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Abstract

:

The nanostructuring of the (100) PbS single crystal surface was studied under varying argon plasma treatment conditions. The initial PbS single crystals were grown by high-pressure vertical zone melting, cut into wafer samples, and polished. Subsequently, the PbS single crystals were treated with inductively coupled argon plasma under varying treatment parameters such as ion energy and sputtering time. Plasma treatment with ions at a minimum energy of 25 eV resulted in the formation of nanotips with heights of 30–50 nm. When the ion energy was increased to 75–200 eV, two types of structures formed on the surface: high submicron cones and arrays of nanostructures with various shapes. In particular, the 120 s plasma treatment formed specific cruciform nanostructures with lateral orthogonal elements oriented in four <100> directions. In contrast, plasma treatment with an ion energy of 75 eV for 180 s led to the formation of submicron quasi-spherical lead structures with diameters of 250–600 nm. The nanostructuring mechanisms included a surface micromasking mechanism with lead formation and the vapor–liquid–solid mechanism, with liquid lead droplets acting as self-forming micromasks and growth catalysts depending on the plasma treatment conditions (sputtering time and rate).
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1. Introduction


In recent years, significant research interest has been directed towards the formation and application of nanostructured materials based on lead chalcogenides (PbX, X = S, Se, and Te) [1,2]. The unique properties of these materials are associated with with their large exciton Bohr radii (18–50 nm) and the generation of multiple excitons. In addition, wide variety of synthesis methods capable of controlled formation of nanostructures with various shapes and sizes opens broad prospects for practical application [3,4,5]. PbX nanostructures can be formed by a large number of methods, including hydrothermal method [6], high-temperature synthesis [7], synthesis in aqueous solutions [8], molecular beam epitaxy [9], and synthesis in polymer and glass matrices [10,11]. Low-temperature ion and ion-plasma treatments are particularly attractive [12]. During interaction of ions with the surface, different surface nanostructure formation mechanisms are possible [13,14,15,16,17,18,19], which makes ion and ion-plasma techniques an important tool for surface nanostructuring. We used binary compounds of PbX and ternary solid solutions based on them as examples to show that varying inductively coupled argon plasma treatment condition enables the formation of micro- and nanostructures [20,21,22,23,24,25,26,27]. These nanostructures exhibit various morphologies on the surface of single crystals and mono- and polycrystalline films of lead chalcogenides, which can influence the optical properties of modified systems. Notably, plasma treatment results in fundamentally new surface structures that are not observed with common synthesis and epitaxy. In contrast to typical synthesis methods that require an additional step to deposit nanostructures on a substrate, plasma treatment enables the formation of nanostructures directly on the surface. Using this method, various micro- and nanostructures have been successfully formed such as nanotip arrays, high submicron cones, arrays of “capped” conical nanostructures, ensembles of hollow metallic quasi-spherical structures etc. The physical mechanisms underlying such formations could be different; for example, high submicron cones were formed at dislocations by micromasking mechanism, whereas capped conical nanostructures grew on the surface by the vapor–liquid–solid (VLS) mechanism. A novel plasma-assisted self-formation of nanostructures via VLS mechanism with self-forming lead-enriched catalytic droplets has been demonstrated for PbX binary and ternary compounds [24,27]. Specifically, the sputtered material was redeposited on a heated surface in the form of “building blocks” consisting of both binary PbX molecules and atomic lead, which formed nano- and microstructures on the surface. In our previous studies [20,21,22,23,24,25,26,27], only a certain set of conditions were considered for the ion-plasma treatment, leading to specific types of nanostructures. Alternatively, in the present work for the first time, various plasma treatment conditions have been employed in the ion energy range of 25–200 eV, and the physical processes occurring during surface modification have been analyzed using the crystals of one specific material: PbS. Considering that the formation of PbS nanostructures strongly depends on the synthesis conditions [28,29,30], one can anticipate that changing the plasma treatment conditions will result in various surface morphologies. Therefore, this work aims to study the formation of micro- and nanostructures on the surface of (100) PbS single crystals under various argon plasma treatment conditions.




