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Abstract
Secondary electron (SE) emission is temperature-dependent, and thus could form the basis of an
electron microscopy-based thermometry technique with nanoscale spatial resolution. To explore
this possibility, we measure the SE emission from heated test structures using scanning
transmission electron microscopy electron beam-induced current (STEM EBIC) imaging. The
test structures consist of an electrode, which is made of platinum or amorphous carbon, and an
encircling heater. Aluminium nanoparticles decorate the test structures and serve as local
nanothermometers that we read-out with plasmon energy expansion themometry (PEET).
Energizing the heaters, we measure the SE emission from the electrodes and nanothermometers.
The SE emission from Pt, C, and Al is a simple, supralinear function of the PEET-calibrated
temperature that is well-fit with a single free parameter. SEEBIC thermometry thus shows
promise for being a widely applicable, TEM-based temperature mapping technique.

Supplementary material for this article is available online
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1. Introduction

Irradiating a material with a high-energy electron beam causes
lower energy (⩽50 eV) ‘secondary’ electrons (SEs) to be emit-
ted. SE emission has been studied extensively due to its role
as one of the main imaging signals in the scanning electron
microscope (SEM). The emission of SEs at a given beam pos-
ition is most often measured by an off-sample detector. The
SE signal detected in the SEM typically includes contributions
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from SEs emitted by the primary beam, SE1, and by backs-
cattered electrons (BSEs), SE2 [1]. In the SEM, SE2 will gen-
erally be a large, if not dominant, portion of the total SEs
emitted [1, 2]. The superposition of SE1 and SE2makes quant-
itative analysis of SE signal challenging, and the larger inter-
action volume associated with BSEs, and therefore SE2, con-
tributes to the resolution limit of SE imaging in SEM.

In the transmission electron microscope (TEM), samples
are generally thinner (<150 nm) and the primary electron
energies are larger (⩾60 keV) compared to SEM. As a res-
ult, in TEM there is a negligible amount BSEs [3, 4], and
therefore SE2, and only SE1 emission is expected [5]. The
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interaction volume associated with SEs in TEM is therefore
much smaller than in SEM, and even small enough to allow
atomic-resolution SE imaging in a scanning TEM (STEM)
[6–9].

SE imaging in STEM is typically performed using a SE
detector like those used in SEM [6–8], but SE’s can also
be detected via the holes they leave behind. In SE emis-
sion electron beam-induced current (SEEBIC) imaging [4,
10], the current of SEs (or, more precisely, the SE1 current)
leaving the sample is measured directly. Unlike the standard,
electron–hole pair separation-based mode of EBIC imaging
[11], SEEBIC has been demonstrated only in STEM, requires
no electric field to generate contrast, and can achieve atomic
resolution [9, 12]. Quantitative SEEBIC imaging can map
electronic properties such as local conductivity [13–15] and
work function [4], and SEEBIC can also assist is resolving 3D
nanostructures [16–18].

In this article we demonstrate that SEEBIC imaging can be
used to perform quantitative temperature mapping in the TEM.
The temperature dependence of SE emission and its promise
as the basis for a thermometry technique have been investig-
ated previously. While SE emission is expected to increase
with temperature [19, 20], in the SEM the opposite effect was
observed [21]. The decrease in SE emission with increased
temperature may be due to the various, non-SE1 contributions
to the SE signal [1, 22] that are typically absent in SEEBIC.

In the past decade, a number of specialized techniques have
been developed to measure temperature in the TEM [23–27].
In each of these methods, temperature is extracted by meas-
uring one of the specimen’s physical properties, such as its
density, lattice spacing, or phonon spectrum. The first of these
techniques reported, and to date the only to demonstrate tem-
perature mapping (rather than single-point measurements), is
plasmon energy expansion thermometry (PEET) [23, 28]. In
PEET, electron energy loss spectroscopy (EELS) is used to
measure a material’s plasmon energy. Because the plasmon
energy depends on the material’s physical density, precision
measurements of the plasmon energy can be converted into
temperature measurements via the material’s independently-
determined coefficient of thermal expansion. Performing this
analysis and conversion at each pixel in an EELS spectrum
image produces a temperature map.

