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The fabrication and characterization of nanothermometers
for use in transmission electron microscopy (TEM) are re-
viewed. Comparisons of different core–shell nanothermo-

Introduction

Temperature is one of the most significant parameters
for controlling the fabrication of nanomaterials, as the
growth rate and product phase can be varied by changing
the temperature.[1–3] Recently, electron microscopes, includ-
ing scanning electron microscopes and transmission elec-
tron microscopes, have been used to elucidate the growth
mechanisms of nanomaterials and to prepare nanodevices
in situ.[4–18] The length of Si and Ge nano-
structures can be precisely controlled down to tens of nano-
meters by in situ annealing in electron microscopes to yield
PtSi/Si/PtSi and Cu3Ge/Ge/Cu3Ge nanowires (NWs), which
show excellent performance as FET (field-effect transisitor)
devices.[10,11] Carbon nanotubes (CNTs) are used as nano
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meters in terms of the working temperature range, growth
conditions, and thermal expansion coefficients are made.
The thermal stability of oxide compounds is discussed

test tubes to facilitate Au–Ge interactions on the nanoscale
at various temperatures.[18]

Expansion nanothermometers composed of core–shell
nanostructures and based on temperature calibration by
thermal expansion of metals filled into them are expected
to monitor local temperature in electron microscopes.[19–29]

In 2002, the Ga-filled carbon nanotube (Ga-CNT) nano-
thermometer was produced by the chemical vapor deposi-
tion (CVD) method, and its effectiveness was demonstrated
by Bando and co-workers.[19] Subsequently, the same group
also developed several other nanothermometers, including
Ga-MgO and In-SiOx nanotubes, by filling low-melting-
point metals (Ga and In) into other nanotubes by a one-
step CVD method to overcome the problem of the decom-
position of CNTs at temperatures higher than 600–
700 °C.[20–23]

For an ideal nanothermometer, there are three crucial
aspects, which include stability, accuracy, and reproducib-
ility. These three aspects are important and depend greatly
on the properties of the core–shell materials that are used
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to make the thermometers. Excluding the resolution limita-
tion of electron microscopes, the precision and accuracy of
a nanothermometer are determined by the thermal expan-
sion coefficients (TECs) of both the core and the shell, and
the length of the core filling. The reproducibility depends
on both the wetting and the chemical reactions of the core
and the shell. To measure the temperature in electron
microscopes at high temperatures, nanothermometers with
chemical and thermal stability are required. As the size is
scaled down to the nano range (especially smaller than
10 nm), the physical and chemical properties (including
melting point, elasticity, and optical characteristics) of the
nanomaterials may be different from those of the bulk ma-
terials.[30] TECs of most low-melting-point metals are be-
tween 100 and 150 ppm/°C in the liquid state, and TECs of
solid metal oxides are usually less than a few ppm/°C.[19–29]

Expansion nanothermometers filled with low-melting-
point metals have been demonstrated to be useful for in situ
TEM. However, the working temperature range of those
nanothermometers is still limited by the characteristics of
the core and shell materials and the low pressure in the
microscope. The sheath should possess a high melting point
to resist thermal decomposition and should not react with
the core material at high temperatures. On the other hand,
it is desired for the core to possess a high boiling point. It
is difficult to control uniformity, diameter, and cavity length
of nanothermometers prepared by the CVD method. Meth-
ods of preparing durable core–shell structures by more fac-
ile and controllable approaches for operating in high-vac-
uum environments in electron microscopes are desirable.

This microreview covers the synthesis of core–shell nano-
structures and fabrication of expansion nanothermometers
by the CVD method in a furnace at high temperature and
by the galvanic displacement reaction at room temperature.
In addition, the thermal stability of oxide compounds on
the nanoscale and fabrication of core–shell structures with
the template procedure are also addressed.

Syntheses of Core–Shell Nanocables

Core–shell nanostructures have been synthesized by
many one-step techniques.[31–37] CVD is one of the most
common growth method for producing core–shell nano-
structures on a large scale. Usually, metal nanoclusters are
deposited on a substrate as catalyst to reduce the growth
temperature and control the product morphologies through
the vapor-liquid-solid (VLS) mechanism. Core–shell nano-
structures of Au-silica, Au-Ga2O3 and Cr5Si3-Si were suc-
cessfully synthesized by the CVD method in a furnace with
Au as catalyst.[32–35]

