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Defect chemistry of Eu dopants in Nal scintillators studied by atomically
resolved force microscopy
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Activator impurities and their distribution in the host lattice play a key role in scintillation phenomena. Here
a combination of cross-sectional noncontact atomic force microscopy, x-ray photoelectron spectroscopy, and
density-functional theory were used to study the distribution of Eu** dopants in a Nal scintillator activated by
3% Eul,. A variety of Eu-based structures were identified in crystals subjected to different postgrowth treatments.
Transparent crystals with good scintillation properties contained mainly small precipitates with a cubic crystal
structure and a size below 4 nm. Upon annealing, Eu segregated toward the surface, resulting in the formation
of an ordered hexagonal overlayer with a Eul, composition and a pronounced, unidirectional moiré pattern.
Crystals with poor optical transparency showed a significant degree of mosaicity and the presence of precipitates.
All investigated crystals contained a very low concentration of Eu dopants present as isolated point defects; most

of the europium was incorporated in larger structures.

DOI: 10.1103/PhysRevMaterials.3.075004

I. INTRODUCTION

Scintillating materials continue to attract increasing inter-
est due to their use in medical instruments, radiation security,
and scientific devices. One important class of scintillators is
represented by halide materials activated by impurity dopants
[1]. In particular, Tl-doped Nal [2] has maintained an impor-
tant position in radiation detection systems for many decades,
until it was largely superseded by Ce-doped LaBrj [3]. In the
last decade, the application of divalent Eu-doped halides such
as Srl, have undergone rapid growth due to their excellent
light yields; e.g., SrI;:Eu®t can convert gamma rays or high-
energy particles into blue scintillation light with impressive
yields up to ~100 000 photons/MeV [4-7].

The scintillator performance is closely linked to the activa-
tor doping level: Higher doping levels can increase the scin-
tillator light yield, thereby improving the energy resolution.
However, at higher dopant concentrations, self-absorption
phenomena, dopant segregation (precipitate formation), and
other deleterious absorption phenomena can occur; this is
especially prevalent when the dopant’s charge state differs
from the cations in the host crystal lattice. In particular,
precipitate particles scatter scintillation light, decrease the op-
tical transmission properties, and thereby reduce the radiation
detection capabilities. Typical doping thresholds for precip-
itate formation can lie well below 1% [8], and this process
strongly depends on the crystal history, including treatments
such as annealing, quenching, or radiation absorption [§].
Precipitates were initially studied by Suzuki in alkali halides
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doped by divalent impurities [9,10]. A prototypical cubic
structure called a Suzuki precipitate, based on a combination
of substitutional cation dopants and cation vacancies, was
identified by X-ray diffraction (XRD). Several studies have
indicated the existence of other precipitate types [11-16],
whose structures are not definitively established.

Here, we focus on the defect chemistry of Nal crystals
with a high Eu doping level of 3%. The as-grown crystals are
optically white and nontransparent for the scintillation light
[see Fig. 1(a)], indicating the presence of precipitate particles.
Postgrowth annealing to 400 °C and rapid cooling in Ar or He
vapor renders the material transparent [see Fig. 1(b)] and pro-
vides excellent scintillating properties. A similar postgrowth
treatment has previously been proven to be efficient for Lil:Eu
[16,17].

Currently, there is relatively little experimental information
regarding the atomic-scale structure of many scintillating cen-
ters. The ability to characterize structural properties of scintil-
lators is limited by their insulating character and low stability
upon electron-beam irradiation. Here we use cross-sectional
noncontact atomic force microscopy (nc-AFM) to probe the
defect chemistry of as-grown and thermally treated Nal:Eu
crystals. Recent improvements in the technique [18,19] allow
for investigations of even complex insulating materials, and
for achieving atomic resolution of both point defects and pre-
cipitated structures. AFM has been employed previously for
studying alkali halides doped by various divalent impurities
[20-23], and Suzuki precipitates with sizes of ~100 nm were
found. Here we show that the defect chemistry of the Eu*"
dopants differs significantly from the previously reported re-
sults, and we relate the structure to the scintillator properties.

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.075004&domain=pdf&date_stamp=2019-07-24
https://doi.org/10.1103/PhysRevMaterials.3.075004

MANUEL ULREICH et al.

