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Melting-solidification transition of Zn nanoparticles embedded in SiO,:
Observation by synchrotron x-ray and ultraviolet-visible-near-infrared light
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Melting-solidification transition of Zn nanoparticles (NPs) with the mean diameter of 11.5 nm,
embedded in silica glass, was investigated by glancing incident x-ray diffraction (GIXRD) at high
temperatures using synchrotron radiation (SR). With increasing temperature, 101, diffraction peak
gradually decreases up to ~360 °C and then steeply decreases. This is due to the melting of Zn
NPs, which completes around 420 °C. With decreasing temperature, the solidification of the NPs
begins around ~310 °C. The temperature hysteresis with a width of ~110 °C was observed. With
temperature, the diffraction angle shows a shift without hysteresis, which is ascribed to thermal
expansion of Zn NP lattice. Thermal expansion coefficient of Zn NPs was determined as 24.4
X 107 K~! along the (101) direction. Optical absorption spectroscopy shows a broad ultraviolet
(UV) peak which was observed at even higher temperatures than the melting temperature but shifts
to the low-energy side with the melting. The energy shift in the UV peak also shows the temperature
hysteresis which resembles with the melting-solidification hysteresis recorded by SR-GIXRD. The
melting-solidification transition is also detectable by the optical absorption spectroscopy in the

UV-visible-near-infrared region. © 2010 American Institute of Physics. [doi:10.1063/1.3494098]

I. INTRODUCTION

The solid-liquid (SL) transition is one of the phase tran-
sitions known since ancient times, and the SL transitions of
nanophases still fascinate many scientists' ™% because they
are different from those of their bulk counterparts in terms of
both the transition tempelratures]_3 and transition modes.*™°
For example, while the melting point (7,,) of bulk gold is
1064.4 °C, that of gold nanoparticles (NPs) on substrate de-
creases to 830 °C as the particle diameter decreases to 5
nm:’ ie., AT, =Thr "~ Tom ~-230 °C. The T, of NPs em-
bedded in a solid matrix is more difficult to predict, because
not only the size but also the pressure from the matrix influ-
ences the Tip- In fact, xenon NPs embedded in aluminum
maintain a crystalline state even at room temperature (RT),
although the T, of bulk Xe under atmospheric pressure is
—111.9 °C; ie., AT, >+140 °C.* Since both of these ef-
fects contribute to T}, in different ways, experimental deter-
mination of Ty, is essential for embedded NPs.

For several years, we have proposed thermal oxidation
of Zn NPs embedded in SiO,, which were previously fabri-
cated by ion implantation, as a successful route for fabricat-
ing ZnO NPs of high quality.B‘14 While a temperature of
700 °C is required for efficient oxidation of Zn NPs to ZnO
NPs, the question arises as to whether the embedded Zn NPs
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are in a crystalline or a liquid phase during oxidation at that
temperature. One of the objectives of this study is to clarify
this point.

Up to now, the melting behaviors of embedded NPs have
been evaluated by various methods including transmission
electron microscopy,”’ x-ray diffraction (XRD),*’ and Ru-
therford backscattering spectrometry.9 A search of the litera-
ture found only two reports describing optical absorption
studies on the melting of Au NPs (Ref. 10) and Cu NPs (Ref.
11) in silica glass (SiO,), in which they ascribed some
changes in optical absorption to the melting behaviors. While
these authors ascribed several changes in the optical absorp-
tion to the surface melting and to bulk melting of NPs, etc,
the results are not free from criticism because they did not
determine T, experimentally but presumed the T,,, value
from data in the literature while disregarding the large uncer-
tainty of 7}, in the case of embedded NPs.

