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Thermoelectric materials face a fundamental challenge due to the strong coupling between electrical
conductivity and Seebeck coefficient. Here, we demonstrate that Eu alloying in the 9-4-9-type Zintl
phase Cag_,Eu,Zn,;Sbg (0 = y = 5.0) gives rise to an ‘intergrowth” structure, which effectively
decouples these properties. Advanced characterization techniques, including electron energy loss
spectroscopy (EELS) and X-ray absorption spectroscopy (XAS), reveal that the valence state of Eu in this
“intergrowth” structure is a mixture of +2 and +3. The “intergrowth” structure with Eu®* reduces carrier
concentration, thereby enhancing the Seebeck coefficient. Concurrently, Cs-corrected transmission
electron microscopy (TEM) quantitatively demonstrates that the intensity of interstitial Zn atoms gradually
increases with Eu alloying, improving carrier mobility and boosting electrical conductivity. Consequently,
a simultaneous enhancement of both the Seebeck coefficient (from 113 uV K™t to 121 uV K™) and
electrical conductivity (from 2.5 x 10* S m™ to 3.26 x 10* S m™Y is achieved in the 9-4-9-type
Cag_,Eu,Zn, ;Sby Zintl phase and the underlying mechanism behind the effective decoupling is
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Introduction

Thermoelectric (TE) materials, which enable the direct conver-
sion of heat into electricity, have received significant attention
due to their potential in energy harvesting and waste heat
recovery.' The performance of TE materials is governed by the
dimensionless figure of merit z7, defined as zT = S*0T/(k. + k1),
where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, T is the absolute temperature, «. is the electronic thermal
conductivity, and «;, is the lattice thermal conductivity.*”
However, improving zT remains challenging due to the strong
coupling between these transport parameters.®** The electrical
transport properties of TE materials, including electrical
conductivity, Seebeck coefficient, and electronic thermal
conductivity, are strongly coupled through carrier concentra-
tion.”»** Therefore, achieving an optimal carrier concentration
is crucial for balancing these parameters and enhancing
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valuable insights for the design of high-performance thermoelectric materials.

thermoelectric performance. One effective strategy to tune
carrier concentration is through the substitution of hetero-
valent or isovalent elements.'**® For example, Br doping (6-12
atm%) on the Se site in SnSe significantly increases the carrier
concentration from 1.6 x 10"” ecm > (p-type) to 1.3 x 10"° cm 3
(n-type) in Br-doped SnSe,ggBro.1s, leading to a substantial
improvement in electrical conductivity." Similarly, substitution
of Bi with cerium (Ce) in the Bi,Se; TE material effectively
controls carrier concentration, optimizing both electrical
conductivity and Seebeck coefficient.*

Zintl phases, which can exhibit “phonon glass, electron
crystal” behavior and complex polyanionic structures, have
emerged as promising candidates for TE materials due to their
intrinsic low lattice thermal conductivity and good electrical
conductivity.'®**** Among them, the 9-4-9-type Zintl phase
CagZn,.,Sby has shown potential for high thermoelectric
performance owing to its complex crystal structure and tunable
interstitial atoms.**” Previous studies have demonstrated that
substituting Eu for Ca in this system can not only reduce the
lattice thermal conductivity but also enhance carrier mobility,
attributed to a decrease in effective mass and an increase in
interstitial Zn atoms.”®* Furthermore, Eu alloying can induce
structural transformations, such as the transition from the 9-4-9
phase (space group Pbam) to the 2-1-2 phase (space group P6;/
mmc), which exhibits extremely low lattice thermal conductivity
and a higher zT value.*® However, the physical mechanisms by

This journal is © The Royal Society of Chemistry 2026
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which Eu alloying affects carrier concentration, mobility, and
overall transport properties remain poorly understood.

