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Abstract

Working with the (Environmental) Scanning Electron Microscope (ESEM) at high temperature has been a
long lasting goal for many researchers and remains to this day a difficult technique to operate efficiently.
This article describes the properties of several different furnaces developed over the past 40 years,
focusing specifically on the operation of the high temperature stage associated with the ESEM.
Guidelines and advices for correct use of these systems are provided regarding the experience of the
authors. A focus on sintering studies illustrates the main difficulties to implement this experimental

technique.

Introduction

The first scanning electron microscope (SEM) was commercialized in 1965. This form of microscopy is a
unique technique allowing the observation of materials at the nanometer scale with a high depth of field
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while recording images at high magnifications. However, sample preparation requirements are stringent.
Samples must be sufficiently conductive to prevent sample charging and stable under vacuum to be
observed in a SEM, commonly making it only possible to observe post-mortem samples, i.e. not in situ.
Very rapidly, groups of researchers have investigated the possibility of observing samples in the SEM
chamber as if they were in their “natural” media — and/or under reactive conditions. The possibility to
combine the observation of the sample surface (with a high spatial resolution) and the modifications of
the sample morphology that can occur when submitted to environmental conditions remains to this day

particularly attractive.

For the observation of wet materials, strategies to decrease the sample temperature and to inject water
vapor on the sample have been developed to limit its dehydration and specific chambers that maintain a
humid atmosphere around the sample have been built. Similarly, a series of furnaces have been
designed to be integrated into a SEM chamber, originally with the aim to study the sintering of metallic
or ceramic materials at high temperature. The first images have been reported by Fulrath from the

Lawrence Berkeley Laboratory, University of California [1].

Parallel to this, the development of the environmental scanning electron microscope had begun in the
late 70’s with the works of Danilatos & Robinson [2]. The first ESEM was commercialized in 1988. This
specific microscope (which was designed to work with a relatively high gas pressure in the main
chamber) combines an original differential pumping system with electron detectors designed to work at
high pressures (up to 750Pa). Custom stage holders were also developed since then. Among them, a
1500°C hot stage was patented in 1996 [3] along with a high temperature gaseous secondary electron
detector. When combined into the ESEM, these systems offer a wide range of experimental conditions.
Nowadays, most of the studies conducted at high temperature in a SEM are performed with this kind of

high temperature stage.



This article will cover the different types of furnaces developed to be used in SEM equipment, focusing in
detail on the furnace associated with the ESEM. Measurement of sample temperature as well as the
most important parameters that must be adjusted to produce high quality images of materials at high
temperature will be particularly emphasized. Finally, the capabilities of this technique will be highlighted

through the example of sintering experiments recently reported in the literature.

Designing furnaces for high temperature experiments in the SEM

Heating the sample

When working with a conventional SEM, two types of electron detectors are available, i.e. Everhart-
Thornley detector for the secondary electrons (SE) and conventional backscattered electron (BSE)
detector which is commonly a semiconductor type. The conventional BSE detector is sensitive to light
illumination, and as such, cannot be operated at high temperatures due to black body emission.
Furthermore, if this type of BSE detector is located too close to the heat source, its semi conductive
properties would be quickly lost. Thus, only the Everhart-Thornley detector can be used. In this case,
only a high vacuum mode is possible (even in a low vacuum SEM). In most of the cases, furnaces that

have been built work under vacuum and are coupled with the Everhart-Thornley detector.

One way to heat the sample locally in the SEM chamber is to use laser. This technique, called LASEM
(Laser heating in the SEM chamber), was first developed and reported by Wetzig et al. [4]. In this system,
the sample surface is directly heated by the laser beam to achieve steep temperature gradients in order
to study a material's response to thermal shocks. Nevertheless, this heating mode requires precautions
in order to protect the Everhart-Thornley detector from extreme thermal electron emission and limit
gases emission from the specimen. Further developments of laser heating in the ESEM chamber combine

advantages of both systems. The authors claim that temperatures as high as 1700°C can be reached



locally using high energy laser beams [5]. Another advanced model, where a sample holder is heated by
the laser beam is reported by Kirch et al. [6]. It allows heating up to 1200°C and simultaneously

observing large sample areas for EBSD patterns recording.

Most of the hot stages are heated by resistive effect. Different devices have been designed since the late
60’s, going from very simple to complex systems. The simplest design consists in heating metal boats [7]
or filaments [8,9,10] by a direct current. The heating elements are generally made of refractory metals
such as rhenium, tantalum, tungsten or molybdenum [7]. This method allows reaching temperatures as
high as 2500°C, when the sample is directly deposited in a heated rhenium boat. In these conditions, the
size of the device is sufficiently small to reach the operating temperature within a short time [7]. As
these systems can only be efficient under vacuum, some contamination can occur inside the SEM
chamber. A derived system was developed by Charyshkin et al. to be used in an ESEM, under a H; or
H>/CH4 residual atmosphere, in which the filament was used to heat a plate where the sample can be
deposited (maximum temperature of the sample holder of 850°C for a filament temperature equal to
2000°C) [8]. More recently, Munz et al. have used this technique under a flow of water vapor in the
ESEM chamber to generate a thermal gradient along a Ti wire and observed the effect of substrate

temperature on the growth of titania nanowires[9].