PHYSICAL REVIEW MATERIALS 3, 075004 (2019)

FIG. 1. Nal:3%Eul, crystals. (a) As-grown crystal, mounted
on a customized sample holder. (b) Crystal subjected to post-
growth annealing and quenching. (c) Crystal scintillation during XPS
measurements.

II. EXPERIMENTAL DETAILS

Nal:Eu samples were grown by the vertical Bridgman
technique; details of the crystal growth and quenching are
described in Ref. [17]. Nominal doping of 3 at. % Eul,
was employed. After introducing the samples to ultrahigh
vacuum (UHV) conditions in the AFM system, they were
outgassed at 200-250 °C. Cleaving was performed along the
(001) plane, using a tungsten-carbide blade. For all types
of samples, the cleaving was done at several temperatures
ranging from 180 °C to room temperature to exclude the role
of postcleavage surface diffusion. The cleaved samples did
not show any signatures of trapped point charges during AFM
imaging, thus no postcleavage annealing was performed, ex-
cept where indicated in the text. Approximately 25 samples
were analyzed by nc-AFM.

AFM measurements were performed in an Omicron g-Plus
LT head at T = 4.8 K with a custom cryogenic preamplifier
[19]. Tuning-fork sensors (fy ~ 31kHz, Q =~ 20000) [18]
with etched W tips were used, and the tips were cleaned
by self-sputtering [24] and subsequently functionalized by
touching the Nal (001) substrate. In all AFM images in
the main text, atomic resolution stems predominantly from
repulsive interaction above surface I atoms (bright spots).
AFM imaging of ionic lattices is tip dependent [25-29]; we
consistently present images measured with anion-terminated
tips. Examples of images measured with a cation-terminated
tip are shown in Fig. S1 (see Supplemental Material [30]). A
bright contrast in the AFM images can also correspond to a
lower terrace. Here a lower-lying atomic layer provides lower
attractive forces in these constant-height AFM images.

X-ray photoelectron spectroscopy (XPS) was performed
with a nonmonochromatized Al K line and a SPECS Phoibos
100 analyzer. The x-ray-induced photoconductivity is suffi-
ciently high to reduce the sample charging to an acceptable
level. Charging-induced peak shifts of up to 5 eV were de-
tected, and the spectra presented here were shifted in a way
that the Na 1s peak is aligned to 1071.4 eV.

X-ray diffraction measurements were performed on a
Bruker Kappa APEX 11 diffractometer system using graphite-
monochromatized MoKalpha radiation. Indexing and recip-
rocal space reconstruction were performed using the APEX3
software suite.

III. COMPUTATIONAL SETUP

Calculations were performed by using the VIENNA Ab
initio SIMULATION PACKAGE (VASP) [31,32]. We adopted the

generalized gradient approximation within the Perdew, Burke,
and Ernzerhof (PBE) parametrization [33], revised for solids
(PBEsol) [34].

We modeled the Pnma and P3ml phases of Eul, with
unit cells containing four Eu atoms and eight I atoms. These
structures were relaxed by using a plane-wave energy cutoff
of 500 eV, and a 9 x 9 x 9 sampling of the reciprocal space,
which guarantees a precision of 1 meV per Eu atom.

Calculations of the substitutional Eu dopants in the cubic
lattice were modeled using a 6 x 6 unit cell, adopting the
experimental lattice constant of 3.23 A. A slab thickness of
six layers was used, with the bottom two layers fixed, and a
vacuum gap of 13 A. The slab was relaxed using the gamma
point only, and the final energies were calculated using a
4 x 4 x 1 k-sampling.

