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Abstract

Colloidal-based solution syntheses offer a scalable and cost-efficient means of producing 2D 

nanomaterials in high yield. While much progress has been made towards the controlled and 

tailorable synthesis of semiconductor nanocrystals in solution, it remains a substantial challenge to 

fully characterize the products’ inherent electronic transport properties. This is often due to their 

irregular morphology or small dimensions, which demand the formation of colloidal assemblies or 

films as a prerequisite to performing electrical measurements. Here, we report the synthesis of 

nearly monodisperse 2D colloidal nanocrystals of semiconductor SnS and a thorough investigation 

of the intrinsic electronic transport properties of single crystals. We utilize a combination of multi-

point contact probe measurements and ultrafast terahertz spectroscopy to determine the carrier 

concentration, carrier mobility, conductivity/resistivity, and majority carrier type of individual 

colloidal semiconductor nanocrystals. Employing this metrological approach, we compare the 

electronic properties extracted for distinct morphologies of 2D SnS and relate them to literature 

values. Our results indicate that the electronic transport of colloidal semiconductors may be tuned 

through prudent selection of the synthetic conditions. We find that these properties compare 

favorably to SnS grown using vapor deposition techniques, illustrating that colloidal solution 

synthesis is a promising route to scalable production of nanoscale 2D materials.
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Two-dimensional nanomaterials have garnered immense research interest in the last decade 

due to their potential as building blocks for the next generation of optoelectronics. Unlike 

graphene, many metal chalcogenides have a band gap which, as a semiconductor, allows 

them to serve as the principle constituent of solid-state devices.1 Metal chalcogenides with a 

layered crystal structure tend to naturally form 2D crystals, a consequence of stronger in-

plane atomic bonding relative to their weaker out-of-plane van der Waals interactions 

between layers. When nanoscale-thin, this 2D morphology lends itself well for their 

incorporation into optoelectronics, both due to their ability to stack efficiently with other 

device components and their substantial mechanical elasticity, which engenders the 

fabrication of flexible or wearable electronics.2,3 Additionally, 2D semiconductor 

nanocrystals display attractive electrical properties, such as higher intrinsic mobilities than 

are found in organic electronics or assemblies of 0D nanoparticles, as well as a multitude of 

emerging, novel physics.4,5 Two-dimensional materials initially were prepared using 

micromechanical exfoliation;6 however, more recently substantial progress has been made in 

developing in vacuo techniques such as chemical vapor deposition (CVD) and molecular 

beam epitaxy (MBE) that utilize gas-phase reactants.7 Although large, high-quality single 

crystals are accessible, scalability and reproducibility remain ongoing issues for these 

techniques, which currently limit their efficacy for commercial applications.8,9

A promising alternative to gas-phase deposition of 2D materials is solution-based synthetic 

strategies. These low-temperature methods yield liquid “inks” of dispersed freestanding 2D 

semiconductors that allow for the straightforward fabrication of flexible devices, assemblies, 

and thin films through means such as inkjet printing, spray coating, or roll-to-roll 

processing. Employing these fabrication techniques has allowed for solution-processed 2D 

semiconductors to be effectively incorporated into field-effect transistors, photodetectors, 

solar cells, light-emitting diodes (LEDs), photocatalysts, memory devices, and more.10-12 

Most of the dispersed 2Ds used in devices have been produced by top-down liquid 

processing techniques, which involve the exfoliation of layered materials in solution 

followed by extensive post-processing centrifugal separation.13,14 However, the scale-up of 

these methods is hampered by poor yields, low throughput, and difficulty in achieving 

morphological uniformity. Conversely, bottom-up solution-phase syntheses of 2D materials 

lend themselves better to commercialization, as they utilize the pre-existing chemical 
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manufacturing infrastructure and paradigms.15 Colloidal chemistry has proven effective in 

the mass production of 0D semiconductor nanomaterials with fine control of nanocrystal 

size and morphology. Consequently, the past two decades has seen colloidal semiconductors 

successfully complete the evolution from small-scale curiosities to consumer products. Wet 

chemical methods have successfully accessed a variety of 2D semiconductor nanocrystals,16 

including Sn(S,Se),17,18 PbS,19 Ge(S,Se,Te), 20-22 GaSe,23 InSe,24 Cd(S,Se,Te),25 

Mo(S,Se,Te)2,26-28 and various lead halide perovskites.29 However, achieving high yields of 

morphologically uniform, individual, unagglomerated crystals via solution routes requires 

extensive reaction and processing optimization. Relative to bottom-up gas-phase deposition 

techniques, to date it remains a significant challenge to produce monodisperse 2D materials 

when employing colloidal chemistries.

Among the more intriguing emerging 2D materials is tin(II) sulfide (SnS). The tin sulfides 

are a family of earth-abundant semiconductors being actively investigated for use in a variety 

of technological application spaces. Although several stable and metastable phases of 1:1 tin 

sulfide are accessible, the most thermodynamically favored is the GeS-type orthorhombic α-

phase,30 found naturally as the mineral herzenbergite, and which we will generally refer to 

hereafter in this report simply as “SnS”. The structure of SnS is a compound analogue of 

black phosphorus, with two-atom-thick layers of Sn and S orthogonal to the [100] direction. 

Atoms are bonded strongly to three nearest neighbors within the layer, forming a zigzag 

arrangement in the b-direction and an arm chair arrangement in the c-direction (see Figure 

S1).31 The overall atomic geometry of the crystal can be thought of as a distorted rock salt 

structure, where the 5s2 lone pair electrons of Sn2+ lead to the formation of gaps between the 

two-atom-thick planes due to electrostatic repulsion. Weaker van der Waals interactions 

between atoms across the gap result in the formation of a pseudo-octahedral coordination 

environment.32 The layered atomic structure resulting from these bonding arrangements 

affords the driving force for SnS to crystallize primarily in 2D morphologies, and imparts 

electrical anisotropy within the {100} facets of individual 2D crystals. SnS is intrinsically p-

type due to the presence of Sn vacancies, which act as shallow acceptors,33 resulting in 

relatively high conductivities ranging from 10−4to 0.1 S / cm.34 Undoped carrier 

concentrations of holes are reported to be on the order of 1015 cm−3 to 1017 cm−3 with Hall 

mobilities of up to 90 cm2 / V·s in single crystals.35,36 SnS also displays excellent optical 

properties, including an indirect band gap of 1.07 eV and absorption coefficient values > 104 

cm−1 across the visible and near-infrared spectrum,37 which is higher than Si and most other 

absorber materials. Finally, unlike many other semiconductors, SnS is a non-toxic, low-cost 

compound, making it a promising candidate for widespread commercial application.

Nanocrystals of SnS have been reported using solution-based syntheses in a variety of sizes 

and morphologies, although there are limited examples of nearly uniform products. Zero-

dimensional nanoparticles have been accessed with a high degree of monodispersity as 

spheres,17,38-41 cubes,17,40,42 and tetrahedra.39,40 Owing to SnS having an exciton Bohr 

radius of ≈ 7 nm,43 many of these 0D nanocrystals exhibit an increased band gap due to 

quantum confinement, a phenomenon which also occurs for thin 2D SnS.44 Several colloidal 

methods to prepare 2D nanocrystals of SnS have been developed;17,38,45,46 however, to date, 

high-yield syntheses of 2D SnS have been limited to small or intermediate-sized crystals 

with dimensions of ~ 250 nm or less. The synthesis of larger (>1 μm), high-quality, single-
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crystalline 2D materials is of nanoelectronic and optoelectronic interest due to the potential 

for larger mobilities, fewer interface recombination sites in assemblies, and the ability to 

lithographically fabricate devices using individual crystals. Although colloidal synthesis 

routes to larger 2D SnS nanosheets41,42,47,48 and nanoribbons49-52 have been reported 

previously, their morphological and dimensional uniformity is limited. To our knowledge, 

there has been no report of a high-yield solution-based route to μm-scale, monodisperse, 

single-crystalline 2D SnS nanocrystals.

