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Size-dependent structural transition from multiple-twinned particles to epitaxial fcc nanocrystals
and nanocrystal decay

K. Sato,* W. J. Huang, F. Bohra, S. Sivaramakrishnan, A. P. Tedjasaputra, and J. M. Zuo
Department of Materials Science and Engineering and Frederick Seitz Materials Research Laboratory,

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
�Received 8 June 2007; revised manuscript received 8 September 2007; published 26 October 2007�

The size dependence of structural transition from multiple-twinned particles �MTP� to epitaxial face centered
cubic nanocrystals was investigated for Ag nanoparticles formed on Si�001� surfaces by in situ reflection
high-energy electron diffraction and ex situ transmission electron microscopy. The transition from MTP to
nanocrystals was promoted by postdeposition annealing. Clear particle size dependence is found in the epitax-
ial formation temperatures �TE�, which is about 2 /3 of the calculated, size-dependent, melting temperature
�TM� using the value of surface energy �S=1.2 J /m2 for larger particles ��2 nm�. Once nanocrystals are
formed, they decay and disappear in a narrow temperature range between 795 and 850 K. No evidence of
nanocrystal melting was detected from the reflection high-energy electron diffraction observations.

DOI: 10.1103/PhysRevB.76.144113 PACS number�s�: 61.46.Df, 64.70.Nd, 61.14.Hg, 68.37.Lp

I. INTRODUCTION

Recent interest in metallic nanoparticles have drawn re-
newed attention to a class of multiple-twinned particles
�MTP� that are characterized by the preference of �111� fac-
ets, presence of the five-fold symmetry, and elastic deforma-
tion of the constituent tetrahedral domains. The MTPs were
first observed in small gold particles forty years ago.1 Sub-
sequent studies have shown that MTPs are stabilized by the
competition between the elastic strain and the favorable sur-
face energies and there is a critical size beyond which the
bulk crystal structure is preferred.2 In the case of Ag, mo-
lecular dynamics �MD� simulations predict that particles
larger than 8 nm are expected to adopt the bulk, face cen-
tered cubic �fcc�, structure.3 MD simulations also show that
the differences in the energies of different structural forms
are small. Experimentally, once MTPs are formed, significant
atomic rearrangements are required to transform to the fcc
structure. The transformation from MTPs to fcc has been
rarely studied. It can be assumed that as the particle contin-
ues to grow, the transformation becomes increasingly diffi-
cult for larger particles. Experimentally, it has been shown
that in an inert-gas-aggregation source the MTPs can attain
considerable sizes.4 It has also been suggested that structure
transformation in large particles would require complete par-
ticle melting4,5 or grain growth.6 The melting of nanopar-
ticles is size-dependent.7–9 In case of Ag nanoparticles, low-
ering of the melting temperature has been clearly shown by
Castro et al.10 and Shyjumon et al.11 as a function of the
particle size. The depression of the melting temperature can
be explained by the thermodynamical model7,12 based on the
Gibbs-Thomson effect, which predicts a continuous decrease
of the melting temperature when the particle size
reduces.10–13 Similar size dependence is expected for the
MTP to fcc transition if nanoparticle melting is involved.

Previously, one of the authors has shown that most of the
Ag nanoparticles formed on hydrogen terminated Si�001�
�H-Si�001�� are MTPs and they transformed to epitaxial fcc
nanocrystals upon annealing.14 The driving force for the tran-
sition comes from the strain energy of the Ag MTPs and a

possible change in interfacial energy at the Ag-Si interface.14

The driving force appears large enough that even MTPs with
diameters as small as 2 nm transform into fcc nanocrystals.
Thus Ag nanoparticles on H-Si�001� are ideal for studying
the size dependence of transformation from MTP to fcc.
Here we report an in situ reflection high-energy electron dif-
fraction �RHEED� observation of nanoparticle structure
transformation during the postdeposition annealing. Ex situ
TEM is carried out to characterize the morphology and size
distribution of Ag nanoparticles grown on H-Si�001� sub-
strate. The experiment was carried out as a function of par-
ticle size. Furthermore, using the same experimental setup,
we investigated the size dependence of the decay of epitaxial
Ag nanocrystals. The experimental results are discussed in
the context of recent articles on structural and thermody-
namical properties of small metal nanoparticles.