Here, we investigate the effect of Eu alloying on the ther-
moelectric properties of the Cay_,Eu,Zn, ,Sbe system, focusing
on the decoupling of the electrical conductivity and Seebeck
coefficient. By systematically varying the Eu content in Cag_,-
EuyZn, ;Sb, (0 =y = 5.0), we uncover an “intergrowth” structure
that significantly enhances the thermoelectric performance.
Using advanced characterization techniques such as Cg-cor-
rected transmission electron microscopy (TEM), electron energy
loss spectroscopy (EELS) and X-ray absorption spectroscopy
(XAS), we demonstrate that the valence state of Eu in the
“intergrowth” structure is a mixture of +2 and +3, in which Eu**
reduces carrier concentration, further enhancing the Seebeck
coefficient. The introduction of Eu leads to an increase in
interstitial Zn atoms and a reduction in effective mass, both of
which significantly enhance the carrier mobility and electrical
conductivity. This dual effect leads to a simultaneous
enhancement of the Seebeck coefficient and electrical conduc-
tivity. Our findings not only elucidate the decoupling mecha-
nisms of the electrical conductivity and Seebeck coefficient in 9-
4-9-type Zintl phases but also highlight the potential of
isoelectronic alloying as a powerful strategy for designing high-
performance thermoelectric materials.

Results and discussion

To investigate the Eu alloying on the structures and thermo-
electric properties, a series of compounds Cas_,Eu,Zn, ,Sby (0
= <9.0) and Cay_yEu,Zn, 4;Sby (y = 9.0) were synthesized and
characterized by X-ray diffraction (XRD) (Fig. 1). The XRD
results reveal that the 9-4-9 structure, like that of CayZn, 5Sby, is
maintained for Eu contents up to y = 5.0. However, when the Eu
content exceeds 5.05, the material begins to transition toward
the 2-1-2 phase (P6s/mmc). In Cay_yEu,Zn,;Sby (y = 5.05),
diffraction peaks corresponding to both the 9-4-9 orthorhombic
structure and the 2-1-2 hexagonal structure are observed, indi-
cating a two-phase coexistence. As the Eu content further
increases, the 9-4-9 phase gradually diminishes, while the 2-1-2
phase becomes dominant (see Fig. S1). Complete trans-
formation into the 2-1-2 phase occurs when Eu fully replaces Ca
(y = 9.0). The XRD data indicate that Cas_,Eu,Zn,,Sbg
compounds with y = 5.0 retain the 9-4-9-type Zintl phase
structure, while the 2-1-2 phase becomes the primary phase for y
>5.05. Given the focus of this study on the 9-4-9-type structure,
subsequent analyses and discussions are centered on
compounds with y = 5.0.

Electrical transport properties

The temperature-dependent electrical conductivities and See-
beck coefficients were measured for compounds Caq_,Eu,-
Zn, ;Sby (y = 0, 1.125, 3.375, 5.0, 5.05) and Cag_,Eu,Zn, 4;Sbo (
= 9.0), and the results are presented (Fig. 2a and b). Compared
to the undoped CayZn,,Sbs, the electrical conductivity and
Seebeck coefficient of Cas_,Eu,Zn, ,Shy (y = 1.125, 3.375, 5.0)
generally increase with increase in Eu content, indicating
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Fig.1 XRD patterns for Cag_,Eu,Zn, 7Sbe (y = 0, 1.125, 3.375, 5.0, 5.05)
and Cag_,Eu,Zn, 4:Sby (y = 9.0) samples with pentagrams and dots
indicating the 9-4-9 phase and the 2-1-2 phase, respectively.

a simultaneous enhancement of these properties in the 9-4-9
phase. However, when the Eu content reaches y = 5.05, the
crystal structure begins to transform from the 9-4-9 phase into
the 2-1-2 phase. At this point, while the Seebeck coefficient
continues to increase, the electrical conductivity decreases. This
trend becomes more evident as the Eu alloying content goes up
to y = 9.0, where the material fully transforms into the 2-1-2
phase.

In the 9-4-9-type Cay_,Eu,Zn, ;Sby compounds (y =< 5.0), the
simultaneous increase in the Seebeck coefficient and electrical
conductivity suggests an effective decoupling of these two
properties, leading to a significant improvement in the power
factor compared to undoped Caq¢Zn, ;Sbe, as shown in Fig. 2c.
This decoupling is attributed to the interplay between carrier
concentration (ny) and mobility (uy), as described by the
following equations for degenerated semiconductors:

87c2ky> . m \*?
S=Zgp T<%>

and

0 = ngupe
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Fig. 2 Electrical transport performances for Cag_,Eu,Zn,;Sby (y = 0, 1.125, 3.375, 5.0, 5.05) and Cag_,Eu,Zn, 4:Sbg (y = 9.0). Temperature-
dependent (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) Hall carrier concentration, (e) Hall mobility and (f) room-
temperature Pisarenko relationships.