More complex and versatile devices have been developed based on a metallic heating coil wound on a
threaded insulating material core, corresponding to a more classical furnace design. The metallic coil is
heated by a regulated direct current. The nature of materials used for the furnace assembly can differ
from one author to another. Heating stages for conventional SEM (i.e. high vacuum systems) generally
combine refractory metals with alumina (thoriated tungsten wire [1], tungsten wire [11,12],
molybdenum (Brown & Hill, 1989), tantalum [13], kanthal [12]), molybdenum [14]or nickel [15] with
pyrophyllite, platinum combined with a MgO holder [3] or commercial devices (30W capacity Watlow

fire-rod — probably made of steel -encapsulated into a copper sample holder [11]) (Fig. 1). The furnace



heats the sample holder made of a metal foil (tungsten or platinum) on which the sample to be observed
is deposited. Most of these hot stages are simply mounted in the SEM chamber and do not require any
cooling system. However, the maximum temperature that can be reached is around 1000°C [11, 14, 16]
but temperatures as high as 1450°C were reported by Gregori et al. for relatively short-term experiments
[13]. When higher temperature or longer experiments are required, the hot stage must be cooled by an
external liquid coolant [3, 12] in order to prevent the degradation of SEM inner parts (mainly detectors).
Using such a hot stage, Podor et al. performed sintering experiments on refractory ceramics up to

1400°C for 8 hours [17,18].
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Figure 1. Several types of furnaces dedicated to high temperature experiments in the SEM that have
been developed since the 70’s. a) The furnace has been designed by Brouillette et al. [7]. The sample is
contained in a boat that can be heated up to 2500K. A thermionic electron suppression grid is placed
between the sample and Everhart - Thornley detector to minimize the thermal electron signal
contribution in the final image; b) Schematic experimental setup and build-in hot stage for in-situ
experiments by Charyshkin et al. [8]; c) Heating stage and thermal electron filter designed by Nakamura
et al. [10] ; d) Reactive Ti filament designed by Munz et al. [9]; e) Modified stage with the heating stage
(Verma et al. [11]); f,g) Schematic view of the furnace developed by Cohen et al. [14] with a view of a

heater unit; h) — 1500°C furnace developed by Gatan Company (H1005 furnace).

Temperature measurement

Accurately measuring the sample temperature in the hot stage is of critical importance for the quality
and reproducibility of the experiments. In many of the heating systems previously described, large

temperature gradients exist near the sample, and the zone where the temperature is homogeneous can



be relatively limited [9]. Furthermore, the presence of gases in the SEM chamber, and mainly its pressure
and nature, will modify the thermal gradients and thermic conductivity of the hot stage. This will make
the temperature measurement more difficult to achieve accurately [16]. Thus, the position of the
temperature measurement system must be as close as possible to the sample (ideally in direct contact)
[19]. One solution is to use — when possible - an optical pyrometer [5] and/or an infrared-sensitive
camera [16, 9, 10]. This technique is generally associated with the filament heating system which
generates severe temperature gradients. The second solution is to use a classical thermocouple made of
two different metals. In this case, the thermocouple head must be placed as close as possible to the
specimen. To achieve this goal, some authors have decided to weld the thermocouple on the sample
holder [7] or directly on the sample [14, 16]. The head of the thermocouple can also be located in a hole
in the specimen [20]. Another possibility is to attach the thermocouple to the mount as close as possible
to the sample [13, 15, 16, 21], or trap it between the specimen and the heater [16]. However, as
mentioned by Brown and Hill [16] and Podor et al. [19], conduction down the thermocouple leads may
cool the point of contact. This can result into a limitation of the hot stage maximum temperature or to
an additional uncertainty on the specimen temperature measurement (depending on the thickness and
composition of the material separating the sample and the head of the thermocouple). Different authors
have decided to put the sample directly in contact with the head of the thermocouple in order to avoid
these difficulties [6, 12, 14, 19]. In this configuration, specific attention must be paid to the possible

reactivity between the thermocouple leads or head with the specimen.

The measure of the sample temperature is generally calibrated by determining melting points of pure
compounds [14, 15, 19] and alloys [14]. The measurement methods using thermocouples are accurate
(temperature difference below 10°C in the 231-660°C temperature range, 2°C at 1000°C [14] and 5°C at
1064°C [15]). Brown and Hill have used three different systems (welded thermocouple to the specimen,

optical and infrared pyrometry) and they underline that there is a good agreement between the three



measuring systems [16]. Some authors also underline the fact that if the head of the thermocouple is in
direct contact with metallic samples, the recorded melting temperature can be up to 15°C lower than the

expected temperature [1, 14].

