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Background incl. aims

Transmission electron microscopy (TEM) has become an important tool for
characterizing the microstructure in materials [1]. However, to gain access to
the underlying structure-property relationships, real-time observations in
TEM experiments are required to study the material’s microstructure under
operating or process conditions, e.g. at elevated temperature in in-situ
heating experiments. And, with the advent of TEM nanoheaters that utilize
microelectromechanical systems (MEMS) technology [2,3], atomic-scale
studies at elevated temperatures became feasible.

However, the exact local temperature of a TEM sample itself remains rather
uncertain, limiting the interpretation of observed structural phenomena
observed in in-situ TEM heating experiments. Here, we explored how
accurately plasmon energy expansion thermometry (PEET) [4] can be used to
determine the local temperature.

Methods

As our model system, a tungsten (W) sample, prepared using a ThermoFisher
Hydra plasma focus ion-beam (PFIB), was placed on a DENS Wildfire
nanoheater [3]. For the PEET experiment, low-loss energy electron loss
spectroscopy (EELS) was performed using ThermoFisher Spectra Ultra at
300kV with an energy resolution of 1 eV and a Gatan Continuum GIF with
Dual-EELS functionality.

The site-specific temperature (T) within the W lamella was estimated by
measuring the T-dependent energy shift of the W bulk plasmon in the low-
loss EELS. The energy dispersion of 0.01 eV was used for an increased
precision for detecting the plasmon energy shift.

To accurately estimate the temperature profile within the W lamellas with
uniform sample thickness, we used the finite element method (FEM) in
COMSOL. Further, the GPAW package [5] was used to simulate EELS spectra,
based on the dielectric function. The temperature-dependent energy of the W
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bulk plasmon was estimated in the GPAW environment by implementing the
temperature-dependent thermal expansion of the lattice constant.

Results

The COMSOL simulation models the heat flow and the temperature
distribution in our W sample with increasing nanoheater temperature,
providing an estimation to simulate corresponding low-loss EELS spectra. Our
simulated EELS spectra using GPAW predicted a shift of the W bulk plasmon
energy AE of ~0.236 eV when the temperature was increased from RT to
1000°C. The value of the simulated W bulk plasmon energy is at the same
order of magnitude as our experimental PEET data (AE ~ 0.38 eV) when
increasing the temperature from RT (25.11 eV) to 1000°C (24.73 eV) in our in-
situ heating TEM experiment.

However, the deviation between our simulation and experiments indicated
that more details need to be considered. One approach in the simulation is
that the precision of PEET has been evaluated in our simulated EELS data from
the uncertainties of the coefficient of thermal expansion and of the lattice
constant at the reference temperature. Another reason could be that we have
to take varying sample thickness into account in our COMSOL simulations.

Conclusion

Our study shows that PEET with W is able to measure local TEM sample
temperatures in a quantitative way. The COMSOL/GPAW simulation can be
used to predict the T-dependent plasmon energy and estimate the
uncertainties for spectra in such experiments. This advances our approach in
determining the local temperature across the sample in in situ TEM heating
experiments.
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