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Alloy engineering, with its ability to tune the electronic band structure, is regarded as an effective method for adjust-
ing the electronic and optoelectronic properties of two-dimensional (2D) semiconductors. However, synthesizing metal-site
substitution alloys remains challenging due to the low reactivity of metal precursors and the tendency for spatial phase sep-
aration during high-temperature growth. Here, we report the preparation of a high-quality metal-site substitution alloy,
Zny, 167500 83352, via the chemical vapor transport method, which exhibits excellent photoresponsivity and enhanced elec-
trical transport properties. Comprehensive characterization techniques, including Raman spectroscopy, x-ray photoelec-
tron spectroscopy (XPS), and electron microscopy, unambiguously confirm the uniform Zn substitution in the as-prepared
Zng, 167509 83357 alloy. Furthermore, the photodetector based on the Zng ;67Sn¢ g33S2 alloy demonstrated a high on/off ratio
of 51 under white light, a wide spectral response range from 350 nm to 900 nm, and a broad dynamic power range of 80 dB
under 638-nm illumination. In terms of transport properties, field-effect transistors (FETs) based on Zng 167519 83352
achieved a carrier mobility of 6.5 cm?-V~1'.s~!, which is six times higher than that of SnS,. This alloy semiconductor
showcases significantly enhanced electronic and optoelectronic properties, offering great potential for the development of

high-resolution photodetection technologies.

Keywords: alloy engineering, metal-site substitution, photodetector, field-effect transistors
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1. Introduction

Two-dimensional (2D) materials, including graphene,
hexagonal boron nitride (hBN), transition-metal dichalco-
genides, and group III-V semiconductors, have garnered sig-
nificant attention over the past two decades due to their
unique electronic band structures, particularly spin-valley
coupling, and exceptional charge transfer properties, mak-
ing them promising candidates for next-generation electronic
and optoelectronic devices.!!~®! Various synthesis methods for
2D layered materials have emerged to prepare monolayer,
few-layer and bulk materials,! including molecular beam
epitaxy (MBE),['% chemical vapor deposition (CVD),!!112]
metal—organic chemical vapour deposition (MOCVD), phys-
ical vapor deposition (PVD), and chemical vapor transport
(CVT).I131 Among these, the CVT method is particularly well-
suited for the growth of high-quality bulk crystals, owing to its
ability to promote crystal growth relaxation over several tens
of days. To date, hundreds of 2D layered crystals have been
discovered, exhibiting a broad range of physical properties,
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spanning from semimetals and semiconductors to insulators.
The tunable electronic band structures of 2D materials of-
fer significant flexibility in modifying various physical prop-
erties, including carrier mobility, band gap characteristics, and
photon transition behaviors. These properties can be effec-
tively tailored through defect engineering,!'*! heterostructure

18.191 In com-

engineering,'>~17! and component engineering. !
ponent engineering, the incorporation of specific components
enables precise bandgap tuning, which is essential for applica-
tions in photonics, optoelectronics, and light emission. Specit-
ically, alloying at metal sites can influence the deep-level dis-
tribution of the valence band, thereby promoting photogener-
ated carrier transitions and enhancing the performance of sen-
sors and photodetectors. For instance, Mo;_,W,S, exhibits
large photocurrents that are four times higher than those of
WS, and MoS,.?% Additionally, Mo;_,W,Se,> demonstrates
layer-number-dependent band energies and broad-spectrum
detection capabilities.!?!! Furthermore, the 2D ternary com-
pound GayIngSg exhibits excellent ultraviolet (UV) detection
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ability with rapid response times. %]

In this study, we propose the fabrication of Sn;_,Zn,S>
alloys to tune the bandgap of SnS; crystals, thereby achiev-
ing high-performance photodetectors with enhanced respon-
sivity, a large linear response, and a broad spectral range.
The 2D layered SnS; crystal is a member of the II-VI
group semiconductors and exhibits unique carrier mobil-
ity of 0.1 cm>-V~!. §71-40 cm?.V~!. S7! and a photore-

[23-25] However, the intrinsic

sponsivity of ~ 10° mA-W~!
wide bandgap structure of SnS, limits its potential in optical
applications.[26-27

metal for site substitution, which allows for the adjustment of

1 To overcome this, we use Zn as an active

the band alignment in SnS,. Using chemical vapor transport
(CVT), we successfully synthesized high-quality Z,Sn;_,S,
(x=0.167) alloy bulk materials. Notably, both the carrier mo-
bility and the photoresponse ability are significantly enhanced
in the alloyed crystals.

