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Electron microscopy uses energy-dispersive x-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) for elemental analysis. EDS and EELS energy resolutions are commonly between
30 and 100 eV or 0.01 and 1 eV, respectively. Large solid angle EDS detector technology has increased
collection efficiency to enable precision spectroscopy via averaging of 0.02–0.1 eV. This improved
precision gives access to chemical shifts; examples are shown in compounds of Al, Ti, and W. EDS can
now detect chemical information in a complementary parameter space (accelerating voltage, thickness,
atomic number) to that covered by EELS.

DOI: 10.1103/t1rs-7kr2

Transmission electron microscopy (TEM) can resolve
atomic-level defects and interfaces inaccessible to other
microscopy methods. These boundaries contain important
chemical information [1]. Spectroscopies using x-ray
sources for chemical detection, with energy resolution
better than an eV, measuring absorption, emission, or
photoelectrons, are spatially limited by these sources and
optics to micrometer probe sizes or greater [2–4]. Spatial
resolution using x-ray sources often does not surpass
diffraction-limited optical microscope resolution [5]. In
the far field, only TEM can access elemental and chemical
information at the atomic level.
Scanning transmission electron microscopy (STEM)

rasters a sub-Ångström sized probe to generate images
in parallel with techniques like energy-dispersive x-ray
spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) [6–9]. This pair of complementary spectroscopies
measures the same inelastic events from different perspec-
tives. EELS measures core electrons’ binding energies after
a primary electron inelastically scatters from a quantum
bound state into a magnetic prism spectrometer. Combined
high spatial and energy resolution delivers chemical shift
mapping across atomically sharp interfaces [1,10]. EDS
collects the emitted photon when a higher shell electron
fills the hole vacated via inelastic scattering. EDS has
comparatively poor energy resolution to EELS, but can
detect a wider variety of elements.
Electrons pass through the sample before EELS cap-

tures them. The signal-to-background ratio (SBR) is kept
high with minimal scatter [11,12]. Sharp edges (e.g.,
scattering from s and p orbitals) at large energy loss
have small cross sections [13,14]. Scattering angle ranges

can be categorized as θs ¼ ΔE=γmev2 ≈ ΔE=2KE (defi-
nitions in [15]), where ΔE=KE ¼ 2%, 3%, and 4% for
good, acceptable, and threshold ranges, respectively [16]
[Fig. 1(a)]. For example, the Cu-K edge at 8,979 eV, was
detected after a 10 nA 1 second exposure and fluence of
6 × 109 − 3 × 1011 e−=Å2 [14] (depending if gun bright-
ness or chromatic effects are considered). What is difficult
to access with EELS can be complementarily captured by
EDS, the Cu K shell efficiently acquired by x-rays being
an example. Samples thick and thin can produce good
x-ray spectroscopy, only limited by the overvoltage
needed to excite the transition [Fig. 1(a)]. EDS chemical
detection using electron sources, like that done using x-ray
sources [4], can extend precision TEM spectroscopy into a
new parameter space of thick samples, lower accelerating
voltages, and transitions challenging to access by EELS.
Different x-ray spectrometer technologies have been

used in TEM. Wavelength-dispersive x-ray spectroscopy
(WDS) and microcalorimeters can both achieve sub-10 eV
energy resolution when characterizing materials suitable
for large beam currents and long exposure times [18–20].
The limited solid angle, serial collection, and moving parts
make WDS less effective for TEMs. Microcalorimeters
have cryogenic requirements and speed limitations making
them (currently) adapted to specific acquisition applica-
tions where the higher expense can be justified [21,22]. In
EDS, silicon drift detectors (SDD) [23] replaced silicon-
lithium detectors SiLi [24] due to their high speed, larger
solid angles, low cost, and lack of cryogen requirements
[25]. SDD based EDS detectors are widely used on TEMs
across the world and make up a large portion of the
semiconductor industry’s TEM workflow.
EDS instrumentation is less expensive than EELS by