A pressing technological obstacle for the application of colloidally produced materials in 

optoelectronics is the lack of a straightforward means to measure the inherent electronic 

transport properties of the individual synthesized crystals. While structural and optical 

characterization of semiconductor nanocrystals has become routine, electronic features are 

substantially more challenging to interrogate. Contact probe and spectroscopic 

measurements typically are performed on films or superlattices of assembled colloidal 

nanocrystals;12,53,54 however, such a strategy does not allow for the disentanglement of the 

innate carrier transport within individual crystals from that resulting due to charge transfer 

between separate colloidal domains. Carrier transport is strongly influenced by capping 

agents,55 inter-crystalline charge transfer ligands,56 and packing order.57 As such, the 

properties of assemblies are not representative of the individual nanocrystals contained 

therein, and the full dissemination of inherent electronic behavior for discrete colloidal 

semiconductors has proven exceptionally challenging. Further, relative to single-crystalline 

2D nanomaterials, assemblies of 0D nanocrystals have often been plagued by poor mobility 

and conductivity resulting from imperfect assembly and the prevalence of surface 

recombination sites. Although it is desirable to produce devices using individual, high-

quality, 2D single crystals of colloidal materials, electrical characterization is rare and 

generally limited to two-contact measurements,21,23,52,58-61 while the four-point probe 

method, which measures the intrinsic conductivity of a material, is rarely achieved. In light 

of the tremendous interest towards employing colloidal nanocrystals as components of 

optoelectronic devices, the development of techniques that determine the inherent electronic 

transport properties of solution-synthesized semiconductors, such as time-resolved terahertz 

spectroscopy (TRTS),10,41,62-64 is desperately needed.

Here, we report a comprehensive analysis of the electronic transport properties in individual 

colloidal semiconductor nanocrystals. First, we present the development of a solution 

chemistry-based synthetic approach to produce nearly monodisperse μm-scale 2D tin(II) 

sulfide nanoribbons and square nanosheets using a one-pot, one-step, easily scalable 

synthetic route. These syntheses represent a rare example in this size regime of essentially 

uniform, single-crystalline, 2D nanocrystals produced using colloidal chemistry. Next, we 

detail the structural characterization of these SnS materials, and describe how they are 

processed from solution to fabricate back-gated, top-contact solid-state devices from 

individual colloidal crystals. Finally, we interrogate their electronic transport properties 

using a combination of multi-point contact probe electrical conductivity measurements and 

time-resolved terahertz spectroscopy. These combined studies allow for the direct 

determination of carrier concentration, carrier mobility, conductivity, and the majority carrier 

type within an individual 2D nanocrystal. We report findings illustrating that careful 

manipulation of solution chemistries can selectively afford products with substantively 
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disparate charge carrier behavior. These measurands are challenging to extract using 

common experimental practices, and underpins that this metrological strategy represents a 

significant and valuable advancement in the characterization of colloidally synthesized 

semiconductors.

RESULTS AND DISCUSSION

Solution Synthesis and Structural Characterization of μm-scale Colloidal 2D SnS.

We developed high-yield, solution-based routes to μm-scale 2D crystals of colloidal SnS in 

two distinct morphologies. Their 2D structure and relatively large in-plane size were 

essential for the subsequent fabrication of solid-state devices using individual colloidal 

nanocrystals as the semiconductor component. Concurrently, a high degree of shape and size 

monodispersity was desired as, in addition to being an atom-efficient and cost-effective 

synthetic process, a substantial degree of crystalline homogeneity allowed for bulk structural 

characterization of the product. To these ends, we pursued a heat-up strategy of nanocrystal 

synthesis in solution (see materials and methods section for details), as such approaches 

have proven consistently effective at producing large quantities of monodisperse shape-

controlled nanocrystals.65,66

SnS 2D Nanoribbons—One of our devised syntheses produced a high yield of nearly 

morphologically-uniform, high aspect ratio, 2D SnS colloidal crystals that hereafter we refer 

to as nanoribbons. Briefly, SnCl2 and elemental sulfur were dissolved in oleylamine 

(OLAM) solvent and heated to 180 °C (453 K) under an inert atmosphere. The product was 

collected, separated from solution by centrifugation, and redispersed in toluene. Figure 1a 

shows a representative transmission electron microscope (TEM) image of the resulting 2D 

nanoribbons lying flat, and additional images can be found in Figure S2. Statistical analysis 

of the crystals revealed that our product had a morphological yield of 95 % nanoribbons, 

with an average length of 2.81 γm ± 0.28 μm (C.V. = 10 %) and width of 0.48 μm ±0.19 μm 

among the nanoribbons. Notably, such high yield and monodispersity is rarely reported for 

bottom-up synthesized colloidal semiconductors in the >1 μm size regime. We found that 

variations in regent concentration, Sn:S precursor ratio, and temperature all adversely affect 

the homogeneity of our nanocrystals; however, the reaction is robust enough to tolerate 

small perturbations to the synthetic conditions. Additionally, the selection of SnChl2 was 

essential to produce monodisperse nanoribbons as both SnBr2 and Sn acetate yielded 

mixtures of nanoribbons, likely due to differences in thermal decomposition kinetics 

afforded by the anion (Figure S3). Figure 1b displays the view of an individual nanoribbon 

from the side, indicating that the μm-scale crystals possess smooth top and bottom facets 

with a thickness of approximately 17 nm to 20 nm. Their morphological smoothness was 

also observed using high-angle annular dark-field scanning TEM (HAADF-STEM), and the 

few-layer thickness of the nanoribbons was confirmed by atomic force microscopy (AFM) 

(Figures S4, S5).

The structural composition of the 2D nanoribbons was investigated using powder X-ray 

diffraction (XRD). The resulting pattern (Figure 1c) was indexed to phase-pure 

orthorhombic α-SnS (JCPDS No. 73-1859, space group Pnma, lattice constants a = 1.118 
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nm, b = 0.398 nm, c = 0.433 nm). The strong relative intensity of the (400) and (800) 

reflections indicated substantial preferred orientation towards [100], which is expected as the 

layered planes of covalently-bound Sn-S extend in the b and c crystallographic directions 

(Figure S1). Aside from the reduced relative sharpness of the reflections, due to smaller 

crystalline domain sizes, the XRD pattern matches well with that collected from 

commercially-purchased bulk herzenbergite SnS, including a small amount of native surface 

oxide detectable at approximately 29 °2θ (Figure S6). High-resolution TEM (HRTEM) 

analysis of the μm-scale nanoribbon surface revealed that they were singlecrystalline, free of 

linear and planar defects such as dislocations and twinning (Figure 1d). Lattice fringes with 

spacings of 2.9 Å (0.29 nm) were visible between a given atom and its four nearest 

neighbors, which agrees well with the expected interatomic distance for planes of the form 

{011}. The (010) and (001) planes were also visible, with interatomic lattice fringe distances 

of 4.0 Å (0.40 nm) and 4.3 Å (0.43 nm), respectively. A fast Fourier transform (FFT) of the 

collected HRTEM image (inset) matched well with the [100] zone axis of SnS, in good 

agreement with our powder XRD results. Selected area electron diffraction (SAED) of an 

individual nanoribbon produced a pattern which confirmed its single-crystalline nature and 

can be indexed to α-SnS(100) (Figure S7). Additionally, when compared to the orientation 

of the nanoribbon being characterized, reciprocal space distances between diffraction spots 

along the length of the crystal correspond to the SnS<010> directions, while the diffraction 

spots along the width match that of SnS<001>. This indicates that the nanocrystals grow 

more favorably along the zigzag b-axis relative to the armchair c-axis, the latter of which is 

identified as the lateral direction of the ribbons. We verified these results by performing 

HRTEM analysis on the corner of a nanoribbon (Figure S8), and found that the atomic 

fringes along the length of the crystal matched well to the lattice spacings of SnS(010), and 

those of the width to SnS(001). These crystalline orientations concur with those previously 

observed in the case of belt-like SnS nanowires that similarly grew primarily in the <010> 

directions, which was ascribed to the higher surface energy of the SnS {010} facets relative 

to those of {100} or {001}.67

SnS 2D Square Nanosheets—A second synthetic procedure we developed yields SnS 

square nanosheets with high morphological uniformity. Briefly, an excess of Sn(IV) chloride 

was heated in OLAM under an inert atmosphere while in the presence of 

hexamethyldisilazane (HMDS) and elemental sulfur to form μm-scale colloidal 2D SnS 

nanocrystals. The silvery-dark product was collected, purified by centrifugation, and 

redispersed in toluene. Figures 2a,b show demonstrative TEM characterization of the 

resulting square nanosheets (Figure S9 for additional images). Particle counting confirmed 

that the nanosheets had nearly uniform lateral dimensions of 2.58 ± 0.37 μm per side (C.V. = 

14 %), and our synthesis produced a yield of 89 % square nanosheets. Unlike the μm-scale 

nanoribbons, the SnS nanosheets have an irregular, uneven surface. HAADF-STEM imaging 

shows the broad face of the nanosheets resemble a series of cliffs and plateaus (Figure S10). 