II. EXPERIMENT

Ag nanoparticles were prepared by electron-beam deposi-
tion of high-purity Ag �99.9999%� onto chemically prepared
H-Si�001� substrates �6�15�0.5 mm3� at room tempera-
ture. The deposition and subsequent annealing were carried
out in a vacuum chamber equipped with a RHEED gun �base
pressure of �10−7 Pa�. The growth rate was monitored using
a quartz oscillator and calibrated by ex situ Rutherford back-
scattering spectroscopy. The growth rate was set at
0.1 nm/min. For ex situ TEM observation, the Si�001� sub-
strates were initially back-thinned by grinding, followed by
the chemical etching for electron transparency. After de-
greasing and chemical cleaning, the samples were etched in a
40% NH4F solution, followed by a short rinse in deionized
water, for hydrogen termination.14 The surfaces of H-Si�001�
substrates before and after the Ag deposition were character-
ized by RHEED operated at 11 kV �wavelength �
=0.0116 nm�. The diffraction patterns were recorded from
areas unaffected by the thinning using a charge coupled de-
vice �CCD� camera. A tungsten-rhenium thermocouple at-
tached to the sample heater was used to monitor the sample
temperature. The temperature at the sample position was
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calibrated prior to the in situ annealing of Ag nanoparticles
using a chromel-alumel thermocouple. The heating rate was
set to be about 5 K/min. Particle morphology and selected
area electron diffraction �SAED� patterns were observed ex
situ by using a JEOL 2010F TEM operated at 200 kV with a
field emission gun. All TEM images were recorded by a
CCD camera, while SAED patterns were recorded by using
Imaging Plates �Fuji Film FDL-UR-V�. Elemental analyses
of the samples before and after annealing were carried out by
using an energy dispersive x-ray spectrometer �EDS, Oxford
INCA� attached to the TEM, and also by x-ray photoelectron
spectroscopy �XPS, Kratos Axis ULTRA� using a monochro-
matic Al K� source and a charge neutralizer.

III. RESULTS AND DISCUSSION

Figure 1 shows a series of RHEED patterns recorded dur-
ing the course of Ag deposition and the subsequent annealing
at high temperatures for the Ag coverage of 1.6 ML �mono-
layer�. Before the Ag deposition, the H-Si�001� gave clear
sharp diffraction streaks in the RHEED pattern indicating a
smooth substrate surface �Fig. 1�a��. The diffraction patterns
were recorded using the beam incidence along �110�Si. The
incident angle of electrons was 2.1°, which was estimated
from the position of the shadow edge, the specular spot, and
the direct beam. After depositing a small amount of Ag at

room temperature, broad Debye-Scherrer rings of Ag appear
in the RHEED pattern �Fig. 1�b��, while weak diffraction
streaks of H-Si�001� still remain. The diffraction pattern is
consistent with the low coverage and Volmer-Weber growth
of Ag. The ring diffraction pattern of Ag comes from the
growth of Ag MTPs of random orientation on the H-Si�001�,
which was observed by TEM.14 Lower surface energy of the
H-terminated Si is responsible for the particle growth of
Ag.15 The TEM study shows that annealing of as-deposited
Ag nanoparticles lead to a structural change from MTPs to
fcc epitaxial nanocrystals.14 The starting of transformation
was observed in RHEED by the appearance of weak, broad
diffraction peaks on the Ag diffraction rings at around
493 K. The Ag diffraction peaks grow stronger while the
diffraction rings become weaker as the annealing tempera-
ture increases; this is clearly seen in Figs. 1�c� �528 K�, 1�d�
�592 K�, and 1�e� �688 K�. The spotlike Ag diffraction pat-
tern comes from the 3D epitaxial Ag islands formed by an-
nealing. The average Ag nanoparticle size is 2.4 nm, which
was measured ex situ using TEM after the sample was an-
nealed at 680 K. The Ag diffraction pattern belongs to the