In the specific montage built by Gregori et al. in which the thermocouple is located directly under the
graphitic sample holder, the authors have noticed that there is a small deviation between the measured
and the expected temperature on the specimen surface [13]. This deviation depends on the composition,

thickness and porosity of the sample as well as on the maximum temperature, but can reach up to 40°C.

Collecting the electrons : secondary vs thermal electrons

The increase of the sample temperature yields to the generation and emission of thermal electrons. The
emission intensity can be calculated by the Richardson law; the higher the temperature, the higher the
thermal electron emission [22]. Thus, at high temperature, the thermo-ionic emission can be much more
intense than the electron emissions resulting from the primary electron beam interaction with the
sample [21]. As the SEM image contrasts are built by comparing the secondary (and/or backscattered)
electrons emitted by different zones of the sample, the challenge is to separate the thermo-ionic
emission from the secondary electron emission. If not, the quality of the images may be substantially
deteriorated [7, 23]. Different strategies have been developed to discriminate the thermo-ionic electron
emission from the secondary electron emission. First, the encapsulation of the heating wires reduces the
thermo-ionic electron emission and it mainly contributes to improve the image quality [13]. Second, the
nature of the sample holder can also influence the global thermal electron emission. Replacement of a
MgO sample holder by a Pt one has allowed to decrease the thermo-ionic electron emission for a given
temperature [21]. Third, the more generalized method consists in the energy filtering of both types of

electrons using a suppression grid or a shielding system. Brouillette & Leyshon reported that the



suppression grid is biased with a potential adjusted to prevent thermionically emitted electrons from
penetrating the grid and entering the collection field while at the same time permitting secondary
electrons, which have higher energies, to enter the collection field [7]. The suppression grids are
generally formed by a metal grid [3, 7, 10] and the shielding systems are made by a metal plate with
apertures positioned above the specimen [13]. The shielding system also protects the SEM chamber

from heat [3, 13] and / or the detectors from light emission [11, 14].

Introduction of gases

Depending on the type of SEM that is used, as well as on the nature of the heating element, the
experiments can be performed under a gaseous environment. The gases can be injected near the sample
via a gas handling vacuum line to observe specific processes [11, 20]. However, these gases must not be
in contact with the heating element (if made of molybdenum or tungsten) if they are oxidizing. In this
configuration, the precise control of the gas partial pressure near the sample is difficult and can be
estimated [24] or calculated [16]. In every case, the determination of the gas pressure near the sample

depends on the system geometry as well as the nature of the gas.

The development of the ESEM in the 80’s has offered new opportunities. Among them, it has been
specifically designed to allow working at precisely controlled gas pressures in the sample chamber. When
working at high temperature, the gas pressure around the sample typically ranges between 10 to 750Pa.
Thus, coupling this microscope with a specific hot-stage equipped with a platinum made heating element
allows experiments under reducing, neutral or oxidizing gases to be performed. The gases that were

used are H,0, Oy, H,, CHa4, C;H,, CH3CH,0H, He or gas mixtures, but this list is not exhaustive.



The heating assembly associated with the ESEM

The heating assembly associated with the ESEM contains a dedicated furnace, heat shield and gaseous
secondary electron detector. This system will now be described in detail and the general guidelines to

work with this integrated system will be reviewed.

A dedicated heating stage

The furnace associated with the ESEM has been developed by Hardt and Knowles and patented in 1996
[3]. A general scheme of this furnace is reported on Fig. 2. In this device, the sample is directly placed on
the sample holder which can be made from carbon (for reductive atmospheres) or Pt-coated MgO (for
reductive, neutral and oxidizing conditions). The sample holder is inserted in the center of the specimen
heater assembly (zone 1 on Fig. 2a). In this assembly, the heating element is a wound heater wire coil
which is positioned close to the sample cup. It is usually made of an iron-based alloy, or of platinum,
depending on the maximum temperature of the furnace (1000 and 1400°C respectively). The heating
element is embedded into an insulating high temperature ceramic in order to avoid electrical contacts
between the different parts of the wire and/or with the specimen, and to limit the heat loss. This
assembly is packed into a larger insulating ceramic (Zone 2 on Fig. 2a) that is maintained into a metallic
envelope (Zone 6 on Fig. 2a). This envelope contains a water cooling system which limits radiant heat

loss in the ESEM chamber (Fig. 2a).
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Figure 2: High temperature stage provided by FEI Company to be installed in the ESEM. a) Schematic

view of the inner parts of the furnace [3]. b) The HT stage is placed in the ESEM chamber with the heat



shield and the high temperature GSE detector. c) A series of images recorded when heating the sample

at room temperature, 1150, 1250 and 1280°C.

