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ABSTRACT 

Chemical Vapor Transport (CVT) method is widely used for bulk black phosphorus (BP) 

fabrication. In this paper, we demonstrate that CVT provides a route for the fabrication of BP 

nanoribbons and nanobelts. This method consists of a two-step procedure, including initial BP 

column growth using the CVT technique, followed by ultrasonic treatment and centrifugation. The 

obtained nanostructures preserve BP column dimensions, forming ultra-long ribbon-like structures 

with the length to the width aspect ratio of up to 500. Computational modeling of the growth 

mechanism of a BP flake is also presented in support of the observed columnar growth. Calculation 

of the average energy of the molecule in the asymmetric flakes shows that the growth of the 

structure in the zigzag direction is more energetically favorable than in the armchair direction.       
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The family of two-dimensional (2D) materials has been expanding rapidly ever since the 

fabrication of the first single atomic layer, opening doors for new applications in nearly every 

aspect of life and physical sciences1–5. 2D materials like MoS2, graphene or silicene exhibit 

extraordinary chemical6,7, mechanical 8–10 and optical properties11–13 in comparison to their three-

dimensional (3D) counterparts, with new functionalities and applications  including sensors14,15, 

electronics16, optoelectronics17 and photovoltaics18,19. Our ever-expanding knowledge of possible 

applications of thin layered structures results in rediscovering van der Waals (vdW) layered 

materials like black phosphorus (BP). Exploration of facile, fast and inexpensive synthesis 

methods of nanoscale materials is essential for the discovery of novel and everyday technologies.    

BP, being the most stable of all phosphorus allotropes, has drawn a lot of attention due to its 

extraordinary properties, which has resulted in many studies covering its synthesis and 

modification possibilities8–13. The most common method of synthesizing 2D materials is a process 

called exfoliation, which is a top-down approach of separating single atomic layers from a bulk 

precursor. Layered materials exhibit strong in-plane chemical bonds but rather weak out-of-plane 

vdW bonds, enabling the exfoliation process14.  

Phosphorene, a single layer of BP, has a puckered honeycomb structure15. One of its most 

important properties is a tunable bandgap ranging from 0.3 eV to 2.0 eV with thickness scaling16. 

Despite the fact that there are many semiconducting 2D materials, those with the bandgap in the 

range from 0.3 eV to 1.5 eV are noticeably missing17. These particular bandgap values are 

especially important for optoelectronic applications, such as solar energy harvesting18, 

photocatalysis19,20, photodetection21 etc., because they correspond to a spectral range of visible and 

infrared radiation. Additionally, phosphorene has direction dependent electronic22 and optical23 

properties arising from highly anisotropic puckered honeycomb structures. This highly anisotropic 

behavior, along with strong energy dispersion24  and high carrier mobility25 enables a wide range 
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of possible applications, from electronic26–29, spintronic30 and optoelectronic31 devices, to sensors32, 

thermoelectrics33 and batteries34. 

While 2D materials exhibit a quantum confinement in one direction, downsizing in other directions 

can lead to one-dimensional (1D) and zero-dimensional (0D) structures. For example, converting 

2D graphene into graphene nanoribbons (i.e., 1D objects), graphene quantum dots (i.e., 0D objects) 

with enhanced quantum confinement and edge effects gives rise to   the new properties enabling 

new phenomena and applications in disciplines such as physics, biology, materials, chemistry, 

etc.35,36  Similarly, reducing transition metal phosphide size to 0D nanocrystals results in significant 

new properties, directly enhancing catalytic performance of these structures, including enormous 

surface-to-volume ratio, prominent edges, and a large number of active sites37.  Further, in the case 

of BP, reducing it to a size of less than 20 nm will result in 0D quantum dots formation, which 

apart from bulk phosphorus specificity will be have high absorption coefficient and facile 

hybridization with various materials38–40.  