�110� zone axis. Note that the �1̄11� and �11̄1� reflections of
Ag are not visible in the RHEED pattern since these reflec-
tions are shadowed by the specimen. The orientation rela-
tionship between Ag and Si is �001�Ag� �001�Si,
�110�Ag� �110�Si, in agreement with the previous paper.14 Fur-
ther annealing at 732 K led to the loss of Ag diffraction
intensities. The change in �004�Ag intensity during in situ
annealing is shown in Fig. 1�i� as a function of temperature.
Figure 1�f� was taken at 782 K showing an apparent decrease
in the Ag diffraction intensity. This was followed by a dis-
appearance of Ag diffraction peaks at higher temperatures.
After cooling down to the room temperature from the maxi-
mum annealing temperature of 888 K, only the streak pattern
of Si�001� ��110� azimuth� is clearly seen �Fig. 1�h��. Disap-
pearance of the Ag reflections indicates Ag evaporation from
Si�001� surface after melting or sublimation of Ag.16,17 The
difference between melting and sublimation will be further
discussed later.

Following the same procedure, we examined the epitaxial
transformation and nanocrystal decay behavior for a speci-
men with a Ag coverage of 3.2 ML. A series of in situ
RHEED patterns are shown in Fig. 2 with a beam incident
angle of 2.0°. The development of epitaxy and disappearance
of Ag in the course of annealing are similar to those observed
in the 1.6 ML Ag coverage shown in Fig. 1. There are also
several differences observed by RHEED as follows. �1� No
Si reflections, nor the specular spot, were observed due to the
thicker Ag coverage. �2� An additional diffraction ring was
observed in the as-deposited specimen indicated by the ar-
row in Fig. 2�b�. The extra ring was indexed as the �202�Ag

reflection with �1̄11� azimuth �Fig. 2�e��. �3� The epitaxy of
Ag started at 549 K, which is about 56 K higher than that for
the 1.6 ML Ag coverage. �4� Weak Ag diffraction rings re-
mained in the RHEED pattern after annealing up to 760 K
�Fig. 2�e��, while the Ag reflections started to lose intensity
after annealing at 796 K. �5� The loss of Ag diffraction in-
tensity is accompanied by elongation of the diffraction peak
in the direction normal to the substrate surface �Fig. 2�f��.

FIG. 1. RHEED patterns recorded in situ from Ag nanoparticles
supported on H-Si�001� during the postdeposition annealing. The
Ag coverage is 1.6 ML. The beam incidence is parallel to �110�Si.
�a� H-Si�001� before Ag deposition, �b� as-deposited, �c� 528 K, �d�
592 K, �e� 688 K, �f� 782 K, �g� 818 K, �h� after cooling down to
the room temperature, and �i� change in �004�Ag reflection intensity
during the in situ annealing. The development of Ag epitaxy fol-
lowed by Ag disappearance on the H-Si�001� substrate are clearly
seen during the course of annealing. The orientation relationship
between Ag and Si is as follows: �001�Ag� �001�Si, �110�Ag� �110�Si.
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These two effects are clearly seen in the pattern taken at
782 K �Fig. 2�f��. After the disappearance of the Ag reflec-
tions, Si reflections again appeared as shown in Fig. 2�g�
�837 K�. The change in �004�Ag intensity during in situ an-
nealing is shown in Fig. 2�i�. Figure 2�h� shows the RHEED
pattern recorded after the sample cooled down to room tem-
perature from the maximum annealing temperature of 880 K.
The Si streaks after annealing are not as sharp as the original
ones. A careful analysis of the RHEED pattern shows very
weak SiO2 diffraction intensity rings. The presence of SiO2
was also supported by ex situ XPS analysis. The oxidation
occurred at temperatures corresponding to hydrogen desorp-
tion, which are higher than the epitaxy formation
temperature.18,19 Hydrogen desorption also provides a part of
the driving force for the Ag nanoparticle transition from
MTPs to fcc nanocrystals.14 No evidence of Ag oxidation
was observed by RHEED. The additional weak �202�Ag re-
flections in Fig. 2�e� �shown by double-arrow head� comes
from the Ag nanoparticles with a different orientation with

