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Size-dependent melting point depression of nanostructures: Nanocalorimetric measurements
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The melting behavior of 0.1-10-nm-thick discontinuous indium films formed by evaporation on amorphous
silicon nitride is investigated by an ultrasensitive thin-film scanning calorimetry technique. The films consist of
ensembles of nanostructures for which the size dependence of the melting temperature and latent heat of fusion
are determined. The relationship between the nanostructure radius and the corresponding melting point and
latent heat is deduced solely from experimental res(iles, with no assumed modeby comparing the
calorimetric measurements to the particle size distributions obtained by transmission electron microscopy. It is
shown that the melting point of the investigated indium nanostructures decreases as much as 110 K for
particles with a radius of 2 nm. The experimental results are discussed in terms of existing melting point
depression models. Excellent agreement with the homogeneous melting model is observed.

[. INTRODUCTION to obtaining melting point information we also obtain values
for the energy involved in the melting process. There are
The physical properties of materials with reduced dimen-many types of calorimetric methods. Experiments with metal
sions draw considerable attention because of the technologfilled porous substances,particles dispersed in oif, and
cal importance and fundamental interest of the probidm. particles embedded in a metal matfix* used conventional
Nowhere is the interest greater in the thermodynamics ofalorimetry, but the melting behavior in such cases must
materials at small dimensions than in the microelectronic$trongly depend on the type of surrounding material, i.e., on
industry, where transistors and metal interconnects will havéhe environment of the nanostructurés® Also, a sophisti-
tolerances of only several nanometers by the year 2005. Orf@ted technique based on laser irradiation of free metal clus-
particular phenomenon of interest is the size-dependent melters produces calorimetric data which are not affected by
ing point depression—small particles have a lower meltingsubstrate influenct:*’ To date, this technique has been ap-
point than bulk material=® This results from the increas- plied only for very small single cluster&ompatible with
ingly important role of the surface as the size of the struc/mass spectrometry®
tures decreases. From an atomistic point of view, as the size Recently, an ultrasensitive method, thin-film differential
of the nanostructures decreases an increased proportion g§anning calorimetryTDSC),"*"* was developed to mea-
atoms occupy surface or interfacial sites. These atoms aglre the thermal processes occurring in samples deposited on
more loosely bound than bulk atoms, which facilitates the? surface. In this article, the TDSC method is used to observe
melting of the nanostructure. However, the mechanism byhe melting behavior of small indium nanostructure en-
which nanostructures melt is not fully understood. In order tosemblesiindium and its alloys are important materials in the
develop a better understanding of the phenomenon more efdicroelectronics area, specifically in flip-chip packaging
perimental information is warranted, especially with regardtéchnology?. The limits of the measurement have been
to the energy associated with the melting process. pushed to sizes never before reached. We demonstrate that
Melting point depression in nanostructures was first obihe melting point depression and latent heat of fusion of such
served using transmission electron microscgpiEM).>6-8  nanostructures decreases proportionally to the reciprocal ra-
Using this technique the melting temperature of nanostrucdiusr ~* for radii down to 2 nm.
tures is monitored by the loss of crystalline structure with
increasing temperature. It can also be used, as we do in this II. MELTING MODELS

work, to measure the size of the nanostructures directly. There are manv excellent anproaches for theoretical stud-
However, high-energy beam-sample interactions may influ- y PP

ence the melting process. Similarly, x-ray diffraction has'<> of melting phenor_nenon in small particles, incluc_jing cl_as-
also been used for melting point depression stutiéghe sical tgeggwodynamlc . as yvell as _modern sm_1u|at|on
difficulty in using this method is the determination of the VTS:L‘OI‘:] . or convenience in t‘;'}?;g‘;‘gga‘;‘#]g‘rﬁgg”;]Z"r‘;?(':
particle size distribution, especially for the smaller particles ’ pap y

Calorimetry is another extremely powerful technique fordescrlptlon of melting. A theory based on the Laplace equa-

investigations of melting phenomenon. Using calorimetry Wet'on of the surface and the Gibbs-Duhem equéfignedicts

directly measure the heat capacity and the latent heat of fif melting temperature depression of the form

sion as functions of the temperature. This technique has un- obuk

dergone major improvements in recent years. Calorimetry AT=TUk_T (1)~ —pm— — (1)
. . . . . . . m m HEUR r !

