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Scintillation crystals need to have a direct band gap. Here, two new
optical crystals, CsAgICl and Cs,AgBr.l, were obtained through
halogen regulation, achieving the transition from an indirect band
gap (CsAgCl,) to a direct band gap. This work enriches the struc-
tural chemistry of the Cs—Ag—X system and is conducive to the
exploration of new scintillation crystals.

Nuclear radiation detection crystals are the core materials of
detection devices and have significant applications in medical
diagnosis, security screening, high-energy physics, and home-
land safety."™* The metal halide perovskite CsPbBr; has
attracted much attention due to its excellent photon-to-elec-
tron conversion efficiency, high defect tolerance factor, and
high carrier mobility-lifetime product.>” However, the
CsPbBr; crystal has encountered some inherent problems,
such as the toxicity of Pb and ionic migration caused by its
three-dimensional (3D) structure, which restricts its environ-
mental friendliness and long-term performance.® "

In recent years, considering the limitations imposed by the
aforementioned various challenges, other lead-free alternative
materials, such as Cs;Cu,ls, Cs,AgBiBrg, Cs;Biylo, etc., have
also been studied and explored."*™° Their superior stability
and environmentally friendly characteristics have attracted
widespread attention and achieved rapid development, demon-
strating excellent performance in all-inorganic nuclear radi-
ation detection. For these lead-free systems, research on the
silver halide Cs-Ag-X system is relatively scarce.”’*> Among
them, CsAg,I; has been reported to have an excellent UV
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photodetector response speed, due to the [Ag,X,] octahedral
units in its structure.”?

In this work, based on the halogen regulation strategy, two
new Ag-based halides with [AgX,] units were obtained, namely
CsAgICl and Cs,AgBr,I. Compared with the known CsAgCl,,
the main framework of CsAgICl is a layered structure com-
posed of [AgCLI,] units, while the anionic framework of
Cs,AgBr,I is a 1D [AgBr,I], chain structure composed of
[AgBr,I,] units. Meanwhile, the introduction of Br and I
changed the coordination environment of the Ag atom from
5-coordination in CsAgCl, to 4-coordination in CsAgICl and
Cs,AgBr,1. Unfortunately, the [AgCLI,] unit and the [AgBr,l,]
unit failed to form the [Ag,Xs] octahedral unit with enhanced
luminescence properties through edge-sharing connection
modes. The results of first-principles calculations indicate that
the change of halogen regulates the band gap and realizes the
transition from an indirect band gap (CsAgCl,) to a direct
band gap (CsAgICl and Cs,AgBr,I). These results will open a
new avenue for exploring nuclear radiation detection materials
in the Cs-Ag-X system with direct band gaps.

Single crystals of CsAgICl and Cs,AgBr,I were obtained by a
high-temperature solid-state method in a vacuum system, and
their polycrystalline samples (Fig. S1) can be prepared by solid-
state and antisolvent methods (experimental details are pre-
sented in the SI). Compared with the solid-state method, the
antisolvent method for synthesizing polycrystalline samples is
more time-efficient. The purity of the phase was determined by
powder X-ray diffraction (XRD) (Fig. 1d and f). Meanwhile, to
compare the effect of halogen regulation on the band gap,
polycrystalline samples of CsAgCl, were synthesized.
Compared with the previously reported synthesis of CsAgCl,
nanocrystals using the anti-solvent method,>" the crystals syn-
thesized in this study through the supersaturation method
have significantly larger sizes, resulting in micron-sized single
crystals (Fig. 1a and b). Crystallographic data of CsAgICl and
Cs,AgBr,I are presented in Table S1. Their bond lengths and
bond angles are comparable to those of known metal halides
(Tables S3 and S4). The rationality of the two structures was
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Fig. 1 Microscopic morphology of CsAgCl, obtained by (a) the antisolvent method and (b) the supersaturation method. (c) Energy dispersive spec-
troscopy analysis and (d) experimental powder XRD patterns of CsAgICL. (e) Energy dispersive spectroscopy analysis and (f) experimental powder

XRD patterns of Cs,AgBrl.

confirmed by energy dispersive spectroscopy (Fig. 1c and e)
and bond valence calculation®* (Table S2).

Two novel Ag-based halides, CsAgICl and Cs,AgBr,l, were
obtained by introducing Br/I atoms into the CsAgCl, structure.
CsAgICl crystallizes in the centrosymmetric space group
Cmcm, which is the same as that of CsAgCl,. Its cell para-
meters are a = 4.8341(4) A, b = 15.6709(13) A, ¢ = 7.6430(5) A,
and Z = 4. In the asymmetric unit, there is one crystallographi-
cally independent Cs atom, one Ag atom, one Cl atom, and
one I atom. The central atom Ag is coordinated to two Cl
atoms and two I atoms to form the [AgCLIL,] fundamental
building block (FBB) (Fig. 2b) with dxgci = 2.646 A and dag; =
2.764 A. The introduction of larger-sized I atoms alters the
coordination of the Ag atoms in the [AgCls] unit of CsAgCl,
(Fig. 2a). The Cs atom is coordinated to four Cl atoms and four
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Fig. 2 Crystal structures: (a) CsAgCl,, (b) CsAgICl, and (c) Cs,AgBr,l.
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I atoms to form a [CsCl,l,] polyhedron. The bond lengths of
dcs-c1 and dgg ; in the [CsCl,l,] polyhedron are 3.482 A and
3.884-4.124 A, respectively. The formed [AgCLI,] units poly-
merize to form 2D [AgICl], layers through corner-sharing.
These layers extend in the bc plane and are connected by
[CsCl,l,] polyhedra. Finally, the overall structure of CsAgICI is
composed of 2D [AgICl],, layers and Cs atoms (Fig. 2b). The
difference from the layer structure of CsAgCl, (Fig. 2a) is that
the layers of CsAgICl are not flat. Specifically, when viewed
along the ag-axis, the angle of Cl-Ag-Cl in CsAgICl is 92.447°,
while in CsAgCl,, it is 162.050°.