Recent theoretical studies predict that BP nanoribbons could surpass optical and mechanical 

properties of phosphorene41,42. Additionally, properties such as carrier mobility and electronic 

structure can be controlled by changing the nanoribbon dimensions43,44. The production of 

nanoribbons for many materials usually remains a challenge. Despite many examples of 

fabrication methods of graphene nanoribbons, only few are applicable45 to other 2D materials. In 

particular, for BP, most techniques are based on top-down processes, including electron-beam 

lithography46,47, which is restricted to nanoribbons fabrication of well-defined dimensions and 

electronic properties similar to those of bulk BP. The challenge of this approach is also the 

scalability. Only recently, a scalable top-down method based on the combination of Li-

intercalation and mechanical exfoliation has been demonstrated to produce phosphorus 

nanoribbons48. However, while this intercalation-based method is promising, the procedure is time-

consuming and includes several steps, making its application challenging at a large scale. 
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In this paper, we demonstrate that Chemical Vapor Transport (CVT), a widely used method for 

the synthesis of BP, offers a route for the fabrication of BP nanoribbons and nanobelts. Our method 

consists of two-step procedure, which includes BP columns growth using chemical vapor transport 

techniques, followed by ultrasonic treatment and centrifugation. In order to establish the structural 

properties of fabricated structures, Raman spectroscopy was performed. Surface morphology was 

obtained using optical and scanning electron microscopy (SEM). The crystal structure and 

chemical composition was measured with (scanning) transmission electron microscopy (S)TEM 

and energy-dispersive X-ray spectroscopy (EDS), respectively. The theoretical effort was carried 

out to check which structure configuration may be most energetically favorable. The adsorption 

energy of common impurities on the edge of phosphorene nanoflakes were calculated. The average 

energy of the flake versus its size was additionally calculated. Most of the reported theoretical 

studies have focused on a few subjects, including phosphorene interaction with metallic 

dopants49,50 or biomolecules51,52 and electronic structure of various nanostructures of 

phosphorene53,54. In this study, we have looked into the molecular dynamics simulations of 

phosphorene asymmetric flakes in order to establish if the zigzag direction could be energetically 

favorable compared to the armchair direction. These calculations could give us the explanation of 

BP nanocolumns formation mechanism during the CVT synthesis.    

2. EXPERIMENTAL 

2.1. Growth of BP columns through chemical vapor transport 

BP columns were fabricated by the reaction of red phosphorus (250mg), Sn (10 mg) and SnI4 (5 

mg) in an evacuated quartz ampule. The ampules were customized to have a restriction in the 

middle, enabling an easy sealing process. The reagents were placed at the far end of the ampule 

while silicon substrates were located just after the restriction. Using a diffusion pump system, the 

tube was evacuated down to 10-5 Torr. Afterwards the ampule was sealed with an oxy-acetylene 

torch.   
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The sealed ampule was placed horizontally in a tube furnace with two independent heating zones 

(Fig. 1a). The two-step heating synthesis process involved temperature-programmed reactions, 

constant temperature heating, and slow cooling treatment, as shown in figure 1b. In order to ensure 

the CVT process, a temperature gradient of 50 OC was maintained with the silicon substrates kept 

in lower temperature and the end of the vial containing the precursor material in the hotter zone 

(Fig. 1a). After reaching room temperature, a homogeneous layer of column-like BP was found to 

be formed on the substrate surface. Since BP is not stable in ambient conditions, the fabricated 

structures were stored in an argon glove box to prevent any degradation. 

Figure 1. (a) A schematic of a quartz ampule with silicon substrate and precursors placed inside the tube 

furnace (a). (b) A temperature profile of the used two-step heating synthesis process, and (c) a schematic 

process of nanoribbon formation. 

2.2. BP nanoribbon fabrication 

In order to obtain BP nanoribbons (Fig. 1c), silicon substrates with BP columns were placed in a 

glass beaker with 5 ml of DMF and subject to ultrasonic treatment for 10 minutes. Afterwards, 1 

ml of DMF with BP particles was separated and subjected to the centrifugation (2000 rpm for 5 

minutes). The final step was to drop-cast the solution onto silicon substrate for further 

measurements. 