IV. RESULTS AND DISCUSSION

A. Cleaving transparent crystals

Figure 2 shows results of cross-sectional analysis of the
transparent samples exposed to the postgrowth treatment and
quenching [see the photo in Fig. 1(b)]. A representative
overview AFM image of the cleaved sample is shown in
Fig. 2(a). The surface contains flat regions with the (1 x 1)
bulk termination [see detail in Fig. 2(b)] and many small
protrusions (marked by solid arrows). Complementary to the
protrusions, depressions are also present (dashed arrows), yet
are difficult to image in the noncontact AFM mode. The
bulk-terminated regions exhibit a low defect density (below
0.3%). Detailed images of the protrusions are shown in
Figs. 2(c)-2(e). These features protrude typically one to three
atomic layers above the surface plane and mostly retain the
cubic crystal structure. The protruding parts are attributed to
precipitates with an increased Eu concentration; the defect
density in the flat regions is an order of magnitude below
the nominal doping level, and the nonflat cleavage is clearly
linked to the presence of Eu (cleavage of undoped samples
generally provides atomically flat terraces).

B. Eu segregation upon annealing

Postcleavage annealing was performed to gain qualitative
information about bulk diffusion of the Eu dopants, and also
to learn about possible precipitate phases. Previous works
[20,22] indicate that annealing of doped alkali halides results
in dopant segregation toward the surface, and formation of
surface precipitates with the same crystal structure as the bulk
precipitates.

The surface layer undergoes changes at surprisingly low
temperatures, see Fig. 3. After annealing to 90°C, elongated
surface precipitates running along the [110] and [110] di-
rections appear [Fig. 3(a)]. In the temperature range from
150 to 200 °C, the surface becomes homogeneously covered
by the precipitates [Fig. 3(b)]. Surprisingly, the area of the
precipitates decreases after further annealing above 200 °C;
here the surface contains both regions with the (1 x 1) phase
and regions with the precipitates [Fig. 3(c)].

The detailed AFM images in Figs. 3(d) and 3(e) (more
details are shown in Fig. S2) enable us to achieve an un-
derstanding of the nature of the precipitates. Even though
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FIG. 2. Transparent Nal:3%Eul, crystal quenched from 400 °C.
(a) Overview AFM image of a sample cleaved along the (001)
surface at T = —180°C. The dashed square marks a flat region
imaged in (b). The surface contains protrusions after the cleavage
(marked by white arrows) and complementary depressions (dashed
arrows). (b) Atomically resolved AFM image showing the (1 x 1)
termination with a negligible concentration of point defects. (c)—(e)
Constant-height AFM images of the precipitates protruding from the
cleavage plane. LO-L2 in (d) denotes different atomic layers.

the surface appears “striped” at larger tip-sample distances
[Fig. 3(d)], a closer approach with the AFM tip shows that
the hexagonal atomic arrangement is homogeneous across the
whole surface and that the stripe pattern is a moiré effect. We
estimate the vertical corrugation of the moiré as ~120 pm and
the moiré periodicity as (9 x 1) compared to the underlying
(1 x 1) bulk structure; the unit cell is marked in Fig. 3(e).
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FIG. 3. Effect of annealing. (a)-(c) Overview AFM images of
clear crystals annealed to (a) 90°C, (b) 185°C, and (c) 250°C,
respectively. (d) Constant-height image of the segregated phase, (e)
detail of the precipitate imaged at a tip-sample distance of ~100 pm
closer as compared to (d). (f) The (1 x 1) phase (from a crystal
annealed to 153 °C), showing point defects. Arrows highlight the
different orientations of the defects. The inset shows a larger-scale
area of the (1 x 1) phase.

After annealing, the regions with the (1 x 1) termination
reproducibly show a specific type of point defect in a concen-
tration of (0.7 £ 0.2)%, see Fig. 3(f). These defects appear
as bright spots with a darker region on one side (see the
inset); four different orientations are possible. The origin and
structure of these defects is discussed below.

The surface chemical composition at various stages of
annealing was investigated by XPS, see Fig. 4. The overview
spectra exclude any significant contamination—only Na, I,
and Eu are present. The spectra confirm Eu segregation toward
the surface upon annealing. The signal of Na decreases with
an increasing Eu content in the near-surface region, while

075004-3



MANUEL ULREICH et al. PHYSICAL REVIEW MATERIALS 3, 075004 (2019)
@ — 30°C Nt
E — ‘25°C iz
2 Eul,
2 a=4.569 A
ko) < (h=3.960 A)
= (PBEsol)
= ¥
: N (c) Vi (8Urf)  +12 pm +8 pm

1200 1000 800 _ 600 _ 400 200 0
Binding energy (eV)