In this paper, we describe a study in which we experi-
mentally determined the melting and solidification behaviors
of Zn NPs embedded in SiO, at high temperatures (HTs) by
the glancing incident XRD (GIXRD) using synchrotron ra-
diation (SR). However, if the size of the NPs might change
during the HT measurements, it caused serious difficulty in
interpretation of the results. Little change in size of the NPs
during the HT measurements was experimentally confirmed
by small-angle x-ray scattering (SAXS). In addition to the
melting-solidification transition, thermal expansion behavior

© 2010 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.3494098
http://dx.doi.org/10.1063/1.3494098
http://dx.doi.org/10.1063/1.3494098

104302-2 Amekura et al.

of Zn NPs is determined from the temperature dependence of
the diffraction angle. Furthermore, changes in the optical ab-
sorption spectrum of Zn NPs in the ultraviolet (UV) to the
near-infrared (NIR) regions induced by the melting and so-
lidification were studied. Optical detection of the melting-
solidification transitions is also shown.

In the previous letter,"> we described effects of melting
of Zn NPs on the surface plasmon resonances (SPRs). The
main topic was the SPRs, and the SL transition was used to
change the parameters which influenced the SPRs. In this
paper, the main topic is rather the SL transition of Zn NPs. In
the latter half of this paper, the changes in the optical absorp-
tion was used to observe the SL transition.

Il. EXPERIMENTAL

Zn NPs were formed in SiO, substrate of the KU-1 type
(OH~ 820 ppm) by implantation of Zn ions of 60 keV up to
a fluence of 1.0 X 10'7 ions/cm?. The formation parameters
were the same as those reported in our previous
studies.">'*'%!" Since Zn NPs are formed in the surface layer
of 70-80 nm thick only, we applied a method sensitive to the
surface layer, i.e., the GIXRD, to monitor the SL transition
of the Zn NPs. However, because an excessively long mea-
surement duration at HTs might cause coarsening of the NPs,
we used a high-intensity x-ray from a SR facility to shorten
the measurement duration. A HT sample holder was installed
in the vacuum chamber of the high-resolution
diffractometer'® of the BL15XU beamline at the SPring-8 SR
facility, Japan. The sample was kept in a vacuum to avoid
oxidation during the HT measurements. Three sets of ther-
mocouples were used: one was installed in the sample holder
to apply the PID control, and the others were attached to the
surface side and to the rear side, respectively, of the sample.
The thermocouple of the surface side was covered by another
glass to avoid the direct irradiation of the x-ray, whose value
was assumed as the temperature of the NPs. We estimate that
the relative temperature has uncertainty of 1 °C, while the
absolute value of the temperature includes uncertainty of
~20 °C. An x-ray energy of 5.415 keV was used, which
corresponds to the chromium K, line. Diffraction patterns
were recorded by a yttrium aluminum perovskite (YAP) scin-
tillator detector through 10 cm soller slits with scanning a
scattering angle of 26, where the incident angle 6, was
fixed at 3°.

Before the measurements were initiated, the sample was
heated once to 500 °C in a vacuum. This procedure pre-
vented coarsening during the HT measurements, so that if
coarsening occurred it would be induced before the measure-
ments. Moreover, the size distributions of the NPs were
evaluated before and after the HT measurements by SAXS.
The details of the SAXS measurements are described
elsewhere.'®

HT measurements might induce oxidation of Zn NPs
with residual oxygen in the chamber then the formation of
ZnO phase, or further reaction of ZnO phase with SiO, sub-
strate then the formation of Zn,SiO, phase. In fact, the same
starting material, i.e., Zn NPs in SiO,, is transformed to ZnO
and Zn,Si0, phases after HT annealing in oxygen ambient at
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FIG. 1. (Color online) Size distributions of Zn NPs before (line with open
circles) and after (line with closed circles) high-temperature GIXRD mea-
surements, determined by lab-SAXS measurements. The experimental de-
tails are described in Ref. 16.

700 °C and 900 °C, respectively.m’17 These reference
samples were formed and evaluated by laboratory GIXRD
apparatus with a position-sensitive proportional counter. The
same incident angle of 3° and x-ray energy of 5.415 keV
were used.

In addition to the HT-GIXRD measurements in the SR
facility, optical transmission spectroscopy was carried out at
HTs using a conventional double-beam UV-visible-NIR
spectrometer equipped with another HT vacuum sample
chamber. The wavelength region and the resolution were
215-1700 nm and 2 nm, respectively.

lll. RESULTS AND DISCUSSION
A. Synchrotron XRD

Figure 1 shows the size distributions of Zn NPs before
and after the GIXRD measurements at HTs, which were de-
termined by the SAXS measurements. The mean diameter
was, respectively, 11.0 nm and 12.0 nm before and after the
measurements, indicating that coarsening of the NPs during
the measurements is small and can be considered negligible.
The negligible size changes simplify the interpretation of
data shown in this paper.