The coarse morphology of the nanosheets was further confirmed by AFM, showing a series 

of steps that rise from the edges of the nanostructure (Figure Sll). The nanosheets are also 

revealed to be substantially thicker than the nanoribbons, with vertical dimensions ranging 

from 75 nm around the periphery of the nanostructure to 150 nm along the thickest interior 

regions. The impetus for this unusual morphology is uncertain; although it resembles the 
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terraced morphology that can result from screw dislocation-driven growth, it lacks the 

distinctive spiral pattern that results from such a mechanism. More likely, it is the result of a 

nonclassical, kinetic-driven crystallization mechanism such as oriented attachment68 or the 

“wedding cake” growth model, which consists of successive adatom-driven nucleation 

events.69 The reaction kinetics may be a result of the presence of HMDS during synthesis, 

which is known to increase the reactivity of Sn complexes it coordinates to and often 

influences product crystallinity when employed in solution-based syntheses 45,52 Our use of 

Sn4+, instead of the Sn2+ utilized for nanoribbons, also requires an additional reduction 

process to take place during the formation of SnS that could alter nucleation and growth 

kinetics. We also found that the reaction temperature and an excess of Sn are important 

synthetic parameters in this synthesis (Figure S12).

Figure 2c shows the powder X-ray diffraction pattern of a drop-cast ensemble of square 

nanosheets, confirming that they too could be indexed to phase-pure GeS-structural type α-

SnS with a small amount of native surface oxide. As with the nanoribbons, the as-prepared 

nanocrystals were oriented preferably along [100], which is consistent with their layered, 

anisotropic, 2D structure. The increased sharpness of the reflections, relative to that of the 

nanoribbons, indicated a larger single-crystalline domain size, which we attribute to both the 

greater thickness and higher cross-sectional area of the nanosheets. Importantly, the 

sharpness of the reflections in the XRD pattern suggests that, despite their coarse 

morphology, these nanocrystals are not polycrystalline. This observation was confirmed by 

electron diffraction (Figure 2d). The spot pattern produced from SAED revealed that the 

square nanosheets, or at least very large domain therein, were single-crystalline and that, like 

the nanoribbons, the surface normal of the nanosheets corresponded to the [100] zone axis. 

The in-plane orientation of the electron diffraction pattern indicated that the four edges of 

the nanosheets extended in the zigzag (<010>) and armchair (<001 >) directions, while 

<011> aligned with the corners of the square (Figure SI3).

The 2D morphology and large-scale monodispersity of centrifugally washed, drop-cast SnS 

nanocrystals was verified by scanning electron microscopy (SEM) analysis (Figures 3, S14, 

S15). The high morphological uniformity of our two products was evident through 

examination of large- area films of deposited SnS, which show 100 or more nearly identical 

nanocrystals at a time. The nanoscale thinness of the μm-scale 2D materials (≈ 17 nm – 20 

nm for the nanoribbons, ≈ 75 nm –150 nm for the nanosheets) is also observable by side 

view inspection of individual crystals. The difference in flexibility between the 

morphologies, likely as a function of their thickness, is apparent. Whereas the nanoribbons 

curve and bend with ease, the square nanosheets stack in a rigid, inelastic manner. The 

elasticity of drop-cast nanoribbons makes them potentially of interest for flexible devices 

and straintronics (Figure SI 6). The distinct tiered structure of the nanosheets was also easily 

observable; however, each individual crystal appeared to have a distinct pattern of steps and 

plateaus, despite approximately uniform lateral dimensions. Additionally, we generated 

elemental maps of SnS nanoribbons and square nanosheets using energy-dispersive X-ray 

spectroscopy coupled with SEM (SEM-EDX), which confirmed a homogeneous distribution 

of Sn and S throughout the nanostructures (Figures S17, S18). Notably, SEM-EDX also 

detected carbon and nitrogen on the 2D nanocrystals, suggesting that molecular surfactants 

are still adsorbed to the surface of the nanocrystals even after washing.
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Fabrication of Back-Gated Devices from Individual Crystals of Colloidal 2D SnS.

To explore the electronic transport properties of our synthesized 2D SnS nanocrystals, we 

fabricated back-gated field-effect transistor (FET) devices from individual SnS nanoribbons 

and square nanosheets taken from solution using standard lithographic techniques. Although 

long-chain surfactants adsorbed to the surface of the 2D SnS afford colloidal stability and 

prevent agglomeration of nanocrystals, these organic species are highly insulating and must 

be removed prior to SEM analysis or device fabrication. Accordingly, first we diluted and 

centrifugally washed solutions of our samples, which consists of separating the precipitate 

from the supernatant and then redispersing the former in neat toluene. The effect of this 

washing step is manifest when the SEM images in Figure 3 are compared to those of 

unwashed 2D nanocrystals, Figure S19. Without washing, an amorphous matrix of dried 

organic residue can be seen encapsulating the crystals, preventing both effective charge 

transfer between domains and the isolation of individual 2D SnS semiconductors for 

subsequent device fabrication. Drop-casting dilute solutions afforded deposited 2D SnS with 

a free proximity of 10 μm or more surrounding them, making these regions suitable for the 

deposition of metal contacts to a series of individual semiconductor nanocrystals (Figure 4). 

Unlike most exfoliation-based 2D material techniques, using solution-synthesized 

nanocrystals allowed us to fabricate on the order of 6 – 10 separate devices in each 

lithographic write, and fabricating up to hundreds at a time is achievable due to the 

preponderance of nearly uniform 2D materials available on each substrate (supporting 

information and Figures S20-S23 for more details).

Our initial electronic device measurements revealed that our device did not display ohmic 

behavior (Figure S24). The nonlinearity of the initial IDS-VDS curves was attributed to a 

Schottky barrier arising from poor contact between the deposited Cr/Au and the SnS 

channel. To resolve this problem, a second annealing step was necessary, this time with the 

entire device array being treated at 350 °C (623 K) in 5 % forming gas. The subsequent 

linearity of the IDS-VDS curve is indicative of an ohmic-like interface between the 

semiconductor and the contact. Previous studies have also shown a marked decrease in 

contact resistance between SnS and metal contacts following annealing, and this 

improvement is usually attributed to a solid-state reaction at the interface which results in 

the formation of a CrSx or other metal-sulfide compound70,71 To ensure that the fidelity of 

the SnS crystal had been preserved during this reaction and throughout the fabrication 

process, we performed Raman spectroscopy as a means of structural analysis. As shown in 

Figure S25, the Raman spectra of 2D SnS as-synthesized, following centrifugal washing, 

and after the device fabrication process changed minimally, indicating the SnS structure 

remained intact. A slight hardening of most phonon modes can be attributed to the removal 

of surface ligands by washing and, especially, by thermal annealing. The peaks matched well 

with the previously-reported Raman spectra of α-SnS,37,72 and all are induced from first-

order scattering from optical phonons.30 Further confirmation was provided by powder XRD 

(Figure S26). Although alloys may have formed at the device interface, SEM-EDX 

elemental mapping of the devices confirmed that there was no detectable metal diffusion 

from the contacts into the semiconductor channel during fabrication (Figure S27).73
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Electrical Characterization of Individual Solution-Synthesized 2D Crystals of SnS.

We explored the electrical properties of solution-synthesized, μm-scale 2D SnS nanocrystals 

using the test structures fabricated from single nanoribbons and square nanosheets. A 

schematic of the completed top-contact, back-gated FET devices is displayed in Figure S28. 