adds a unique dimension to melting point studies. In addition m Ps
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where T2, HEY "andp are the bulk melting temperature, T —_— sample
the bulk latent heat of fusion, and the solid phase density,
respectively.r represents the radius of a spherical particle,
and « is a parameter related to the interfacial tension be-
tween the solid phase and its environment. Up to now, three
main melting mechanisms have been considered to describe
the relation between the melting temperature and the size of
particles, resulting in different expressions far

(i) The homogeneous melting and growth model
(HGM),®*% which considers equilibrium between entirely
solid and entirely melted particles and expressess

sensor sensor

aHGM:UsU_Ulv(Ps/m)Z/s- 2

(i) The liquid shell model(LSM),%2%2" which differs
from the HGM by assuming the presence of a liquid layer of
thicknessrg in equilibrium at the surface of solid particle;

this model sets - - - =t
fixed shutt
aLay= sl to,l1- E) 3) ixed shutter
1- 0 P mask sample
r Si SN, Ni
(ii ) The liquid nucleation and growth mod@ING),?8-31 L]

based on the kinetic consideration that melting starts by the FG. 1 Pl . q tional tati t th
nucleation of liquid layer at the surface and moves into the -+ Flan-view and cross-sectional representations ot the

solid as a slow process with definite activation energy, and"-film calorimeters used for this study. The current pulse is
for which driven between paddles 1 and 4, and the voltage is measured across

the central part of the calorimeter using paddles 2 and 3. Differen-

) tial measurements are achieved by using a second calorimeter on

3 Ps

og1< aLNG<§ O-SU_0-|UE

Here o represents the interfacial tension between solid, lig2rated against the temperature in a three-zone tube vacuum
uid, and vapor phasdindexess, |, andv, respectively, and ~ furnace. o .

p, is the density of the liquid phase. In addition, it is worth  1he calorimetric measurement is initiated by applying a
mentioning that Eq(1) is actually a first-order expansion. synchronized dc electrical pulse to each nickel heater. The

However, the second-order tefnis small in the present temperature of the sensors increases by Joule heating. High
case. since it represents a correctiontd K atr =2 nm. heating rategfrom 10* to 1P K/s) allow the measurements

These models are related to the different proposed meltin%ﬁ approach adiabatic conditions. The current and voltage of
mechanisms of the nanostructures. Verifying the applicabil"® Sensors are measured for power and resistiaitg tem-

ity of these models by the experimental datthout pre- Perature calculations. .
supposing any model in the data analysiiows us to draw In the ideal case where we would have two identical sen-
conclusions about the melting mechanism of indium parSOrs with temperatures increasing exactly at th(nT same rate,
ticles. the power required to melt the sample deposited on the

sample calorimeter would simply be

(4) which no sample is deposited.

ll. EXPERIMENT P(t)=Vgls— Vglg, (5

The TDSC method relies on microfabricated calorimetric\yhereV and| denote the voltages and currents through the

sensors. The planar and cross-sectional configurations of t'l%mple and referenc¢indexesSandR, respectively sensors
TDSC system are shown in Fig. 1. These sensors consist @hdt is time. The heat capacity would then be

an extremely thin(30 nm) amorphous silicon nitride mem-

brane @-SiN,) supported by a silicon frame. The mass ad- P(t)

denda of the sensor being so small, the achieved sensitivity is Ce(N= F77qt’ (6)
comparable to the latent heat of fusion of 1/1000 of a mono-

layer of bulk indium. whereT is the sample temperature at tirheHowever, sev-

On one side of the membrane, a patterned bt nm eral corrections have to be taken into account. First, an inde-
nickel strip is deposited, which is used simultaneously as @endent measurement ®f and| for the sample and refer-
heater and resistive thermometer during the experiment&nce leads to somewhat noisy measurements. A differential
Differential calorimetry is achieved by using two identical measurement of the voltage across the reference and sample
sensors in one setup—a sample sertaath material depos- sensors drastically improves the signal-to-noise ratio, and is
ited on the senspiand a reference sens@vith no material.  the key element that allows us to reach high sensitivity. Sec-
Before the experiment, the resistivity of both sensors is caliond, the characteristics of the sensors in any couple are not
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absolutely identical. In order to correct this disparity, the 5 pPr———1T———1T—T—T—— T

difference in heat capacity between the sample and referenc [ T 0 ,‘ 5.6 nm ]

cells is measured as a function of temperature before the & '50;_ I " ’ T

experiments. Such relations are used in the final calculations 4 '_g 140k o /‘ 07 | ]