PEET works best in materials with sharp plasmon reson-
ances. Aluminum [23, 29, 30] and indium [31], for instance,
are particularly good. Silicon [32], silicon nitride [33], and
MoS2 [34, 35] are serviceable, while other materials are
only suitable for detecting large temperature shifts [36, 37].
However, PEET is not generally applicable because not all
materials have well-defined plasmon resonances, and because
sometimes other sources of density changes (e.g. strain) [38]
and, to some extent, sample thickness [23, 39] in a specimen
confuse the picture. In the experiments described below, we
use PEET on Al nanoparticles to measure local temperature
as a calibration for SEEBIC-based temperature measurements
[29].

Figure 1. Left ADF STEM image of a test structure with a Pt heater
and a Pt electrode. In some devices the latter is not Pt but
amorphous carbon. Right Cartoon side view of an electrode and SE
emission, with the current meter measuring the resulting holes.

2. Methods

2.1. Sample preparation

Using a process described previously [4], devices are fab-
ricated on thin Si3N4 membrane windows supported by sil-
icon substrates. Optical lithography and electron beam evap-
oration is used to pattern Ti/Pt (5/25 nm) probe pads and
traces that reach the edges of the membrane windows [4].
Ti/Pt (5/25 nm) heaters contacting two of the traces are
then patterned on the membrane window via electron beam
lithography and evaporation. The Ti/Pt layer thicknesses are
chosen to maintain high-electron-transparency without signi-
ficantly compromising device robustness. Either a Ti/Pt elec-
trode, contacting a third trace, is deposited simultaneously
with the heater (figure 1, left), or a 30 nm-thick amorph-
ous carbon (a-C) electrode is patterned with an additional
round of electron beam lithography and evaporation. For brev-
ity, we will refer to these device architectures, respectively,
as being ‘platinum’ or ‘carbon’, despite the former having a
5 nm Ti adhesion layer [4] and both electrodes being sup-
ported by Si3N4. Aluminum nanoparticles, sourced commer-
cially from SkySpring Nanomaterials, are suspended in isop-
ropanol using sonication and drop-cast onto completed devices
to act as PEET nanothermometers. To eliminate beam-induced
contamination (Supplementary Data, figure S1), samples are
cleaned for 10 s in Ar/H2 plasma using a Gatan Solarus 950
before they are inserted into the TEM. Optical and then STEM
imaging is used to identify samples with suitable nanoparticle
thermometers.

2.2. STEM EBIC and EELS acquisition

EELS and STEM EBIC images are acquired at the Lawrence
BerkeleyNational Lab using the TEAM1.0, which is equipped
with a Gatan Continuum spectrometer and a K3 direct electron
detector. Additional STEMEBIC imaging is performed on the
Titan 80–300 S/TEM at UCLA. EELS spectrum images are
acquired at a rate of 2.5 ms pixel−1 and a zero-loss peak full-
width half-max of 0.7 eV. STEM EBIC images are acquired
at a rate of 1.6–2.5 ms pixel−1 (100–200 s per frame). STEM
EBIC is acquired using a NanoElectronic Imaging systemwith
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an EBIC-optimized TEM sample holder by Hummingbird
Scientific. STEM EBIC signals are acquired in parallel with
the signals from other STEM imaging channels using the
microscopes’ native software.

2.3. Measurement procedure

PEET and STEM EBIC measurements are performed seri-
ally, rather than simultaneously, due to the dose limitations
of the K3 direct electron detector used to acquire EELS. The
heater is energized at various power values, in both bias polar-
ities, while EELS spectrum images are acquired in regions
near the electrode tips containing Al nanoparticles (figure 2).
No dependence on the polarity of the heater bias is observed
in the EELS measurements. Before subsequent STEM EBIC
imaging, electrical testing is performed to confirm that the
heater power at maximum bias equals that seen during
the EELS maximum bias measurements to within 1% or
better.

Following EELS, STEM EBIC is measured at regular
heater power intervals. The power is generally stepped from
highest power to lowest, but with repeats, reversed polar-
ity, and zero-bias images to guard against dose effects and
other systematic errors (Supplementary Data, figure S2). The
region imaged with STEM EBIC (figure 2) contains the
nanoparticles previously mapped with EELS during heater
calibration. The beam is blanked prior to STEM EBIC
acquisition to measure the beam-independent background
current.