where kg, h, m* and e are the Boltzmann constant, Planck three key trends: (1) a decrease in carrier concentration
constant, effective mass, and electron charge, respectively. (Fig. 2d), (2) an increase in mobility (Fig. 2e) and (3) a reduction
These equations highlight the strong coupling between the in effective mass from approximately 0.77 m, to 0.52 m, (Fig. 2f),
Seebeck coefficient and electrical conductivity through the calculated based on the single parabolic band (SPB) model.*®
carrier concentration. With increasing Eu content, we observed Typically, a decrease in effective mass enhances Hall mobility,

Fig. 3 (a—d) Low-magnification TEM for 9-4-9-type Cag_,Eu,Zn4,Sbe (y = 0, 1.125, 3.375, 5.0) and (e—h) [001] HAADF-STEM images corre-
sponding to a—d.
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thereby improving electrical conductivity but reducing the
Seebeck coefficient. Conversely, a reduction in carrier concen-
tration tends to lower the electrical conductivity while
increasing the Seebeck coefficient. In the 9-4-9-type Cag_yEu,-
Zn, ,Sby compounds, the increase in Seebeck coefficient is
primarily driven by the decrease in carrier concentration, while
the increase in electrical conductivity is mainly due to the
enhanced mobility.

Formation and characterization of the “intergrowth” structure

It is well known that the structure of a material determines its
properties. To elucidate the underlying mechanism of simul-
taneous increase in the Seebeck coefficient and electrical
conductivity (Fig. 2), we employed TEM to characterize the
microstructural features of 9-4-9-type Cay_,Eu,Zn, ,Sby
compounds. Fig. 3a-d show typical low-magnification TEM
images of Cas_,Eu,Zn,,Sby (y = 0, 1.125, 3.375, 5.0)
compounds, revealing lath-like grains with distinct string-like
contrasts (marked by arrows). Further investigation using high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) provides structural information at
the atomic level (see Fig. 3e-h). In the undoped sample (y = 0),
the string-like contrasts are identified as 180° domains, as
marked in Fig. 3e, while for y = 1.125, 3.375, 5.0, these contrasts
are identified as the “intergrowth” structures, as observed in the
[001] HAADF-STEM images (Fig. 3f-h). These “intergrowth”
structures are fully coherent with the 9-4-9 phase and gradually
increase with increasing Eu content.

The “intergrowth” structure, which is composed of Ca, Eu,
Zn, and Sb elements (Fig. S2), was not detected via XRD (Fig. 1)
due to its relatively low volume fraction in Cag_,Eu,Zn, ;Sbg (y =
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1.125, 3.375, 5.0, 5.05). Semi-quantitative EDS analysis of this
region indicates an average atomic composition ratio of
approximately (Ca + Eu):Zn: Sb = 3:1:3. This composition is
different from the parent CagZn, ;Sby and Eu,ZnSb, phases,
providing strong support for the formation of an intergrowth
structure.

Valence state of Eu in the “intergrowth” structure

XAS was performed to explore the valence state of Eu in
Cay_,Eu,Zn 4, ;Sby compounds. Fig. 4 shows the Eu L;-edge XAS
spectra for Cay_yEu,Zn, ;Sb, (y = 1.125, 3.375, 5.0) and Cag_y-
EuyZng 4,Sby (y = 9.0), with Eu,0; as a reference for the Eu**
peak at 6984.4 eV. For y = 9.0, the spectrum exhibits a single
peak at 6976.2 eV, consistent with the feature of Eu*" as re-
ported in compounds Eu(O5;SCF;3), and Eu-doped Sr,MgSi,-
0,.373 However, for y = 1.125, 3.375, 5.0, a shoulder at 6984.4
eV appears alongside the Eu®" peak, consistent with the main
peak energy of Eu,0;, indicating the presence of Eu**. This Eu**
character becomes more pronounced at y = 5.0, while the
amplitude of the Eu®" peak decreases with increasing Eu
content.