�11̄2�Ag� �001�Si, �1̄11�Ag� �110�Si.
Figure 3 compares the RHEED patterns obtained after the

development of epitaxial Ag nanocrystals for a different Ag
coverage. The four RHEED patterns were recorded at differ-
ent temperatures since the annealing temperature required for
transforming MTPs to nanocrystals increases with the Ag
coverage. In each case, we also measured the nanocrystal
size using TEM. The results are listed below for the amount

of Ag coverage, the mean particle size �d�, the particle den-
sity �n� obtained from TEM, and the annealing temperature
�Ta�: �a� 0.6 ML, d=1.6 nm, n=3.5�1012 cm−2, Ta=670 K,
�b� 1.6 ML, d=2.4 nm, n=2.8�1012 cm−2, Ta=688 K, �c�
3.2 ML, d=3.1 nm, n=2.4�1012 cm−2, Ta=760 K, and �d�
4.8 ML, d=3.7 nm, n=1.7�1012 cm−2, Ta=782 K. Ag
nanocrystals formed with coverages of 0.6 and 1.6 ML show
clear epitaxy of 	001
 orientation as indicated by the spotlike
Ag reflections with �110� azimuth. In these two cases, sur-
face reflections from the Si substrate are also observed as
indicated by the arrows �Figs. 3�a� and 3�b��. In contrast, for
samples prepared at thicker Ag coverage, weak Ag diffrac-
tion rings still remain and additional Ag reflections with

�1̄11� azimuth appear as indicated by the double-arrow head
in Figs. 3�c� and 3�d�. In these specimens, no surface reflec-
tions from the Si substrate are observed. The characteristic
features of epitaxy can thus be summarized by the appear-
ance of 	112
 orientation of Ag in addition to 	001
 orienta-
tion, as well as the remaining, weak Ag diffraction rings for
the Ag coverage larger than 1.6 ML. Below that, epitaxy of
Ag nanocrystals with 	001
 orientation dominates. This ten-
dency is in contrast to the result for Ag/H-Si�111� system
where the smaller Ag nanocrystals are less aligned than the
bigger ones.20

The structure and morphology of Ag nanoparticles were
characterized by TEM. HREM images and the corresponding
SAED patterns for specimens with Ag coverage of 1.6 ML
�d=2.4 nm� and 3.2 ML �d=3.1 nm� are shown in Figs. 4�a�
and 4�b�, respectively. Before the ex situ TEM observations,
postdeposition annealing up to 680 and 748 K were per-
formed for these specimens, respectively, together with in
situ RHEED observations. Similar structural features are ob-
served in both specimens as follows. The HREM images
show the formation of squarelike Ag nanocrystals with sizes
of 2–4 nm. Moiré fringes due to the lattice mismatch be-

FIG. 2. RHEED patterns recorded in situ from Ag nanoparticles
supported on H-Si�001� during the postdeposition annealing. The
Ag coverage is 3.2 ML. The beam incidence is parallel to �110�Si.
�a� H-Si�001� before Ag deposition, �b� as-deposited, �c� 613 K, �d�
660 K, �e� 760 K, �f� 802 K, �g� 837 K, �h� after cooling down to
the room temperature, and �i� change in �004�Ag reflection intensity
during the in situ annealing. Reflection spot denoted by a double
arrowhead in Fig. 1�e� comes from the Ag nanocrystals with beam

incidence of along �1̄11�Ag. See text for details.

FIG. 3. The formation of epitaxial Ag nanocrystals with differ-
ent Ag coverages. �a� 0.6 ML, observed at 670 K, �b� 1.6 ML at
688 K, �c� 3.2 ML at 760 K, and �d� 4.8 ML at 782 K. As the
thickness increases, Si streaks �single arrow heads� disappear from
the RHEED pattern and additional Ag reflections �double arrow