roughly an order of magnitude. No electron optics or*Contact author: mmecklenburg@cnsi.ucla.edu
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associated alignments are needed [9]. EDS’s high SBR,
even with thick samples or low accelerating voltages,
makes it suitable for both scanning electron microscopes
(SEMs) and TEMs [26]. At 30 kVaccelerating voltage EDS
can already access the L line of all naturally occurring
elements, whereas EELS efficiency [as in Fig. 1(a)] is good
with lower atomic number elements (in s and p orbitals)
and/or lower binding energies [27,28].
The SDD EDS [23] x-ray peak full width at half

maximum (FWHM) is predominately determined by the
electronic noise and shot noise fluctuation when converting
photons into electron-hole pairs. An expression for this
width measure is

FWHMEDS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�
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þ ε2S þ ε2LW

s
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where εS ≈ 30 eV denotes the FWHM of the strobe peak
[Fig. 1(b)], which arises from the electronic noise in the
SDD [29], εLW denotes the natural line width of transition
energy, typically a few eV. The others parametrize the
photon to electron-hole pair conversion. The Fano factor,
F ≈ 0.12, quantifies the ionization correlations in silicon
[30,31]. Parameters εx and εi ð≈ 3.6 eVÞ are the x-ray
energy and the silicon ionization energy, respectively
[32,33].
For a W x-ray peak around 8 keV [W Lα for example,

Fig. 1(b)], the EDS resolution is FWHMEDS ≈ 140 eV.
This is 2 orders of magnitude larger than typical chemical
shifts. Insufficient resolution does not translate to insuffi-
cient precision. Since SDD are nearly shot noise limited,
averaging can improve precision until EDS becomes
sensitive to sub-eV chemical shift. In Fig. 1(c) the mea-
sured chemical shift using curve fitting reveals a change
just over half an eV [34]. Despite EDS being unable to
resolve chemical shifts at the level of natural linewidth
resolution, by collecting enough counts in the shot noise
limited regime, better than 100 meV energy precision is
achieved for well-isolated peaks [35]. With enhanced
energy precision, EDS can be used for chemical shift
measurement on heavy elements and even chemical shift
mapping complementary to EELS.
To demonstrate EDS’s capability of measuring chemical

shifts, several compounds of tungsten (W), titanium (Ti),
and aluminum (Al) are selected. The first two (acquired at
80 kVand 30 kV, respectively) cover regions that are EELS
inefficient. The three W compounds [Fig. 2(a)] and three
Ti compounds [Fig. 2(b)] are commercially available
nanoparticles deposited on transmission electron micro-
scope (TEM) grids with a thin carbon film (<10 nm) using
standard drop-casting methods [36]. An aluminum film and
an aluminum oxide film are deposited on a silicon nitride
window using electron-beam evaporation and atomic layer
deposition respectively [Fig. 2(c)]. The Al sample is
microfabricated and the patterns of the two Al films are

defined by optical lithography [37]. Multiple metal element
compounds show how transition energy is affected by
different chemical environments.
For each W specimen, a spectrum is acquired in the

highlighted region of interest (ROI) or across the entire
field of view (FOV). For an EDS spectrum like the one
shown in Fig. 1(b), the area under a certain peak is
proportional to the corresponding elemental abundance,
and any horizontal peak center shift is the transition
energy’s chemical shift. For Fig. 2(a) top and bottom
specimens, W Lα and O Kα peaks are used to determine
the stoichiometry and measure the averaged valence of W.