Figure 2 shows SR-GIXRD patterns from Zn NPs at
various temperatures recorded in rising temperature se-
quence. As shown later, the results depend on the tempera-
ture sequence, rising or falling, because the melting-
solidification transition shows a hysteresis due to a nature of
the first order phase transition.

At 74 °C, Zn NPs show a strong peak of 101, diffrac-
tion around 26=66.2°, and less clear peaks of 100,, and
002, around 55.1° and 59.4°, respectively. With increasing
T, the 1014, peak gradually decreases and shifts to the low
20 side, up to ~385 °C. Above ~385 °C, the peak steeply
decreases. The peaks of 1004, and 002y, also gradually de-
crease up to 385 °C but disappear above 385 °C.

Patterns from intentionally oxidized (ZnO NPs) and in-
tentionally reacted with SiO, matrix (Zn,SiO,) are also
shown in Fig. 2, which were measured using lab-GIXRD.
Whole the HT experiments of Zn NPs, peaks which could be
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FIG. 2. (Color online) Diffraction patterns from Zn NPs embedded in SiO,
detected at various temperatures in a rising 7 sequence. For reference, dif-
fraction patterns from ZnO NPs (Ref. 13) and from Zn,SiO, nanofilm (Ref.
17) are shown in the lower part.

ascribed to ZnO or Zn,SiO4 were not observed, excluding
possible oxidation and reaction of Zn NPs to other com-
pounds.

Figure 3 shows detailed temperature dependence of the
101y, diffraction peak detected in (a) the rising 7 and (b)
falling T sequences, respectively. Different behaviors were
observed between the rising- and falling-7" sequences: for
example, the pattern at 368 °C in the rising sequence clearly
show the diffraction peak of the crystalline Zn NPs, while
the pattern at the same temperature in the falling sequence
shows a very weak and broad peak which is ascribed to
molten Zn NPs.

Temperature dependences of the peak height and of the
full width at half maximum (FWHM) of the 101, diffraction
peak are plotted in Figs. 4(a) and 4(b), respectively. The
upward and downward triangles show data points recorded

3T

60 keV Zn* => SiO,

DIFFRACTION INTENSITY (a.u.)

2 0 (deg.)

FIG. 3. (Color online) Detailed temperature dependence of diffraction pat-
terns of 101, peak from Zn NPs embedded in SiO,, recorded in (a) rising
and (b) falling 7 sequences. See the diffraction patterns recorded at the same
temperature 368 °C in the rising and falling 7 sequences.
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FIG. 4. (Color online) Temperature dependences of (a) the peak height and
of (b) the FWHM of 101, diffraction from Zn NPs embedded in SiO,
detected by SR-GIXRD. The upward and downward triangles show data
points taken in the rising- and falling-temperature sequences, respectively.
The closed and open upward triangles show data taken in the first and
second runs, respectively. The solid lines are guides for the eye. The dashed
line indicates the melting point of bulk Zn.

in the rising- and falling-T" sequences, respectively. With in-
creasing temperature, the peak height shows a gradual de-
crease until ~360 °C and then steeply decreases. Contrary,
the width keeps the constant value up to ~360 °C and then
steeply increases. The temperature-independent width can be
due to a bad resolution of the measurement system, because
we aimed to measure the diffraction peaks as quick as pos-
sible. The steep decrease in the peak height and the increase
in the peak width complete at around 420 °C, which is very
close to the bulk 7},,, of 419.6 °C. The steep decrease in the
diffraction intensity and the increase in the FWHM are both
ascribed to the melting of Zn NPs.

On the other hand, in the falling-T sequence the peak
height maintains a low value which corresponds to the mol-
ten phase even when the temperature falls to ~310 °C, then
shows a steep increase as the temperature falls further to
~250 °C. The peak width is almost constant within error
bars down to ~310 °C, and then steeply decreases. A tem-
perature hysteresis with a width of ~110 °C was observed.