heads� with �1̄11� azimuth as well as weak Debye-Scherrer rings of
Ag appear.
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tween Ag and Si are clearly seen in most of the Ag nano-
crystals. Epitaxial growth of Ag nanocrystals is also con-
firmed by the directional moiré fringes in the HREM images.
The SAED pattern shows the epitaxial relationship between
the Ag nanocrystals and the Si�001� substrate with
�001�Ag� �001�Si and �110�Ag� �110�Si, which agrees with the
RHEED observation as well as the previous study.14 Besides
the epitaxial diffraction spots, a weak �111�Ag ring is also
observed in the SAED pattern for the Ag nanocrystals with
3.2 ML coverage. Misoriented Ag nanocrystals can be easily
identified in HREM images by the direction of moiré fringes
as those encircled in Fig. 4�b�. Apparently, the dominant ori-
entation of epitaxial Ag nanocrystals is 	001
 rather than
	112
 on the Si�001� surfaces. The average particle diameter
and particle area density of Ag nanocrystals are summarized
in Fig. 4�c� as a function of the Ag coverage. The size dis-
tribution histogram was fitted by a log-normal distribution
function. This distribution is obtained when the logarithm of
the particle size follows the Gaussian distribution, which is
often observed in the self-assembly of metal nanoparticles by
deposition.21 The error bar indicates the standard deviation of
the particle size distribution. Particle sizes were measured
from the digital recorded TEM images and the total number
of particles counted was more than 200 for each specimen.
The particle size is defined here as the diameter of the circle
having an area same as that of particles digitally measured
from the TEM image. The observed smallest particle was
about 1 nm in diameter. The average particle size increases
from 1.6 to 4 nm in diameter as the deposited Ag coverage
increases from 0.6 to 6.4 ML. It is worth mentioning that the
size distribution of the Ag nanocrystals is rather narrow with
the standard deviation between 1.3 to 1.5 nm. The particle
area density gradually decreases as the average particle size
increases. Overall, the particle density remains in the order
of 1012 cm−2. This is in agreement with the previous work.14

The change in the particle size distribution histograms before
and after annealing at 723 K is small.14 This indicates that
particle ripening is small during annealing and the effect of
particle coalescence is also small to the epitaxial formation.

The above results show that the development of epitaxial
nanocrystals is characterized by three characteristic, irrevers-
ible, temperatures: �1� The epitaxy formation temperature as-
sociated with the initial appearance of epitaxial nanocrystals
in the RHEED patterns, �2� the temperature at which the
intensity of Ag reflections start to decrease, and �3� the tem-
perature at which the Ag reflections disappear as detected by
RHEED. These three characteristic temperatures are summa-
rized as a function of the average particle size in Figs. 5�a�
�epitaxial formation temperature� and 5�b� �initial decrease
and disappearance temperatures�. The lines in Fig. 5�a� indi-
cate the calculated melting temperatures for Ag nanoparticles
as a function of the particle diameter using the following
equation and different surface energies:10,12

TM�d� − TM = −
4TM

�S�HMd
��S − �L� �S

�L

2/3� , �1�

where TM�d� is the melting temperature of a Ag nanoparticle
with a diameter of d, TM is the melting temperature of bulk

FIG. 4. HREM images and the corresponding SAED patterns.
�a� 1.6 ML Ag coverage, after annealing at 680 K. The epitaxial
orientation relationship can be seen in the SAED pattern. �b� 3.2
ML Ag coverage, after annealing at 748 K. Misoriented Ag nano-
crystals are encircled in the image. �c� The dependence of the av-
erage particle size �solid circles� and particle density �open circles�
as a function of Ag coverage. Error bars denote the standard devia-
tion of the particle size distribution fitted by the log-normal distri-
bution function.
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Ag, �HM is the latent heat of fusion of bulk Ag, � is the mass
density of the particle, � is the surface tension, and the sub-
scripts S and L represent the solid and liquid phase of the
particle at the melting point. Thermodynamic quantities of
Ag used for drawing the solid line are as follows:10,22 TM
=1235 K, �S=9.82�103 kg/m3, �L=9.33�103 kg/m3,
�HM =1.11�105 J /kg, �S=1.2 J /m2, and �L=0.895 J /m2.
The melting temperature expressed by Eq. �1� continuously
decreases as the particle size reduces. The solid surface en-
ergy has a large effect on the melting temperatures. Figure
5�a� plots two additional melting temperature curves calcu-
lated with �S=1.3 J /m2 and �S=1.4 J /m2. The reported Ag
surface energy ranges from 1.17 J /m2 to 1.3 J /m2 �Ref. 23
and 24�. The lowest temperature for epitaxy is 465 K for
1.6-nm-sized Ag nanoparticles. The epitaxial formation tem-
perature increases as the Ag coverage increases and reached
711 K for 4-nm-sized particles. For comparison, we also
plotted the 2

3TM�d� curves as shown in Fig. 5�a�. The epitax-
ial formation temperatures are close to the 2

3TM�d� curve cal-
culated with �S=1.2 J /m2 for particles larger than 2 nm. The
epitaxial formation temperatures are close or above the melt-
ing temperatures if �S=1.4 J /m2 is assumed. The two third
of the melting temperature is regarded as a measure of an
enough high temperature for atomic diffusion.25 The epitax-

ial formation temperatures are 110–270 K lower than the
temperatures when the disappearance of Ag was detected
�open square in Fig. 5�b��. It should be mentioned that the
epitaxial formation temperature detected by RHEED is
dominated by smaller Ag nanocrystals. The ex situ TEM ob-
servations show that the larger particles transform at higher
temperatures than smaller particles. The small epitaxial par-
ticles contribute less to the RHEED intensity than large par-
ticles. Because of these two factors, the epitaxial formation
temperature is primarily determined by medium sized par-
ticles and less affected by the experimental particle size dis-
tribution.