2. Materials and Methods


PbS single crystals were grown by the high-pressure vertical zone melting in the argon medium. This method has been previously applied to successfully grow other metal chalcogenides [31]. PbS for the initial load was synthesized from pure elemental powders, and the crucible and resistive heater used for the growth process were of high-purity graphite. The argon pressure during the growth run was 1.2 MPa and the rate of zone movement was 2 mm h−1. The crystals were characterized by the [100] crystallographic direction along the growth axis; the chemical composition inclined slightly toward a metal component (S 49.05 at.% and Pb 50.95 at.%). The dislocation density determined by selective chemical etching of crystal cleavages perpendicular to the growth directions was approximately 6 × 104 cm−2. The initial PbS wafer samples were prepared by cutting the as-grown (100)-oriented crystals using a tension blade (thickness 0.45 mm, internal cutting edge, diamond 60/40) and subsequent grinding, mechanical polishing using a diamond paste, and chemical wet cleaning of the surface. Selective etching studies have shown that the dislocation density in a thin near-surface layer that is mechanically damaged during polishing reaches ~108 cm−2.



The (100) PbS single crystals were treated in argon plasma in a high-density low-pressure radio frequency (RF) inductively coupled plasma reactor, which is described in detail in our review [12]. Argon plasma was ignited by applying an RF power of 800 W (frequency 13.56 MHz) to the inductor. The RF bias power, which was separately applied to the substrate holder, was varied in the range of 0–200 W (frequency 13.56 MHz). This resulted in a negative self-bias potential Usb, which was measured with a voltmeter. For the RF bias power equal to 0 W the average Ar+ ion energy Ei was determined by the plasma potential Up, which was ~25 V. Ei was calculated according to Ei = e(Usb+ Up) and was controlled by the RF bias power applied on the substrate, and it was in the range of 25–200 eV in this work. Ions bombarded the surface at the normal angle. The ion current density was 7.5 mA cm−2. Argon gas (purity 99.99%) flow was set to 10 sccm and an operating gas pressure of 0.08 Pa. The plasma treatment duration was varied in the range of 60–300 s.



The surface morphology of the PbS single crystals was studied with scanning electron microscopy (SEM) using a Supra 40 Carl Zeiss microscope. The local chemical composition of the crystal surface was determined using energy-dispersive X-ray (EDX) microanalysis using an INCAx-act spectrometer (Oxford Instruments).




3. Results and Discussion


3.1. Sputtering Rates of PbS Single Crystals in Argon Plasma with Varying Ar+ Ion Energy


During the plasma treatment, the sample surface was basically bombarded with normally incident Ar+ ions. The surface got heated on irradiation by ultraviolet (UV) emission (glow) from the argon plasma. A specific feature of PbX materials is a high sputtering rate, which results in active redeposition of the sputtered material onto the surface [12]. Obviously, over a fixed time, the higher sputtering rate enables the larger volume of the sputtered material above the surface. This leads to the deposition of the larger amount of building blocks and the more active growth of nanostructures takes place on the surface. The threshold sputtering energy Eth for the Ar-PbS pair was estimated to be approximately 10 eV on the basis of known equations reported in literature [32] for sputtering of whole PbS molecules. Therefore, the energy range of argon ions of 25–200 eV used in this work, resulting in Ei/Eth ≈ 2.5–20. Table 1 shows the experimental dependence of the sputtering rate V of (100) PbS single crystals on the argon ion energy Ei. The sputtering rate was determined as the ratio of the etching step height at the interface between the sputtered and non-sputtered regions, which was measured using SEM, to the time of plasma treatment. Notably, the sputtering rate of the studied (100) PbS crystals at the ion energy of 25 eV (0.1 nm s−1) was much lower than that of single-crystal (111) PbX films (0.5 nm s−1 at Ei = 25 eV for PbSe [25]). The very low etching rate at an energy of 25 eV in this case may be due to the difficult sputtering of the thin, partially oxidized near-surface layer formed during mechanical polishing and chemical cleaning. Thus, an important feature of the experiment performed with Ei = 25 eV (in contrast with previous experiments on (111)-oriented PbX films [22,23,24]) was the low sputtering rate of the (100) PbS surface, which led to a smaller amount of sputtered material above the treated surface.



It is noteworthy that the surface temperature also plays an important role in the processes of nanostructuring during plasma treatment, which determines the mechanism of nanostructure formation. Obviously, increasing the ion energy and plasma treatment time increases the surface temperature. The sample temperature during plasma treatment can be increased by 100 °C using conditions of Ei = 20–25 eV and a treatment duration of 60 s [20] or by 230 °C with Ei = 200 eV and a duration of 30 s [12]; the much longer durations used in this work can be expected to result in even larger temperature increments.