Sample biasing

In order to limit the amount of thermal electrons in the total electron signal to be collected, a bias
voltage ranging between +50V and -50V can be applied to the sample holder in the original assembly.
The electrical continuity between the biased platinum wire and the sample is ensured by a platinum
coating that is deposited on the sample holder. Thermal and secondary electrons have different
energies. Typically, the energy of the thermal electrons is lower than 1eV while the energy of the
secondary electrons is around a few tens of eV [7, 10]. Thus, sample biasing can act differently on each
emission depending on its value. When biasing the sample positively, the sample bias acts as a filter:
thermal electrons are attracted to the substrate (and they are trapped) while the secondary electrons
can still be emitted to the detector. Thus, both signals are separated. When biasing the sample
negatively, the energy of both thermal and secondary electrons is increased and the efficiency of the gas
amplification is also increased for the most energetic electrons. Thus, the contribution of the secondary
electron emission in the total collected signal is increased. In this case, sample bias acts as a differential
amplifier of both signals. Playing with sample bias generally yields to an increase of the image contrast.
However, the adjustment of this parameter remains tricky and mainly related with a trial and error

method.

A dedicated heat shield

10



In order to avoid radiant heat loss, a heat shield is installed in the specimen chamber above the
specimen heating assembly (Fig. 2b). This heat shield includes a central opening to permit the electron
beam to pass through and strike the sample. The heat shield assembly includes a series of thin ceramic
insulating shields which act as heat reflectors and limit the heating inside the SEM chamber. A metal grid
is also included in the heat shield. It can be biased up to 250V relative to the sample holder in order to
accelerate secondary electrons emanating from the surface of the specimen to pass through the central
opening of the heat shield assembly. The intensity of the bias required mainly depends on the sample

temperature and it will be necessary to adjust this parameter continuously during the sample heating.

A dedicated gaseous secondary electron detector

A specific electron detector has been built on the basis of the Gaseous Secondary Electron Detector
(GSED) used in the ESEM. The modified electron detector is in the form of a metallic thin ring electrode.
In order to enhance image quality, the final pressure limiting aperture can be biased at a different
voltage compared to the bias applied to the thin ring electrode. In addition, the bias voltage applied to
the final pressure limiting aperture can float to provide automatic compensation. This specific detector is

not sensitive to the light emitted during the heating of the sample (Fig. 2c).

The GSED (also called GDD for gaseous detection device) allows the formation of images in the
conditions of an electron microscope and in the presence of gas inside the specimen chamber. As
described by Danilatos, the SE and BSE signals emanating from the electron beam/specimen interaction
interact with the surrounding gas in the form of gaseous ionization and excitation, resulting in their
multiplication through 'electron avalanche' [25]. When attracted to the biased detector (20-500V), the
emitted “gaseous electrons” signal is amplified and the number of gaseous electrons that are generated

remains proportional to the intensity of the initial SE+BSE signals. This allows the formation of

11



“electronic” images. In parallel, the generated cations go onto the negatively charged surface to
compensate the local sample surface charging effects. This effect allows the observation of insulating

samples (Fig. 3a,b,c).

Measuring the sample temperature

Accurate and reproducible measurement of the sample temperature is a key point in achieving high
temperature experiments. The initial high temperature stage provided by the FEI Company contains an
integrated thermocouple that is located relatively far from the sample (embedded in the insulating
ceramic, outside the heater — close to point 3 on Fig. 2a). Using this device, systematic measurement of
the melting point of gold yielded to much disperse data. Thus, Podor et al. have developed a specific
sample holder containing an integrated thermocouple on which the sample is positioned directly above
[19]. This system allows a precise measurement of the sample temperature, independent of the furnace
geometry and the nature and pressure of the gas that is used. However, when this thermocouple is used,

the sample cannot be biased and the thermal electron filtering is more difficult at high temperature.

Performing in situ experiments with the heating stage of the ESEM

One of the main interests of performing in situ experiments in the ESEM is to monitor continuously the
morphological modifications of the sample surface by constantly observing it at the same location. That
is to say that the zone of interest must always be maintained in the field of view of the microscope
during the heat treatment. This often requires continuous adjustment of many parameters affecting the
recording of high quality images (heat shield bias, beam centering, image focus, stigmator...) i.e. that

contain sufficient information to describe the phenomena at the scale at which the changes occur. In

12



other words, the image magnification must fit well with the morphological modifications to be observed.
During HT-ESEM experiments, the main objective of the microscopist will be to record image series on
the same zone of the sample with the same magnification and focus. The time between two images must

be as short as possible if the sample morphological modifications are fast.

General guidelines to choose the best operating conditions when using the HT-ESEM are provided in the

following part of this tutorial.

Choice of the sample

The size of the sample to be studied must be adjusted with the requirements of the observations to be

made. Several cases must be distinguished:

1) The sample is not a powder and the morphological modifications only occur at the sample
surface and the inner part of the sample is not modified (oxidation of a superalloy for example).
In this case, the sample can be relatively large. The only requirement is that it must fit within the
sample holder (typically inserted into a 5mm diameter circle).