After solidification was completed in the falling se-
quence, the temperature was increased again (second run).
The data for the second run are indicated by open triangles in
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TABLE I. The best fitting parameters of temperature dependence of d-value
of the 101, diffraction peak from Zn NPs embedded in SiO,.
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TABLE II. Thermal expansion coefficient 8 of Zn NPs embedded in SiO,
and those of bulk Zn and of silica glass.

d=dy+pT(°C) 1dL
p=5.09%10" A/°C =Tdar
dy=2.09 A (K™ Direction Reference
Zn NPs embedded
in SiO, (300-700 K) 24.4%107° (101) This work
the ﬁgures. The second-run data show a close correspon- Bulk Zn (293 K) 222% 106 (101) a
dence with the curve of the first-run data, confirming that the 64.3% 10-6 (001) 19
hysteresis was not due to spurious effects but reproducible. 13.0 X 10°6 (100) 19
It should be noted that temperature hysteresis is a rela- Silica glass (300 K) 035X 107° 19

tively common phenomenon in the SL transitions of embed-
ded NPs.”” We consider that this is because each NP is sepa-
rated from other NPs by a matrix. In the cases of thin film,
once stable nucleation, mostly due to heterogeneous origins,
occurs at any parts of the film, soon the nucleation propa-
gates to all the parts of the film. Consequently, although the
SL transition is the first order phase transition, thin films
show relatively narrower hysteresis than those expected from
the homogenous phase transition theory, or practically no
temperature hysteresis.8 However, in the cases of NPs em-
bedded in a matrix, once the nucleation occurs in a NP, the
nucleation cannot propagate to the other NPs because they
are separated by the matrix. When the phase transition of NP
system occurs, all the NPs independently each other should
induce the nucleation inside each the NP. Consequently rela-
tively wider hysteresis is observed.

As shown in Figs. 2 and 3, the diffraction angle shifts to
the low angle side with increasing temperature. The tempera-
ture dependence of the diffraction angle is plotted in term of
the d-value which relates with the diffraction angle 26 fol-
lowing relationship:

N

4= in(282)" M

where \ denotes the wavelength of the x-ray 2.2896 A and
26 is in the unit of radian. The data points fall on a linear
function of temperature without hysteresis, which is fitted by

d=pT(°C) +dy, (2)

where T denotes temperature in the unit of °C, d, the d-value
at 0 °C, and p the proportional constant, respectively. From
the least-squared fitting of the data, the values were deter-
mined as p=5.09%X 10~ A/°C and dy=2.09 A as summa-
rized in Table I. Thermal expansion coefficient 8 which is
defined as

1dL

B= LaT (3)

was determined from these data, where L denotes a certain
length along a direction of interest. The coefficient of Zn
NPs along the (101) direction, Byp(101), is given as
Brp(101) ~ p/dy=24.4%107% °C~!. As for bulk Zn, the co-
efficients are known as By (001)=64.3X107% °C~! and
Bou(100)=13.0X 1076 °C~! at 20 °C (Ref. 19) as summa-

rized in Table II. From elementary geometrical consideration,
the coefficient B, (101) is given as

“The value of bulk Zn (101) direction was calculated from Eq. (4).

4c? 3a®
Boun101) = mﬁbulk< 100) + mﬂbulkmow,

(4)

where a and ¢ denote the lattice constants of a- and c-axis,
respectively. The Eq. (4) gives the coefficient of 22.2
X 107® °C~!, which is in a good agreement with the value of
the NPs. This agreement is rather surprising, because the
NPs are embedded in silica glass which has a much smaller
value of thermal expansion coefficient of 0.35X 107® °C~! at
27 °C."” We expected reduction in thermal expansion of Zn
NPs by silica glass matrix, but this is not the case. Possibly
structural relaxation is induced in the glass matrix at such
low temperature. Defective structure of the glass matrix in-
troduced by ion implantation may play a certain role. Any-
way, the temperature-dependent shift in the diffraction angle
is ascribed to the thermal expansion of Zn NP lattice (Fig. 5).