2.3. Characterization 

Raman spectroscopy was performed on a Renishaw in Via Raman Microscope, equipped with a 

Nd:YAG laser with an emission line of 532 nm. Scanning electron microscopy (SEM) imaging 
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was recorded on an FEI Nova 600 microscope. Standard transmission electron microscopy (TEM) 

images were recorded using a FEI Tecnai F20. Various types of TEM-based measurements, 

including high resolution (HR) TEM, selected area electron diffraction (SAED) and energy 

dispersive X-ray spectroscopy (EDX), were used to study the crystalline structure of fabricated 

structures. Atomic force microscopy (AFM) was performed on a Asylum MFP-3D-Bio AFM. 

 2.4. Computational modelling 

For the simulation, the ab-initio DFT method was applied. The Linear Combination of Atomic 

Orbitals55 (LCAO) was used both for force estimation during structure optimization and in total 

energy calculations. The series of structures models with different sizes were generated using the 

Atomistix ToolKit Quantumwise (ATK, Synopsys, USA). 

3. RESULTS AND DISCUSSION 

3.1. Surface morphology and structural properties 

BP, as many layered materials, is known to form micro and sub-micro column structures. 

However, in most cases the column growth is based either on glancing angle deposition56, vapor 

deposition on topographic substrates57 or selective etching through masks47. Fig 2d,e and f presents 

a single BP column fabricated by chemical vapor deposition on silicon substrates with a majority 

of column dimensions being up to 1.5 µm in width and more than 500 µm in length. Subsequent 

treatment with ultrasonication and centrifugation results in the formation of BP nanoribbons 

presented in figure 3a and b. Applying low-speed ultrasonication allows the fabricated columns to 

be exfoliated and the resulting nanoribbons preserve their original dimensions forming ultra-long 

nanoribbon structures. Figure 3b presents a magnified single BP nanoribbon. It can be noticed that 

a few breaks occur along the structure, which might be caused due to the exposure of nanoribbons 

to oxygen, leading to deformation58. Watts et al48 have reported BP nanoribbon fabrication with 
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their length to width ratio up to 80. Using our approach, we can obtain similar structures with an 

aspect ratio up to 500.  

Figure 2. BP columns characterization: (a-c) SEAD patterns from the 3 areas along the single BP column 

shown in (d-h) TEM and (i-j) HRTEM images. (k) STEM image and (l) phosphorous map of a single BP 

column. (m) EDS spectrum from the same region, (n) Raman spectrum of a single BP column. 

In order to further investigate the fabricated structures surface morphology AFM images were 

collected (Fig. 3c-d). The nanoribbons were found to form elongated structures resembling BP 

columns even when they were not fully exfoliated. Considering phosphorene monolayer to have a 

thickness of 0.85-0.9 nm59,60, the fabricated nanoribbons studied with AFM (Fig. 3c-d) have a 

thickness up to 10 nm, which corresponds to approximately 11 layers61. Moreover, subjecting this 
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structure to the subsequent ultrasonic liquid-phase exfoliation process could result in the 

exfoliation of a single ribbon, similarly to experiments reported for BP crystals62–64 by being the 

source of nanosheets with centrifugation-controlled size.    

According to theoretical studies, there are six Raman active modes of the twelve possible lattice 

vibrational modes in black phosphorus. However, only three vibrational modes can be detected 

with the incident laser being perpendicular to the phosphorus plane. Figure 2n presents Raman 

spectra recorded for black phosphorus fabricated on silicon substrate. Raman data was collected 

from a single column and  the obtained spectra show three Raman peaks at 361.2 cm-1, 437.8 cm-1 

and 465.1 cm-1 corresponding to the Ag
1 , B2g and Ag

2  modes respectively. All visible peaks are 

slightly shifted towards lower wavenumbers in comparison to the literature, which strongly 

indicate the black phosphorus columns may consist of even few layers59,65.  