First, output characteristics of individual 2D SnS nanocrystals were collected using a two-

terminal configuration at room temperature in the dark. Evaluation of the devices was 

performed without ambient light to avoid the generation of photocurrent, as the high 

absorptivity of SnS in the visible spectrum, which lends itself towards application in 

photodetectors and photovoltaics, is well-documented.37,74 Figure 5 shows typical IDS-VDS 

curves generated from output measurements of individual solution-synthesized SnS 

nanoribbons while varying the back gate bias, VGS, between – 40 V and 40 V. The linearity 

of the output curves indicated that the interface between the contacts and the semiconductor 

was ohmic-like. Additionally, gate action was observed in that the drain-source current 

showed a consistent response to applied VGS; as the back gate bias became more negative, 

the output current increased. This is indicative of an injection of holes, and implies that the 

Fermi level within the band gap lies towards to the top of the valence band of SnS.

Transfer characteristics of a nanoribbon device, generated by sweeping the back gate voltage 

VGS with an applied bias VDS ranging from 0.3 V to 0.6 V, are displayed in Figure 5c. The 

measured drain-source current decreased with a more positive VGS, reinforcing their p-type 

semiconductor character. This hole-dominated carrier transport is expected, as the relatively 

low formation energy of Sn vacancies generally results in an excess of holes for bulk, thin 

film, and nanoscale SnS,33,75 thereby resulting in intrinsic p-type conductivity.34,35 The 

consistent influence of VGS on IGS indicates that these devices function as FETs; however, 

the relatively low subthreshold slope and the inability to fully turn the devices off limit their 

effectiveness in this application. Notably, the room temperature FET performance of these 

colloidally synthesized single-crystalline SnS devices, while modest, is comparable to those 

using exfoliated and vapor-deposited 2D SnS.52,76-78 Previous reports of single-crystalline 

2D SnS (and SnSe) FETs displayed poor on/off ratio, no higher than 10 and as low as 1.5, 

with a fully “off’ current in the tens of nA. This appreciable “off’ current has been attributed 

to strong carrier screening that prevents the induction of effective switching behavior by the 

field effect of the gate. SnS inherently has a relatively short Debye screening length,77 which 

results in a depletion of carriers towards the bottom of the channel but a shunting effect as 

carriers continue to pass beyond screening length near the top surface. The poor gate tuning 

behavior of SnS FETs was somewhat ameliorated by thinning the channel down to several 

10s of nm.77 Although this could explain a low gate response in our thicker 2D square 

nanosheets, the SnS nanoribbons are only 20 nm or less in height. We therefore ascribe the 

inability to turn our nanoribbon devices off to the relatively thick (300 nm) SiO2 dielectric 

layer, and posit that improved device performance could be achieved by employing either a 

dielectric layer on the order of 30 nm or a top-gated configuration.

The output current of the SnS square nanosheet devices displays an ohmic response that is 

consistently lower than that of nanoribbons with similar channel dimensions. As seen by the 

two-contact IDS-VDS behavior illustrated in Figure 6, IDS is consistently half or less than that 

of the nanoribbons for a given applied bias and back gate voltage. These devices display a 
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consistent response to applied VGS; but surprisingly, the current increased with higher 

applied back gate potential, suggesting that electrons, not holes, were the majority carrier in 

these solution-synthesized 2D materials. This was corroborated by the collected transfer 

curves of the devices (Figure 6c), which confirm the n-type character of the square 

nanosheets. The field effect-induced gate action is even lower than that of the nanoribbons, 

with a nearly linear subthreshold slope, which was not unexpected considering their larger 

channel height. As mentioned above, SnS generally exhibits p-type transport behavior due to 

the thermodynamic favorability of forming Sn2+ vacancies, and these defects’ ability to act 

as shallow acceptors.75 The n-type conductivity measured in our SnS square nanosheets 

represents one of the few reported cases of electrons acting as the majority carrier. 

Previously, this has been achieved in SnS through external doping using elements such as Pb 

or Cl,79 and, notably, isoelectronic black phosphorus was recently n-doped by surface 

deposition of silicon nitride.80 Although we did not deliberately dope our square nanosheets, 

we hypothesize that HMDS or SnCl4, neither of which were present during the synthesis of 

the nanoribbons, may have acted as a source of extrinsic Cl, Si, or N dopants. To test this 

theory, we performed detailed X-ray photoelectron spectroscopy (XPS) analysis on the 

square nanosheets. As seen in Figure S29, Cl 2p and Si 2p photoelectrons were not detected 

at the surface of the nanocrystals. Nitrogen is observed in the centrifugally washed samples; 

however, this is due to OLAM surfactant adsorbed to the nanosheet surface. Following 

removal of the ligands by annealing the signal due to the N 1s photoelectrons is no longer 

present, in agreement with FTIR data (Figure S21), indicating that there does not appear to 

be extrinsic doping.

An alternative explanation of the n-type behavior exhibited by the square nanosheets is 

intrinsic doping, specifically a disproportionally Sn-rich stoichiometry. Quantitative EDX 

elemental analysis of a wide-area, large ensemble of nanocrystals found that the μm-scale 

SnS nanoribbons had a slight excess of sulfur (Figure S30), in conjunction with most 

previous reports of nanoscale and bulk SnS.38 Conversely, the elemental stoichiometry of the 

SnS square nanosheets, determined by ensemble EDX measurements (Figure S31), indicated 

a ≈ 7.5 % majority of tin, which is a significant margin of difference even when accounting 

for the limitations of quantitative EDX. Non-stoichiometry is known to be an effective 

means of switching the majority carrier from holes to electrons in metal chalcogenides, both 

through the formation of anion vacancies81 and the presence of excess cations.82 Indeed, an 

excess of Sn or deficiency of S has previously resulted in n-type SnS.76,83,84 The Sn-heavy 

elemental composition of the square nanosheets, and its resulting influence on carrier 

transport and band structure, can result from either a deviation in stoichiometry within the 

crystal lattice, including the formation of S vacancies, or from cationic Sn Lewis acid 

complexes adsorbed to the surface.56,85 We believe this is a reasonable explanation for the n-

type behavior of these nanocrystals, especially in light of the excess Sn4+ present during 

their synthesis, which was not the case for our 2D nanoribbons. However, we note that 

extrinsic doping at concentrations below the limits of XPS detection cannot be discounted as 

a possible source of this unexpected charge transport.

We hypothesized that the relatively low currents displayed by our nanosheets may be due to 

oxide formation. XPS analysis confirmed the presence of a thin native surface oxide, but of 

insufficient thickness to strongly affect device performance (Figure S32). A more likely 
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impetus to the modest currents measured in our two-terminal SnS devices are oxides 

resulting from our choice of contact metal. Although Cr is commonly used as a 

semiconductor-contact adhesion layer due to its low work function, which is especially 

important for facilitating charge transfer to n-type semiconductors, it has been reported to 

form insulating oxides (CrOx) at the interface during deposition, even under high vacuum 

conditions.71 These oxides, which also can form with other common low work function 

contact metals such as Ti, will act as a Schottky barrier to the channel, assuming no Fermi 

level pinning. Indeed, we recently have found that higher work function metals significantly 

improve the performance of our two-terminal SnS devices.86 This uncertainty about the 

band alignment of our contacts underpins the importance of performing four-point 

measurements, instead of two-point measurements, when extracting the fundamental 

electronic properties of our materials.

To determine the inherent conductivity of the individual solution-synthesized SnS 

nanocrystals, devices with additional contacts were patterned (Figure 7). These are among 

the smallest many-terminal devices ever fabricated from individual 2D semiconductor 

crystals, and approach the scaling limit for our lithographic process. Using four-point probe 

techniques, with a linear arrangement of terminals along the length of the nanoribbons 

(Figure S33) and a van der Pauw arrangement on the square nanosheets (Figure S34), 

allowed for deconvolution of contact resistance from the inherent resistance of the material. 