The observation of Eu*" in a Zintl phase is unusual, as its
electronic configuration typically adheres to the Zintl-Klemm
concept.** However, this is not without precedent. For instance,
the co-existence of Yb®" and Yb** has been unambiguously
confirmed via XAS in the related Yb,,ZnSb,; Zintl phase.*® We
note that the spectral features (Fig. 2 in ref. 35) exhibit
remarkable similarity to our results (Fig. 4), providing strong
circumstantial evidence for the presence of mixed Eu*"/Eu**
valence in our samples.
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Fig. 4 Eu Lz-edge XAS spectra for Eu,O3, Cag_,Eu,Zn,;Sbey (y = 1.125, 3.375, 5.0) and Cag_,Eu,Zn4 41Sbg (y = 9.0). An enlarged view of the

rectangular area in the inset.
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Based on this, we consider the presence of Eu®" in the
material to be reasonable. To compensate for the extra positive
charge introduced by Eu®" (i.e., to provide the necessary elec-
trons), the system appears to respond through several inter-
connected mechanisms: (1) the reduction in hole carrier
concentration, as evidenced by Hall effect measurements
(Fig. 2d), where electrons from Eu®" compensation neutralize
holes in the p-type matrix; (2) the formation of defects or new
phases that can modulate local charge, such as the observed
“intergrowth” structure which accommodates Eu** ions while
maintaining structural stability. Therefore, the hypothesis of
the intergrowth phase acting as an “Eu®" sink” forms a self-
consistent interpretive model together with the XAS data and
electronic transport properties.

To experimentally verify this hypothesis and pinpoint the
origin of Eu**, we further investigated the electronic structure of
Cag_yEu,Zn, ,Sby (y = 5.05) using TEM and EELS. Fig. 5a shows
a typical low-magnification TEM image of this composition,
where grains of different morphologies labeled A, B and C are
clearly visible. The Cs-corrected HAADF-STEM images (inset in
Fig. 5a) reveal that these grains correspond to the 9-4-9 phase
(A), the “intergrowth” structure (B) and the 2-1-2 phase (C),*
respectively. This indicates that at y = 5.05, the 9-4-9 phase, 2-1-
2 phase and “intergrowth” structures coexist. The “intergrowth”
structure exists as nanoscale domains embedded in the bulk
matrix of the 9-4-9 phase Ca,_,Eu,Zn,,Sby (y = 5.0), and its
volume fraction increases with higher Eu content. When the Eu
content increases to y = 5.05, the “intergrowth” structure in the
material further expands and forms an independent grain, as
shown in Fig. 5a. This composition was selected for EELS
investigation because it allows coexistence of the “intergrowth”
structure with both the 9-4-9 phase and 2-1-2 phase. Fig. 5b is
the Eu N, s-edge EELS spectra obtained from grains A, B and C
in Fig. 5a, along with a reference spectrum of Eu,0; (Eu’*). The
Eu’" spectrum of Eu,O; is characterized by sharp peaks at 142.3
eV (I) and 150 eV (II). In contrast, the spectra of the 9-4-9 phase
and 2-1-2 phase exhibit two distinct peaks at ~140 eV (I) and
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~134 eV (III). Compared to Eu,03, peak I in both phases shows
a chemical shift of ~2 eV toward lower energy, suggesting that
the valence state of Eu in these two phases is less than +3. Based
on the XAS results (Fig. 4), the valence state of Eu in the 2-1-2
phase is bivalent (Eu®*), implying that the valence state of Eu in
the 9-4-9 phase is also bivalent. However, the EELS spectra of
the “intergrowth” structure exhibits all three characteristic
peaks (I, Il and III), with peaks I and II matching those of Eu,0;.
This indicates a mixed valence state of Eu** and Eu** in the
“intergrowth” structure.

Carrier concentration reduction via Eu**

The formation of the “intergrowth” structure is closely related
to the mixed valence state of Eu. Based on the charge
compensation modulation, when the oxidation state of certain
elements in the material changes, the system maintains overall
charge neutrality by adjusting the concentration of other charge
carriers (electrons or holes) or introducing defects (such as
vacancies). This phenomenon is widely observed in doped
semiconductors®**” and oxide materials.**** In 9-4-9-type
Cay_,Eu,Zn, ;Sby compounds, the primary carriers are holes.
The presence of Eu®" in the “intergrowth” structure acts as an n-
type dopant, generating electrons that neutralize holes through
charge compensation. This process effectively reduces the hole
concentration, thereby enhancing the Seebeck coefficient. The
Eu®" peak intensity correlates with the density of “intergrowth”
structures, reaching its maximum aty = 5.0 (Fig. 3d), where the
highest Seebeck coefficient is observed (Fig. 2b).