2. Method
2.1. Chemical vapor transport for alloy prepared

The elements sulfur (S), tin (Sn), and zinc (Zn) were used
as reaction precursors and thoroughly mixed in a vacuum-
evacuated glass ampoule with a molar mass ratio of 10:30:0.6.
Additionally, 2 moles of elemental iodine (I) were added as
a catalyst. The mixture was sealed in a glass ampoule with
18 mm in diameter and 20 cm in length under vacuum condi-
tions. The ampoule was placed in a two-zone furnace, with
the reactants positioned in the high-temperature zone (T =
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650 °C) to facilitate crystal growth in the low-temperature
zone (T = 600 °C) over three days. Afterward, the furnace
temperature was gradually reduced at a rate of 10 °C per
hour while maintaining a 50-°C difference between the two
zones. This controlled process successfully produced high-
quality Zng 167Sng 83352 alloy crystals.

2.2. Back-gating field-effect transistors

To fabricate Zng 147Sn9g33S, field-effect transistors
(FETs), few-layer Zng, 1675n0.833S2 was mechanically exfoli-
ated onto an SiO,/Si substrate using adhesive tape. The sub-
strate comprised a highly doped n-type silicon wafer with
300 nm in thick SiO; capping layer. A gold stripe mask was
transferred onto the Zng 1475n0.8335, few layers before depo-
sition gold electrodes. After lift off the gold stripe mask, the
channel was obtained. Following the lift-off of the gold stripe
mask, the channel region was formed. Next, the electrodes of
source and drain were separated by the probe station.

3. Results and discussion

3.1. Synthesis of Zng147Sn(833S, semiconductor alloy
crystal

High-quality Zn,Sn;_,.S; alloy bulk crystals were synthe-
sized using the CVT method. A schematic diagram of the syn-
thesis process is shown in Fig. 1(a). The crystal structure of
the Zn,Sn;_,S; alloys, as shown in Fig. 1(b), belongs to tri-
clinic crystal system with P3m1 space group.

Fig. 1. Growth of Zng 167Sn0 833S, alloy materials via the CVT method. (a) Schematic diagram of the experimental setup for synthesizing
bulk alloy crystals through the CVT process, (b) crystal structures of Zng 1675983352 alloys, (¢)—(d) atomically resolved transmission electron
microscopy (TEM) image (c) and selected area electron diffraction (SAED) pattern (d) of high-quality Zng 167Sn0.833S> film, oriented along
the [001] crystal axis, (e)—(h) high-angle annular dark-field (HAADF) image (e) and energy-dispersive x-ray spectroscopy (EDS) elemental
mapping of Sn (f), S (g), and Zn (h), confirming the uniform distribution of Zn within the alloy.
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To characterize the microstructure and crystallinity of
Zn,Sn;_,S, alloy crystals, transmission electron microscopy
(TEM) and were employed. High resolution TEM (HRTEM)
image (Fig. 1(c)) reveals that the Zn,Sn;_,S; alloy crystal re-
mains the lattice configuration of SnS,, with lattice spacings
of 0.184 nm and 0.32 nm corresponding to the (110) and (100)
planes, demonstrating the Zn metal sits substitution in alloy
material. The selected area electron diffraction (SAED) pat-
tern (Fig. 1(d)) distinctly displays a hexagonally arranged spot
pattern, indicative of the triclinic crystal system oriented along
the [00-1] zone axis, underscoring the high crystallization
quality of the alloy. Furthermore, the high-angle annular dark-
field (HAADF-STEM) image (Fig. 1(e)), with a 100-nm scale
bar, confirms the absence of clusters in the alloy crystal, fur-
ther supporting its structural homogeneity. Energy-dispersive
x-ray spectroscopy (EDS) elemental mapping of S, Sn, and
Zn (Figs. 1(f)-1(h)) confirms the uniform distribution of Zn
throughout the alloy crystal, as evident in the EDS mapping

of Zn (Fig. 1(h)). These findings collectively demonstrate the
well-ordered microstructure and compositional homogeneity

of the Zn,Sn;_,S, alloy.