Cs,AgBr,I crystallizes in the centrosymmetric space group
Pnma, which is different from that of CsAgCl,. Its cell para-
meters are a = 10.0800(16) A, b = 4.8981(8) A, ¢ = 19.635(3) A,
and Z = 4. In the asymmetric unit, there are two crystallogra-
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phically independent Cs atoms, one Ag atom, two Br atoms,
and one I atom. The central atom Ag is coordinated to two Br
atoms and two I atoms to form the [AgBr,I,] FBB (Fig. 2c), with
dag-pr = 2.717-2.724 A and dag 1 = 2.834 A, which is different
from the [AgCls] FBB of CsAgCl,. The Cs (1) atom is co-
ordinated to four Br atoms and three I atoms to form a
[CsBr,l;] polyhedron, and the bond lengths of d¢s g, and des1
in the [CsBryl;] polyhedron are 3.561-3.629 A and
3.859-3.889 A, respectively. The Cs (2) atom is coordinated to
six Br atoms and one I atom to form a [CsBrel| polyhedron,
and the bond lengths of d¢s_g; and dgg 1 in the [CsBrel] polyhe-
dron are 3.612-3.658 A and 3.861 A, respectively. The formed
[AgBr,I,] units polymerize to form 1D [AgBr,I|, chains
through I atoms, with the Br atoms being suspended. These
chains extend along the b-axis and are connected by [CsBr,l;]
and [CsBrgl] polyhedra. Finally, the overall structure of
Cs,AgBI,I is composed of 1D [AgBr,I],, chains and Cs atoms
(Fig. 2¢). The introduction of Br and I atoms has transformed
the layer structure of CsAgCl, into the chain structure of
Cs,AgBr,l1.

The band gap is a key parameter of optical crystals, and
the UV-vis spectra of CsAgCl, (Fig. S2), CsAgICl (Fig. 3a) and
Cs,AgBr,1 (Fig. 3d) were tested by the Tauc plot method.*® The
results show that the experimental band gap of CsAgCl, is 4.17
eV, which is consistent with previous reports,>! and the band
gaps of CsAgICI and Cs,AgBr,I are 2.82 eV and 3.53 eV, respect-
ively. Furthermore, the previous reports indicate that CsAgCl,
has an indirect band gap with a calculated value of 3.82 eV
(Fig. $3),>* while first-principles calculations in this work indi-
cate that CsAgICl and Cs,AgBr,I have direct band gaps with
values of 2.30 eV and 2.73 eV, respectively (Fig. 3b and e). The
introduction of Br atoms and I atoms with weaker electro-
negativity can effectively reduce the band gap, which is consist-
ent with the result that halogens regulate the band gap of
optical crystals. The contribution of the orbitals to the band
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gap was analyzed through partial density of states (PDOS) and
integrated projected density of states (IPDOS, ranging from
—2.0 to 0.0 eV). For CsAgICl, near the Fermi level, the contri-
butions of the Ag-4d, Cl-3p, and I-5p orbitals to the top of
valence bands are 43%, 27%, and 26%, respectively, while the
Ag-5s orbitals contribute the most to the bottom of conduction
bands, which is 50% (Fig. 3c). The calculated results of
Cs,AgBr,1 are similar. The Ag-4d, Br-4p, and I-5p orbitals con-
tribute the most to the top of valence bands, accounting for
26%, 49% and 20%, respectively, while the Ag-5s orbitals con-
tribute 44% to the bottom of conduction bands (Fig. 3f). By
comparing the PDOS of these three compounds, it can be seen
that the optical band gap is mainly determined by the [AgX,]
units. The introduction of different halogen atoms alters the
coordination environment (from the [AgCls] unit in CsAgCl, to
the [AgCLIL,] unit in CsAgICl and the [AgBr,I,] unit in
Cs,AgBr,]) and the distribution of electronic orbitals of the Ag
atom, causing the wave vector positions of the conduction
band bottom and the valence band top to tend to overlap, thus
transforming from an indirect band gap to a direct band gap.
Therefore, the introduction of Br/I atoms in this work trans-
formed the indirect band gap into a direct band gap, which is
a prerequisite for scintillation crystals.

In conclusion, two new metal halide compounds, CsAgICl
and Cs,AgBr,I, were obtained through halogen regulation, and
their polycrystalline samples were synthesized through solid-
state and antisolvent methods. Meanwhile, micron-sized
single crystals of CsAgCl, were grown through the supersatura-
tion method. Furthermore, the optical band gaps and electron
structures were characterized and analyzed through experi-
ments and calculations. The results show that the introduction
of different halogens can effectively regulate the band gap,
converting the indirect band gap to the direct band gap, which
will boost the discovery of new metal halide scintillation
materials.
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Fig. 3 (a) UV-vis optical absorption spectrum, (b) calculated band gap, and (c) calculated density of states of CsAgICL. (d) UV-vis optical absorption
spectrum, (e) calculated band gap, and (f) calculated density of states of Cs,AgBr-l.
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