Corrections also take into account the influence of the depos :g 130 b Xo s s ' | ]

ited sample mass on the heating rate of the sample senso [ § 120 fe® \ 3 m§ ' i ]

Third, the sameCp(T) measurements are carried out at dif- 27 '« o\ 1 5P 320m]

ferent heating rates, and used for later calculations of hea’ ™ [ & '"°F o Y5 i

loss correctiori.e., departure from adiabatic conditions S [ toobwbsbiolnblnndg ,\/ ]
For the present experiments, thin indium layers with dif- & [ ° de;osfte o thickness fam] . 4 it ]

ferent thicknesses have been investigated. We selected ir§ 2F il “ i 7]

dium due to its low melting pointT{?2“k=156.60°Cfand  § [ ”3 nm//;?‘\_! v Tmoud

low affinity with SiN,. Moreover, indium has frequently = [ ) [ i

been used for investigations of melting phenomena in small

particles®11131430.34The first stages of the deposition re-

sult in a discontinuous film on the sensor membrane, consist:

ing of nanoparticles of various sizésBelow 100 nm of T T <

equivalent indium thickness, the average size of the particles  © 10110 120 130 140 150 160
?tncc;eases almost linearly with the quantity of metal depos- Temperature [°C]
ited.

For each experiment, both sensors are placed together in a FIG. 2. Normalized calorimetric curvgse., Cp(T)/masg ob-
standard evaporator with a base pressure of about Torr. tained for the 1.3-, 2.3-, 3.2-, and 5.6-nm indium depositions. The
Before the deposition, the sensors are heated in order to raset shows the progression of the peak temperature and the full
move any potential contamination of the surface. A shadowidth at half maximum(FWHM) of the melting peak with depos-
mask is placed in line with the nickel strip as illustrated in ited thickness.

Fig. 1. Pure indiumAlfa AEesar 99.9985%is then evapo-

rated onto the sample sensor to nominal thicknesses rangiffickness:* We correct for the increase in particle size due to
from 0.1 to 10 nm. The thickness of the different layers isoxidation by recalculating the particle-size distribution ob-
monitored by anin situ quartz microbalance, and corrobo- tained from the TEM micrographs. By taking into account
rated afterward by the mass obtained from the heat capaci#{ie change in volumé24% in volume or 7% change in ra-
measurements. The deposition rate ranged from 0.02 to 0.04us) due to the oxidation process we reduce the size of each
nm/s. particle in the distribution by the appropriate amount. For

Beginning within a few seconds following the indium €xample an indium nanoparticle with radius of 3.0 nm will
deposition, 100 calorimeter measurements/scans are tak&8 totally oxidized during the transfer, and will have a final
sequentially at 1-s intervals. During each scan the temperdadius of 3.2 nm. From a practical standpoint, the oxidation
ture of the nanostructures as well as the calorimeter is raisegffect has little impact on the overall analysis, since the
from ambient temperatures to 300°C. Consequently thé&aximum difference between the radius of an completely
nanostructures are annealed during each scan. However, tR¥idized and unoxidized 3.0-nm particle is only 0.2 nm,
effects of annealing, which are associated with minohich is about the level of uncertainty of our TEM and im-
changes in the particle size distributi6iEM) andC, data, ~ag€ analysis techniques. _
are limited mostly to the first scan and will be the focus of ~We note that particle smaller thanl nm were not dis-
our future work. The calorimetry data presented in this papefinguishable from the small features in the ildembrane.
represents the average of all 100 scans excluding the first tdhowever, such small particles should not contribute signifi-
scans. The scans are identical within the measurement errgi@ntly to the melting heat unless they are present in huge
and are averaged in order to increase the sensitivity of thBroportions. Finally, the relation between the melting point
system. The TEM and calorimetry data presented here ref@nd the particle size is extracted from the correspondence
resent the results of fully annealed indium particles. between the calorimetric data and the particle size distribu-