3.2. Identification of elemental composition in Zn,Sny_,S,
alloys

Raman spectroscopy is a widely employed technique for
confirming the crystal structure of 2D materials by analyzing
lattice vibration peaks.*®-3!! The thickness-dependent Raman
spectral of Zng 1679n0.833S2 nanosheets were measured and
shown in Fig. 2(b). Two prominent Raman peaks are observed
in the range of 200 cm~!—400 cm~! under a 532-nm excitation
wavelength, corresponding to SnS; at 313 cm~! and Zn?" at
353 cm~!. The peak at 313 cm ™! is attributed to the A ¢ vibra-
tional mode of SnS,, while the peak at 353 cm ™! is assigned
to the E; mode of Zn2*t,[32] confirming the Zn—S bonds within
the crystal structure.
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Identification of elemental composition in Zng 167Sn9 83352 alloys: (a) energy-dispersive x-ray spectroscopy (EDS) analysis of

Zng,167Sn0.833S2 alloys flake on a copper grid substrate, (b) thickness-dependent Raman spectra of Zng j67Sn9.833S> nanosheets, (c)—(e) x-
ray photoelectron spectroscopy (XPS) analysis of the alloy, including the Sn 3d (c), S 2p (d), and Zn 2p (e) regions. The elemental composition

of Zng 167Sn0.833S7 is confirmed by the peak area ratios in these spectra.

3.3. The optoelectronic properties of Zng 147Sng g33S; alloy

To investigate the photoresponse of Zng, 1675n0.833S2 al-
loy, a two-terminal photodetector (Fig. 3(a)) was fabricated
and then excited by the white LED and different wavelength
lasers. As shown in Fig. 3(b), the photodetector exhibited a
high on/off ratio of 51 under white light illumination, indi-
cating that the alloy is the excellent light-sensitive material.
Additionally, wavelength-dependent photocurrents were mea-
sured under the same power density of 250 uW/cm?, demon-
strating significant responsiveness in the visible light and cut-
off response at 860 nm. From the scatter diagram in Fig. 3(c),

the optimal response wavelength is located in 740 nm, cor-
responding to the responsivity (R) of 2.3x10° mA-W~! and
an external quantum efficiency (EQE) as high as 3.6x10°%.
Indeed, the R and EQE were calculated using the following
formulas: R = I,/ (p x s) and EQE = hcR/(eA), where I, is
the photocurrent, P is the power density of the incident light, §
is the effective illuminated area, / is the Planck’s constant, ¢ is
the speed of light, A is the wavelength of excitation light, and e
is the elementary electronic charge. Additionally, the photode-
tector performance of reported SnS; is summarized in Table 1,
which compares it with the Zng 167Sng 83352 alloy-based pho-
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todetector. The comparison highlights that the Zn-doped SnS;
alloy exhibits a broadened response wavelength range extend-

)9V Light

Si substrate

ing into the near-infrared wavelength (860 nm) and enhanced
photoresponse characteristics.

| 6
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3 — Dark
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Fig. 3. Photoelectronic characterization of Zng 167Sn¢ 833> alloy: (a) the side view schematic of Zn 167Sn0.833S2-based photodetector, (b) rep-
resentative /-V characteristics measured under the white LED illumination, (c) wavelength-dependent photocurrents with the step of 40 nm,
(d) time-resolved stability under 638-nm laser illumination, (e) incident-power-dependence photocurrents at 638-nm laser illumination.

Table 1. Photodetector performance of alloy in this work compared with reported SnS,.

Photodetector Response wavelength (nm)  Responsivity (mA-W~1)  External quantum efficiency (%) LDR (dB) References
FL Sn$S, 532 100 - - [23]
FL SnS, 300-550 2.6x10° 9.3x10* 20 [33]
100 nm-SnS, 405 3.54%10° 1.1x10° <10 [25]
FL Sn$S, 380-660 184 513 <10 [34]
FL Zng 167Sn0.833S2 380-860 2.3%x10° 3.6x10° 80 this work

Indeed, the laser of 638 nm was utilized to excite pho-
tocurrents, exhibiting a stable and time-resolved switching re-
sponse, as shown in Fig. 3(d). Moreover, power-dependent
photocurrent measurements revealed an exceptional linear dy-
namic range (LDR) of 80 dB (Fig. 3(e)), which is much higher
than that of SnS,, underscoring the superior performance of
the Zng 16475n0.83357 alloy-based photodetector.

3.4. Electronic transport properties of Zng 14751983352

FETs

To study the electrical properties of alloy materials, back-
gating FET device was fabricated (Fig. 4(a), see Section 2).
The size of Zng, 1675n0.83352 FET was determined using the
atomic force microscopy (AFM) image (Fig. 4 (b)). The
length and width of the FET channel are 2.6 um and 5 um
respectively, and the thickness of Zng 167510 83352 nanoflake
is 11 nm.