Remarkably, the ion-plasma sputtering of lead chalcogenides can be described by two approaches. The first approach used by Zayachuk et al. [33] is based on the classical consideration of the interactions between ions and multi-component materials, which suggests that the sputtering predominantly involves individual atoms of certain chemical elements. The second approach, which was used in our previous studies [12] and applied again in this work, considers that the dissociation energies of molecules in the crystalline and gaseous states for lead chalcogenides exceed the values of the sublimation energy [34]. Therefore, during the sputtering of lead chalcogenides, whole molecules and their complexes predominantly leave the surface rather than individual atoms. Subsequently, these molecules dissociate under the influence of plasma UV emission (glow), and certain groups of atoms are effectively redeposited on the surface.




3.2. Formation of Nanotips via the Micromasking Mechanism


The initial state of the surface of (100) PbS crystals is shown in Figure 1a,b. Scratches from mechanical polishing are visible on the surface; irregularities in the areas between the scratches appear in the form of hillocks with lateral dimensions of up to 250 nm and heights of up to 40 nm.



The surface modification was then examined upon treatment at ions with a minimum energy of 25 eV over a wide time range of 60–360 s. At the energy of bombarding ions Ei = 25 eV, the PbS sputtering rate was minimal. Clusters of nanostructures on the surface emerged after treatments lasting 240 s and more. The surface morphology after the 360 s treatment is shown in Figure 1c,d, which shows nanostructures in the form of nanotips. These nanotips are up to 30 and 50 nm tall after 240 and 360 s plasma treatments, respectively, and their diameter at the base is roughly equal to their height. The dimensions of micro- and nanostructures formed under different conditions of plasma treatment are summarized in Table 2. The nanotips were not uniformly distributed over the surface (Figure 1c) but were preferentially localized along the lines of scratches. The number density of the nanostructures on the surface was measured from SEM data to be in the range of (1–2) × 1010 cm−2.



The processes taking place under these plasma treatment conditions can be described physically as follows. During plasma sputtering, PbS molecules leave the surface and dissociate under the influence of plasma UV emission. As a result, lead atoms are deposited onto the surface, and owing to diffusion processes on the heated surface of the sample, they are collected in liquid-state nanodroplets. It is assumed that lead forms liquid droplets, because its melting point is low (327 °C) and nanosize particles have even lower melting point. Besides, a particle transits to a liquid state gradually, starting with a liquid outer layer, which can be formed at even lower temperatures. Such temperatures are achieved in the present plasma setup under long sputtering durations. The lead droplets are predominantly located on relief features and particularly on scratch lines. Such lead nanodroplets can act as nanomasks during the plasma etching process, leading to the formation of conical nanotips by the micromasking mechanism. This model is corroborated by the round shape of the tops of the nanotips (Figure 1d) and the fact that the height of the nanotips does not exceed the thickness of the sputtered layer. The possibility that the nanocones formed under these conditions are an initial stage of the VLS mechanism cannot be excluded.




3.3. Submicron Cones and Arrays of Nanostructures


With an increase in the ion energy to 75–200 eV, the modification behavior of the (100) PbS surface changed fundamentally with respect to the previous case. Figure 2 presents typical images of the surface morphology after surface treatment with Ei of 75, 100 and 200 eV and treatment durations of 60–120 s. Notably, two new types of structures appear: high submicron cones (with submicron- and micron-scale heights) and arrays of nanostructures of various shapes. The number density of these submicron cones was (0.8–1.2) × 108, 2.5 × 107, and (5–8) × 104 cm−2 for ion energies of 75, 100, and 200 eV, respectively, and they reached heights of 400, 700, and 1300 nm, respectively, with base diameters of 140–900 nm.



The formation of submicron cones on single crystals and films of lead chalcogenides has been attributed to the micromasking of dislocation sites and discussed in detail in our previous works [22,35]. Notably, the maximum heights of these submicron cones strictly correspond to the thickness of the sputtered (removed) layer. This suggests that their formation begins in the initial stages of crystal surface sputtering in the areas where the sputtering rate was low, i.e., at the dislocations exit points, which thus serve as micromasks during the subsequent sputtering process. The number density of submicron cones at the ion energy of 75 eV corresponds to the density of dislocations on the surface of the polished sample. However, at the ion energy of 200 eV, this density corresponds to the density of dislocations in the bulk of the crystal because of the removal of the mechanically damaged layer. Thus, the surface density of submicron cones is in good agreement with the dislocation density. When sputtering with ions of 75 and 100 eV, the thickness of the removed layer does not exceed the thickness of the mechanically damaged layer, which explains the high surface density of submicron cones. Local EDX analysis showed that the chemical compositions of the submicron cones and the initial crystal were identical, which validates the proposed mechanism of the formation of submicron cones owing to the effect of micromasking at the dislocation exit sites.