2) The sample is not a powder and the morphological modifications modify the bulk of the sample
(sintering of a green pellet for example). In this case, the size of the sample can be strongly
modified during the heat treatment and the region to be observed can shift during the
observation. In order to limit the sample drift during the experiment, the sample must be as
small as possible - typically 100-500 um in length and 50-100 um in height (but these values can
be lowered).

3) The sample is a powder. In this case, the size of the sample must also be minimized and if
necessary, the powder can be dispersed on a thin plate in order to observe the grains
independently (a particular care must be taken to avoid chemical reactivity of the powder with

13



the substrate). Indeed, the heat treatment can change the organization of the grains and the
zone to be observed can be lost. Furthermore, observing the sample with the electron beam can

also yield to a dispersion of the powder due to electrical charging effects.

The choice of the sample size is not obvious and this is one of the main parameters that will guarantee

the success of the HT experiments in the ESEM.
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Figure 3. a) Skirting effect (The Gaussian curve illustrates the electron distribution of the primary
electron beam at the sample surface). b) SE (and BSE) amplification in the gas. c) GSE concentration and
collection using the heat shield and the GSE detector. d) Parameters to be adjusted to obtain images at

high temperature in the HT-ESEM.

Making images in the HT-ESEM in the presence of gases

Almost 12 different and interdependent parameters must be adjusted, sometimes continuously or
simultaneously, during the experiment, to obtain images at high temperature in the ESEM. These
parameters and their links with the high temperature assembly are reported in Fig. 3d. The choices of
some parameters are directly driven by the experimental conditions (temperature, nature and pressure
of the gas), the sample itself and the expected magnification to observe the sample modifications. All

these parameters must be adjusted in order:

- To minimize the skirting effect that is due to the scattering of primary electron beam in the gas

remaining in the chamber,

14



- To optimize the signal/noise ratio of the electron (SE and BSE) collection regarding the sensitivity
of the sample to the primary electron beam and the expected image resolution,

- To maximize the SE+BSE electron signal relative to the thermo-ionic emission,

- To perform the experiments in the expected conditions (temperature, nature and pressure of

the gas).

First of all, the working distance, i.e. the distance between the final lens and the sample surface, cannot
be lowered below 19 mm, due to the size and relative positions of the detector, the heat shield, the
furnace and of the position of the sample inside the furnace. Thus, when considering the classical
parameters used in conventional SEMs, this working distance is much higher than usual and it is not
optimal for obtaining good quality images. In the high temperature assembly, this parameter is

considered as a fixed parameter.

Generally, the high voltage of the primary electron beam is maximized to 30kV in order to limit the
skirting effect of the electron beam through the gas present between the final lens and the sample
surface. This value can be lowered if the sample is sensitive to the electron beam. The spot size and the
intermediate diaphragm have to be adjusted to optimize the signal / noise ratio and the resolution of the

images.

The nature and the pressure of the gas inside the ESEM chamber will impact both the primary electron
beam skirting, the amplification of the gaseous second electron signal and image resolution. When
increasing the gas pressure, the skirting is increased as well as the amplification of the gaseous second
electron signal. However, when the pressure is too high (typically more than 400-500Pa water vapor or
air), the skirting effect becomes very intense. Thus, the number of primary electrons that interact with
the sample is low, the image resolution is decreased and the signal/noise ratio of the GSED is also

decreased (see Stokes for more information [26]).

15



When the sample temperature increases (typically above 1150°C), the thermo-ionic signal becomes
more and more intense. The energy of the thermal electrons (around 20~30eV) is generally lower than
the secondary electron energy (less than a few eV) [10]). Thus, this electron emission can be partially
filtered from the SE (and BSE) emissions that provide the information on the sample morphology. This
filtering can be obtained by applying either positive or negative bias to the sample. When the sample
bias is positive, the trajectories of the thermal electrons are deviated and they are attracted to the
sample surface. As the energy of the thermal electrons remains lower than the secondary electron
energy, both signals can be filtered (Fig. 3b). When the sample bias is negative, the electrons are
accelerated and this energy increase favors the electron / gas molecule interactions. As the energy of SE
is higher than that of thermal electrons, this additional energy is sufficient to increase the gas ionization
due to the SE and to enhance this signal rather than the background due to the thermal electrons.
Furthermore, when the sample holder developed by Podor et al. is placed inside the furnace, the sample

cannot be biased and there will be no help in the filtering of the thermal electrons [19].

The heat shield bias must be adjusted to concentrate and to direct the electron signal to the GSE

detector as a function of the sample temperature:

- When the sample temperature is below 350-500°C, biasing of the heat shield is inefficient on the
image quality. In this condition, the presence of the heat shield in the trajectory of the electrons
to the detector leads the number of collected electrons to decrease. Thus, the quality of the
images remains low below 500°C. One possibility is to remove the heat shield when working at
low temperature.