After the calorimetric measurement, the sample sensor ions, as described in Sec. IV B.
transferredex situinto a Phillips CM-12 TEM without addi-
tional preparation. Bright-field micrographs of the sample IV. RESULTS AND DISCUSSION
sensor are taken. The particle-size distributions correspond-
ing to each calorimetric experiment are obtained from digi-
tized images using a combination of distance transformation
and blob analysis algorithni. Several thousand particles  Figure 2 shows the heat capact€p(T)] measurement
were measured in each sample in order to achieve sufficiefior indium films with thickness ranging from 1.3 to 5.6 nm.
statistics. These curves have been normalized, i.e., divided by the film

Oxidation of indium nanostructures occurs during theareaS and the amount of mass deposited, from 0.4(h@
transfer of sample from the deposition/calorimetry chambenm) to 1.7 ng(5.6 nm. The baseline of all the curves corre-
to the TEM system. Particles with a radius of less than 3 nnsponds to the heat capacity of bulk indium at higher tempera-
are completely oxidized while those nanostructures with dures. This corroborates well with the amount of indium
radius larger than 3 nm have an “oxide-shell” of 3-nm measured by the quartz microbalance during the deposition.

A. Effects of the melting point depression
on TDSC measurements
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As a result, this shows that the calorimeter can be used tmation. Such atoms being more loosely bounded, they
measure small masses of material precisely. should require less heat in order to melt, so we also expect

The peak in eackp(T) measurement represents the heatthe latent heat of fusion to decrease with particle size.
involved in the melting process as a function of the tempera- The value of the heat of fusiohl,, can be determined
ture. Figure 2 demonstrates a significant low-temperaturérom the Cp(T) curves as the area under the melting peak.
shift in melting peak and peak broadening as the film thick-The melting peak component of tH@(T) measurements
ness decreases. These effects are reported on the inset of Fijown in Fig. 2, as well as those of other experiments, have
2, which shows the position of the peaks and their full widthbeen integrated over the temperature in order to measure the
at half maximum(FWHM) as a function of the indium film heat of melting as a function of film thickness. This result is
thickness. This is the result of the decreasing size of thehown in Fig. 4, in comparison to the expected value if all
particles with decreasing deposited amount of indium. particles were melting with the bulk latent heat of melting

The TEM micrographs in Fig. 3 show that the indium film (solid line). While the correspondence is very good for larger
is discontinuous and consists of individual nanometer-siz¢hicknesses, it is seen that the heat of melting is significantly
particles. The smaller particles correspond with the thinnepffset for the smaller particles. This difference can be due in
film, as clearly shown by the corresponding particle-size dis-
tributions. The particle distribution histograms, hereafter de- 3¢
noted ash(r), represent the particle surface density as a
function of the radiusi.e., (particles/nm)/nm]. In Fig. 3 and
subsequent figures(r) has been multiplied by the volume 25
of the particles (4rr®/3) so it reflects in a more sensible way
the participation of the particles to the melting peak, since
they should contribute to the heat of melting proportionally =' 5
to their volume, or mass, at least in a first approximation. =

On these histograms it is shown that average size of par §
ticles decreases with the film thickness. Since their tempera'g 15
ture of melting decreases accordingly, following Ed), hall
their contribution to the melting peak is shifted toward lower ©
temperature. The broadening of the peak is the result of theJ
nonlinear (1¢) relation between the size of the nanostruc- o8
tures and their melting point. The same spread in the particle
size distribution corresponds to a much larger width in the
Cp(T) curve for smaller particles than for larger ones. It is
thus clear that a relation between the size of the nanostruc
tures and their melting temperature can be extracted fromr
such measurements.