Our SnS nanoribbons had an average room temperature resistivity of 10.3 Ω·cm, which 

corresponds to a conductivity (σ) of 0.097 S / cm and compares favorably to the 

conductivity of single-crystalline SnS reported elsewhere.33 As determined using SAED and 

HRTEM, the length of the ribbon corresponds to the b-axis zigzag structural orientation of 

the anisotropic SnS crystal. Previous reports74,76,78 conductivity is higher in this direction, 

relative to that of the armchair direction, and so, although the ribbon width is too narrow for 

direct four-probe measurement, we can reasonably postulate that the conductivity along this 

direction would be lower. By comparing the device resistance obtained from two-point 

measurements with the channel resistance extracted from four-point results on the same 

nanoribbon, the magnitude of contact resistance may be quantified by

Rcontact2, 3
= 1

2 Rdevice2 − 3
− Rchannel2 − 3

= 1
2

dVDS, 2 − 3
dIDS, 2 − 3

−
dV2 − 3

dIDS, 1 − 4
(1)

for a linear arrangement of 4 contacts, and assuming contacts 2 and 3 have an equal 

resistance, Rcontact. Our average measured two-point resistance between contacts 2 and 3 

was 5.21 × 106 Ω, which indicates that the contact resistance of these devices was in the 

range of 8.5 × 104 Ω. This indicates that, although our contacts function reasonably well, 

further engineering of the semiconductor-metal band alignment could improve device 

performance.

Four-point probe analysis of the square nanosheets utilized a van der Pauw configuration, 

which affords measurements along two directions set off 90° from each other, in this case 

corresponding to the edges of the square nanocrystals. We found the measured resistances to 

be highly anisotropic, with an average value of 5.35 × 105 Ω in one direction and 8.55 × 105 
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Ω for the orthogonal in-plane direction, yielding an overall room temperature value ρ = 23.1 

Ω·cm. This corresponds to a conductivity of 0.043 S / cm and confirms that the solution-

synthesized SnS square nanosheets are less conductive than the SnS nanoribbons. However, 

it is important to note that the resistivity value determined for the square nanosheets assumes 

isotropic in-plane carrier transport, which is not the case for 2D nanocrystals of SnS. Indeed, 

our measured resistance along one edge of the square nanosheet was 1.6 times higher than 

along the other. Although we cannot verify it structurally, considering previous experimental 

and computational transport studies of SnS single crystals74-76,87 we can reasonably assume 

that the direction of lower resistance corresponds to the zigzag b-axis, and the higher 

resistance is along the orthogonal armchair c-axis. These measurements confirm the impact 

of structural orientation on device performance and underpin the importance of probing 

electronic transport anisotropy in solution-synthesized colloidal nanocrystals.

Extracting the Electronic Transport Properties through a Combination of Four-Point Probe 
and Time-Resolved Terahertz Spectroscopy.

Accurate measurement of the intrinsic charge carrier mobility, and subsequently the carrier 

concentration, is often a major challenge in the characterization of low-dimensional 

materials. Field-effect mobility (μFET), extracted from the transfer curve of a FET device, is 

frequently reported; however, unaccounted for contact resistance or device-substrate 

interactions produce error that often leads this value to be underestimated and inconsistent.88 

Our attempt to extract μFET from the linear region of device transfer measurements at 

several low VDS values yielded discrepant results (Scheme S1). Magnetotransport Hall 

measurements of fabricated test structures, yielding the Hall mobility (μH) of the material, is 

regarded as a more effective approach of elucidating the carrier mobility of a semiconductor.
89 Unfortunately, reliable magnetotransport measurements on the nm-scale are complicated 

by the small spacing between electrical terminals and associated lithographic limitations. As 

an alternative to Hall measurements, we turned to time-resolved terahertz spectroscopy to 

determine the charge carrier mobility. TRTS has emerged as a useful technique for the 

investigation of electronic transport properties in colloidal semiconductor nanocrystals,
41,62,63 and recent reports have indicated that the carrier mobility values generated from 

TRTS (μT) are comparable to μH.10,64

TRTS is an ultrafast spectroscopic technique that utilizes a visible pump and far-infrared 

probe to generate and interrogate the dynamics of free charge carriers. The materials’ 

photoconductivity can be approximated by measuring the change in transmission of a THz 

frequency probe wave packet following photoexcitation with visible light above the band 

gap energy. The probe waveform (covering frequencies 0.3 THz to 2.0 THz) was collected 

from samples of drop-cast centrifugally washed 2D SnS nanocrystals both following 800 nm 

excitation and again with the pump beam blocked, the latter scenario hereafter referred to as 

terahertz time-domain spectroscopy (THz-TDS). For TRTS, the delay between the pump and 

gate pulses, tpg was held constant at the point of maximum attenuation in the electric field 

transmission waveform relative to the unpumped THz-TDS waveform (Figure S35), while 

the pump-probe delay time, tpp, was varied between 0 ps and 200 ps to monitor the 

magnitude of change in THz probe transmission due to photogenerated free carriers (Figure 

8a).
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The time-dependent photoconductivity was calculated from the optically induced decrease in 

THz transmission following photoexcitation using the thin film equation,90 which is valid 

because our deposited nanocrystal films are substantially thinner (≈ 3-4 μm) than the 

wavelength of the probe radiation (hundreds of μm):

Δσ(tpp) = −
ΔE(tpp)

E0

nTHz + 1
Z0d (2)

where ΔE(tpp) is the differential change in transmission, relative to the TDS measurement, at 

the peak of the THz probe waveform resulting from a photoexcited sample at pump-probe 

delay tpp, E0 is the sample transmission at the same point in the THz waveform without 

photoexcitation, nTHz is the index of refraction of the substrate at THz frequencies, Z0 is the 

impedance of free space, and d is the thin film thickness (additional details, Figures S36, 

S37).

Measurement of ΔE / E0 (Figure 8a), and therefore the transient photoconductivity, is a 

function of both the pump-probe delay time, tpp, and the pump fluence. At very early pump-

probe delay times, hot carriers with excess energy quickly relax to their respective band 

edges through phonon emission before reaching a long-lived state (ns timescale) where ΔE / 

E0 decay occurs gradually through recombination mediated by typical Auger or Shockley-

Read-Hall processes. This temporal stage several picoseconds after excitation is more 

representative of the inherent mobility of charge carriers within a given material, and so we 

and others focus our analysis on, in this case, pump-probe delay times of tpp = 10 ps or 

greater.10,62,63,91,92 By employing Equation 2 and performing a Fourier transform on the 

THz transmission differential waveforms for a deposited film of known thickness (Figure 

S38), we obtain the frequency-dependent real and imaginary conductivity. At low 

frequencies and longer pump-probe delay times, we found that Δσ1(ω) was close to the DC 

conductivity determined from our four-point probe measurements when pumped with an 

excitation of 0.5 μJ / pulse (Figure 8b). Therefore, we selected this low fluence for our 

carrier transport measurements, as photogenerating too many electron-hole pairs can 

influence the mobility due to carrier crowding and increased Auger recombination. 

Importantly, at later tpp the real photoconductivity Δσ1(ω) was largely frequency-

independent and the imaginary portion of the photoconductivity μσ2(ω) was positive across 

all measured frequencies (Figure S39). These findings indicate Drude-like charge transport 

with isotropic scattering and minimal back-scattering at defects or interfaces.41,92

To determine the photogenerated carrier mobility in our samples, we utilize the following 

equation (see Scheme S2):

μT(tpp) = −
ΔE(tpp)

E0

nTHz + 1
Z0eφFA (3)

where φ is the charge carrier photogeneration efficiency, F is the excitation fluence, A is the 

absorbance, and μT is the terahertz mobility, which is equal to the sum of the carrier 
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mobilities, (μe + μh). The resulting time-dependent μT values for our 2D SnS nanocrystals is 

presented in Figure 8c. In our analysis, φ is assumed to be at or nearly unity, which is 

reasonable considering the strong absorptivity of SnS. However, we note that the values 

presented represent a lower bound to our mobility calculation. As with the ΔE / E0 values, 

the mobility quickly decreases within the first several ps following excitation, likely from 

carrier-to-phonon cooling, and then gradually diminishes over time due to carrier 

recombination, which is not incorporated into Equation 3. We extract our room temperature 

μT value from the spectra at tpp = 10 ps, where we can safely assume that all hot carrier 

energy transfers have ceased and very limited carrier recombination has taken place, 

yielding values of μT = 26.5 cm2 / V·s for the SnS nanoribbons and 158.0 cm2 / V·s in the 

square nanosheets. Although TRTS is an ensemble measurement, the high monodispersity of 

the samples allows us to assume that the mobility values extracted are confined within an 

individual crystalline domain if the diffusion length, L, is substantially shorter than the 

lateral size of our 2D nanocrystals.10,41 Using the Einstein relation, L = (τμTkBT/e)1/2, at τ = 

10 ps we find L is only on the order of 26 nm in our SnS nanoribbons and 64 nm for our 

square nanosheets, confirming that backscattering at the edges should not be strongly 

limiting our mobility measurement.