2.4. Data Analysis

For each EELS spectrum image, a temperature value at each
pixel is calculated following the procedure described in refer-
ence [23]. Each temperature vs. heater power dataset is fit to a
line with the intercept fixed at 295 K (figure 2 plot). The error
bars in figure 2 are determined by setting the reduced χ2 = 1.

The STEMEBIC images are aligned and the beam-blanked
signal is subtracted from the images to remove electronic
offsets. The average signal in each of the red, green, and
blue regions in figure 2 near the PEET-calibrated Al nano-
particle is converted to an amperage value. In the case of
the a-C electrode device, the ∼100 nm-diameter Al nano-
particle used as a thermometer is free from residue and can
be used as an additional material data point, with PEET and
SEEBIC measurements taken from the same region. Each
EBIC dataset is corrected (Supplementary Data, figure S2)
for time-dependent systematics (e.g. drift in beam current)
using the interspersed zero-bias measurements, and then for
polarity-dependent attraction/repulsion of electrons caused by
the heater bias (a few percent per volt, see Supplementary
Materials for further discussion). In figure 3, the error bars
in the Al and a-C data correspond to 50 fA, our approximate
sensitivity under these imaging conditions [40, 41], while they
correspond to 150 fA for the Pt data due to the greater variation
in the large beam current used for those measurements.

Figure 2. (Upper rows) ADF STEM and STEM EBIC images of
the nanoparticle-decorated electrode tips from which EELS and
STEM EBIC are measured for the data in figure 3. EBIC
measurements in the figure 3 plots are the average signal in the
green, red, and blue regions for Al, a-C, and Pt, respectively. The
pixel size for the carbon and platinum device images are 0.9 nm and
1.7 nm, respectively. (Lower row) PEET-calibrated temperature as a
function of heater power for each device. The plot’s insets show
representative EELS plasmon energy maps of each device. Yellow
boxes in the EBIC and EELS images indicate the approximate
location in which PEET temperature is measured for the figure 3
plots. The dashed lines in the plots show linear fits, with a fixed
intercept of 295 K, for each PEET calibration dataset.

3. Results and discussion

We measure the EBIC from an aluminum nanoparticle, an
amorphous carbon electrode, and (in a separate experiment)
a platinum electrode, all as a function of temperature. In every
case the temperature is determined via PEET measurements
on an Al nanoparticle, as described above. Each dataset shows
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Figure 3. Average STEM EBIC signal from the regions indicated in
figure 2 normalized to its room temperature value plotted as a
function of PEET-calibrated temperature. The SE yield, beam
current, and fit value for dF are indicated for the data in each plot in
units of electron volts and kelvins.

the SE emission increasing monotonically with temperature
(figure 3). The change in EBIC for a given temperature change
is largest for Al, slightly less for a-C, and smallest in Pt. The
SE yield, or the SE emission current divided by the beam
current, at room temperature is also shown for each material
in figure 3. It should be noted that standard, detector-based
SE imaging can only determine the relative magnitude of SE
yields between materials, while SEEBIC enables precise SE
yield measurements at each image pixel.

Under these conditions, the SE emission is not occurring
at extremely high temperature (thermionic emission) nor at

extremely high fields (field emission). Murphy and Good [19]
used the free electron model to derive an expression for the
temperature dependence of electron emission in this inter-
mediate regime. Forbes [20] later refined and extended these
results. Using Forbes’ notation, the zero-temperature electron
emission current density is scaled by a factor Θ(T) at finite
temperature T, with the scaling factor given by:

Θ(T) =

(
π kBT
dF

)
1

sin(π kBT/dF)
(1)

where dF is the decay width [20]. We define Θ̃(T) =
Θ(T)/Θ(T0), where T0 = 295 K, which gives the temperature-
dependent change in emission relative to room temperature.
Each normalized EBIC dataset in figure 3 is fit to Θ̃(T) with
dF as the only free parameter, and the resulting fit value for
dF is indicated in each plot. Evaluating Θ(T0) with the fitted
values yields results between 1.02 and 1.05, within the typical
room-temperature range 1.02–1.1 [20].