Another important feature of calorimetric techniques is
that they simultaneously measure the latent heat of fusion or
fche melting particles. Thisis importan'; since the size can a_lso FIG. 4. Raw data of the heat of fusigimtegral of the melting
influence this parameter. The proportion of atoms occupyingeaR as a function of the deposited thickness for all the experi-
surface sites in a spherical particle will increase proportionments. The solid line represents the expected value if all the depos-
ally to the reciprocal radius (d), at least in a first approxi- ited indium melted with the bulk heat of fusion.
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FIG. 5. Micrographs, particle size distribution and associated calorimetric data fof@)th®1-, (b) 0.2-, and(c) 0.4-nm indium
depositions. The radiuR, corresponding to the lower limit temperature is indicated.

part to a size-related depression of the latent heat, but also tq(r), observed by microscopy, is based on the fact that par-
possible existence of some forms of deposited indium whiclicles with different sizes melt differently. The relationship
do not contribute to the melting process under the describebetween those two measurements is basel)dhe particle
experimental conditions. Such forms can include alreadyize dependence of the melting temperature @ndhe rela-
melted particles, adatoms, the liquid layer on the surface ofion between the size and the latent heat of fusion. These two
particles, the interface layer between particles and memphenomena are tightly intertwined in the measured signals.

brane, etc. Our objective here is to decouple and reveal these two effects
without using anya priori insight or model for their size
dependence.

B. Size-dependent effects Only two general assumptions will be used. First, the

This section describes how the influence of the size on thenelting temperature increases with size., particles with
melting point and heat are determined for indium nanostruclarger radius melt at higher temperatyrédecond, each par-
tures. The interconnection between tlg(T) plots, ob- ticle melts instantlat one certain temperatyrélhese sup-
tained from calorimetry, and the particle-size distributionpositions are very common. The first hypothesis is based on

FIG. 6. Schematic representa-
tion of the procedure used to de-
termine the relationship between
the melting temperaturd,, and
the particles radius. (a) The nor-
malized particle size distribution,
which has the same area under the
curve than the melting peak iib)
which is the corresponding calori-
metric curve. The temperatuiig,
at which the particles with a ra-
dius r melt is such that the area
under the right part of both curves
is equal.

a)

Same

H™ §x4mrp,h(r)
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extensive experimental literature on the melting of small par-
ticles on free surfaces. The only exception is for very small
clusterst®t” which show irregular variations of the melting
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(Ref. 6 and LSM (Ref. 6 models, and obtained as experi- 150

mental fact in LNG model consideratioffs.
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1. Size dependence of the melting point

o]

The main idea of extraction of a model-free correspon-
dence between melting temperature and particle radius fron
TEM and calorimetric data is straightforward. A direct rela-
tionship is established by mappirige., integrating concur-
rently) the area under the particle-size distributions and the
melting peak of the correspondinGs(T) measurements.
This integration procedure will be described below. How-
ever, before we enter into the details of this calculation, it
must be established that both the size distribution histogram: -
and melting peak plots are incomplete in the lower part of 50
their abscissa. While the maximum melting temperature,
nearT? is properly measured, as well as the largest par-
ticle sizes in each film, particles with a radius less than about
1 nm cannot be distinguished from the Siddembrane fea- - 1
tures on TEM micrographs. So this part of the histogram has {50 |2
the largest degree of uncertainty. At the same time, a part of
the melting peak, for temperatures below the present work- —
ing temperature range of calorimeter, cannot be measurecg_,
This will obviously principally affect the thinnest films.

In order to find the section of the size distribution that
corresponds to the measured part of the melting peak, we
need to calculate a particle radiRg that corresponds to our
lowest measurable melting temperattiye Then the particle
distribution fromR| up to its maximal radiugwhich is eas-
ily found from the TEM micrographscan be mapped onto
the melting peak in the temperature range fromup to its
maximal temperature. The following procedure has been
used to calculate the value & . Although the working
temperature range of our TDSC begins at room temperature
reliableCp(T) measurements are available only above 40 °C
due to transient effects at the beginning of the heating pulse
It is thus convenient to use this temperatureTas(i.e., T,
=40°C).