To consider the role of surface diffusion in the particle
transformation, we consider the ratio of the surface atoms to
the total atoms of an icosahedral particle. The ratio is 44.9%
and 28.3% for 2-nm �561 atoms� and 4-nm-sized �2869 at-
oms� icosahedra, respectively.3 The large population of the
surface atoms facilitates fast migration and rearrangement of
atoms, since the surface migration is usually much faster
than bulk diffusion.26,27 According to the computational
study,26 activation energy �Q� for surface migration of Ag
adatom on Ag�100� is 0.48 eV with the frequency factor �D0�
of 1.2 or 3.9�10−3 cm2/s. The diffusion coefficient
�D /m2 s−1� is given by

D = D0 exp�− Q/kBT� , �2�

where kB and T denote the Boltzmann constant and the tem-
perature, respectively. Using the above reported parameters,
the diffusion length ��D�; �: diffusion time� can be calcu-
lated to be 4 nm at 500 K for 10−5 s. This diffusion length is
comparable to the size of the nanoparticle. On the contrary,
the reported activation energy for bulk diffusion �self-
diffusion� of Ag is about 1.76 eV with the frequency factor
of 0.041 cm2/s in the temperature range between 543 and
773 K28. These values lead to a short diffusion length of
0.03 nm even at 500 K for 102 s. The above simple estima-
tion indicates that surface migration of Ag atoms must play
an important role in the size-dependent epitaxy.

As for the mechanism of epitaxial transformation of Ag
nanoparticles, for particles smaller than 2 nm, there is a
strong possibility of involving particle melting. The epitaxial
formation temperatures are close to, or above, the theoretical
size-dependent melting temperatures calculated using differ-
ent surface energies. MD simulation shows that melting of
free Ag nanoclusters initiates at the surface and proceeds
toward the inside of the cluster as the temperature
increases.29 Such melting behavior can lead to high mobility
of surface atoms especially for small nanoparticles. For
nanoparticles larger than 2 nm, the uncertainty in the particle
melting temperature makes it difficult to distinguish whether
the particle does, or does not, melt for the structural transi-
tion.

Ag disappearance occurs at higher temperatures than the
epitaxial formation temperature. There is a noticeable differ-
ence between the temperature at which the disappearance
started and that when the Ag has disappeared. Thus the dis-
appearance of Ag by evaporation and/or sublimation does
not take place at a defined temperature. Furthermore, the
difference becomes more prominent at lower Ag coverage as

FIG. 5. �Color online� Particle size dependence of three charac-
teristic, irreversible, temperatures for Ag nanoparticles as detected
by RHEED observations. �a� The epitaxy formation temperature
associated with the initial appearance of epitaxial nanocrystals
�solid circles� and �b� the temperature at which the intensity of Ag
reflections start to decrease �open squares� and the temperature at
which the Ag reflections disappear �solid squares� as detected by
RHEED, respectively. Solid and broken lines in �a� represent the
theoretical size-dependent melting temperature for Ag and the 2/3
of the melting temperature calculated with �S=1.2 J /m2,
respectively.
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shown in Fig. 5�b�. The temperature differences between 64
and 81 K are observed for specimens with the Ag coverage
of 0.6 to 1.6 ML, and 15–27 K for the samples with 3.2 to
6.4 ML Ag coverage. This difference is also seen in the tem-
perature dependence of �004�Ag intensity shown in Figs. 1�i�
and 2�i�. Overall, disappearance of Ag completes in a narrow
temperature range between 795 and 850 K for Ag nanocrys-
tals of sizes between 1.6 and 4 nm. Apparently, the observed
disappearance temperatures of Ag nanocrystals do not follow
the melting temperature predicted by Eq. �1�. One possible
explanation of the observed size-independent evaporation
and/or sublimation temperatures is size distribution of Ag
nanocrystals. Assuming the kinematical theory of transmis-
sion electron diffraction, the intensity of diffracted beam �Ig�
is expressed as follows:30