Two-step template methods, such as CVD without metal
catalyst, atomic layer deposition (ALD), template-based
electrochemical deposition, and sol–gel processes, have also
been used to prepare core–shell nanostructures.[38–48] For
example, Ga and O vapors reacted with ZnO NW templates
to form ZnO-ZnGa2O4 core–shell nanostructures by the
CVD method, SiOx-Au and SiOx-Cu nanocables have been
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synthesized by using silicon oxide nanowires as templates
by metalorganic chemical vapor deposition (MOCVD) and
electroless deposition, respectively.[44–46]

Fabrication and Characterization of Expansion
Nanothermometers

Liquid-State Nanothermometers

Most core–shell nanocables with low-melting-point cores
and chemically stable sheaths were synthesized by the CVD
method and demonstrated to be suitable expansion nano-
thermometers.[19–29] The first core–shell expansion nano-
thermometer manufactured by CVD, Ga-CNT, was re-
ported by Bando et al. in 2002.[19] This Ga-CNT nanother-
mometer could read the temperature recorded by the nano-
thermometer in situ with the help of a scanning electron
microscope, even when operated at 10 keV. As changes in
the length and diameter of the CNT can be disregarded,
the height and TEC of the Ga column in the CNT can be
determined by the variation of its volume with temperature.
Bando et al. revealed, moreover, that Ga-filled CNT ther-
mometers are fully capable of measuring the temperature in
normal air.[23]

After Ga-CNT nanocables, Bando et al. also grew Ga-
MgO, In-CNT, and In-silica to tune the range of tempera-
ture measurement at ambient temperature and the stability
of the nanothermometer at high temperatures. Their pre-
vious work displayed that CNTs are prone to fast degrada-
tion in air as the temperature reaches approximately 600–
700 °C.[20,22,29] The melting point of MgO is 2800 °C, and
the liquid range of Ga is wide: from 30 to 2205 °C. Ga-
MgO nanocables are expected to be effectively used as nan-
othermometers in drastic conditions, specially, at very high
temperatures.[20] CNT and MgO nanotubes filled with Ga
show expansion behavior at nearly room temperature. In
addition, indium (m.p. = 156 °C) was also filled into a CNT
and a silica nanotube to study its expansion behavior in the
liquid state.[21,22,25] As the temperature is lowered, In can-
not recover to its initial position in the CNT, and the melt-
ing behavior is significantly different from that for a macro-
scopic state.[21] On the other hand, the VLS-grown In-silica
nanotube shows reversible properties, and its range of oper-
ation is between 20 and 500 °C.[22]

Alloys should be potentially suitable materials to fill into
nanotubes for use as nanothermometers, except for low-
melting-point pure metals. Here we use Au(Si)-β Ga2O3

nanocables as an example to discuss the growth mechanism
and thermal expansion behavior under conditions of in situ
TEM.[29]

Fabrication of the Au(Si)-β Ga2O3 nanocables was car-
ried out in a horizontal three-zone tube furnace by the
CVD method. The mixed powders of Ga2O3 and graphite
were placed into an alumina crucible positioned at 1100 °C.
Silicon (100) coated with 4 nm-thick Au was used as re-
acting substrate at 700 °C. The growth process took place
in an Ar flow during ramping up, and an O2 flow was intro-
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duced after the set temperature was reached. The growth at
set temperature continued for an hour at a fixed pressure
of 3.5 Torr.

The composition, morphology, and structure of the
product were characterized by SEM, XRD, and TEM. The
proposed growth mechanism of the Au(Si)-β Ga2O3 core–
shell structure is shown in Figure 1. During the growth pro-
cess, Si will diffuse into Au to form Au(Si) liquid alloy as
substrates are heated at a temperature higher than 400 °C.
After Ga2O3 and Ga vapor are dissolved in the Au(Si) alloy,
Ga2O3 nanotubes are grown by the VLS mechanism, and
Au(Si) columns rise within them as a result of capillary at-
traction.

Figure 1. Schematic showing the experimental procedures and
physical process of the growth: (I) the Si (001) substrate is coated
with 4–8 nm Au film, (II) the heated Au film forms Au–Si alloy
nanodots above the Au–Si eutectic point, (III) and (IV) the alloy
nanodots serve as a catalyst for the growth of the Ga2O3 nanotube.
By capillary action, Au(Si) is drawn into the nanotube. Reproduced
with permission by the author from ref.[29]

Figure 2. (a) TEM image of a selected Ga2O3 nanotube before
heating. (b) Distance of the Au filling to the top of the cavity dur-
ing heating as a function of temperature. (c) TEM images of an
Au-filled Ga2O3 nanotube while heating at different temperatures.
Reproduced with permission by the author from ref.[29]
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The thermal expansion behavior of liquid Au(Si)
nanowires was studied by in situ TEM. Figure 2 shows the
Au(Si)-β Ga2O3 nanocable being heated from room tem-
perature to 800 °C. At a temperature higher than 400 °C,
the linear expansion of liquid Au(Si) can be observed.
Liquefaction of Au(Si) is confirmed by the volume change
of the phase transition and the disappearance of the Au
diffraction pattern. The TEC (about 150 ppm/°C) of liquid
Au(Si) is determined by calculating the length of the NWs
at different temperatures. The safe working range of Au(Si)-
β Ga2O3 nanocable is 300–800 °C.