Role of interstitial Zn atoms in modulating carrier
concentration and enhancing mobility

In 9-4-9-type Zintl compounds Cas_yEu,Zn, ;Sbs, the anionic
framework provides a pathway for carrier transport. This is
facilitated by one-dimensional [Zn,Sbe]'*”~ ribbon-like chains
that connect with partially occupied interstitial Zn sites to form
pseudo two-dimensional layers,'®***7*® as shown in Fig. 6a. The
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Fig. 5 (a) Low-magnification TEM for Cag_,Eu,Zn4;Sbg (y = 5.05) with HAADF-STEM images of A, B and C in the inset. (b) Eu N4 s-edge EELS
spectra obtained from A, B and C image regions in (a), respectively, and the standard spectrum of Eu,Os.
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Fig. 6 (a) Structural model with the unit cell outlined and (b) [001] structural projection of CagZn,sSbg; Ca, Zn, and Sb are shown as orange,
green, and purple spheres, respectively. [001] HAADF-STEM images for Cag_,Eu,Zn,47Sbg (c) y =0, (d) y = 1.125, (e) y = 3.375 and (f) y = 5.0. Solid
circles represent the interstitial Zn sites, while dashed circles indicate the Sb sites. The intensity profiles are obtained by scanning along the lines
passing through the center of the interstitial Zn atom and two Sb atoms within the boxes.

more interstitial Zn atoms that join the Zn,Sbe ribbons, the
more freely carriers pass through, thereby optimizing the
mobility and electrical conductivity.

To quantitatively investigate the evolution of interstitial Zn,
we performed the atomic-resolution HAADF-STEM imaging
technique. Along the [001] projection (Fig. 6b) of Ca,_,Eu,
Zn, ;Sby compounds, Ca, Zn, and Sb are separately distin-
guishable, making it suitable for studying interstitial Zn atoms
via TEM. Fig. 6c-f show [001] HAADF-STEM images of Cao_,-
EuyZn, ;Sbe (y = 0, 1.125, 3.375, and 5.0), with interstitial Zn
atoms marked by solid circles. As the Eu content increases, the
intensity of interstitial Zn atoms gradually increases, as quan-
titatively demonstrated by the intensity profile on the right side
of the images. These profiles were obtained by scanning along
a line passing through the center of the interstitial Zn atom and
two Sb atoms, with the intensity of Sb normalized to unity. The
intensity of atoms is derived from the average intensity
measured at equivalent interstitial Zn positions within the unit
cell of Cag_yEu,Zn, ,Sbe. The intensity peaks of interstitial Zn
atoms increase as Eu content rises. This trend is supported by
XRD data (Fig. 1), which show a leftward shift in the peaks of
Cay_yEu,Zn, ,Sby (y = 1.125, 3.375, and 5.0), indicating lattice
expansion with increasing Eu content. This expansion provides

This journal is © The Royal Society of Chemistry 2026

more space for interstitial Zn atoms, further enhancing their
concentration.

The incorporation of interstitial Zn, along with the charge
compensation effect associated with the presence of Eu®",
contributes to a reduction in hole carrier concentration, thereby
enhancing the Seebeck coefficient. Concurrently, the enhanced
connectivity between Zn,Sbe chains via interstitial Zn trans-
forms the carrier transport pathway from a one-dimensional
chain-like regime to a more continuous two-dimensional
framework, leading to a significant improvement in carrier
mobility. This dual effect—carrier concentration reduction and
mobility enhancement—enables the concurrent increase in
both the Seebeck coefficient and electrical conductivity, as
observed in our measurements. Our work provides the experi-
mental evidence that Eu alloying promotes the increase of
interstitial Zn atoms, which in turn plays a decisive role in
decoupling the Seebeck coefficient and the electrical conduc-
tivity in 9-4-9 Zintl phases.