A major limitation of the TRTS technique is that the extracted mobility corresponds to a 

combination of both electron and holes, while disentanglement of the individual free carrier 

mobilities remains challenging. Obtaining the majority carrier mobility of semiconductor is 

desirable because it is a more accurate representation of the material performance in 

electronic devices, and potentially allows for the calculation of the room temperature carrier 

concentration if the materials’ conductivity is known. In an effort to ameliorate this issue, we 

devised an approximation to deconvolute the individual carrier mobilities from the combined 

values captured by TRTS (see Scheme S3). By assuming that carrier scattering at room 

temperature is primarily due to acoustic phonon scattering and that transport in these layered 

2D materials is overwhelmingly in-plane,4,87,92 we derived the following relationships for 

TRTS-measured in-plane carrier mobility of holes (μh,xy) and electrons (μe,xy):

μh, xy =
μT

1 +
mh, xy

∗ Ed, h
me, xy

∗ Ed, e

2 and μe, xy =
μT

1 +
me, xy

∗ Ed, e
mh, xy

∗ Ed, h

2 (4)

where m* is the carrier effective mass and Ed is the deformation potential for that carrier. 

Using values of m* and Ed collected from reported density functional theory (DFT) 

calculations (Scheme S4), we find that the in-plane mobility of the majority carriers for our 

2D SnS nanocrystals is μh,xy = 4.8 cm2 / V·s in the nanoribbons and μe,xy, = 158 cm2 / V·s 

for our square nanosheets.

The anisotropic conductivity we observed in our Van der Pauw measurements, which has 

also been predicted and observed by others in single-crystalline SnS,74,76,77 is primarily due 

to disparate mobilities in the zigzag and armchair directions, and thus likely manifest by 

differences in reduced mass and deformation potential experienced by a charge carrier in 
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these directions. We estimate the zigzag and armchair contribution to the composite in-plane 

carrier mobility of 2D SnS using the following expressions (Schemes S5,S6),:

μx =
mx

∗Ed, x
my

∗Ed, y
μxy and μy =

my
∗Ed, y

mx
∗Ed, x

μxy (5)

where x and y denote two orthogonal in-plane directions within a 2D or layered material, 

using reported values of effective mass and deformation potential for a given carrier type.87 

A summary of the results can be found in Table 1. In the p-type nanoribbons we estimate 

hole mobilities of 5.8 cm2 / V·s along the zigzag direction and 3.9 cm2 / V·s in the armchair 

direction, while for the n-type square nanosheets the electron mobilities are 170 cm2 / V·s 

and 97 cm2 / V·s along zigzag and armchair, respectively. This indicates a ~ 1.5 times higher 

mobility for holes in the zigzag direction, relative to armchair, in our SnS nanocrystals and 

likewise a ~ 1.75 times higher mobility of electron carriers along the zigzag direction, 

relative to armchair. These values are comparable to what has been previously reported for 

2D SnS and other anisotropic 2D materials. 74,76,77 The ratio of to μe to μh of ~ 4.5 that we 

report is somewhat higher than expected,93 but this may be due to our mobility relation’s 

dependence of the square of the effective mass, rather than the linear approximation between 

μ and m that is often reported.

Finally, the carrier concentrations of our 2D colloidal SnS nanocrystals were calculated 

using the four-point probe-measured conductivity and our direction-dependent estimated 

majority carrier mobility values. The results (Table 1) indicated that the SnS nanoribbons 

have several orders of magnitude higher carrier concentration of holes (1.04 × 1017 cm−3) 

relative to the concentration of free electrons found in our square nanosheets (2.07 × 1015 

cm−3), which accounts for the former’s higher conductivity despite substantially lower 

carrier mobility. According to Kroger-Vink defect chemistry theory,94 the higher carrier 

concentration and lower mobility of the nanoribbons, relative to the square nanosheets, 

collectively suggest that they possess a larger population of vacancies. While surface 

passivation of the nanoribbons with Sn complexes or other metal cations likely would 

improve the carrier mobility by eliminating surface trap states resulting from Sn vacancies, it 

is probable that doing so would result in a concomitant decreased density of free carriers. 

We hypothesize that a relatively small concentration of sulfur vacancies would engender the 

high μe, but also markedly lower ne, exhibited by the square nanosheets. Indeed, previous 

calculations have indicated that small concentrations of sulfur defects in SnS lead to a 

markedly lower carrier concentration relative to typical tin-deficient bulk SnS.95

When compared to previous measurements of SnS electronic transport properties (Table S1 

and summarized in Table 1), we find that our values correspond well with bulk SnS, which is 

expected as the thinness of our μm-scale 2D nanocrystals is not sufficient for quantum 

confinement. This outcome underscores the comparable crystal quality and electrical 

properties that are achievable when employing easily, scalable solution-based, colloidal 

syntheses relative to vapor-based techniques. While the electrical properties of solution-

synthesized semiconductors are typically measured across large assemblies of nanocrystals, 
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resulting in extraneously high resistivities due to losses from inefficient charge transfer 

between domains, the consensus between our measurements and preceding reports 

substantiates the veracity of our proposed metrological strategy. Although our measured 

carrier mobilities are comparable to exfoliated ultrathin transition metal dichalcogenides and 

higher than most solution-synthesized organic semiconductor or nanocrystal assembly 

devices, we stress that TRTS has the potential to slightly underreport carrier mobilities, as a 

photocarrier generation rate less than unity and a nontrivial population of photoinduced 

carriers lost to recombination at early pump-probe delay times will diminish μ values.

These results conclusively demonstrate that colloidal nanocrystals can exhibit a substantial, 

yet inconspicuous, disparity in electronic transport properties. Despite being grown using 

similar precursors and reaction conditions, producing 2D materials of equivalent crystalline 

structure, our SnS nanoribbons and square nanosheets possessed dissimilar transport 

properties. This highlights the crucial role of judicious and precise synthetic parameter 

selection, and emphasizes how indispensable these measurements are towards the 

development of colloidal nanostructures appropriate for electronic and optoelectronic 

applications. As thorough investigations of inherent electronic transport in discrete 

nanocrystals are rare to date, this study may serve as a roadmap to the characterization of 

future solution-synthesized 2D electronic material systems.

CONCLUSIONS

In summary, colloidal solution-based routes were applied to achieve nearly monodisperse, 

single-crystalline, 2D SnS semiconductor nanocrystals in high yield using low-temperature, 

one-pot chemistries. Two distinct morphologies of 2D SnS were accessed, and utilized to 

demonstrate an innovative metrological strategy to extract the intrinsic electronic transport 

properties of these colloidal 2D nanocrystals by employing a combination of four-terminal 

and TRTS measurements. The conductivity/resistivity and majority carrier were determined 

using four-point probe techniques on solid-state devices fabricated from individual SnS 

nanoribbons and square nanosheets. We proposed an interpretation of TRTS data which 

deconvolutes the intrinsic electron and hole mobility in each of our nanocrystal 

morphologies, as well as providing an estimation of the relative carrier transport along 

disparate crystallographic directions within an anisotropic crystal structure. These results 

were summarily combined to afford a quantification of their carrier concentration. We found 

that our SnS nanoribbons and square nanosheets had unexpected and substantially dissimilar 

electronic transport properties, likely due to differences in their synthetic procedure, which 

illustrates the importance of pursuing these less routine measurands when conducting 

nanocrystal characterization. Colloidal SnS is an attractive model system to illustrate the 

potential for bottom-up synthesized 2D materials to be manufactured cost-effectively and 

subsequently integrated into functional composites or utilized as building blocks for the 

construction of solution-processed nanoelectronic devices. The routine quantification of the 

full electronic transport properties of colloidal 2D materials will prove invaluable toward 

their eventual incorporation into commercial electronic or optoelectronic applications, and 

we believe that the metrological strategy laid out herein will prove applicable and of 

paramount importance to the characterization of other solution-synthesized semiconductor 

nanocrystal systems.
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MATERIALS AND METHODS

Materials.

