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A/Ag/Sn/Q (A = cation) compounds with structural diversity.

ABSTRACT: A new chalcogenide crystal, Indeed, to date, a few kinds of Ag/Sn/Q_ anions have been
(NH,),Ag,Sn,Se,, (FJSM-STS), has been solvothermally reported, including 2D [Ag,Sn;Ss],*"~,> 3D [Ag65n3510],,2"_,6
synthesized. The crystal structure, which is composed of 1D [AgSn;Seg],"",” 1D [AgZSnZSeé] 2n- 8 2D
arrays of [Sn;Sey],*"” chains interconnecting [AgSn,,Seys],”",* 3D [ A§ Sn,Sep, ], 2D [AgsSn,Teg], "
[SnAgeSeo],'”"” and [Ag;Se,],™ layers, is unprecedented and 2D [Ag SnQ4 2= 310 where D refers to structural
among the reported A/Ag/Sn/Q (A = cation; Q = S, Se, dimensionality. Most of these A/Ag/Sn/Q compounds are
and Te) compounds. Optical absorption together with semiconductors with narrow band gap below 1.80 eV (Table S1).
theoretical calculations of the band structure indicate a However, their infrared photoelectronic application has never
direct band gap of 1.21 eV for FJSM-STS, which is close to been studied.

the ideal band gap to maximize the photoconversion Herein we report on the synthesis, crystal structure, and
efficiency proposed by Shockley and Queisser. The toxic- characterizations of a novel Ag/Sn/Se compound,
metal-free crystal of FJSM-STS exhibits obvious photo- (NH,),Ag,,Sn,Se,, (EJSM-STS), which features a 3D anionic
sensitivity in the near-infrared range. The variates of power structure of [Ag,,Sn,Se,,],*"~. The optical band gap and near-
and temperature on the photosensitivity have been infrared photosensitivity, as well as the theoretical band structure
studied. and density of states (DOS) of FJSM-STS, have been studied.

FJSM-STS was obtained from the solvothermal reaction

described in the Supporting Information. Single-crystal X-ray

S ince the discovery of infrared radiation in the early 19th crystallography revealed that FJSM-STS belongs to the space
century, several kinds of materials have been explored as group C2/c. The asymmetric unit of FJSM-STS contains 3.1 /s

infrared photodetectors, which have played an important role in Sn*, 6 Ag’, 11 Se*”, and 2 NH,"; the '/, Sn*" is located in a 2-
the military and civil fields." Among the infrared photodetection fold rotation axis. The coordination modes of these atoms are
materials, metal chalcogenides with narrow band gap make up a shown in Figure S2. Its structure features a 3D anionic framework
large part.2 However, reported chalcogenide materials such as with cages filled with NH, cations as charge-balancing agents,
PbS, HgCdTe, and PbSnTe usually contain toxic heavy metals, forming intensive N—H---Se hydrogen bonds with the anionic
which limits their applications. Thus, the exploration of narrow- framework (Figure S3 and Table S2). The solvent-accessible
band-gap semiconducting chalcogenide crystals without a toxic- volume excluding the ammonium cations in FJSM-STS is ~9.0%
metal element would provide more candidates for infrared calculated by PLATON."'
photodetection. Overall, the anionic 3D [AgIZSn7Se22] = framewok is
In addition, the new chalcogenide compounds have attracted constructed of arrays of [SnsSe,],** chains interconnecting
much attention for their interesting physical and chemical [SnAgsSe;o], ™ by sharing Se3, Se4, and Se6 and [Ag;Se,],™"”
properties, which may be found useful in other applications such layers by sharing Se7, Se9, Sel0, and Sell (Figure la). As
as hard radiation detection, radioactive elements removal, etc. illustrated in Figures 1b and S4, [SnAggSe],'”"” exhibits a
Recently, one of the strategies of constructing novel trilayer structure extended along the bc plane. The AglSe, and
chalcogenides is to introduce heterometal ions into one structure Ag3Se, tetrahedra are interconnected to form a (6°)[Ag,Se;],"
in which the two or three types of metal ions adopt a variety of layer by core-sharing of the Sel, Se2, and Se3 atoms, and then
coordination modes when bonded to chalcogen anions Q (Q =S, two such [Ag,Ses],*" layers are alternatingly interconnected by
Se, and Te). For instance, monovalent Ag* can coordinate to the a pair of [Ag2Se;] by corner-sharing of the Sel, Se2, and Se3
chalcogen, forming linear, trigonal, to tetrahedral geometries,
while Sn* can coordinate to four, five, or even six chalcogen Received: March 31, 2016
ions;" such rich variation of the coordination modes may result in Published: May 26, 2016
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Figure 1. (a) 3D FJSM-STS structure viewed along the b axis. H atoms
are omitted for clarity. (b) [SnAgeSe;o],'""” layer. The arrows represent
the 2-fold rotation axes. (c) [Sn;Se,],*” chain. (d) [Ag;Se,],>" layer.