B. Optical detection of melting-solidification

The optical density spectra detected in the rising 7T se-
quence are shown in Fig. 6. With increasing temperature, the
NIR peak at 1.2 eV gradually increases in width and de-
creases in height. The NIR peak is faintly visible at 363 °C,
but is no longer visible at 441 °C. Since the GIXRD peak
steeply decreases between 360 and 420 °C, the disappear-

214
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2.12}- ¥ T down, solid
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FIG. 5. (Color online) Temperature dependence of d-value of the 1014,
diffraction from Zn NPs embedded in SiO,. Upper and lower triangles show
data points recorded in the rising and falling 7' sequences, respectively.
Closed and open triangles correspond to data points in the solid and molten
phases, respectively. A broken line indicates the best fitting by Eq. (2).
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FIG. 6. (Color online) Temperature dependence of the optical density spec-
tra, i.e., —log;, t, in the NIR, visible, and UV regions, where ¢ denotes the
optical transmittance. The spectra in the NIR region were magnified 30
times and the backgrounds were subtracted.

ance of the NIR peak can be considered to be coincident with
the melting. It is well known that broadening of surface SPR
is induced by reduction in the mean-free-path (MFP) of con-
duction electrons,” and the melting steeply reduces the MFP
to the order of the lattice constant. On the contrary, the UV
peak around 4.8 eV survives even at higher temperatures
than 420 °C where the GIXRD data show the melting of all
of the Zn NPs. From this different temperature dependence,
the NIR and UV peaks are ascribed to different origins.
While the assignment of these peaks will be discussed
elsewhere,15 we ascribe the NIR and UV peaks to intraband-
and interband-transition enhanced by SPR effect.

While the UV peak energy hardly changes from 4.8 eV
even with heating from RT to ~330 °C, the peak suddenly
shifts to ~0.3 eV lower energy with the occurrence of melt-
ing. Since the melting is a transition from the crystalline
phase to the liquid phase, i.e., similar to the amorphous
phase, the energy shift in the optical transition is quite ac-
ceptable. In fact, shifts in band-gap energies are reported in
some nonmetallic solids with the transition from a crystalline
phase to a solid amorphous phas<3.21’22 It should be noted that
although there are many sharp lines superimposed on the
broad UV peak at HTs, they are artifacts because they have
no reproducibility in terms of positions and intensities.”

To confirm that the shift in the UV peak is due to melt-
ing, the temperature dependence of the UV peak was evalu-
ated in both the rising and falling 7" sequences. In addition to
the sudden shift in the peak energy, the low-energy shoulder
of the UV peak also showed a similar sudden shift with
melting as shown in Fig. 7. While the peak tail around 3 eV
remains almost the same spectral shape and intensity up to
377 °C in the rising T sequence, it steeply shifts around
400 °C in coincident with the melting as shown in Fig. 7(a).
After the melting, the peak tail remains the same spectral
shape and intensity even with increasing T further. (Compare
the spectra at 420 and 466 °C). In the falling sequence, the
peak tail remains almost the same spectral shape and inten-
sity down to 336 °C and then steeply shifts around 315 °C
in coincident with the solidification.
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FIG. 7. (Color online) Low-energy tails of optical density spectra, i.e.,
—log;o t, of Zn NPs embedded in SiO, at various temperatures, detected in
(a) rising and (b) falling T sequence.

Since the peak is very broad and very noisy, the deter-
mination of the peak energy includes large uncertainty. In-
stead of the peak energy, the transmittance value at a fixed
energy in the tail region of the UV peak, e.g., 3.1 eV, where
the S/N ratio is relatively better, can serve a more useful
measure of the energy shift. As shown in Fig. 8, the trans-
mittance at 3.1 eV exhibits an almost constant value of
~38% up to ~375 °C in the rising sequence and then
steeply decreases at higher temperatures. This is due to the
sudden low-energy shift in the UV peak, which is a conse-
quence of the melting of the NPs. In the falling sequence, a
low transmittance value is maintained down to ~335 °C
then the transmittance returns to a high level. Temperature
hysteresis is also observed in the optical absorption, which is
similar to that observed in the XRD results shown in Fig. 4.
The optical detection of the melting-solidification transition
is possible for NPs embedded in transparent matrix.