Figure 2b,d,f shows the shape of nanostructures formed on the surface areas between the submicron cones. The 60 s plasma treatment resulted in a homogeneous array of spherical lead nanodroplets on the surface. The sizes of these droplets did not exceed ~50 nm. Increasing the plasma treatment time to 120 s resulted in the formation of specific cruciform nanostructures with lateral orthogonal elements oriented in the four <100> directions. At the top and in the center of an individual cruciform nanostructure, there was a lead drop of size up to ~35 nm, which catalyzed for the VLS mechanism during the vertical growth of the nanostructures, during which the redeposited PbS molecules formed an underlying solid crystal under the droplets. At the same time, the droplet catalyzed lateral branch growth in four orthogonal directions in the horizontal plane by the VLS mechanism. These directions correspond to the <100> orientations, which have minimal growth energy. Another significant observation is that the VLS growth took place simultaneously with the ion bombardment, which limited the vertical growth. As a result, an array of unique, complex morphology nanostructures was formed with the nanobranches growing in the same directions. Surface chemistry studies using the EDX method while tilting the sample indicate that the surface was enriched with lead. For the sample grown with an ion energy and sputtering time of 75 eV and 120 s, respectively, as shown in Figure 2a,b, the Pb/S ratio was 1.29, while that of the initial surface was 1.04. Thus, it can be concluded that the formation of arrays of cruciform nanostructures described here depends on the activation of the VLS mechanism. Thus, for plasma treatment times longer than 120 s, the surface temperature and the volume of the sputtered material are sufficient for the VLS growth of nanostructures.




3.4. Formation of Nanostructure Arrays without Submicron Cones


The formation of micro- and nanostructure arrays described above has a practical disadvantage associated with the presence of submicron and microcones, as they would hinder the consecutive fabrication of multilayer systems. Therefore, plasma treatment conditions were selected in the present work to suppress the formation of microcones. This problem can be solved by an additional plasma treatment with a high ion energy for a longer time, during which the micromasking behavior of the dislocation exit sites is prevented owing to the high surface temperatures.



The present studies have shown that after two-step processing, submicron cones were completely absent on the treated surface, and the system of cruciform nanostructures with lateral orthogonal elements oriented in four <100> directions was more pronounced than that after the one-step process (Figure 2). Figure 3 shows the surface morphology of a (100) PbS crystal treated with plasma at an ion energy Ei = 200 eV for 120 s as a first step and then for 180 s as a second step. The heights of the nanostructures reached 140 nm, and the sizes of lead droplets at the top varied in the range of 25–70 nm. The lateral branches in the <100> directions were 20–60 nm long, and the surface density of the nanostructures was 5 × 109 cm−2. The possibilities of the formation of structures of this type through the VLS mechanism have been discussed in literature [36]. Branched individual nanostructures of PbS and PbSe, similar in shape were previously obtained by chemical vapor deposition synthesis [37,38]. The technique used in the present work to form nanostructures imparts a vertical direction to the growth processes and then results in the formation of nanostructure elements in the same direction on the surface of the oriented (100) PbS substrate.




3.5. Formation of Quasi-Spherical Lead Submicron Structures


In our previous work, when studying the processes involved in the plasma sputtering of epitaxial (111) PbSe films near the sputtering threshold, an interesting phenomenon was discovered wherein arrays of hollow lead structures with a quasi-spherical shape and a submicron size were formed at an ion energy of 25 eV during a long-time sputtering [20]. However, as described above for (100) PbS crystals, these plasma treatment conditions only led to the formation of ensembles of PbS nanotips under lead nanocaps (Figure 1). It can be concluded that the main reason for this is the extremely low surface sputtering rate, which results in a minimal amount of building blocks above the surface during processing. To increase the sputtering rate, an ion energy of 75 eV has been used for the plasma treatment. Figure 4 shows an example of the surface morphology of (100) PbS crystals after treatment with argon plasma at an ion energy of 75 eV for 180 s.



The physical processes on the surface in this case were similar to those on the surface of lead selenide at Ei = 25 eV and a processing time of 180 s [20], specifically, arrays were formed by larger submicron quasi-spherical structures with diameters of 250–600 nm and a number density of 2 × 108 cm−2 as well as smaller quasi-spherical structures with diameters of up to 75 nm.



Local EDX studies (Figure 5) of the surface of PbS crystals after plasma treatment (Ei = 75 eV, time 180 s) revealed that for the submicron quasi-spherical structures the Pb/S ratio was at least 5.3. In the areas between these large particles, this ratio was less than 1.2, indicating more lead was found on the surface than that in the initial state (1.04). Therefore, as previously reported in our work [20], submicron quasi-spherical lead structures were formed on the surface of PbS crystals.