Conclusions

We have demonstrated that Eu alloying in 9-4-9-type Cas_,Eu,-
Zn, sSbe (0 =y = 5.0) induces an “intergrowth” structure, which
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plays a critical role in decoupling electrical conductivity and the
Seebeck coefficient. Through systematic investigation of Eu-
alloyed Cag_,Eu,Zn,,Sby Zintl phases, we reveal the “inter-
growth” structure that effectively decouples electrical conduc-
tivity and the Seebeck coefficient. Comprehensive
characterization using Cs-corrected TEM, EELS, and XAS
demonstrates that the presence of Eu®" in this unique structure
simultaneously reduces carrier concentration while enhancing
the Seebeck coefficient. Furthermore, Eu alloying increases the
concentration of interstitial Zn atoms in the 9-4-9-type Cag_,-
Eu,Zn, ,Sbe, which also contributes to a reduction in hole
carrier concentration, thereby enhancing the Seebeck coeffi-
cient. Concurrently, these interstitial Zn atoms serve as a bridge
connecting the Zn,Sby anion chains, facilitating carrier
mobility, and consequently enhancing the electrical
conductivity.

While mechanisms such as band engineering or energy
filtering could contribute to the property enhancements, the
simultaneous trends of (a) increasing Eu’" content, (b)
decreasing carrier concentration (ny), and (c) a growing volume
fraction of the intergrowth structure with increasing Eu doping
strongly indicate that charge compensation mediated by the
mixed Eu®"** valence is the dominant mechanism. Our find-
ings establish a clear structure-property relationship, eluci-
dating the decoupling mechanism responsible for the superior
thermoelectric performance in these Zintl phases. This work
not only validates isoelectronic alloying as an effective design
strategy for high-performance thermoelectric materials, but
also provides a fundamental framework for optimizing charge
transport properties in complex Zintl compounds.

Experimental

Ca (99.9%, shots), Eu (99.9%, chunks), Zn (99.999%, powder),
and Sb (99.999%, shots) were weighed according to the stoi-
chiometry of Caq_,Eu,Zn,,sSbe (y = 0, 1.125, 3.375, 5.0, 5.05,
5.3, 5.5, 6.0, 6.75 and 9.0). To compensate for Zn loss during hot
pressing (as the melting temperature of Zn exceeds the pro-
cessing temperature),* a Zn-rich nominal composition (6 = 0.7)
was used for synthesizing Cas_,Eu,Zn,,sSbe (y < 6.75). For the y
= 9.0 composition, which forms the 2-1-2 phase Eu,ZnSb,, the
nominal Zn content was moderated to 6 = 0.41 to prevent the
formation of the EuZn,Sb, secondary phase.** The raw mate-
rials (total weight ~4 g) were loaded into a stainless-steel jar
with stainless steel balls in an argon-filled glovebox and then
ball-milled (SPEX 8000 M) continuously for 10 h. The obtained
powder was loaded into a graphite die with an inner diameter of
12.7 mm with direct current (DC) hot pressing for 2 min under
an axial pressure of 50 MPa at 973 K.

The crystal structures were determined by X-ray diffraction
(XRD, Rigaku D/max 2500 PC, with Cu K« radiation A = 1.5418
A). S and ¢ were simultaneously measured on a commercial
apparatus (CTA-3, CRYALL). The temperature-dependent Hall
coefficient (Ry) was measured using the van der Pauw technique
on a commercial variable-temperature Hall effect measurement
system (CRYALL, China) under a reversible magnetic field of 1.5

4402 | J Mater. Chem. A, 2026, 14, 4396-4403
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T. The Hall carrier concentration ny and Hall mobility u;; were
calculated using ny = 1/(eRy) and uy = gRy, respectively.

The specimens for TEM observation were prepared by
mechanical polishing, dimpling, and then by Ar" ion milling at
2.0 kV in a liquid nitrogen environment. TEM and HAADEF-
STEM investigations were carried out using a JEM-ARM 200F
electron microscope equipped with a cold FEG source and
double-C; correctors, respectively. The attainable spatial reso-
lution of the microscope is 80 pm. All the HAADF-STEM images
presented in this work have been Fourier-filtered to reduce the
random noise. EELS and EDS were carried out using an FEI
Titan Themis Z microscope equipped with a probe and image
correctors operated at 300 kV. The XAS was adopted for deter-
mining the valence states of Eu at beamline BL16A of the
National Synchrotron Radiation Research Center (NSRRC) in
Taiwan, using the total electron yield (TEY) mode.
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