(c) sooc | [|(d)
— 100 °C 30°C
—175°c| | — 100°C
——300°C — 175°C
— —— 300°C w
: o] e E
L ) v |
> ™ g | | o
3 = 1™ { ™
c w o -
o} I3%)
g ) —_
LR ; y
AR : Q A\“\{%
1160 1140 1120 1074 1068 630 620

Binding energy (eV)

FIG. 4. XPS measurements. (a) Overview XPS spectra measured
at room temperature and during annealing to 125°C. (b) Details
of Eu 3d, (c) Na 1s, and (d) I 3d peaks after annealing to various
temperatures.

the amount of iodine does not undergo significant changes.
Detailed XPS spectra [Figs. 4(b)—4(d)] show that the Eu signal
reaches its maximum at ~175 °C and slightly decreases after
further annealing, consistent with the AFM images in Fig. 3;
there the area covered with the precipitate also first increases
and then decreases.

The strong decrease in the Na XPS signal indicates that
the segregating phase is europium iodide. We attribute the
remaining Na signal at the surface fully covered by the pre-
cipitate to a signal from subsurface layers. It seems plausible
that a thin film of Eul, forms at temperatures below 200 °C.
Annealing to higher temperatures could possibly change the
character of the precipitate phase from 2D to 3D and this could
explain why the (1 x 1) phase reappears after annealing above
200 °C [Fig. 3(c)]. All of the XPS data are consistent with the
charge states of Na't, I'=, and Eu?*. The surface annealed
to 300 °C shows a small peak at 1123 eV, which could be
possibly interpreted as Eu’*.

C. Density-functional theory calculations

The precipitated phase observed in Fig. 3 is inconsistent
with the cubic Suzuki structure, and also does not match
any known bulk structure of Eul, [35]. The moiré pattern
indicates that the precipitate is a 2D sheet, weakly bound
to the substrate. We propose a structural model based on
I-Eu-I trilayers: The related materials like Cal, [6,36] or CdI,
[37] have such layered bulk crystal structure [see Fig. 5(a)],
where the trilayers are weakly coupled together. Similar lay-
ered structures are also common for many transition-metal
halides [38].
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FIG. 5. Precipitate structure. (a) Proposed atomic structure of the
Eul, precipitate phase. (b) Schematic drawing of the moiré pattern.
The Nal (001) square lattice is drawn in black, the red grid denotes
the hexagonal Eul, lattice with parameters calculated by density-
fiunctional theory. The parameter a denotes the length of the square,
respecively, triangle side. /2 denotes the triangle height. (c) Proposed
structural model of the point defect shown in Figs. 2(b) and 3(f).
(d) Detailed experimental image of the defect. The assumed position
of the Na vacancy and subsurface Eu substitutional atom are marked.

We have calculated the stability of such a layered Eul,
structure (P3m1) and compared it to the standard bulk struc-
ture of Eul, (Pnma). The calculations show that these struc-
tures are almost isoenergetic; the energy difference is 15 meV
per Eul, unit (see Fig. S4 for details), and ferromagnetic
ordering is preferred. The calculated lattice parameters match
well with the observed moiré pattern, see Fig. 5(b). The
layered Eul, structure has the iodine atoms arranged in a
hexagonal lattice, with an I-I distance of 4.57 A. Overlaying
this lattice (red) on the square Nal lattice (black) provides
a moiré pattern with a (8 x 1) periodicity, while the exper-
imentally observed pattern is (9 x 1). The lattice mismatch
along the perpendicular direction is 0.5%, which allows for
a commensurate arrangement and explains the stripe orienta-
tion along the (110) directions. We note that the scheme in
Fig. 5(b) uses lattice parameters calculated within the PBEsol
approximation. When using differential computational setups
or employing the experimmental Nal lattice constant (4.57 A),
the moiré periodicity ranges from 7.5 to 9.5 and the lattice
mismatch ranges from 0.5 to 3.5%.