C. The phase of Zn NPs at 700 °C

Finally, we mention one of the objectives of this study,
i.e., the phase of the Zn NPs at 700 °C. Because of a limit of
the apparatus used we could not raise the sample temperature
up to 700 °C. However, as shown in Figs. 4(a) and 4(b), we
have confirmed that the Zn NPs melt at 420 °C or lower
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FIG. 8. (Color online) Temperature dependence of (a) the optical transmit-
tance ¢ detected at a fixed photon energy of 3.1 eV and of (b) the peak
intensity of 101, diffraction from Zn NPs embedded in SiO, detected by
SR-GIXRD. The upward and downward triangles show data points taken in
the rising- and falling-temperature sequences, respectively. The closed and
open upward triangles show data taken in the first and second runs, respec-
tively. The solid lines are guides for the eye. The dashed line indicates the
melting point of bulk Zn.

temperatures and keep the molten phase at least up to
500 °C. It is expected that they are also in the molten phase
around 700 °C, where efficient oxidation to ZnO NPs
occurs.! It should be noted that the boiling temperature of
bulk Zn is 907 °C. Since the melting temperatures of Zn
NPs do not largely deviate from the bulk value, the boiling
temperatures of Zn NPs are estimated much higher than

700 °C.

IV. CONCLUSIONS

Several years ago, we have proposed a formation pro-
cess of ZnO NPs in good quality, using Zn-ion implantation
to Si0, and thermal oxidation.'* While a temperature of
700 °C is required for efficient oxidation from Zn NPs to
ZnO NPs, the question arises as to whether the embedded Zn
NPs are in a crystalline or a liquid phase during oxidation at
that temperature. Melting-solidification transition of Zn NPs
embedded in SiO,, which were fabricated by Zn-ion implan-
tation, was investigated by SR-GIXRD. With increasing tem-
perature, the 101, diffraction peak from the NPs gradually
decreases up to ~360 °C, and then steeply decreases. This is
due to the melting of Zn NPs and the melting completes
around 420 °C. The solidification of the NPs begins around
~310 °C. A temperature hysteresis with a width of
~110 °C in was observed. Before and after the whole mea-
surements, size distribution of NPs was evaluated by SAXS,
in order to exclude thermal coarsening of the NPs during the
measurements.

With increasing temperature, the diffraction angle of the
101y, peak shifts to the low 26 side due to thermal expansion
of the NP lattice. Thermal expansion coefficient of Zn NPs
was determined as 24.4 X 107 °C~! along the (101) direc-
tion, which is in a good agreement with the bulk value while
the NPs are embedded in silica glass whose thermal expan-
sion coefficient is two orders smaller.

Optical absorption spectroscopy shows that the broad
UV peak is observed at even higher than the melting tem-
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perature but shifts to the low-energy side with the melting.
The energy shift in the UV peak also shows the temperature
hysteresis which resembles with the hysteresis obtained by
SR-GIXRD measurements. The melting-solidification transi-
tion of NPs embedded in transparent matrix can be also de-
tectable by the optical absorption spectroscopy.

It has been estimated from this study that the embedded
Zn NPs are in molten phase during thermal oxidation at
700 °C; i.e., the ZnO NPs are formed by thermal oxidation
of molten Zn NPs embedded in silica glass.
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monochromization. Since the signal was detected by the phase-sensitive
technique, the first-order influence of the thermal radiation was excluded.
However, the gain of the photomultiplier was automatically determined so
as to keep the dc component of the photomultiplier signal constant. With
increasing thermal radiation, the gain decreases in this configuration but
the transmittance value is still reliable because the transmittance was de-

J. Appl. Phys. 108, 104302 (2010)

termined from the intensity ratio of the sample and reference paths. Only
the S/N ratio is degraded. Two light sources were used: a halogen lamp
(0.73-3.65 eV) and a deuterium (D,) lamp (3.65-5.90 eV). Since the
maximum intensity of the D, lamp in the UV region was approximately
two orders lower than that of the halogen lamp in the visible region, a very
noisy signal was observed only in the UV region.
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