3.2. Crystal structure 

Transmission electron microscopy was used to further probe the fabricated BP columns and 

nanoribbons. SEAD patterns (Fig. 2a-c) obtained from 3 different areas (A, B and C) of a single 

BP column (Fig. 2d) shine light on the mechanism of nanoribbon formation. From these patterns, 

it can be noticed that while in area A (Fig. 2a) the diffraction spots are sharp and almost single-

crystalline, SEAD patterns for areas B and C (Fig. 2b,c) show elongated arcs instead of sharp spots, 

which indicates a gradual and continuous change of crystal orientation. This effect is stronger in 

area C which is further away from “undistorted” area A. Concerning the mechanism, this effect 

occurs due to the separation and continuously propagating small twist between subsequent sheets 

of BP. The observed arcing of diffraction spots is a strong indication of the exfoliation process 

starting within the nanoribbon. This is directly confirmed by TEM images acquired from this 

nanoribbon (Fig. 2d-j). In particular, a clear separation of the individual layers and the beginning 

of exfoliation process can be seen in images taken from the area C (Fig. 2f-j). 
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TEM images (Fig. 3f-g) confirm the width of BP nanoribbons to be around 1 µm. It can also be 

seen that the obtained structures consist of few layers and have many folds, which may indicate 

high flexibility of the material. The crystallinity of the BP nanoribbons was confirmed by SAED 

patterns (Fig. 3i). Furthermore, SEAD patterns were used to measure the lattice parameters a = 

3.49 Å and c = 4.58 Å. The lattice parameters obtained from d-spacing of lattice fringes visible in 

HRTEM images (such as in Fig. 3j) agree, within experimental errors of few %, with values 

obtained from SAED patterns. The obtained c/a ratio is equal to 1.312, which agrees with the 

accuracy of 0.5% with the expected ratio of c/a = 1.319. 

Figure 3. Characterization of few-layer black phosphorus nanoribbons: (a-b) SEM images of fabricated BP 

nanoribbons, (c-d) AFM studies of fabricated structures, (e-h) TEM images of an exfoliated black 

phosphorus nanoribbon, and (i) SEAD pattern from area shown in HRTEM image in (j). 

3.3. Elemental composition 
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In order to confirm the elemental composition of fabricated structures, a nanoprobe-based STEM-

EDX analysis was performed. Figure 2k- m presents respectively a STEM image, phosphorus K-

line map, and EDX spectrum of a single BP column. This spectrum (Fig 2m) confirms that the 

column consists primarily of phosphorous. Small residual peaks of carbon and oxygen detected in 

the spectrum are related to the surface contamination from the preparation process and transferring 

the specimen to the microscope. The phosphorous K-line map (Fig. 2l) of this BP column shows 

very uniform distribution of phosphorous across the entire column. In fact, the contrast of the 

phosphorous map matches exactly the contrast of the STEM image (Fig. 2k) obtained for this 

column. These results confirm this fabrication method to be successful and the obtained structures 

to almost exclusively consist of phosphorus. 

3.3. Average flake energy and adsorption energy 

In order to better understand the mechanism of BP nanocolumn growth, we conducted DFT 

calculations of flakes with different aspect ratio, defined by the ratio of unit cells in the a- and c- 

crystallographic direction, and analyzed the total energy of such model structures.  We used the 

following notation to describe the phosphorene nanoflake size: <number of primitive cells along 

the zigzag direction> x <number of primitive cells along the armchair direction>. To solve the 

matrix equations of the LCAO method, self-consistent field (SCF) iterations were performed. 

During DFT calculation, the exchange-correlation of electrons was included using GGA method 

witch PBE (Perdew, Burke and Ernzerhof) functionals. The PseudoDojo66 pseudopotentials with 

medium basis set were utilized to calculate the electron wave functions. The detailed description 

of the mentioned basis set can be found in the appendix of Ref 67. The residual forces in the 

structure were relaxed using the Broyden-Fletcher-Goldfarb-Shanno (LBFGS) algorithm. The 

maximal force in the structure after optimization does not exceed 0.05 eV/Ang. For each optimized 

structure, the average molecule energy was calculated. The average energy can be expressed by 

equation 1. 
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      𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 1
𝑁𝑁
𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                                     (1) 

where, 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  is the total energy of the system and the N denotes the number of atoms in the system. 