Tin(IV) chloride (99.995 %), tin(IV) bromide (99 %), tin(II) acetate, tin(IV) acetate, sulfur 

powder (99.98 %), and oleylamine (70 %, technical grade) were purchased from Sigma- 

Aldrich. Tin(II) chloride (99 %), tin(II) bromide (99.2 %) hexamethyldisilazane (>99 %), tri-

n-octylphosphine (90 %, technical grade), and tin(II) sulfide powder (99.5 %) were 

purchased from Alfa Aesar. Poly(methyl methacrylate) 495 A4 and 950 A4 were purchased 

from Microchem. Hydrofluoric acid (49 %) was purchased from J.T. Baker. Solvents, 

including toluene, ethanol, and acetone, were of analytical grade. All chemicals were used as 

received.

Synthesis.

All reactions were performed under an argon atmosphere using standard Schlenk techniques. 

Micrometer-scale colloidal 2D SnS nanoribbons were synthesized using the following 

developed heat-up route. First, 0.032 g (1 mmol) of sulfur was dissolved in 10 mL of 

oleylamine (OLAM), forming an orange solution, and then added to a 25 mL three-neck 

flask containing a magnetic Teflon-coated stir bar and equipped with a condenser fitted to a 

Schlenk line. 0.0948 g (0.5 mmol) of SnCl2 was then added directly into the reaction vessel. 

The temperature was controlled using a digital controller with glass-coated thermocouple 

(Gemini, J-KEM Scientific) and a 25 mL heating mantle (Glas-Col). After sealing the flask 

with a glass stopper, it was evacuated and the solution was heated to 120 °C (393 K) with 

vigorous stirring. The temperature was maintained for 20 min to remove residual water. 

After putting the reaction solution under an argon blanket, the temperature was raised to 

180 °C (453 K) at ~ 5 ° / min, causing the solution to turn from orange to dark brown, and 

maintained at that temperature for 1 h before quenching the reaction by immersing the flask 

in cold water. SnS nanoribbons were separated from the reaction solution by adding 30 mL 

of ethanol antisolvent and centrifuging at 5000 rpm (524 rad / s) for 1 min. After decanting 

the yellow supernatant, the precipitate was redispersed in toluene and centrifuged at 3000 

rpm (314 rad / s) for 1 min. The clear supernatant was discarded, and the precipitate was 

redispersed in toluene before being centrifuged a final time at 2000 rpm 209 (rad / s) for 1 

min. Following decanting of the light brown supernatant, the precipitate was redispersed in 4 

mL of toluene. 500 μL of OLAM and 250 μL of tri-n-octylphosphine (TOP) were added to 

afford improved colloidal stability to the nanoribbons during storage in solution.

A similar route was applied to synthesize μm-scale colloidal 2D SnS square nanosheets. 

0.0038 g (0.118 mmol) of sulfur was dissolved in 10 mL of OLAM then added to a 25 mL 

reaction flask that was equivalently outfitted. To this, 20.2 μL (0.175 mmol) of SnCl4 was 

added all at once using a micropipette and the flask was sealed with a septum. While stirring 

vigorously at room temperature, the reaction was evacuated. After waiting several min for 

the resulting bubbling to subside, the solution was heated to 120 °C (393 K) and held there 

for 20 minutes under vacuum. Next, the reaction was switched to an argon blanket and 0.7 

mL (3.34 mmol) of hexamethyldisilazane was injected through the septum with a syringe. 

The temperature was raised to 195 °C (468 K) at ~ 10 ° / min and then to 210 °C (483 K) at 

~ 3 ° / min, resulting in a silvery-black solution, and the temperature was maintained for 5 
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min before quenching the reaction with cold water. To separate the nanosheets, 30 mL of 

ethanol antisolvent was added to the solution before centrifuging at 5000 rpm (524 rad / s) 

for 1 min and decanting the resulting light-yellow supernatant. The precipitate was 

redispersed in toluene and washed by centrifugation twice more under the same conditions. 

Finally, the SnS square nanosheets were dispersed in 2 mL of toluene before 500 μL of 

OLAM and 250 μL of TOP surface stabilizers were added to assist with dispersability during 

solution storage.

Device fabrication.

First, an aliquot of the nanoribbon and square nanosheet stock solutions were each washed 

of excess OLAM and TOP stabilizer by centrifugation at 13000 rpm (1361 rad / s) for 1 min 

and then redispersed in neat toluene. A drop of dilute, centrifugally washed colloidal 2D 

SnS was then cast on a heavily-doped p-type Si substrate with ≈ 300 nm of thermally grown 

SiO2 and prefabricated gold alignment marks. The p++Si/SiO2 served as the global back 

gate and gate dielectric, respectively, of the device. To remove the remaining surface 

organics, the sample was annealed in a tube furnace (Lindburg/Blue M, Thermo Scientific) 

under flowing 5 % H2 forming gas at 400 °C for 1 h. Next, isolated nanoribbons and square 

nanosheets were selected for contact fabrication using optical microscopy, and their 

positions relative to the alignment marks noted. After spin coating a resist of poly(methyl 

methacrylate) (PMMA) 495 A4 followed by PMMA 950 A4, contacts were patterned onto 

individual crystals using an electron beam lithography system (Raith Elphy Quantum). After 

writing the patterns, the substrate was dipped in 1 % hydrofluoric acid for 30 s to remove 

native oxide and then Cr/Au (5 nm/75 nm) metal contacts were deposited using an e-beam 

evaporator (Denton Vacuum Infinity 22). Resist liftoff was achieved through immersion in 

acetone overnight. Channel dimensions were recorded using optical microscopy. Finally, the 

sample was again annealed under forming gas at 350 °C (623 K) for 15 min to achieve 

ohmic contact between the semiconductor and metal.

Characterization.

Transmission electron microscope (TEM) images were collected using a Phillips EM-400 

operating at an accelerating voltage of 120 kV. Samples were prepared by casting one drop 

of dilute dispersed sample in toluene onto a 300-mesh Formvar and carbon-coated copper 

grid (Ted Pella, Inc.). High-resolution TEM (HRTEM) images, selected area electron 

diffraction (SAED) patterns, high-angle annular dark field scanning TEM (HAADF-STEM) 

images, and energy-dispersive X-ray (EDX) spectra were obtained using a FEI Titan 80-300 

TEM operating at an accelerating voltage of 300 kV and equipped with an EDAX r-

TEMEDX spectrometer. TIA software (FEI) was used for EDX data processing, with the Sn 

L-shell and S K-shell transitions, which do not appreciably overlap, chosen for quantitative 

analysis. Lattice spacings were determined from the fast Fourier transform (FFT) of 

HRTEM images using Gatan Digital Micrograph software. Particle counting analysis used a 

minimum of 200 individual particles and size was determined using the ImageJ program 

(http://rsbweb.nih.gov/ij/). Scanning electron microscope (SEM) images and SEM-EDX 

elemental maps of washed samples drop-cast on Si/SiO2 were obtained using a Zeiss Ultra 

60 field emission SEM operating at 2 kV – 10 kV with a secondary electron detector and 

Oxford X-Max EDX detector. Optical microscopy images were collected using a Nikon 
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L200 compound optical microscope. Atomic force microscope (AFM) analysis was 

conducted using an Asylum Research Cypher AFM in tapping mode.