(a)

(b)

(c)

FIG. 1. (a) EDS and EELS detectable energy range plotted
against the electron’s accelerating voltage. EDS peak-to-back-
ground ratios and ionization cross sections are good with an
overvoltage between 3 and 5 [17]; 2 is shown as a lower bound.
Approximate EELS good (10 mrads), acceptable (15 mrads), and
crossover (20 mrads) cases for efficient scattering angles are shown
for relativistic (solid) and nonrelativistic (dashed) cases [16].
(b) EDS spectra from tungsten metal (black) and tungsten oxide
(gray) acquired at 80 kV. (c) Curve fitting (Gaussian and linear
background) to the W Lα peak. A chemical shift of 0.53�
0.07 eV is detected, and this shift is plotted in the inset.
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Following the Cliff-Lorimer method [26,38] and assuming
oxygen having its most common valence −2, the compo-
sition is determined to be WO0.35 and WO3.30 respectively,
which corresponds to a W averaged valence of þ0.7 and
þ6.6 respectively. However, the carbon support membrane
makes valence measurement infeasible for tungsten carbide
[Fig. 2(a) middle], so the valence is taken to be þ4 accord-
ing to the manufacturer’s 99.95%WC purity. For Ti and Al
specimens, EDS spectrum images (where an EDS spectrum
is acquired at each scan point in a raster pattern) are
acquired, and elemental distributions are mapped. The
valences of Al and Ti are determined the same way as
the W specimens, and the chemical compositions are
labeled in Figs. 2(b) and 2(c) [39].
The resolution of EDS is limited by the peak energy and

electronic noise [Eq. (1)]. As the counts increase, curve
fitting improves the precision. This enhanced precision,
typically 3 orders of magnitude better than the FWHM
resolution, provides chemical shift detection in EDS. In the
shot noise limited regime, the uncertainty carried by
individual x-ray measurement disturbs the curve fitting
and limits the precision. As the number of counts N
increases, the precision improves as a function of

ffiffiffiffi

N
p

[Fig. 3(a)]. This relationship is governed by Poisson
statistics. As N increases, the precision vs counts curve
flattens and approaches a limit. This asymptotic behavior

arises from the SBR which is independent of the number of
counts collected.
Solid state EDS detectors measure x-ray energy by

collecting induced charges. A derived expression, the
energy precision as a function of counts, is shown in
Eq. (2). Poisson noise σp from the counting process and
precision limit σ0 contribute. The uncertainty σp comes
from a single x-ray event. It is closely related to Eq. (1)
empirically by σp ≈ 2FWHM=ð2 ffiffiffiffiffiffiffiffiffi

2ln2
p Þ [40]. Because of

fluctuations in the ionization process, photons with the
same energy do not always generate the same number of
charges [30]. This leads to the uncertainty σp which is x-ray
energy dependent, and its contribution to the total uncer-
tainty can be reduced by collecting more x-ray events
[41,42]. In the expression is described how precision
changes as a function of counts,

σprecision ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�

σp
ffiffiffiffi

N
p

�

2

þ σ20

s
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σ0 represents the highest precision achievable for a given
peak, which is found to be negatively correlated with the
SBR [43]. These two uncorrelated terms, σp and σ0, add in
quadrature and determine the total uncertainty of the
measured x-ray energy. This empirical expression fits
multiple datasets [Fig. 3(a)]. X-ray events are rare (roughly
one x-ray photon is generated per 10 000 beam electrons
[44]), but in solid state detectors collecting millions of
counts is routine.
EELS chemical shifts in the binding energies of metal

elements are always positive compared to pure metals [45],
but EDS chemical shift in transition energies can be
positive or negative [3,4,46–50]. In three W samples
imaged at 80 kV, with 2.5 eV=channel bin size, chemical
shifts are observed in five transitions lines ranging from 1 to
10 keV [Fig. 3(b)]. The three W L lines all have an energy
higher than 7 keV, which is above the crossover regime for
EELS [Fig. 1(a)]. W Lα and W Lβ2 have positive chemical
shifts less than þ1 eV (about 1=3 of a spectrometer bin),
and W Lλ has a negative chemical shift down to −2.6 eV
(about one bin). Chemical shifts are also observed in W Mγ

and W M2N4 lines, both negatively signed. Because of the
high elastic to inelastic scattering cross section ratio and a
short mean free path, W edges are very difficult to measure
precisely with EELS. As an atom forms more bonds, the
energies of core electrons are further minimized, which
results in higher binding energies [51]. While EDS mea-
sures the energy difference between two electron orbits,
whether the chemical shift is positive or negative depends
on which electron’s energy is minimized more when
forming a new chemical bond. If the energy of the electron
with a lower orbit is minimized more, the EDS chemical
shift is positive, and vice versa. Thus, the observation of