Ig = � 	


g

2sin2 	sgt

�	sg�2 → � 	


g

2

t2 �sg → 0� , �3�

where 
g, sg, and t denote the extinction distance of reflection
g, excitation error of reflection g, and thickness, respectively.
Note that presently observed Ag diffraction patterns are the
so-called “transmission pattern” due to the island growth of
Ag and the glancing angle diffraction geometry. In such a
case, thickness t in Eq. �3� corresponds to the lateral dimen-
sion of the Ag island. Thus Ag nanoparticles with large di-
ameters contribute more to the diffracted beam intensity.
Therefore, the observed melting and/or sublimation tempera-
ture for Ag is mainly determined by the large Ag nanocrys-
tals. These nanocrystals have large curvatures, and low vapor
pressure according to the kelvin equation.16,31–34

To check the disappearance of Ag from the Si surface,
XPS spectra were measured for specimens with Ag thickness
of 1.6 ML �d=2.4 nm� and 4.8 ML �d=3.7 nm�. The ob-
tained XPS spectra of Ag 3d for both specimens are shown
in Figs. 6�a� and 6�b�, respectively. The energy scale was
calibrated by using a Si 2p peak position as a standard. In
Fig. 6�a�, solid and dotted lines denote the results for the
as-deposited and the annealed specimens, respectively.
Ag 3d3/2 and 3d5/2 peaks clearly disappeared after the an-
nealing at 888 K. By contrast, the intensity of the Si 2p peak
was enhanced after the annealing �not shown�, indicating the
disappearance of Ag from the Si surface. The same tendency
was observed in the other specimen with Ag coverage of 4.8
ML as shown in Fig. 6�b�. Here, solid and dotted lines denote
the results for the specimens after annealing at 782 and
873 K, respectively. A clear Ag 3d peak can be seen after
annealing at 782 K, while the peak disappeared for the
sample annealed to 873 K. The maximum annealing tem-
perature used is higher than the Ag reflection disappearance
temperature indicated by RHEED. The XPS results also
agree with TEM observations; no evidence of Ag nanopar-
ticles was found in samples annealed above the temperatures
where the Ag reflection disappeared.

To further examine the mechanism of Ag disappearance,
we performed a detailed analysis of the RHEED intensity.
Figure 7 shows a series of RHEED patterns recorded for Ag
nanocrystals formed with the Ag coverage of 1.6 ML �d
=2.4 nm� and annealed. Figures 7�a�–7�d� are patterns ob-

served at temperatures of 802, 818, and 888 K and the room
temperature after cooling down, respectively. In Fig. 7�a�,
weak, but still spotlike, �1̄13� and �004�Ag reflections with
�110�Ag azimuth are observed. This indicates the presence of
epitaxial Ag nanocrystals at 802 K. At 818 K, the Ag reflec-
tions are no longer detectable in the RHEED pattern. The
same is observed for the specimen heated up to 888 K. Fig-
ure 7�e� shows the temperature dependence of the integrated

intensity of the �1̄13�Ag reflections. The intensity profile was
measured by taking a profile from the �004�Si reflection to-

wards the �1̄13�Ag reflection, and the integrated intensity was
measured by fitting the profile using Lorentzian function.
The intensity profile for the pattern observed at 818 K was
used as the background intensity. Examples of intensity pro-

files are shown in Fig. 7�f�. The intensity of the �1̄13�Ag

reflection started to decrease at 732 K, which continues until
it disappears at 818 K. It must be emphasized that during
annealing the epitaxial orientation of Ag nanocrystals was
maintained. The Ag diffraction intensity decreases continu-
ously until the Ag reflection disappeared. Thus we can as-
sume that the amount of Ag decreases continuously on the
Si�001� surface at the temperatures between 732 K and
818 K in this case. There are two possible mechanisms for
the reduction of Ag: Melting and the subsequent evaporation
or sublimation of Ag nanocrystals. The melting can start with
the smaller Ag particles due to the size dependence of melt-
ing temperature. It is also possible that both mechanisms
play a role in the disappearance of Ag nanocrystals. In study-