Solid-State Nanothermometers

Pb-ZnOx nanocables made by a galvanic displacement
reaction are the only available solid-state expansion nano-
thermometers so far. This is a template-free and spontane-
ous reaction that proceeds in solution at room temperature.
The optimum growth conditions are obtained by using
1 m lead acetate on Zn foil. The Pb-ZnO nanocables are
up to a few hundred micrometers long.[27,28] The filled
nanotubes and gaps between the filling materials can be
seen from the distinct contrast between the outer shell and
the fillings, as shown in Figure 3.

Figure 3. (a) SEM image of Pb-ZnO nanocables showing a distinct
contrast for the metal filling inside the nanotubes. (b) TEM image
of as-prepared Pb-ZnO nanocables showing segmented Pb fillings
inside the ZnO nanotubes. Reproduced from ref.[27]

In situ TEM was used to investigate the thermal expan-
sion properties of solid Pb inside ZnOx nanocables in real
time. Figure 4 demonstrates the thermal expansion behav-
ior in the temperature range 25–300 °C. Figure 4g is a plot
of cavity length vs. temperature, with a linear relationship
evident for both heating and cooling. The TCE of solid Pb,
30�1.7 ppm/°C, was determined and calculated from the
in situ TEM data. The thermal expansion of liquid Pb has
also been studied in ZnOx nanotubes from its melting point
to 830 °C.
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Figure 4. TEM images of a selected Pb-ZnO nanocable, with a Pb
filling about 16 µm in length, heated from room temperature to 25
(a), 100 (b), 150 (c), 200 (d), 250 (e), and 300 °C (f), recorded by a
video camera in a transmission electron microscope. (g) Plot of
cavity length vs. heating temperature. Reproduced from ref.[27]

Discussion and Comparisons of Expansion
Nanothermometers

Au(Si)-β Ga2O3 core–shell structures made by the CVD
method are thermally and chemically stable below the
growth temperature. As the working temperature is higher
than the growth temperature, the shell usually suffers from
thermal decomposition under vacuum. Moreover, the cavity
length in the core–shell structure is determined by liquid
contraction and phase transition. As a result, it imposes a
limitation on the working temperature.

The high-yield and low-cost galvanic displacement reac-
tion has demonstrated the ability to produce Pb-ZnOx

nanocables as solid-state nanothermometers at room tem-
perature. The merit of using a solid-state filling at the re-
quired temperature is that it is much less demanding on the
integrity of the outer shell. The TEC of bulk solid Pb (δ =
30 ppm/°C) is lower than those of most liquid metals (about
120 ppm/°C). The lengths of solid Pb-ZnOx nanocables can
be up to hundreds of micrometers to enhance the sensitivity
of the nanothermometer. Solid Pb-ZnOx nanocables could
be produced at room temperature, and their working tem-
peratures are 30–300 °C. On the other hand, chemical reac-
tion occurred and polycrystalline ZnOx could not effec-
tively prevent the leakage of liquid Pb at higher tempera-
tures.

Up to the present time, most of expansion nanothermo-
meters have been prepared by the CVD method at high
temperatures (above 700–1360 °C) under vacuum. The
Au(Si)-β Ga2O3 nanocable can be operated up to 800 °C,
and the Ga-MgO nanocable has the widest working range
(30–694 °C). The TECs of Ga in a CNTs and MgO nano-
tubes are 95 and 114 ppm/°C, respectively. The variations
are caused by the wetting and the difference in TEC among
core and shell. Indium (m.p. = 156 °C) has also been filled
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into CNTs and silica nanotubes to utilize the thermal ex-
pansion. The Pb-ZnOx system is unique, because it is the
only nanothermometer operating in the solid state. On the
basis of our Au(Si)-β Ga2O3 study, a similar concept can
be applied to the preparation of Au(Sn)-SnO2 and Au(In)-
In2O3 nanocables by the CVD method. Comparisons of dif-
ferent core–shell expansion nanothermometers in terms of
the working temperature range, growth conditions, and
TEC are listed in Table 1.