- Onthe contrary, when the temperature is higher than 500°C, biasing the heat shield above 200V
yields to an increase of the GSE signal and to an improvement of the image quality. This effect
remains efficient up to 1100-1200°C, depending on the nature of the gas and on the pressure

that are used.
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At higher temperatures (1200-1350°C), the thermo-ionic emission becomes very intense and the
GSE signal over the noise generated by this additional emission is very low. Thus, the quantity of
electrons to be directed to the GSE detector must be lowered, and it is necessary to decrease the
heat shield bias. In parallel, it is also necessary to adjust continuously the GSED parameters by
decreasing the brightness, contrast and enhance values in order to avoid detector saturation.
When the temperature is higher than 1350°C, the formation and stabilization of the images
become very tricky. As the parameters associated to the GSED, as well as the heat shield bias,
are generally optimized at this point, it is impossible to change them. Thus, it could be necessary
to decrease the gas pressure in order to reduce the GSE generated by the gas amplification. Last,
if the intensity of the SE+BSE signals is too low compared to the thermo-ionic emission, the
signals of interest must be enhanced by increasing the intensity of the primary electron beam.
This will lower the image resolution but remains the only way to improve the quantity of
information available on the recorded images. This is generally combined with the modification
of the parameters associated with the images (contrast, brightness and gamma). In this
temperature domain, the increase of the experimental temperature yields important changes in
the relative intensities of the different electronic emissions. Thus, the adjustments of all the
imaging parameters must be done between each image, yielding to an increase of the time

necessary to record an image.

The main conditions required to obtain images at high temperature are summarized on Fig. 4. The range

quoted for ideal gas pressures (50-400Pa) is a general guideline for most of the conventional gases (air,

water vapor...). The limits of the range can vary depending on the nature of the gas and the gas amplified

electron emission currents [25, 27, 28].
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Fig. 4. Summary of the main required conditions to obtain images at high temperature using the high

temperature associated with the ESEM.

The specific case of experiments performed under high vacuum

When the experiment is performed under high vacuum, the SE signal is directly collected using the
Everhart-Thornley detector. In this particular case, the heat shield must not be used to direct the
electrons to the GSE detector but only to help extracting the secondary electrons and partly filtering the
thermal electrons. The heat shield bias is ranging between 2-20V and must be adjusted continuously
with increasing temperature. Thus, as the SE trajectory must be deviated to the detector, it is also
necessary to leave a sufficient gap between the heat shield and the furnace to let the electrons go to the

detector: the working distance should be increased by 1 - 2 millimeters.

Unexpected difficulties and further advices

Unexpected difficulties could occur due to different reasons:

- Additional vibrations on the images can be due to the water cooling system of the furnace. They

can limit the maximum magnification achievable by the microscope.
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- The surface of the sample can be contaminated by the formation of impurities due to the
reactivity of the sample with the furnace, the sample holder, ceramics, impurities or residues of
previous experiments.

- Unexpected reactions with the gases can occur and modify the morphology of the sample
surface.

- Important modifications of the sample morphology can occur during the heat treatment at high
temperature. They can yield to a loss of the region of interest by an important drift of the

sample.

Some specific advices can be given to future HT-ESEM users. To avoid the sample surface contamination

from one experiment to another one, it must be necessary:

- To change as regularly as necessary the ceramics of the furnace and of the heat shield. It can be
necessary to change them between each experiment.

- Totake a particular care of the experiments that generate pollutants that can be deposited in
the cold parts of the heating assembly and that can yield to further degradation of the assembly
when heating at higher temperature or under different reducing/oxidizing conditions.

- To take care of the experiments performed under H,. Indeed, this gas reacts with platinum
(heater of the heating element) to form platinum hydrides. After platinum hydrides
decomposition, porosities are formed in the heater that becomes fragile and can break easily.
Furthermore, one must take into account that particular safety caution must be employed by
using H; gas.

- To take care of the experiments where the sample reacts with the gas — oxidation of a metal
performed in air as an example. Indeed, even if there is a continuous renewal of the gas in the
ESEM chamber generated by the entry of gas balanced with removal of gas to maintain vacuum,

this renewal remains very low (a few cubic centimeters per minute (as the chamber volume is
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approximately 30 liters for a Quanta 200 or XL30) and it cannot be controlled and regulated.
Thus, in this case, the partial pressure of oxygen in the ESEM chamber will decrease — as there is
no controlled renewal of the atmosphere in the ESEM chamber - and the experimental
conditions will not remain the same all along the experiment.

- To outgas the furnace under high vacuum before the experiments when necessary (particularly

to decrease the partial pressure of oxygen or to remove traces of water).

Sintering of ceramics: an example of experiments performed at high temperature in the ESEM

High temperature ESEM can address very different types of scientific topics such as sintering, chemical
reactivity, oxidation, grain growth, etc. The case of experiments dedicated to the study of ceramic

sintering and performed recently with the HT-ESEM will now be reported.