The Cp(T) curves and the particle radius distributions of
the smallest deposited thicknesses are compared in Fig. g
For the 0.4-nm indium deposition, most of the melting peakf
IS.VISIb.le’ and a !arge fraction of the mghum Mass 1S CON-4¢ e results in(@ (symbol M). This average result is compared
tained in the particles larger than 2 nm in radius. Also, the, .. jiferent melting modelglines).
0.2-nm experiment reveals barely half of the melting peak in
the QP(T) da‘?‘- On the other hand, there is no obser_vableeach deposition cycle. This mapping process is shown sche-
melting peak in the 0.1-nCp(T) measurement, for which matically in Fig. 6
all particles are smaller than 1.75 nm in radius. After com- -

paring the particle distribution with the heat-capacity data for The first step is to "normalize” the calorimetry and TEM
the thinnest films(0.1~0.4 nm we conclude that the most data so that the heat generated by a specific set of particles is

reasonable estimation &, =1.85+0.1 nm. Henceforth for \?v(lugle;;eth;: 2?}62625;:;2? gfy ths?b%l'\?r;gettﬁg sln e(ici)flir;g >
all further analysis, only particles with radius larger tHn 9 P

will be considered to contribute to the melting heat abovedepOSIted thickness to be as follows:
T..

This being established, the next step is to relate the spe-
cific melting pointT,,(r) to a specific particle size. This is
achieved bymappingthe integral heat involved during the
melting [from the Cp(T) measuremeniswith the corre-
sponding TEM particle distributiorh(r) (for r>R,) for

100

Deox<mtr xO

10 nm

Melting temperature [

L |

lJ_I_LIlJI_LlIKAI_l!I_LI |J|;11|4

Ed
LI LI L

8 T(r) average
HGM

—=—-LSM

100

Melting temperature
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.
oA

0.6

PR T AN TN T S NN YT N STAY SN A MV A XU |

0.0 0.1 0.2 0.3 04 0.5
reciprocal radius 1/r [nm'l]

FIG. 7. Result of the calculation schematically described in Fig.
‘as a function the reciprocal radia) Result for each experiment,
or which both ends are identified by the same symtimlAverage

[ "teem-cgiar
T

TEM_
Hy =

) , (7)
3
Sf Ewr psh(r)dr
R
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TABLE |. Characteristics of indium.

Constant Value Description Ref.
Thulk 429.75 K bulk melting point 33
H bulk 28.39 Jig bulk specific heat of fusion 33
Ps 7.31 glend solid phase density 34
P 7.02 glend liquid phase density 33
O 618+ 10 mJ/nt solid-vapor interfacial tensién 37
o, 560 mJ/nd liquid-vapor interfacial tension 37
oy 63 mJinf solid-liquid interfacial tension 37,9
Cp (0.211856-9.1160x 10 °T) JigK, T<T,

0.27348 JIgKT>T,, specific heat capacity 38

8Average betweeri110) and(011) faces.

where C3 is the baseline under the melting peak in thedepositions have been performed with various amounts of
Cp(T) measurement, and corresponds to the bulk heat canaterial. Since there is some overlap in the particle distribu-
pacity, ps is the bulk solid phase specific density, #is the ~ tions between the deposited thicknesses, we can obtain an
area of the indium film. Although it is necessary for us toa@verage value folfy,(r). Such averagd@m(r) relations are
define the heat of fusion in this way to directly relate theCalculated, and plotted in Fig.(l), and are found to be re-
particle size and melting point, another method to estimatd"arkably linear over a wide range down to nanometer sizes.

the dependency of the heat of fusisif, on particle size will uch “classical” behavior is predicted by the HGM
be discussed in Sec. IVB 2. model. To illustrate this point, a simple straight-line relation,

The calculation of the mapping proceeds as follows. Inidentified as a thick solid line in Fig.(d), has been fitted to

order to determine the melting temperatiig(r) for a par- the averaged data. The slope of this relation 220