(a) (b)

100 nm

100 nm

100 nm
(c)

NTi O

Al
O300 nm

100 nm

100 nm

300 nm

STEM
ADF

STEM ADF

STEM ADF

STEM ADF

STEM ADF

TEM BF

TEM BF

NTi O

NTi O

ox
id

e

m
et

al

m
ix

ed

FIG. 2. Bright field TEM or annular dark field STEM survey
images and EDS element concentration maps of the tungsten,
titanium, and aluminum specimens. The labeled chemical com-
positions are measured within the ROI or across the entire FOV
when no ROI is present. (a) Tungsten nanoparticles survey
images. (b) Titanium nanoparticles survey images and EDS
maps. (c) Aluminum films survey image and EDS map.

PHYSICAL REVIEW LETTERS 135, 157002 (2025)

157002-3



both positive and negative chemical shift coincides with
expectation.
In spectrum images acquired on Ti samples, spectra are

summed inside the ROI or across the entire FOV. For
Fig. 2(b) top, an ROI is applied to select nanoparticles with
low nitrogen concentration to differentiate from Fig. 2(b)
middle sample. The peak energies of Ti Kα and Ti Kβ lines
are measured by curve fitting. The Ti Kβ line shifts up to
þ2.4 eV (about one bin), while the Ti Kα shifts less than
0.5 eV (Fig. 3). Acquired at 30 kVaccelerating voltage, the
5 keV line is well over the crossover regime for EELS
[Fig. 1(a)], but EDS can still provide precise information
about the K shell. W and Ti measurements in the parameter
space of large transition line and low accelerating voltage
are inaccessible with EELS. By measuring Al Kα line
around 1.5 keV (which is accessible with other TEM
methods), the results are comparable with the literature.
The spectrum image shows three distinct regions: mixed,

oxide, and metal region [Fig. 2(c)]. The two ROIs in
Fig. 2(c) bottom highlight the regions where only alumi-
num or aluminum oxide film exists. The spectra in the two
ROIs are summed respectively, and the Al Kα chemical
shift is determined to be þ0.35 eV by curve fit, which is
consistent with previous measurements [4,47] (the shift is
about 1=14 the bin size). A tabulation of EDS chemical
shifts is in the Supplemental Material [25].
Finally, to demonstrate our capability to map chemical

shift, the aluminum EDS spectrum image is binned to have
enough counts to fit the Al Kα line on pixel level. Three
distinct regions are visible in the Al Kα energy map
[Fig. 4(a)] together with the column-averaged plot
[Fig. 4(b)]. The oxide region having a higher transition
energy than the metal region indicates the Al K shell energy
is minimized more than the L shell during the oxidation.
A smooth transition is observed between the oxide and the
mixed region and an oxide edge is detected at the edge of
the metal region [Fig. 4(b)]. Even though the two peaks
representing Al metal and oxide are not well separated in
the histogram [Fig. 4(c)], a skewed normal distribution
(for Al metal) and a normal distribution (for Al oxide) can
be fitted to the distribution, and a shift of þ0.36 eV is
measured this way between the peak centers. This meas-
urement on the histogram is in excellent agreement with the
summed spectra measurement shown in Fig. 3(b). And it
demonstrates that chemical shift mapping is possible with a
0.6 Sr solid angle single crystal detector [52].
For comparison, EELS and EDS spectrum images were