Powder X-ray diffraction (XRD) patterns of washed samples drop-cast on a zero-

background plate were collected with a Rigaku SmartLab X-ray diffractometer in the Bragg-

Brentano geometry using Cu Kα radiation. Simulated powder XRD and electron diffraction 

patterns were made using the CrystalMaker software suite. X-ray photoelectron 

spectroscopy (XPS) measurements were performed in a Kratos Axis Ultra X-ray 

photoelectron spectrometer with a monochromatic A1 Ka excitation source operating at 15 

kV and 10 mA. The pass energy used was 160 eV for survey scans and 20 eV for detailed 

scans. XPS samples were prepared by drop-casting concentrated sample onto a gold-coated 

Si wafer and CasaXPS software was used for data analysis. Fourier transform infrared 

(FTIR) spectra were obtained from 100 co-added transmission scans at Brewster’s angle 

using a Thermo Scientific Nicolet 8700 FTIR spectrometer equipped with a deuterated 

triglycine sulfate potassium bromide (DTGS KBr) detector at 4 cm−1 resolution. Samples 

were prepared by drop-casting onto one side of double-sided, moderately-doped, polished 

Si(111) wafer. FTIR absorbance spectra were generated by referencing to measurements 

conducted on the bare Si substrate. Raman spectra were collected using a 514 nm excitation 

line from an Ar+ laser (Coherent Innova Sabre) and collecting in a 180° backscattering 

geometry through a triple-grating Raman spectrometer coupled to a CCD detector (Horiba 

T64000). The typical integration time was 300 s and samples were prepared by drop-casting 

on gold-coated Si.

Electrical measurements of individual fabricated devices were conducted in the dark at room 

temperature using a probe station (Cascade Microtech 11000) connected to a semiconductor 

parameter analyzer (Agilent 4156C). Output and transfer characteristics were obtained 

between two contacts while varying the applied back gate potential. Four-point 

measurements were taken for the nanoribbons by measuring the voltage between the inner 

two probes of the linear four-terminal structure and for the square nanosheets using the van 

der Pauw method.89 Time-resolved terahertz spectroscopy (TRTS) measurements were 

carried out on washed colloidal 2D SnS samples prepared by casting a single drop of 

dispersed material onto a fused quartz substrate (GM Associates) without annealing. The 

thickness of each deposited sample was measured with a Bruker Dektak XT contact 

profilometer. The TRTS apparatus is based on an amplified femtosecond Ti: sapphire laser 

system (Coherent Mira seed and Legend regenerative amplifier) with 1 kHz repetition rate 

that has been described previously in detail.41 Briefly, the 800 nm amplified pulse train is 

split into 3 arms which allow for photoexcitation, THz probe generation (0.3 THz to 2.0 

THz) in a 1 mm thick ZnTe crystal, and gated, electro-optic detection of the THz probe in a 

0.5 mm thick ZnTe crystal. The resulting gate pulse polarization is analyzed by a λ/4 wave 

plate and Wollaston prism, and then collected by a pair of balanced silicon photodetectors 

using lock-in amplification (Stanford Research Systems, SR830). Measurements were made 

in transmission configuration within a chamber purged with dry air to avoid absorption of 

the terahertz probe by atmospheric water. Terahertz time-domain spectroscopy (THz-TDS) 

was also carried out using the same apparatus with the excitation beam blocked. All 

measurements are the average of 10 sweeps of the pump or probe delay. A Perkin Elmer 
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Lambda 950 UV-vis-NIR spectrometer equipped with an integrating sphere was used to 

determine the transmission, reflection, and absorption of the TRTS samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
TEM images of μm-scale colloidal SnS nanoribbons, viewed from the (a) top and (b) side, 

displaying their 2D morphology. (c) Powder XRD pattern of the nanoribbons, which can be 

indexed to phase-pure orthorhombic α-SnS (* = surface oxide present in air) and displays 

strong preferred orientation in the [100] direction. (d) HRTEM image of a single SnS 

nanoribbon and (inset) the resulting FFT, both of which reveal that they are single-crystalline 

with a surface that can be indexed to α-SnS(100).
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Figure 2. 
(a and b) TEM images of μm-scale 2D colloidal SnS square nanosheets. (c) Powder XRD 

pattern of the square nanosheets, which can be indexed ssto phase-pure orthorhombic α-SnS 

(* = surface oxide present in air) and displays strong preferred orientation in the [100] 

direction. (d) SAED pattern collected from an individual square nanosheet, confirming that 

it is single crystalline SnS oriented towards the [100] zone axis.
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Figure 3. 
SEM images of (a,b) SnS nanoribbons and (c,d) SnS square nanosheets dropcast on a 

substrate, indicating the high morphological uniformity of individual crystals within the 

colloidal solution. The greater rigidity and coarseness of the square nanosheets, relative to 

the nanoribbons, can also be clearly seen.
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Figure 4. 
Optical microscopy images of (a) SnS nanoribbons and (b) SnS square nanosheets dropcast 

from (inset) colloidal solution on p+Si/SiO2 substrates prior to device fabrication. (c) SEM 

image of a back-gated, 2-contact device fabricated from an individual SnS nanoribbon that 

was cast onto the substrate.
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Figure 5. 
Back-gated two-contact devices fabricated from individual colloidal SnS nanoribbons, (a) 

Representative optical microscopy image and the resulting room temperature (b) output 

(IDS-VDS) and (c) transfer (IDS-VGS) characteristics. The output characteristics confirm 

ohmic contact between the metal and semiconductor. The p-type behavior observed in the 

transfer characteristics confirm that holes are the majority carrier in the SnS nanoribbons.
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Figure 6. 
Back-gated, two-contact devices fabricated from individual colloidal SnS square nanosheets, 

(a) Representative SEM image and the resulting room temperature (b) output (IDS-VDS) and 

(c) transfer (IDS-VGS) characteristics. Although limited current and gate action is observed, 

n-type ohmic behavior is displayed indicating, unlike nanoribbons, electrons are the majority 

carrier.
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Figure 7. 
(a) SEM and (b and c) optical microscopy images of more complex back-gated device 

architectures fabricated from individual colloidal SnS nanoribbons and square nanosheets 

with 3 or more separate metal contacts.
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Figure 8. 
Terahertz mobility, μT, of solution-synthesized 2D SnS nanocrystals determined by TRTS at 

room temperature. (a) Fluence-dependence of ΔE / E0 for SnS nanoribbons at pump-probe 

delay times, tpp, 0 to 200 ps using 800 nm pump excitation. (b) Frequency-dependence of 

the real part of the generated change in photoconductivity in SnS nanoribbons with a pump 

fluence of 0.5 μJ / pulse, indicating that at low frequencies and longer pump delay times it 

nearly matches the measured electrical conductivity of ~ 0.1 S/cm. (c) The product of the 

carrier photogeneration yield and terahertz mobility at tpp 0 – 200 ps when pumped with a 

Biacchi et al. Page 33

ACS Nano. Author manuscript; available in PMC 2019 October 23.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



fluence of 0.5 μJ / pulse, as determined using Equation 3, for both SnS nanoribbons and SnS 

square nanosheets.
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Table 1.

Summary of the electronic transport properties obtained from our combined four-point probe and TRTS 

measurements on solution-synthesized colloidal nanocrystals of 2D SnS. For comparison, a summary of 

previously reported transport properties obtained from Hall measurements on both single-crystalline and thin 

films of SnS is provided. All SnS samples are undoped and results are at room temperature. See also 

supporting information, Table S1.

SnS Material Conductivity
(S / cm)

Mobility (cm2 / 
V·s)

[direction
undefined]

Majority Carrier
Concentration

(cm−3)

Mobility (cm2 / V·s)
[approximated

zigzag]

Mobility (cm2 / V·s)
[approximated

armchair]

Nanoribbons, this work 0.097 (zigzag) holes: 4.8
electrons: 22

1.04 ×1017, holes
[p-type]

holes: 5.8
electrons: 29

holes: 3.9
electrons: 16

Square nanosheets, this work 0.043 (in-plane) electrons: 130
holes: 29

2.07 ×1015,
electrons
[n-type]

electrons: 170
holes: 35

electrons: 97
holes: 23

Single crystals, consensus
from literature ~0.01 - ~ 0.2 10 - 90 1013 - 1017, holes

(1.15 - 2.5 times higher μ in zigzag
direction relative to armchair)

Thin films, consensus
from literature ~0.001 - ~ 0.07 0.8 - 37 1014 - 1017,

holes 1015, electrons
-- --
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