The use of HT-SEM for the study of sintering of ceramics has been one of the main reason for the
development of the first furnaces adapted to the SEM chamber [1, 29, 30, 31]. The first attempts to
achieve the observation of sintering in the ESEM have been reported in 2002 by Srinivasan [12] and later
by Mazargui & Cutard [32] and Subramaniam & Roseman [22]. In these studies, the magnification of the
images remained below 5000 times. Problems related with sample contamination / degradation at high
temperature are reported by Subranamiam, which prevent the sintering of the material that is studied
[33]. In 2006-2007, Klemensoe et al. and Nakagawa et al. have observed microstructural changes in a Ni -
Yttria Stabilized Zirconia at high temperature during redox cycling [34, 35]. In 2011, Courtois et al. have
reported the sintering of lead phosphovanadate in the temperature range 500-700°C [36]. In this study, a
strong effect of the electron beam on the sintering temperature — and kinetic - is reported. The authors

concludes that “ESEM equipped with a hot-stage furnace is really a powerful tool to provide information
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on sintering but determination of the local temperature and the true role of electric field should receive
more attention to be entirely conclusive”. In parallel, Jolly-Pottuz et al. have developed a specific
strategy to limit the effect of thermal emission on the image quality at high temperature. Images were
recorded up to 1375°C, and the formation of necks between grains has been observed directly in the
ESEM chamber [21]. However, these authors report that “it was not always straightforward to correlate
sintering experiments performed in situ inside the microscope and sintering experiments performed ex
situ in a classical oven used to prepare ceramics materials”. In all these studies, the precise observation —
and description — of the sintering process (through grain growth as an example) is generally limited by

the image resolution and / or by the time step between two images that is relatively long.

Since 2010, we are developing specific strategies for the observation of the different stages of sintering
of ceramic materials using the HT-ESEM. All the experiments are performed using a FEI Quanta 200 ESEM
FEG equipped with a HT1500 hot stage provided by the FEI Company. The design of these experiments
often requires the preparation of specific samples, sometimes the development of adapted image
processing procedures and the results are systematically compared with those obtained by other

techniques.

First of all, one must report that in some particular cases, contamination of the sample surface or
reactivity of the sample with the substrate (material of the sample holder) has been observed. In the first
example (Fig 5a), the formation of precipitates at the sample surface was associated both with the
nature of the ceramics that are used to build the HT1500 stage by the FEI Company and with a
contamination of the ceramics that were used to protect the heat shield during previous experiments. As
previously reported, to overcome these difficulties, the ceramics of the heat shield have to be changed

regularly.
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In the second example, the reactivity of sample holders with the samples was observed. This
phenomenon is mainly due to the presence of trace elements in the platinum that is used. Thus,
particular specimen holders that are stable in the temperature range of the experiment, not chemically

reactive with the sample and with the furnace, are now used (Fig 5b).
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Fig. 5. a) Contamination of the sample’s surface due to the partial degradation of the ceramics included
in the HT1500 stage (T=1400°C). b) Chemical reactivity of the sample holder (FKS — Y,03 stabilized

platinum alloy) with the sample (CeO>) at T=1200°C.

The first direct and continuous observation of grain growth during the third stage of CeO; sintering using
HT-ESEM was reported by Podor et al. [17, 18]. The time step between two images was typically ranging
between 5 and 30 seconds, and the magnifications that were used allowed to observe grains smaller
than 30nm long. Images were systematically recorded on the same zone of the sample, in order to be
able to characterize precisely the sintering process, and more particularly phenomenon that are
generally not observable (motion of the grain boundaries, variation of the grain size, pore elimination) by
conventional techniques [17, 18]. The displacement of the sample during the sintering process remained
limited because small size samples (500um long maximum) were used (Fig. 6a). These samples were cut
directly from a unique green pellet. The same type of experiment has also been performed with ThO; in
the temperature range 1250-1400°C using the same procedure for the sample’s preparation [37]. The

dwell time for these experiments was 8 hours after reaching the sintering temperature.

Observing the first stage of ceramics sintering has also been achieved by developing a specific analytical
procedure. The main aim was to duplicate the “two-sphere” model that is classically used for the
modelling of the first stage of sintering [38]. 100-500nm diameter microspheres of CeO; and ThO; have
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been synthesized, then deposited on Pt (or Pt-Au5) sample holders (Fig. 6b). Both CeO, and ThO, were

further studied between 1000 and 1275°C [39, 40].

Fig. 6. a) Image of a sample that is used for the study of the intermediate and third stage of sintering. b)
Image of the CeO, microspheres after deposition on the PtAu5 sample holder. The arrow indicates the

position of the system of interest.