A strong and rapidly changing signal are desirable for more
precise thermometry. Thus better thermometric materials will
have larger SE yield and smaller decay widths dF. Of the
materials investigated here, aluminum looks to be the best and
platinum the worst. For instance, at 600 Kwith a 1 nA electron
beam and 50 fA EBIC sensitivity [40, 41], we would expect to
achieve a precision of approximately 7, 5, and 2 K in Pt, C,
and Al, respectively, (Supplementary Data, figure S3), with
the potential for higher precision with longer integration.

As a practical example of SEEBIC thermometry, we map
temperature in an un-calibrated Pt heater-electrode test struc-
ture. In this device, there are no Al nanoparticles (no EELS
measured), and the heater and electrode are of a slightly dif-
ferent geometry than the figure 1 device (Supplementary Data,
figure S5). The temperature map is generated using two EBIC
images: one at room temperature, and one with heater power
increasing from zero to 200 µW in 50 µWsteps throughout the
image (figure 4). For these images beam current is ∼300 pA
and frame time is 200 s. Thermally induced changes are obvi-
ous even in the raw EBIC image. Dividing the EBIC image
with the heater powered by the heater-off image gives a map
of normalized EBIC signal (or, equivalently, Θ̃(T)). Using the
approximation [20]:

Θ(T) ≈ 1+(π kBT/dF)
2
/6 (2)

we derive an approximation for temperature as a function of
the normalized EBIC signal, Θ̃:

T
(
Θ̃
)
=

√
6

(
dF
π kB

)2(
Θ̃− 1

)
+T20Θ̃. (3)

Using a value for dF based on the Pt value in figure 3,
but modified to compensate for bias asymmetry effects spe-
cific to this device (see discussion in the Supplementary
Materials), equation (3) is used to perform simple image
math on the normalized EBIC image to generate the cor-
responding temperature map (figure 4). The figure 4 tem-
perature map has a gradient in time, vertically as heater
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Figure 4. The ADF STEM and STEM EBIC images show an un-calibrated Pt heater-electrode structure with a slightly different geometry
from the previous devices (Supplementary Data, figure S5). The device is shown with the heater off (upper row), and with the heater power
increased during acquisition (middle row). White bands appear for a few pixels each time the voltage is changed. The heater-on image
divided by the heater-off image generates a map of Θ̃(T) (lower-left), which, binned by two, is used to calculate the temperature map
(lower-right).

power is increased, and in space, horizontally moving towards
the right and away from the heater (see also Supplementary
Data, figure S5). This device, with more robust heater leads,
achieved much higher temperatures than the PEET-calibrated
devices in figure 3. While the approximation in equation (2)
simplifies image calculation, it deviates significantly from the
original expression (equation (1)) at higher temperatures (by
3%–7% between 800 and 1100 K, see Supplementary Data,
figure S6). Consequently, the higher temperature values in this
map serve only as temperature estimates at present.

4. Conclusion

These results demonstrate that SEEBIC is a viable technique
for mapping temperature in the TEM. Unlike its TEM-based
predecessors, SEEBIC thermometry arises from a purely elec-
tronic measurement and is largely decoupled from physical
considerations such as density, crystal structure, and strain.
We did not investigate the resolution limits of SE thermometry
below ∼1 nm. But because SE imaging (including SEEBIC)
has been demonstrated at atomic resolution we expect that
SEEBIC thermometry resolution surpasses the fundamental
limitations for creating a nanoscale temperature gradient dis-
cussed in [23]. It remains to be seen whether similar results
can be achieved with SE detection using a more conventional
off-sample detector.

We obtain dF values for SE emission from an Al nan-
oparticle and a-C and Pt thin films. However, these values
for dF are only relevant to these specific devices as the sup-
porting Si3N4 membrane, and the Ti adhesion layer for the
Pt, will likely impact SE emission from the bottom surface

[4]. Measurements on suspended materials, perhaps in cross
section, are necessary to determine intrinsic values of dF. But,
as pointed out by Forbes [20], with the appropriate correc-
tion factor determined numerically (for the SE-emission bar-
rier in this case), dF can be evaluated as a function of a mater-
ial’s work function. Determining this correction factor would
extend SEEBIC thermometry to most non-insulating materi-
als, as work function can also be measured with SEEBIC [4].
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