! . . ; . +10nmK, which corresponds te=53+3 mJ/nf in Eq.
ticle of radiusr, we integrate the equivalent heat of melting (1). A theoretical value ofx can be calculated for the HGM
for all particles with radiug >r’ [the shaded area under the ;"

curve in Fig. 6a)] as given by the integral from Eq. (2) using values denoted in Table 1. The result,
9- 9 y 9 apeu=43+10mJ/nt, is in fairly good agreement with the

e w4 experimental valugalso see Table )I
H xsf —ar3ph(r)dr. 8 .
m o3 Ps ") ® radius [nm]
We then match this amount of heat with that measured with 8 6 4 2
the calorimetefthe shaded area under the curve in Figp) 6 AL B ' ! 1
as given by Eq(8). This is done by selecting the appropriate -
value for the lower limit of the following integral: 30 H; b -
— 10 nm M N
5 nm T
bulk 3 nm <
f ™ [Cp(T)—-CO1dT. 9 25 N .
Tm(r’) ?D %\i-ﬂ'ﬁr ....... 4
—~ I .......... :
For a given value of’' there is a unique value of,(r") E’ ~ \n R ]
which satisfies the criterion. Obviously, because of the defi- & 20 -1\'"88nm ----- 7
nition of HI =" [Eq.(7)], atr' =R, we findT(r)=T,. This 3 S — o6 1
technique is repeated sequentially for the entire range of par< 1s — s 0.2 nn]

/
=3
~
5§
3

i

ticles size starting from the largest particle to the minimum
size particle with the constraint that>R, .

The mapping process is done separately for each depos 10
ited thickness, each yielding a unique experimental set of
values forT(r). The results of this analysis are shown in
Fig. 7(a). The beginning and end of the relation deduced for
each thickness are identified by the same symbol. Severa

Heat
/

—— HE for each experiment
— — - linear regression
--------- H,,(r) from thermochemical cycle
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/
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0
TABLE Il. Experimental parameters. 0.0 0.1 0.2 03 04 . 0.5 0.6
reciprocal radius 1/r [nm’']

Parameter Value Description

— - FIG. 8. Heat of fusion as a function of the reciprocal radius
S 2.3 mnt area of the indium film deduced from the melting peak and the estimated melting mass of
T 40°C lower-limit temperature each experimerfsee Sec. IV B 2 for the details of the calculation

R, 1.85£0.1nm lower limit radius The horizontal solid lines indicate the radius range to which the
Q 0.75£0.1 volume shape factor calculation applies in each case. The dashed line is a linear regres-
ro <0.5 nm liquid shell thickness in LSM  sion through the data. The doted line represents the theoretical size-
dependence deduced from the thermochemical cycle of Fig. 9.
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Solid indium, Heat of fusion Liquid indium,

spherical particles of particles H,(r) spherical particles
with radius r, - with radius r,
temperature 7,,(r) temperature T,,(r)
Energy of aggregation Energy of cooling
(particles — bulk) T,(r)
-3c f o (T)AT
— ) Jliqui .
_O'A-VSp (r)Np (")— - r—w e Filiquid FIG. 9. The thermochemical
Py " cycle, used to estimate the size de-
o - pendence of the latent heat of fu-
Solid indium, Liquid indium, sion H.,(r) using Hess' Law.
gﬁlk’erature T.(r) Sp.}t’ﬁrlcg! particles Sp(r) and Ny(r) denote the area
D i :;n ;?atl:;:er’ " of particles and the number of par-
P T, ticles that can be made fmo1 g of
. . ) indium, respectively; see the text
Energy of heating Energy of disintegration for other definitions.
Tk (bulk — particles)
ICP,.volid (TMT O-IvSp (r)N (r) = ﬁ’—
Ta(r) ' ? rp,