The point defects observed at the surface [Figs. 2(b) and
3(f)] are consistent with the prototypical configuration ex-
pected for a single Eu?* dopant: It is widely accepted that
Eu dopants occupy substitutional positions, replacing Na*
cations. Such a defect must be coupled with a neighboring
Na vacancy to maintain charge neutrality [14]. The defects in
Fig. 3(f) fit this scheme well, and AFM images indicate that
the Na vacancy prefers locations in the surface layer, while the
Eu atom is located subsurface [see the model in Fig. 5(c)].

We have calculated various near-surface configurations
of such a Eu substitutional atom + Na vacancy, and the
calculations clearly show that the Na vacancy is favored at
the surface, while the Eu atom prefers a subsurface position
(see Table I, the corresponding coordinate files are attached as
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TABLE I. Computed relative energies of various configurations
of the Eu-Vy, defect.

Configuration Energy
Eu(sub) 4+Vy,(surf) 0
Eu(sub) +Vy,(sub) +170 meV
Next-nearest neighbor Eu(sub) +Vy,(sub) +206 meV
Eu(surf) +Vy,(surf) +218 meV
Next-nearest neighbor Eu(surf) +Vy,(surf) +298 meV

Supplementary Information). The energetically preferred con-
figuration is intuitive, because the electrostatic charge of the
Eu?* cation is better screened in a bulklike environment,
while the Na vacancy breaks fewer chemical bonds when
present at the surface. The experimental AFM images [see
the detail in Fig. 5(d)] fit well with the computed con-
figuration: We attribute the central bright spot to the Na
vacancy, which has a formal negative charge with respect
to the unperturbed lattice, providing electrostatic repulsion
with the iodine-terminated tip. The three faintly darker spots
are attributed to vertical relaxation of the corresponding Na
atoms; these are lifted by the underlying Eu** ion by 12, 12,
and 8 pm [see Fig. 5(c)]. It is consistent with the slightly
higher attractive force observed in AFM images. Furthermore,
Kelvin probe force microscopy spectra measured above these
defects confirm the negative potential of the surface Na va-
cancy, forming a dipole with the Eu** [29,39], see Fig. S3.

Importantly, our ability to observe point defects confirms
that the transparent crystals investigated in Fig. 2 contain
large Eu-free regions, i.e., most of the Eu is incorporated in
precipitates.

D. Cleaving opaque crystals

An important question is what the reason is for the opacity
of the as-grown crystals shown in Fig. 1(a). These crystals
still exhibit a good cleavage plane, allowing for atomic-scale
characterization by AFM. First, we note that the structure
of the transparent crystals discussed above was very repro-
ducible, i.e., independent of the crystal history (e.g., shelf
time, annealing) and the specific growth charge. In contrast,
AFM imaging of the untreated (opaque) crystals showed a
large variability. We noticed that even the standard outgasing
cycle (30 min at 200 °C) applied upon inserting the sample
into UHV affects the crystal’s internal structure and defect
distribution.

Our data indicate that a key feature in the opaque crystals
is mosaicity—see Fig. 6. Figures 6(a)-6(c) show different
regions of the crystal, where the cleavage plane shows many
small crystallites rotated with respect to the main crystal-
lographic axes of the crystal. The rotation is small (below
10°) in most cases, and only few crystallites exhibit larger
rotation. The rotation is apparent in both the x-y plane and
in the local plane tilting. Interestingly, analysis of the AFM
images indicates that all the crystallites have the same lattice
constant (within the measurement error of ~3%), thus the
driving force toward the mosaicity probably does not stem
from lattice mismatch between the crystallites.
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FIG. 6. AFM images measured on opaque Nal:3%Eul, crystals
cleaved at —40°C. (a)—(c) Several regions showing a high level
of mosaicity. Dashed lines mark the local orientation of the [010]
direction. Arrows in (a) denote the dominant orientation of the whole
crystal, which is determined from the shape of cleaved crystals.
(d) Moiré pattern with a square symmetry. (e), (f) Precipitates with
the same structure as identified in Fig. 3 after annealing.

Figure 6(d) shows another typical feature found in the
opaque crystals: A moiré pattern with square symmetry. We
attribute this pattern to the overlay of two square lattices,
which have the same lattice constant and are slightly rotated
with respect to each other. This moiré is therefore again
attributed to the mosaicity and originates from a differently
oriented crystallite located subsurface.