The transfer curve is shown in Fig. 4(c) sweeping the
Vs value from —50 V to 50 V with the Vs value of 0.1 V.
In the transfer curve, the left y-axis uses linear coordinate
system, while the right y-axis is displayed on a logjg scale.

The Zng,1675n0.83352-based FET shows typical n-type behav-
ior and belongs to depletion transistor. The field-effect mobil-
ity (Um) could be calculated by the formula

_dly L
SOV, WCeVy'

m

where I is the current between source and drain, Vjyg is
the voltage from drain side to source side, V; is the gate
voltage added on the high doping silicon substrate, L is the
length of channel, W is the width of channel, C; (C(Si0;) =
11.6 nF cm2) is gate capacitance parameter of 300-nm SiO»
By analyzing the data in Figs. 4(c) and 4(d), the
electron mobility of Zng 167Sn¢.833S2 FET is calculated to be
6.5 cm?>V~!.s7! which is six times higher than that of SnS,
(1.1 cm?-V~1.s71), as the same channel thickness (~ 11 nm).

layer.

Meanwhile, the saturation current of Zng 1475n0.83352 alloy is
an order of magnitude higher than that of SnS,. Further, the
output curves of Zng 167Sn0 83352 FET, shown in Fig. 4(e), ex-
hibit a linear relationship, indicating Ohmic contact between
the gold electrodes and the Zng 167510 83352 nanoflakes.
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Fig. 4. Electronic characterization of Zng 1675108335, alloy: (a) the side view schematic of Zny, 167Sn¢ 833S2-based FETs, (b) experimental
AFM image of Zng 167Sn¢.833S2 FET device with the nanosheets thickness of 11 nm, (c)—(d) transfer characteristics of the back-gate-regulated
7Zng.167Sn0.833S2 FET (c) and SnS; FET (d), (e) the output curves from the gating bias 0 V to 50 V under the source-drain bias voltage of 0.1 V.

3.5. Theory section

The first principles calculation based on density func-
tional theory (DFT) were used to calculate the electric band

33361 The generalized gra-

structure and density of states.!
dient approximation (GGA) of Perdew, Burke, and Ernzer-
hof (PBE) were employed to account for electron exchange
and correlation.37°1 For the model of alloy, the Zn atom
was doped into 2 x 3 super cell of SnS; at Sn position with
the Zn:Sn ratio of 1:5, which is consistent with the experi-
mental conditions. All calculations were performed using a
plane-wave cutoff energy of 450 eV. To prevent interactions
between adjacent slabs, a vacuum spacing exceeding 20 A
was implemented along the vertical direction. Each structure
was thoroughly relaxed until the forces converged to within
0.02 eV/A. The electric structure and DOS of monolayer and
bulk Zng, 16751083352 alloy are shown in Figs. 5(a) and 5(b)
respectively. It is evident that both the monolayer and bulk al-
loy crystals exhibit a direct bandgap, with values of 1.458 eV
and 1.507 eV, respectively. The bandgap of Zng 167Sn0 83352
alloy is smaller than that of reported SnS,, demonstrating that

&
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Energy (eV)
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& 0= — —
5 R = 5 —s —s
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Fig. 5. The electric band structure of alloy. The calculated band structures
and total density of states (TDOS) of monolayer Zng 167Sn0.833S> (a) and bulk
Zng.1675n0.833S2 (b).

doping engineering is an effective strategy for modulating the
band structure. The direct band gap of alloy arises from the
presence of Zn atoms in the alloy belonging to Zn>* state,
which introduce defective states and adjust the top of valence
band to I point. Additionally, the Zn atom’s contribution sig-
nificantly increases the density of states in the valence band.

4. Conclusion

In summary, we have demonstrated the successful syn-
thesis of the metal-site substitution alloy Zng 1475n¢.83352 us-
ing the CVT method, achieving notable improvements in
both photoresponsivity and electrical transport characteristics.
Through a combination of EDS, Raman spectroscopy, XPS,
and TEM, we verified the uniform incorporation of Zn atoms
within the alloy matrix. The alloy based photodetector ex-
hibit excellent linear dynamic range value of 80 dB, which
is four times higher than SnS;. The electron mobility of
Zng 167910 83337 alloy is six times higher than SnS,. These
findings underscore the potential of Zng 167Sng 8335, alloys to
drive advancements in optoelectronic and photodetection tech-
nologies, paving the way for high-performance semiconductor
applications.
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