The resulting average energy for both symmetric and asymmetric flakes is presented in Figure 4. 

Figure 4. The changes in the average energy of a molecule in respect to different phosphorene flakes sizes. 

One of the reasons for the preferred nanoribbon zigzag direction of growth could be the anisotropic 

thermal conductivity of phosphorene. The molecular dynamics simulations68 showed much higher 

thermal conductivity along the zigzag than  the one along the armchair direction, providing 

effectively required energy for CVT-based BP column growth47. Such an anisotropy was mainly 

manifested by acoustic photon dispersion versus specific axial direction. Similar observations were 

reported for monolayer WS2
69, where temperature flux dependent behavior was postulated towards 

isotropic crystal formation by means of Monte Carlo simulations. Chen et al. reported temperature-

dependent tuning of growth mode of MoSe2 nanoribbons, thanks to the non-equilibrium conditions 

inducing specific shape transformations70–72. Moreover, Zhang et al.73 reported both planar and 

columnar zigzag ribbons to be more thermodynamically stable and energetically favored over 

armchair nanoribbons dominating nanostructures synthesized in the carbon nanotubes (CNT) 
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templates. These findings were supported by ab-initio DFT calculations and TEM observations. 

Yu et al.74 postulated that the utilization of Pb in CVT facilitates adsorption of P4 clusters along 

the zigzag direction thanks to the strong vdW interactions.  

A recent study reporting nanobelt formation75 revealed that metastable interstitial oxygen defects 

in phosphorene allows for the formation of a P–O–P bridge structure leading to a clean-cut edge 

along the zigzag direction. This effect is not observed along the armchair direction, indicating that 

the zigzag-oriented ribbons are energetically favorable. Next, DFT studies76 exhibited that zigzag 

edges are more resistant to the abstraction of single atoms than armchair ones, where energy drops 

below zero reference level. Experimentally, the armchair edges diminish faster under electron-

beam treatment leaving the zigzag edge slightly longer76. The scissoring method of macroscopic 

BP crystals48 also results in zigzag-edge-aligned NRs production like fabricated here for the first 

time with discrete high-quality and large quantity PNRs. The alkali metal directional diffusion and 

intercalation along the zigzag direction was claimed to be essential for PNR process formation, 

whereas strain between differently intercalated regions jointly with high electron densities causes 

a break of longer and lower energy P-P bonds77. However, there are still uncertainties concerning 

the exact growth mechanism of nanoribbons and related highly anisotropic nanostructures. In a 

recent review on vapor phase growth of nanowires, Güniat et al.78 stated that independently on the 

initial mechanism of growth it is not clear why polytypism exists in this kind of synthesis. 

4. CONCLUSIONS 

In conclusion, we present a novel CVT-based approach for the fabrication of BP nanoribbons and 

nanobelts fabrication. The ribbon-like structures obtained through this approach are 

monocrystalline and consist almost exclusively of BP as confirmed by Raman and TEM 

measurements. Their dimensions can vary depending on the conditions of the CVT method used 

for BP columns growth and the post-growth ultrasonication treatment. The obtained 

nanoribbons/nanobelts preserve BP column dimensions. The forming of ultra-long ribbon-like 
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structures with the length-to-width aspect ratio of up to 500 was demonstrated. The fabrication 

process allows for a high degree of control, which could be used for production of BP nanoribbons 

and nanobelts with well controlled dimensions suitable for specific applications. DFT-based 

calculations of the average energy of the molecule in the asymmetric BP flakes shows that growth 

of the structure in the zigzag direction is more energetically favorable than that in the armchair 

direction. The calculations show a significantly asymmetry of adatoms adsorption energy.  
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