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Heat dissipation in integrated nanoscale devices is a major issue that requires the development of
nanoscale temperature probes. Here, we report the implementation of a method that combines electron
energy gain and loss spectroscopy to provide a direct measurement of the local temperature in the
nanoenvironment. Loss and gain peaks corresponding to an optical-phonon mode in boron nitride were
measured from room temperature to ∼1600 K. Both loss and gain peaks exhibit a shift towards lower
energies as the sample is heated up. First-principles calculations of the temperature-induced phonon
frequency shifts provide insights into the origin of this effect and confirm the experimental data. The
experiments and theory presented here open the doors to the study of anharmonic effects in materials by
directly probing phonons in the electron microscope.
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Thermal management is essential for the microelectron-
ics industry to improve the energy efficiency of electronic
components [1], meaning that there is an urgent need to be
able to map the local temperature of individual microelec-
tronics devices. Local temperature measurements with
nanoscale spatial resolution have recently been achieved
by tracking the energy shifts of bulk plasmons as functions
of temperature in scanning transmission electron micros-
copy (STEM) [2]. This concept dates to the mid 1950s [3],
when it was pointed out that the energy of a bulk plasmon
depends on the temperature through changes in volume and
the associated changes in electron density. Another con-
cept, which originated in the 1960s, determines the local
temperature by measuring the energy gains of a fast
electron beam interacting with the phonons in a material
[4–6], with the gains first observed by Boersch et al. [4] at
micrometer spatial resolution. However, despite the fact
that monochromators have been available in electron
microscopes for several decades, it is only in the last
few years that it has become possible to resolve phonons
and to study them with nanometer spatial resolution [7–10].
In this Letter, we take advantage of the ability of a

modern monochromated aberration-corrected STEM sys-
tem to record energy-gain spectra to determine the temper-
ature of a material by measuring the ratio between the gain
and loss phonon peaks in the electron energy spectrum. The
loss and gain peaks from hexagonal boron nitride (h-BN)
nanoflakes, corresponding to an optical phonon mode,

were measured over a temperature range from room
temperature to ∼1600 K. We find that both peaks present
a red shift (towards lower energies) as the sample is heated
up, with a linear behavior over the temperature range used
here. First-principles calculations reveal that the redshift is
due to a combination of lattice thermal expansion and
anharmonic phonon scattering, with the latter being the
dominant factor to reduce the energy of the optical phonon
as the temperature of the sample increases. The gain peak
exhibits a clear increase of intensity as a function of
temperature, in accordance with the occupation probability
of the phonon energy state. The spectroscopy presented in
this study shows that by detecting both gain and loss peaks,
the local temperature of a material can be obtained from
purely statistical principles.
The h-BN nanoflakes were dispersed on a holey carbon

film as shown in the Z-contrast STEM image in Fig. 1. The
incident electron probe was positioned in a hole, near to
the center of an agglomeration of h-BN nanoflakes. The
spectra were acquired in an aloof configuration, with the
beam in free space, at a distance from the h-BN nanoflakes
of about 50 nm.
Figure 2 shows the gain and loss phonon peaks of h-BN

obtained over a temperature range from 323 to 1586 K,
with an average temperature step of 55 K, using 5 seconds
acquisition time. Each plotted spectrum line is the average
of ten different spectra. All the spectra were normalized for
display such that the intensity of the loss phonon peak for
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each temperature was equal to 1. Further details of the
experiments can be found in the STEM-EELS experiments
section in Ref. [11].
The loss peak shown in Figs. 2(a) and 2(c) corresponds

to a high-energy h-BN optical-phonon mode, which is
located at 186.5 meV when measured at room temperature.
Moreover, it can be seen that as the temperature of the
sample increases, the energy-gain peak becomes visible
over the background noise above ∼473 K and then
increases with temperature. The increased intensity of
the gain peak with temperature is better appreciated after
the background has been subtracted, as shown in Fig. 2(b).
The gain peak intensity ranges from 1% to 27% of the loss
peak intensity.
The change of intensity of the gain peak with temperature

allows the direct measurement of the temperature of the
h-BNnanoflakes using the principle of detailed balance [21].
This principle of statistical physics relates the probabilities of
a transition from a lower to a higher energy state (PL, loss
mode) and its reverse (PG, gain mode) by the Boltzmann
factor, expð−Eph/kTÞ, as PG ¼ expð−Eph/kTÞPL, where
Eph is the energy of the phonon, k is the Boltzmann constant,
and T is the temperature of the sample.
Figure 3 shows the experimental gain and loss peaks