collected in the same region under the same microscope
settings. At 80 kV accelerating voltage, the Al K EELS is
close to inefficiently measured, so only the Al L2;3 edge is
captured [53]. EELS is optically defined and the spectrum
may drift after each scan pass. EDS can be mapped nearly
indefinitely as spectra are not subjected to optical shifts. By
measuring the Al L2;3 edge location, a similar set of energy
map and plots are generated [Figs. 4(d)–4(f)]. Three
distinct regions are visible in the EELS Al L2;3 energy
map and column-averaged plot, and the two peaks for Al
metal and oxide are well separated in the histogram. EELS
differentiates the metal and the oxide better because the
chemical shift in Al L2;3 edge is an order magnitude greater
than that in the Al Kα transition. It does not imply EELS has
a better energy precision. In fact, for the Al metal region,
the EDS energy map has 3 times better precision. EDS Al
Kα line measures the Al K-L2;3 transition energy, and
EELS Al L2;3 edge measures the Al L2;3 binding energy.
Combining them, the Al K 1s binding energy is determined
to be 1559.95� 0.03 eV for Al metal and 1564.88�
0.04 eV for Al oxide, similar to results using EELS [2].
Being able to match EELS’s energy precision and access a
much higher energy range, EDS is a great complement for
chemical shift analysis purposes. And in this specific case,
EDS provides information EELS is missing about the Al K
shell with comparable precision.

(a)

(b)

FIG. 3. (a) The precision (fit error in the mean) as a function of
the number of x-ray counts detected for various elements and
lines. The inset shows that as more x-ray events are collected, the
Poisson noise is reduced, and the peak center can be determined
more precisely. (b) EDS chemical shifts as a function of valence
measured between covalently bonded compounds shown in
Fig. 2. EDS measures the chemical shifts in transition energies
that can be positive or negative.
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Chemical analysis has long been the domain of EELS
[11,12]. At lower accelerating voltages, the range of
energies accessible with EELS decreases monotonically.
EDS, in contrast, does not suffer from these constraints.
EDS can be used over a wide range of accelerating
voltages, sample thicknesses, and atomic numbers. The
magnetic prism used to disperse electrons with different
energies, although μ-metal armored, is susceptible to
changes in the local magnetic field [11]. These changes
can make the chemical shift difficult to detect, in particular
when there is no zero-loss peak for reference. The zero-
energy position in the EDS spectrum is nearly imperturb-
able, which allows adding spectra together from any time
or position without any misalignment in energy [23].
Typically, EDS (EELS) is acquired over many frames
(one frame) and a drift correction applied between frames
(rows). An EDS system is more than an order of magnitude
cheaper than conventional EELS systems. All these factors,
versatility, stability, and cost, make it desirable to extend
chemical analysis into the domain of EDS. EELS has
enormous utility in the TEM, and now EDS can help in
regions where EELS efficiency wanes while EDS effi-
ciency complementary waxes.
EDS chemical shifts can be measured from a variety

of compounds with sub-100 meV precision. These chemi-
cal shifts in transition energies can be either positive or
negative, depending on the specific transition and chem-
ical environment. Chemical shift mapping across an Al

metal-oxide interface is demonstrated [Figs. 4(a)–4(c)] with
a common SDD. The spatial resolution of EDS chemical
shift mapping, fundamentally limited by the sample de-
pendent x-ray generation volume, ranges from atomic level
(sub-Ångström) to a few nanometers. Chemical shift maps
in this work, limited by number of counts per unit area
under the Al Kα peak, have a spatial resolution of about
30 nm. State-of-the-art SDDs can collect more than a
million counts per second [8]. With such a detector, the
minimal number of counts needed for chemical shift
detection (10 k per peak) can be collected in 100 ms.
EDS chemical shifts, in addition to being important for
electron microscopy, can also be used in other systems
using the same spectroscopy technique, such as x-ray
florescent imaging.
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