Last, we have occasionally found areas with a hexagonal
atom arrangement and a 1D moiré [Figs. 6(e) and 6(f)].
This structure seems identical to the layered Eul, precipitates
discussed above. It indicates that this precipitate structure can
indeed form in the bulk, but its occurrence on the as-cleaved
surfaces was rather scarce. We note that the opaque crystals
also contained regions where AFM imaging could not been
performed; this indicates there are also other structures that
do not possess a good cleavage plane.

We have examined several of the Eu-doped Nal crystals
by single-crystal x-ray diffraction to check consistency with
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FIG. 7. XRD data. (a) Okl cut through the reconstructed recipro-
cal space, measured on a low-doped (1.2% Eu) Nal crystal rendered
transparent by the postgrowth treatment. (b) The same data mea-
sured on an opaque, 3% Eu-doped Nal cystal, without postgrowth
treatment.

the cross-sectional AFM analysis. Figure 7(a) shows a (0kl)
cut through the reciprocal space, measured on a transparent
Nal crystal. Here a lower nominal Eu doping of 1.2% was
used to ensure that no precipitates are present in the crystal.
The image shows the bulk diffraction spots expected for Nal.
All other, weaker spots are artifacts originating from the
monochromator: The radial elongation of the main diffraction
spots is caused by a limited suppression of the Mo K, line,
and the half-order spots originate from x rays with double
energy of the Mo K,,.

X-ray diffraction measured on the untreated crystals
[Fig. 7(b)] clearly confirm the mosaicity observed in AFM:
All the diffraction spots are elongated tangentially, which is a
typical sign of mosaicity. These crystals also often show extra
diffraction spots, indicating the presence of other precipitate
types. However, a discussion of all possible structures appear-
ing in the untreated crystals is beyond the scope of this paper.

E. Relation between mosaicity and precipitation

The origin of the mosaicity observed in the opaque crystals
is somewhat puzzling. The crystallites have the same lattice
constant as their parent matrix, as confirmed both by analysis
of the AFM data and by the XRD measurements shown in
Fig. 7(b). We conclude that the crystallites predominantly
have Nal composition. The driving mechanism for the mo-
saicity therefore does not seem to originate from formation of
bulk precipitates; it likely works in the opposite way.

There is a clear correlation between the mosaicity and the
Eu doping level. We hypothesize that the Eu dopants aggre-
gate at grain boundaries of the crystallites. Such a mosaic

structure could be a perfect starting point for formation of
larger bulk precipitates. The perfect Nal lattice, characteristic
for transparent crystals, probably creates a large barrier [40]
for nucleation of precipitates, i.e., overcoming certain critical
size, where the energy gain would overcome the energy
penalty for interfacing the Nal lattice.

V. SUMMARY

We have used cross-sectional AFM to analyze the defect
chemistry of optically transparent and opaque Nal:3%Eu
crystals. In all cases, only a negligible concentration of point
defects was detected; a majority of the Eu dopants was ag-
glomerated in various precipitates. The transparent crystals
contained small precipitates with sizes below 5 nm and a cu-
bic crystal structure. Scintillation in these crystals, therefore,
likely originates from precipitate structures, indicating that
nanometer-sized precipitates are not an impediment to good
scintillation properties.

A new type of precipitate structure was identified upon
annealing the crystals, i.e., layered Eul, sheets with an I-Eu-I
trilayer structure. While Eul, does not adopt such a layered
structure in its bulk form, it can exist at surfaces, and possibly
also inside a salt matrix. Several prior studies indicate the
existence of similar precipitates in other systems [11-16], but
their atomic structure has never been solved. This layered
Eul, structure may be interesting for other applications be-
yond scintillation. The combination of the unique properties
of Eu*" and the excellent optoelectronic properties of lay-
ered materials [41] may provide interesting functionalities.
Furthermore, layered metal iodides have recently attracted
attention because of their magnetic properties [38,42—45].

Comparisons of the as-grown crystals with crystals ex-
posed to a postgrowth treatment show that the type of pre-
cipitate structures can be effectively tuned. The exact type
of the Eu precipitates formed in their parent matrix might be
linked to subtle changes in the crystal chemical composition
and trace impurities.
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