FIG. 6. XPS spectra for as-deposited and annealed
Ag/H-Si�001� specimens: �a� Ag 3d peaks of the 1.6-ML-coverage
specimens. Solid and broken lines indicate the as-deposited and the
annealed specimens, respectively. Annealing was carried out in situ
up to 888 K. �b� Ag 3d peaks of the Ag nanocrystals with 4.8 ML
coverage after annealing at 782 K �solid line� and 873 K �broken
line�. Disappearance of Ag in both specimens is clearly seen.
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ing the evaporation of Au nanoparticles, Sambles reported
that the radius of solid Au nanoparticles decreases continu-
ously by sublimation and then the solid Au transforms into
liquid and rapidly evaporates.32 No halo diffraction rings of
Ag could be detected in the course of annealing. Also no
other diffraction spots, as well as rings from recrystallized
Ag, were detected after cooling down. Diffuse diffraction
rings are expected if part of nanocrystals melt and stay melt
for a significant amount of time.8 The lack of evidence for
melting of Ag from our in situ RHEED observation can be a
result of no melting or rapid evaporation of Ag particles after
melting. Absence of melting is consistent with the previous
reports. Continuous desorption of Ag from Al2O3 surface
was measured by XPS,35 where the intensity of Ag 3d5/2
peak disappeared at 900 K. In the study by Lee et al.17,

9-nm-sized Ag nanoparticles were seen on the graphite sub-
strate kept at 950 K and they disappeared by sublimation. In
another study, vaporization of Ag atoms from the Si�111�
surfaces was reported by an in situ RHEED observation at
the temperatures above 973 K for a very thin Ag coverage of
0.1 nm.36

IV. CONCLUSION

We have studied the structural transition from Ag MTPs
to epitaxial fcc nanocrystals by means of in situ RHEED and
ex situ TEM as a function of average particle sizes between
1.6 and 4 nm. Postdeposition annealing promoted the struc-
tural transition from MTP to epitaxial fcc nanocrystal. Full
epitaxy of Ag nanoparticles was achieved when the particle
average size is smaller than 2.4 nm. The orientation relation-
ship is �001�Ag� �001�Si, �110�Ag� �110�Si, and this is identical
to that observed by transmission electron diffraction in TEM.
In contrast, weak Debye-Scherrer rings remained and addi-
tional Ag reflections appeared for particles larger than
3.1 nm. These additional reflections come from Ag nanocrys-
tals with 	112
 texture with orientation relationship of

�11̄2�Ag� �001�Si. HREM image showed a small percentage
of nanocrystals with this orientation. The dominant orienta-
tion of the Ag nanocrystals is 	001
 on the H-Si�001� surface
after the structural transition. Clear particle size dependence
was found in the epitaxial formation temperature. The lowest
temperature was 465 K for 1.6-nm-sized Ag nanocrystals.
The epitaxial formation temperature increases with the aver-
age particle size. The epitaxial formation temperatures can
be approximately fitted by 2/3 of the calculated melting tem-
peratures with �S=1.2 J /m2 for particles larger than 2 nm.
Disappearance of Ag nanoparticles was observed upon an-
nealing at the temperature range between 795 and 850 K. In
contrast to the clear size dependence of the epitaxial forma-
tion temperature, the disappearance of Ag took place within
a relative narrow temperature range regardless of the particle
size. No evidence of Ag melting could be detected by
RHEED in the course of annealing. Ex situ TEM analysis
confirmed the disappearance of Ag nanoparticles from the
Si�001� surface after annealing to high temperatures. These
results are consistent with sublimation of Ag from the
Si�001� surfaces.
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FIG. 7. Comparison of in situ RHEED patterns for Ag nanocrys-
tals with 1.6 ML coverage: �a� 802 K, �b� 818 K, �c� 888 K, and �d�
after cooling down to RT. Faint Ag reflections indexed as �1̄13� and
�004� are seen at 802 K followed by the sudden disappearance at
818 K. Intensity profiles shown in the inset also show the disap-
pearance of Ag. �e� Temperature dependence of the integrated in-

tensity of �1̄13�Ag reflection. �f� Intensity profiles on annealing mea-

sured from �004�Si toward �1̄13�Ag.
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