atoms and [Sn1Se,] by corner-sharing of the Sel and Se2 atoms
to form the sandwich-like [SnAg,Se,o],'""" layer, in which the 2-
fold rotation axes passing through the Snl atoms are parallel to
the b axis. Figure 1c shows a [Sn;Sey),™ chain extended along
the b axis, which is formed by [Sn3Se,] connecting [Sn2Se,] and
[Sn4Se,] via corner-sharing of the SeS, Se6, and Se8 atoms. As
shown in Figure 1d, the planar-trigonal [AgS5Se;] and [Ag6Se;]
corner-share the Se9, Sel0, and Sell atoms to form a
[Ag,Se;]," ribbon; the ribbons are further interconnected
into a [Ag;Se,],”" layer by [Ag4Se;] through corner-sharing of
the Sel0 and Sell atoms with Ag6 and AgS, respectively.

The anionic framework of FJSM-STS is unprecedented and
much more complex than those of the previously reported A/
Ag/Sn/Se compounds, which normally are constructed from two
simple structural units, as described below and illustrated in
Figure SS. For instance, the [AgSn,,Se,3],"" layer is formed by
Ag atoms with linear coordination geometry interconnecting
[Sn;,Ses],™” double chains (Figure S5a)," while the 3D
[AgsSn,Se,],*"~ framework is composed by [Sn,Ses] units
interlinking [AgSeg],!""™ chains (Figure S5b)."" The regular
[AgSn,Seg],*" chain is composed of an alternating arrangement
of edge-sharing [Sn;Seg] and [AgSe,] units (Figure S5¢),”
whereas the [Ag,Sn,Se],”"” chain is formed through two
[AgSe,] units interconnecting [Sn,Se,] units (Figure S5d).° The
last example is the [Ag,SnSe,],”"" layer, which is constructed by
[SnSe,] units interconnecting two [AgSe,],*"~ chains by edge-
sharing of yi;-Se (Figure Sse).!®

The optical absorption spectrum of the title compound, which
is converted from solid diffuse reflectance using the Tauc
equation, indicates a band gap of around 1.21 eV for FJSM-
STS."” The narrow band gap is consistent with the black color of
the crystals (Figure 2a). Compared with that of the previously
reported A/Ag/Sn/Se compounds such as
[(Me),NH,]os[Ag;,sSnSe;] (1.85 eV; Table S1), the band
gap of FJSM-STS has a noticeable red shift.*” The higher density
of the title compound (5.270 g/cm®) than that of
[(Me),NH,],s[Ag;,sSnSe;] (3.784 g/cm?) might cause the
absorption of visible light, which leads to the red shift. The DOS
calculations, together with the band structures, have been
studied. The methodology is described in the Supporting
Information. The calculated band gap of around 0.4 eV is direct,
which is smaller than the experimental value (1.21 eV) (Figure
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Figure 2. (a) Solid-state optical absorption spectrum of FJSM-STS. The
inset is a photograph of the crystals. (b) Total and partial DOS for
FJSM-STS. The Fermi level is set at 0 eV. The DOS curves are the sum
of states of the electron orbitals.