Typical image series that have been recorded during the study of CeO, and ThO; sintering are reported in
figure 7a, b, c and d. The resolution of the images, as well as the short time step between two images,
are sufficient to measure precisely the grain size, neck size, angle between the grain, on the one hand,
and grain size, length of grain boundaries as well as relative positions of the grain boundaries, on the
other hand. From all these datasets, a huge quantity of original experimental data was collected. They
were systematically compared with similar data obtained from the conventional techniques used for the
study of sintering (including dilatometry and density measurements), or even modelling, when available
[41]. No discrepancy between the different datasets has been reported, indicating that there was no

beam effect during the experiments performed into the ESEM chamber.

Fig. 7. a) Image series of CeO, microspheres at T=1100°C during the study of the first stage of sintering.
b) Image series of CeO, grains at T=1100°C during the study of the intermediate and final stage of
sintering. c) Image series of ThO, microspheres at T=1250°C during the study of the first (and second)

stage of sintering. d) Image series of ThO, grains at T=1250°C during the study of the intermediate and
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final stage of sintering. The times that are inserted refer to the duration of the experiment since the

beginning of the heat treatment at isothermal temperature.

Conclusions and outlooks

To conclude, here is a summary of the advice suggested in order to achieve high quality images whilst

performing HT-ESEM experiments:

1) This technique is complex and requires a long-term training in order to use the microscope efficiently
and produce the best data possible. The main objective of this training is to able to record high quality
images in the required experimental conditions. Thus, the first piece of advice is to listen to the

microscopist!

2) Before analysis, the end-user must discuss with microscopist the specific phenomena that will be
studied. Understanding the problem will allow the microscopist to define the working conditions more

precisely.

3) The sample must be prepared correctly according the sample type in order to observe the

morphological modifications of the sample surface accurately.

4) The experimental conditions must be defined taking into account all the details that will help to obtain

a good set of data:

- Which sample holder must be used?
- In which conditions must the experiment be performed (temperature, nature of the gas,
pressure...),

- Beam conditions (high voltage, expected beam current, diaphragms, detectors...),
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- What can modify the sample observation (sensitivity of the sample to the electron beam,
reactivity with gases, phase change during the experiment...),

- Expected magnification(s),

- Time delay between two images to be recorded, total number of images, contrast, brightness,

enhance parameters thinking “image processing” and not only “sample observation”.

5) It is often necessary to perform a preliminary experiment to determine at which conditions
(temperature, pressure etc) any surface transformations will occur and what experimental conditions

will optimize the collection of data at these points.

After the experiments, the most difficult — and time consuming - part of the work begins. First of all, a
dedicated strategy for image processing should be systematically adapted to the image series that have
been recorded and to the kinetic parameters that are studied. Second, the interpretation of the data /
results is generally not obvious as the observation of the morphological changes of a sample is not

always easy to correlate to conventional thermal analyses processes.

Within the last twenty years, this technique has been widely used in many different technical domains of
materials chemistry and physics of materials. Among them, one can cite the oxidation of materials [42,
43, 44, 45, 46, 47], healing and self-healing [48, 49, 50, 51], dewetting [52, 53, 54, 55, 56], reactivity
(chemical reactivity, synthesis...) [9, 57, 58, 59, 60, 61, 62], crystallization [63, 64, 65, 66], energy [67, 68],
phase change [69, 70, 71], soldering (and welding / joining) [72], decomposition of materials [73, 74, 75,
76], corrosion [77, 78]. This list is not exhaustive and the stages attached to the (E)SEM are now coupling
mechanical testing with high temperature. The future of this technique would be probably driven by
emerging applications such as SOFC, catalysis, which require to increase the gas pressure surrounding

the sample and to mimic the operando conditions.
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Recent works exhibit original advances and applications of high temperature SEM that can draw
guidelines for future developments. EBAC (Electron Beam Absorbed Current)) images have been
recorded at high temperature, opening the possibility to observe samples with a high resolution under
gaseous atmospheres at high temperature [79].In parallel, topographic reconstructions and acquisition
of 3D surface images at high temperature has also been achieved recently [77, 80] (Figure 8a, b). Last, a
new design of furnace directly derived from the heating cells built for TEM [81, 82] has been recently
implemented in a SEM. The experiment is reported in a pioneering work by Fanta et al. [54]. These
authors have mounted MEMS heating chips in an in house designed TKD holder to study thin-film
dewetting processes. The obtained data allow combining STEM-in-SEM imaging with local
crystallographic data while heating the sample. Another research group is also developing such chip-

based in situ heating device to investigate phase transformation phenomena in thin films [83].

These last developments clearly illustrate the technical and scientific potentials of this technique and
what could drive future developments of high temperature SEM. However, coupling a high temperature
stress with the precise control of the composition of the gas surrounding the sample remains the best
way to reproduce or simulate operando conditions. Today, this can be achieved only with a scanning

electron microscope operating under variable pressure with various gases.
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Fig. 8. a) SEM view of a crystal formed at 850°C in a ceramic-glass. b) Topographic reconstruction of a

glass ceramic during cristallisation recorded at T=850°C [78].
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