Table 1. Comparison of different core–shell structures in terms:
melting temperature of the core, growth method, working tempera-
ture range, and thermal expansion coefficient (α).[19–23,27–29]

Core–shell Melting temp. Growth method Working temp. α
nanostructure of core (°C) [Temp.(°C)] range (°C) (ppm/°C)

Ga-CNT 29.8 CVD 50–500 95
[800]

Ga-MgO 29.8 CVD 30–694 114
[850–950]

In-SiOx 156.7 CVD 156–500 –
[750–850]

In-CNT 156.7 CVD 156–400 100–300
[–]

Au(Si)- 361 CVD 400–800 150
β Ga2O3 [700]

Galvanic
Pb-ZnOx 327.4 displacement RT-300 30

[RT]

Thermal Stability of Oxide Compounds and
Nanothermometer Reinforcement

Expansion nanothermometers are composed of core ma-
terials with low melting points and sheaths with high ther-
mal stability. It is important to clarify the thermal decom-
position behavior of oxide compounds at high temperature
and low pressure. For example, shells of Ga2O3 (m.p. =
1780 °C) nanotubes decompose as the temperature is raised
to 800 °C, as shown in Figure 2c. As a result, the working
temperature of Au(Si)-β Ga2O3 expansion nanothermo-
meters is lower than 800 °C.

Melting points of oxide compounds are usually higher
than 1000 °C. However, the compounds might decompose
below 800 °C under conditions of non-UHV TEM. Fig-
ures 5a and c are TEM images of SnO2 and ZnO NWs (pre-
pared by CVD at 700–800 °C) at room temperature and
750 °C in non-UHV TEM, respectively. The m.p. of SnO2

is 1630 °C and that of ZnO is 1975 °C, but thermal decom-
position occurs at 750 °C and 700 °C (in Figure 5b and d),
respectively.

Table 2 lists the melting point, TEC, and thermal sta-
bility data of oxide compounds under conditions of non-
UHV TEM. Silica nanotubes made by the sol–gel method
have also been investigated. For metal oxides, including
SiOx, TiOx and SnOx, made by the sol–gel processes, the
thickness can be readily controlled.[38,48] Silica possesses an
extremely low TEC (0.5–1 ppm/°C) and superior thermal
stability in non-UHV TEM.
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Figure 5. TEM images of ZnO nanowires (a) at room temperature
and (b) at 700 °C. TEM images of SnO2 nanowires (c) at room
temperature and (d) after heating to 750 °C.

Table 2. Comparison of melting point, thermal expansion coeffi-
cient (α), and thermal stability of oxide compounds under condi-
tions of non-UHV TEM.[27,29,49–53]

Melting point (°C) α (ppm/°C) Limitation (°C)

β-Ga2O3 1780 4.6 800
In2O3 1910 7–8 700
SnO2 1630 4.5 750
ZnO 1975 2–4 700
SiO2 1650 0.5–1 900
WO3 1473 10–13 800

The advantages of expansion nanothermometers made
by the CVD method are the inertness of the core and shell
at high temperature. On the other hand, shells are prone
to be decomposed. Expansion nanothermometers can be
operated at higher temperatures, and the thermal decompo-
sition of the sheath can be restrained if they can be modi-
fied with chemically and thermally stable compounds, such
as silica. In addition to the sol–gel method, the ALD tech-
nique also can be considered to decorate highly chemically
resistant and thermally stable compounds (TiO2, HfO2, and
Al2O3) on expansion nanothermometers.[40–43] It is impor-
tant to minimize chemical reaction between sheath and
modified material.

Before core–shell nanocables can be used as expansion
nanothermometers for in situ annealing TEM, it is impor-
tant to develop the process to satisfy the following condi-
tions: (1) filling longer nanowires in the nanotubes to en-
hance the sensitivity, (2) controlling the ratio of the length
of the cavity to the length of the nanowire, and (3) manipu-
lating the nanothermometer to a specific position.

Conclusions

In the past several years, many techniques were devel-
oped to fabricate core–shell nanocables. The nanostructures
are regarded as the most promising candidates as expansion
nanothermometers to monitor the local temperature for in

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 4298–43034302

situ electron microscopy. The microreview covers represen-
tative examples utilizing in situ transition electron micro-
scopes to demonstrate nanothermometry. Various nano-
thermometers reported in the literature are compared.
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