4. Conclusions


This study showed that a slight variation in the conditions of the argon plasma treatment method, enables reproducibly obtaining various nano- and microstructures on the surface of (100) PbS crystals. Remarkably, the plasma treatment resulted in fundamentally new structures on the surface, such as cruciform structures with a droplet center, which have not yet been obtained by other known methods. These structures were attributed to specific conditions during plasma treatment that initiated a surface micromasking mechanism during lead formation and/or activated the VLS mechanism, wherein liquid lead droplets also acted as self-forming growth catalysts. Changes in the sputtering rate (via the ion energy) and surface temperature (through the sputtering time) contributed to instigating certain physical mechanisms of nano- and microrelief formation. As a result of plasma treatment, the removal processes of material in the form of molecules and clusters, dissociation of these molecules, redeposition of building blocks on a surface heated to various temperatures, and crystalline growth all occur simultaneously. These findings, thus demonstrate that the VLS mechanism can be realized during plasma treatment without the use of special catalysts. In the plasma-assisted process, the lead contained in the sputtered material works well as a self-forming catalyst. The resulting micro- and nanostructures are essentially nanocomposites of PbS structures and Pb-enriched catalytic particles. The nanostructures obtained from a solution require an additional step for depositing them on a substrate, whereas in the plasma treatment method, ensembles of nanostructures form automatically on the surface of the functional layer with good adhesion, which is a primary advantage of the proposed technique. Notably, other conditions can be applied to plasma treatment to enable further micro- and nanostructuring, such as multi-step processes and substrate cooling. Considering that plasma modification processes have their own specific features for various lead chalcogenides and solid solutions based on them, the field of ion-plasma treatment for PbX materials should be further studied in order to expand the possibilities of forming nanostructured surfaces with desired properties.
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Figure 1. SEM images of the (a,b) initial and mechanically polished (100) PbS single crystal surface and (c,d) after plasma treatment with a minimal average ion energy Ei = 25 eV and a sputtering time of 360 s. In (b,d), samples were tilted 70° during SEM imaging. 
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Figure 2. Low- (left) and high-magnification (right) SEM images of the (100) PbS single crystal surface after plasma treatment with ion energies and sputtering times of (a,b) 75 eV for 120 s, (c,d) 100 eV for 60 s, and (e,f) 200 eV for 120 s respectively. The inset in (a) as well as (c–e) were obtained with a sample tilt of 70°. 
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Figure 3. (a,b) Plane-view and (c) 70°-tilted SEM images of the (100) PbS single crystal surface after a two-step treatment with Ei = 200 eV for 120 s and Ei = 200 eV for 180 s. 
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Figure 4. (a) Plane-view and (b) 70°-tilted SEM images of the (100) PbS single crystal surface after plasma treatment with Ei = 75 eV for 180 s. 
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Figure 5. (a) Areas and (b) the corresponding results of EDX analysis of the (100) PbS single crystal surface after plasma treatment with Ei = 75 eV for 180 s. 
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Table 1. Experimental dependence of the (100) PbS single crystal sputtering rate V on the average Ar+ ion energy Ei.
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	Ei (eV)
	25
	75
	100
	200



	V (nm/s)
	0.1
	3.3
	5.8
	10.8
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Table 2. Dimensions of PbS and Pb micro- and nanostructures depending on the plasma treatment conditions.
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Ei (eV)

	
Plasma Treatment Duration (s)

	
Surface Micro- and Nanostructures

	
Formation Mechanism






	
25

	
240–360

	
Nanocones with 30–50 nm heights

	
Micromasking with Pb particles




	
75

	
60

	
200 nm high submicron cones; nanodroplets with 50 nm diameters

	
Micromasking of dislocation exit sites; Pb droplet redeposition




	
120

	
400 nm high submicron cones; orthogonal nanostructures with 50 nm nanodroplets

	
Micromasking of dislocation exit sites; VLS growth




	
180

	
Arrays of larger quasi-spherical metallic structures; arrays of smaller quasi-spherical particles

	
Growth of hollow metallic Pb structures [20]




	
100, 200

	
60

	
350 nm high submicron cones; nanodroplets

	
Micromasking of dislocation exit sites; Pb droplet redeposition




	
120

	
700 nm high submicron cones; cruciform nanostructures with 35 nm nanodroplets

	
Micromasking of dislocation exit sites; VLS growth




	
200

	
120 + 180

	
Array of cruciform nanostructures with heights up to 140 nm with 25–70 nm nanodroplets

	
VLS growth
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