S6). The lack of fidelity between the generalized gradient
approximation and eigenvalues of the electronic states should be
the reason for this quantitative underestimation.'” As shown in
the DOS curve of FJSM-STS (Figure 2b), the minimum of the
conduction band above the Fermi level (the Fermi level is set at
0.0 eV) is mainly contributed by Se®”, Ag*, and Sn*, while the
maximum of the valence band is derived from Se’” and Ag".
NH," contributes little to the band in this case. The direct band
gap is around 1.21 eV, falling in the range from 1.0 to 1.8 eV,
which was the most suitable band-gap range for the solar cell
proposed by Shockley and Queisser."

The narrow band gap of FJSM-STS suggests the near-infrared
photoelectronic application. Power- and temperature-dependent
photoelectronic experiments under a 980 nm laser have been
carried out on a sensor substrate in a modified CGS-1TP
intelligent sensing analysis system. The device preparation and
measurement system can be found in Figure S7. FJSM-STS
exhibits obvious near-infrared photosensitivity (Figure 3a).
Photoconduction can be calculated from eq 1

gp =8 ~ &, (1)

where g, g, and g, are photoconduction, light conduction, and
dark conduction, respectively.'> From Figure 3a, we could see
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Figure 3. (a) Transient photoelectronic response of FJSM-STS versus
time under a 980 nm laser with controllable power at room temperature.
(b) Light-power-dependent g,/g; at room temperature. (c) Temper-
ature-dependent g,/g; under a light power of 1.0 W/ cm?. (d)
Temperature-dependent dark conduction of the sample (blue curve).
The red curve is fitted by the Arrhenius equation. g, and gy are
photoconduction and dark conduction, respectively.

DOI: 10.1021/acs.inorgchem.6b00803
Inorg. Chem. 2016, 55, 5110-5112


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00803/suppl_file/ic6b00803_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.6b00803

Inorganic Chemistry

Communication

that every photoelectronic response under different laser power
almost started from the same dark-conduction baseline (g4). g
varied with different light power and temperature. Figure 3b was
plotted from the data of Figure 3a. g,/gq increased near linearly as
the laser power was increased (Figure 3b), which suggests one-
photon absorption of 980 nm in the title material under 1.0 W/
cm? One-photon absorption is a linear absorption process,
whereby simultaneous absorption of one photon excites the
electron from one state (usually the ground state) to a higher
energy electronic state. Higher temperature would induce a
higher density of the thermal activated carrier, which could
compete with the photoactivated carrier induced by laser
irradiation. As shown in Figure 3c, the optical sensitivity
decreased as the temperature was increased, and there is a
thermal quenching around 370 K under 1.0 W/cm?, which is due
toa E)hotoactivated carrier suppressed by the thermally activated
one.'® The temperature-dependent resistance on polycrystalline
FJSM-STS has been plotted in Figure 3d. As a semiconductor,
the temperature-dependent conductivity of FJSM-STS can be
fitted via the Arrhenius equation (2)

Ce E/¥T 2)
where o is the conductivity, C is a constant, k is the Boltzmann
constant, and E is an activation energy for electron conduction.
From the fitting curve, the calculated activation energy is about
0.48 eV, which is smaller than the semiconductor (bdaH)InSe,
(0.81 eV)."”

In summary, we have presented the solvothermal synthesis,
crystal structure, optical absorption, and photosensitivity
behavior as well as theoretical band-gap calculations of a new
chalcogenide crystal, FJSM-STS. The title compound, which was
toxic-metal-free, exhibited an obvious photosensitivity in the
near-infrared range. The solid-state optical absorption spectrum
and band-structure calculations indicate a direct band gap of 1.21
eV of the title crystal, which is close to the ideal band gap to
maximize the photoconversion efficiency proposed by Shockley
and Queisser.
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