn, as shown in Fig(@. This observation indicates

A. Size dependence of phase stability in Au-Sn alloy particles
at room temperature
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A Au-52at%Sn
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Energy (k7eV)

2|B Au-16at¥%Sn KL FIG. 2. (a) An example of HREM images of
G 5 an approximately 20-nm-sized Au-Sn alloy par-
s E ticle, (b) An example of HREM images of an
: ‘; approximately 6-nm-sized Au-Sn alloy particle.
B The EDS spectra measured from regions A and B
B encircled. EDS spectra measured in the encircled
- E regions of A, B, and C are shown in Figs(ag

Enerey (k7eV)

C Au—38at%Sn Aua
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that an amorphouslike phase is produced in 6-nm-sized allojne phases are recognized and the deviation from the sto-
particles with the composition of 38 at. % Sn. ichiometric composition of only A48n becomes remarkably
Figure 3 shows the changes in nanostructures of alloyigh by approximately 12 at. % Sn. With decreasing patrticle
particles of which the composition falls in the two-phasesize below 8 nm in diameter, the salt and pepper contrast
region as functions of both size and concentration. In thisharacteristic of amorphouslike phases appear. It was re-
figure, marks of circle, square, and triangle indicate amorvealed from the present experiment that in case the diameter
phouslike phase, A%n and AuSn, respectively. Two-phase of alloy particles is smaller than approximately 8 nm, it is
alloy particles which consist of ASn and AuSn are shown difficult to form the two different phase§.e., AusSn and
as heavy lines connecting two markise., marks of square AuSn) in the interior of individual particles and consequently
and triangle. In alloy particles with a diameter above 12 nm, amorphouslike phases are formed, even if the composition of
two crystalline phasef.e., AusSn and AuShappear and a alloy particles falls in the two-phase region in the phase dia-
maximum value of the deviation from each stoichiometricgram for the bulk material.
composition of AgSn and AuSn is about 9 at. % Sn. In ap-

roximately 10-nm-sized alloy particles, those two crystal-
P y yp y B. Temperature dependence of phase stability in approximately

5-nm-sized Au-Sn alloy particles

60
_ © Amorphous-iike phase In order to see atomistic structures of Au-Sn alloy par-
%L 50~ 2 Ausse N ticles with annealingjn situ HREM observation has been
\é 40 o carried out. Figure 4 is a typical sequence of the annealing
2 % oo process in an approximately 5-nm-sized Au 36 at. % Sn alloy
g 30 A particle. Figures é&)—4(d) show the same particle under an-
S 5ol nealing conditions. Figure(d) shows the particle kept at 293
3 K. In the particle, there appears a salt and pepper contrast
S 10r reminiscent of an amorphouslike structure. Figuréo)4
Loerr oy oy oy shows the same particle kept at 473 K below bulk melting
0 2 4 6 8 10 12 14 16 18 20 22

temperaturdi.e., 551 K. The salt and pepper contrast in the
particle becomes poor. The particle is neither a crystalline
FIG. 3. Changes in nanostructures of alloy particles of which thephase nor liquid phase at this temperature. Figiegghows
composition falls in the two-phase region as functions of both sizéhe same particle kept at 773 K above bulk melting tempera-
and concentration. ture. The salt and pepper contrast disappears completely and

Particle size (nm)
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schematic illustration of free-energy temperature-
composition diagram in the eutectic system in Fi@)5The
increasguniformly upper siff of the free energy in nm-sized
solid particles leads to the melting temperature depression. In
addition, an amount of the melting temperature depression is
dependent on the temperature gradient of the free energy.
The temperature gradient of the free energies decreases with
decreasing temperature, and then becomes significantly small
at the bottom of the deep valley of the eutectic system. In the
present experiments, it is shown that an amorphouslike phase
is produced in nm-sized particles with the composition from
about 25 to 40 at. % Sn. This composition is very close to the
bottom of the deep valley of the liquids in the middle of the
AusSn and AuSn two-phase region in the bulk phase dia-
gram. In fact, the eutectic point appears at a temperature as
low as 551 K at 29 at. % Sfcf. the melting point of gold of
1337 K). The increase of the free energy in nm-sized solid
) ) . ‘alloy particles which has a small temperature gradient at a
FIG. 4. A typical sequence of annealing process in an approxiyequced temperature may lead to the large depression of the
mately 5-nm-sized Au 36 at. % Sn alloy particle. eutectic temperaturfgutectic temperature depressidiig is
larger than melting temperature depressiofy,, as shown
changes into a monotonous contrast characteristic of a liquith Fig. 5@)]. It is not so difficult to show that the melting
phase. Figure @) shows the same particle after cooling point depression of nm-sized alloy particles in the composi-
down to 293 K. Such a salt and pepper contrast as observdPn range near the deep eutectic point in the bulk phase
in Fig. 4(a) is recognized again. From these results, it wasdiagram can be greatly enhanced as compared to that of the
revealed that in a 5-nm-sized Au 36 at. % Sn alloy particle arfonstituent pure substances with relatively higher melting
amorphouslike phase directly changes into a liquid phasgOINts. The value of the melting temperature in approxi-