PG/PL (same as IGain/ILoss) ratios compared with the
Boltzmann factor, which was obtained using the exper-
imentally measured phonon energy for the reported nomi-
nal temperature from the microelectromechanical system
(MEMS) chip. There is clearly a good match obtained
between the experimental PG/PL ratios and the calculated
Boltzmann factor, as expected from the principle of
detailed balance.
The inset of Fig. 3 visually indicates the accuracy of the

temperature obtained by the principle of detailed balance
TGL compared with the nominal temperature reported by

the device, which has an accuracy of 5%. The precision in
the temperature measurements depends linearly on the
precision in determining the phonon energy and the ratio
of the gain and loss peaks. The scatter in the PG/PL ratio is
the main source of error in the spectroscopy method. For
lower energy phonons, such as those reported in SiO2 [7],
the intensity of PG increases, resulting in a reduction of the
scatter in the PG/PL ratio, which should improve the
precision of the method at the low end of the temperature
range.
Figure 2 reveals that both gain and loss phonon peaks

shift in energy as the temperature increases. The temper-
ature dependence of the h-BN phonon mode parameters,
energy and line width (or full-width half-maximum) are
plotted in Figs. 4(a) and 4(b), respectively. The energy shift
of the h-BN phonon mode is well described by a linear
fit, with a fitted slope of −6.08 μeV/K. Additionally, a
measurable increase of the line width of the phonon loss
peak is observed with temperature [Fig. 4(b)]. The line
width of the loss phonon mode increases by about 2.4 meV,

FIG. 2. Electron energy-loss and energy-gain spectra of h-BN
as a function of temperature. (a) Spectra acquired as a function of
temperature from 323 to 1586 K, with average increment steps of
55 K. (b) Electron energy-gain spectra shown in (a) after the
background has been subtracted. The intensity of each gain peak
(IGain) has been normalized with the intensity of the loss peak
(ILoss) obtained at the same nominal temperature. (c) Electron
energy-loss peaks shown in (a). The loss peak corresponds to a h-
BN high-energy optical-phonon mode. Notice that the phonon
peaks shift in energy as a function of temperature. The spectra in
(a) and (c) have been vertically shifted for illustration purposes.

FIG. 1. Z-contrast image of the studied h-BN nanoflakes. The
sub-nm-sized incident electron beam is in vacuum about 50 nm
from the closest particle, allowing for aloof spectroscopy. The
gray circle shows the approximate incident electron beam
position.
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from 14.3 meV at 323 K to 16.7 meV at 1586 K. Although
the noise in the data for the gain peak does not allow us to
determine a clear trend with temperature, its mean line
width from 323 to 1586 K is 16.0 meV with a standard
deviation of 0.7 meV.
In order to understand the origin of the phonon energy

shift, first-principles calculations based in density func-
tional theory and ab initio molecular dynamics were
performed. Details of the calculations can be found in
the first-principles calculations section in Ref. [11]. The
energy shift at temperatures originates from a combination
of lattice thermal expansion and anharmonic phonon
scattering. The lattice thermal expansion increases the
energy of the phonon (h-BN has negative thermal expan-
sion in plane); however, as can be seen in the inset of
Fig. 4(a), the anharmonic phonon scattering dominates,
resulting in a decrease of the phonon energy with temper-
ature. Our experimental and theoretical results are in
agreement with previous work [16,22,23] and highlight
the sensitivity of monochromated high-energy resolution
electron spectroscopy to capture the phonon behavior of
materials with high spatial resolution.
As shown in Fig. 4(a), the energy of the phonon mode

varies with temperature and can thus be used to measure the
local temperature, in much the same way as for plasmon
energy shifts [5]. However, relying on energy shifts
requires an empirical calibration of how the phonon mode
softens (shifts in energy) with temperature, unlike the
parameter-free method relying on detailed balance.

Here we have presented the first measurements of the
ratio between gain and loss phonon peaks as a function of
temperature using a nanoscale probe. The experiments in
this study show that by detecting gain peaks, the local
temperature of a material can be obtained directly, based
purely on statistical principles, and indirectly (using
empirical fits, as done previously by analyzing the changes
in contrast of high-angle annular dark field images [24] or
from parallel-beam electron diffraction patterns [25]). The
experiments, combined with first-principles calculations,
show that direct measurements of the thermal expansion
coefficients and the phonon scattering behavior are acces-
sible with far better spatial resolution than optical methods
such as Raman spectroscopy, or neutron scattering, which
rely on larger volumes. Thus, the anharmonic behavior of
materials due to confinement effects (particle size) and the
influence of localized defects, may now be open for study

FIG. 3. Gain and loss phonon peak intensity ratios. Gain and
loss phonon peak intensity (IGain/ILoss) ratios of three different
sets of measurements performed at different times (and the
respective average) compared with the Boltzmann factor
expð−Eph/kTÞ. The experimentally measured phonon energy,
as well as the reported nominal temperature T from the MEMS
heater microchip device are used in the calculation of the
Boltzmann factor data points. The inset shows the temperature
obtained by the principle of detailed balance TGL against the
nominal temperature. The error bars indicate the 5% accuracy of
the MEMS device temperature.

FIG. 4. Temperature dependence of the h-BN phonon mode
parameters. (a) The energy shift of the h-BN phonon mode is well
described by a linear behavior, with a calculated slope of the
energy shift of - 6.08 μeV/K. (b) The line width of the phonon
loss peak is observed to increase with temperature by about
2.4 meV, from 14.3 meV at 323 K to 16.7 meV at 1586 K. The
variation in the gain data does not allow us to obtain a clear trend
of its line width with temperature.
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with the electron microscope in penetrating or aloof beam
mode conditions, allowing a choice between even higher
spatial resolution or low beam damage. In the same way as
recently demonstrated with plasmonic excitations [2], the
energy-gain spectroscopy technique presented here con-
stitutes the foundation of a possible methodology
to measure the temperature of working microelectronic
devices with high spatial resolution.
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