Solid indium,
bulk,
temperature 7

Liquid indium,
bulk,
temperature 7

-

Bulk heat of fusion f &

Our results do not exclude the LSM model, but impose aneasured from the TEM micrograph. This type of calcula-
serious limit on the thickness of the liquid shelj. The tion leads to the valuel ™ used in Sec. IV B1.
dashed line in Fig. (b) represents a fit of the LSM to the However, such a volume estimate is influenced by several
unaveraged data, giving,=0.3nm and oy=63mJ/nt parameters, mainly the shape of the particle. TEM only al-
~og,— 0, as it should be near the melting temperature. lows a two-dimensional projection measurement of the par-
The maximum acceptable value fog=0.5nm, which rep- ticles, which may not be complete spheres. In fact, a notice-
resents the thickness of two atomic monolayers. This maxiable departure of about 25% is found between the volume
mum value forr, is obtained by allowing to vary, yet measured by TEM and the expected deposited thickness. For
keeping the fitted curve within bounds of the errors bars ofindium films in the range of 0.2-5 nm, particles can be
the data. This is in interesting agreement with the results ofiewed as incomplete spheres with a volume shape factor
Ref. 37 on bulk(110 indium; these authors observed a Q=0.75-0.1 (i.e., the actual volume of the particles is
strong relaxation effect in the two first monolayers of thisabout 75% of the what it would be if they were complete
material. Our data also fall in the limit range predicted by thespheres with the radius measured by TEM
LNG model. Nevertheless, no physical evidence allows us to On the other hand, the mass can be deduced directly from
determine if the additional parameters in the LSM)(and  the baseline in th€p(T) measurement, using the bulk spe-
LNG models are physically meaningful. For this reason, thecific heat capacity. In this case, a self-consistent estimate of
simplest HGM model, which can be described in terms ofthe specific heat of fusion can be found,
some well-known independent characteristics of the material
(0 01, ps, @andpy), is preferred.

Finally, the slight S shape denoted in some of the indi- Thuk 0
vidual T(r) relations in Fig. 7a) could be the result of the f [Cp(T)—CpldT
widening of the melting peaks by the temperature resolution HC=""" (10)

0 )
function of the calorimetergthe FWHM is approximately " CplcpF
equal to 4 K; but some real effects could also be responsible

for such features. whereF is a correction factor discussed below, @Rfcp is

the mass found from the ratio between the measured baseline
heat capacitycg in J/K) and the specific-heat capacity from
Now that the relation between the melting temperaturehe literature(cp in J/g K).%® However, this ratio constitutes a
and the size of the particles has been extracted fronCthe measurement of the total mass. As demonstrated in Sec.
measurements, the next step is to look at the relation betwedW B 1, the melting peak is incomplete for many experi-
the heat of fusion and the radius. The specific heat of fusioments, especially for the smaller thicknesses, since the par-
H ., is calculated by dividing the heat involved in the melting ticles smaller tharfiR, do not contribute to the melting above
process by the mass of the sample. In one case, the massTf. For a better approximation, only the fractiénof the
the sample can be evaluated from the volume of the particle®tal mass actually melting has to be taken into accoknt.

2. Size dependence of the latent heat of fusion
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can be estimated using the histograh{s) as the volume The size-dependent heat of fusibin,(r) is represented as a

fraction of particles with a radius abow®_ over the total dotted line in Fig. 8. The model is in fairly good agreement

volume measured by TEM. with our data. The difference can be justified in terms of an
However, inasmuch as TEM has a limited resolution, andinderestimate of botH S, [Eq. (10)] and o, [in Eq. (11)].

could not detect a large number of very small particles, only

an upper-limit estimation of is available. ThusHﬁ1 consti- V. CONCLUSION

tutes a lower-limit estimation of the SpecifiC heat of fusion. Using ultrasensitive thin-film differential Scanning calo-
The results of the calculation of EQLO) for each experi-  rimetry in combination withex situTEM analysis, the melt-

ment are presented in Fig. 8. The horizontal lines represerig point depression of indium nanostructures has been de-

the radius range to which this calculation applies, considereluced quantitatively down to particle radii of 2 nm. A

ing the spread of the particles distribution in each casemodel-free method of calculating the melting temperature—

While theH§, value tends very well to the bulk latent heat of the particle radius relation—was described. The melting

fusion for large particles (£/~0), it clearly shows a depres- point shows a linear decrease with curvature X Within the

sion as the particle size decreases. experimental uncertainty, which is compatible with the ho-
While we have to keep in mind that this calculation con-mogeneous melting mechanism. It was also shown that the

stitutes a lower estimate, from an atomistic point of view thistheoretical considerations of latent heat of fusion depression

depression corresponds to the heat necessary to melt agith increasing curvature are in reasonable agreement with

proximately the first two atomic monolayers of the particles.our experimental results.

In some sense, this would indicate that the atoms of the first
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