. . . 7 .
with increasing temperature from 293 to 773 K and then thén&tely 8-nm-sized gold particles is about 1200"kand is

reversible transformation occurs with decreasing temperatur%epressed by approximately 140 K as compared to that in

from 773 to 293 K. It was confirmed that any crystallizations bzltkog‘otlﬁéllﬁféeliizgy Ti:etleusil(i)(; tgﬁ;:?g?%igrzsl{he
?uorgs not take place with increasing or decreasing temper?nelting temperature in bulk gold s 3.8x 10*2kqlmol K 18
' On the assumption that the temperature gradient of the free
energy at the melting temperature in the solid phase is close
to that in the liquid phase, the increase of the free energy in
the solid phase, approximately 5 kJ/mol, is required to de-
In our preliminary experiments, it was confirmed that press the melting temperature by approximately 140 K. In
when the diameters of alloy particles become less than a fewrder to estimate approximately the temperature gradient of
nm, the amorphouslike nanostructyiecluding an ultrafine the free energy at the eutectic temperatiuee, 551 K) in Au
grain structurgappears in the Au-In, Au-Al, and Au-Sb sys- 29 at. % Sn alloy, the temperature gradient of the free energy
tem which has negative heat of mixing, even if the compo-at the same temperature in bulk pure gold was adopted be-
sition of the alloy particles falls in the two-phase region incause it is expected that the temperature gradient of the free
the bulk phase diagram. These results suggest that thermenergy in pure gold is close to that in Au 29 at. % Sn alloy in
dynamics of alloy formation plays an important role in the spite of the difference in the absolute values of the free en-
formation of the amorphouslike phase in alloy particles.  ergy. The temperature gradient of the free energy at 551 K in
The observed phase stability in nm-sized alloy particles isulk pure gold is~1.6x 10~ 2 kJ/mol K. Using this value
discussed from the viewpoint of melting temperature depresef the temperature gradient of the free energy, the value of
sion in nm-sized particles. The free energy in nm-sized solidhe increase of the free energy in nm-sized solid alloy par-
or liquid particles will become higher than that in the corre-ticles, approximately 5 kJ/mol will bring about the melting
sponding bulk materials, since the fraction of atoms associtemperature depression of more than 300 K. This estimation
ated with the surfacé.e., the surface energjjncreases with is consistent with the results by Allen and JeS3émnat the
decreasing particle size. The increase of the free energy imelting temperature depression of the nanoparticles in the
solid particles in which the lattice softenitfg'* and mor-  composition range near the deep eutectic point can be greatly
phological fluctuation'S-*® will be enhanced with decreasing enhanced as compared to that of the constituent pure sub-
particle size should become relatively more than that in parstances with relatively higher melting points in the calcula-
ticles in the liquid state in which the constituent atoms ac-ion of the size dependence of the phase diagram for the
tively move even in the bulk materials. Consequently, it isSn-Bi alloy nanoparticles. Figure(ly shows the schematic
considered that free energy as a function of temperature itlustration of a model for amorphouslike phase formation by
nm-sized alloy particles may be changed, as shown by thmelting (eutecti¢ temperature depression in nm-sized par-

C. Stability of amorphouslike phase in nm-sized alloy particles
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Te(Particle): Eutectic temperature of particle
Te(Bulk): Eutectic temperature of bulk material
Tu(Particle): Melting temperature of particle
Twu(Bulk): Melting temperature of bulk material

Solid (Particle)

Free energy

Solid (Bulk material)
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FIG. 5. Schematic illustrations of difference
in the free energy between bulk materials and the
corresponding nm-sized particle® The sche-
matic illustration of free-energy temperature-
composition diagram in the eutectic systefi)
(b) The schematic illustration of a thermodynamic
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model for amorphouslike phase formation by
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ticles. In this case, the melting point of such nm-sized alloyphase is not a nonequilibrium phase. In this context, the
particles would be below room temperatuthat is, below phase is different from such nonequilibrium amorphous alloy
glass transformation temperatirsince the eutectic point is as produced by liquid quenching, mechanical grinding, or
551 K for bulk. Then there will be a possibility that room mechanical alloying.

temperature is too low to keep the equilibrium liquid phase
in the liquid state and therefore the liquid phase freezes into
an amorphouslike solid phagee., the ideal glagsat room
temperature where the present observations were carried out. The effect of particle size on the phase stability in nm-
This may be one possible explanation for the formation ofsized Au-Sn alloy particles has been studied by TEM. When
the amorphouslike phase. It was revealed in the previouthe composition of alloy particles falls in the two-phase re-
session that the amorphouslike phase goes to melt withogfion in the phase diagram for the bulk material, two phases
preceding crystallization on heating. This fact shows that thexpected from the phase diagram were produced in particles

IV. CONCLUSION
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of larger than 10 nm in diameter, whereas an amorphouslikeemperature depression may play an important role in the
phase was produced below 6-nm-sized alloy particles. Thetability of amorphouslike phases.

amorphouslike phase directly changes into a liquid phase

with increasing temperature and then the reversible transfor- LSS

mation occurs with decreasing temperature. The changes in This work was supported by the “Research for the Fu-
the free energy in nm-sized particles bringing about meltingure” Program, JSPS #96P00305.
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