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ABSTRACT. The polytypism phenomenon in the growth of nanostructures reveals new properties 

and opportunities for bandgap engineering by enabling controlled formation of different phases of 

the same material with distinct crystalline and electronic structures. In the case of III-nitrides, the 

occurrence of polytypism is unlikely and and has not been experimentally observed to date. Here, 

we report the discovery of polytypism in GaN nanocrystals (NCs) grown via the vapor-liquid-solid 

mechanism on the surface of a van der Waals graphene-like SiN structure. Through a detailed 

analysis of the diffraction patterns, we have established the formation of three structures during 

the growth of NCs, namely zinc-blende with the (111) plane, the 6H polytype and wurtzite with 

the non-polar (10-10) plane. As shown by transmission electron microscopy data, the crystal 

structures form within the volume of a single NC. The formation of zinc-blende and wurtzite 

phases is explained within the framework of classical nucleation theory, while the 6H polytype 

nucleates at the boundary between these phases. Calculations indicate the possibility of growing 

NCs with either pure zinc-blende or wurtzite structures. In essence, this study introduces new 

degree of freedom in the growth and application of GaN-based nanostructures grown via the vapor-

liquid-solid method. 
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I. INTRODUCTION

Nanostructures, such as two-dimensional materials, quantum wells, wires and dots, have 

become some of the most advanced and promising objects in modern research in materials science 

and condensed matter physics. In nanostructures, new and remarkable phenomena have been 

discovered, such as the quantum Hall effect, conductance quantization, Coulomb blockade, 

topological effects, tunnel magnetoresistance, etc. Furthermore, the use of nanostructures has seen 

a marked increase the development of various optoelectronic and electronic devices1, spintronic 

systems2, biomedical applications3,4 and catalysis5,6. Of particular interest are GaN-based 

nanostructures due to their unique properties, such as a wide bandgap, high exciton binding energy 

and oscillator strength, large effective mass of electrons and holes, and the presence of a high built-

in electric field (with a strength of the order of MV/cm in wurtzite GaN). GaN-based 

nanostructures have already been demonstrated in HEMTs7,8, LEDs and laser diodes9,10, single-

photon emitters11,12, solar cells13, photodetectors14,15 and single-electron transistors16,17. The 

breadth of both fundamental and applied research on nanostructures is driven by their unique 

properties and the potential for wide tunability due to their discrete electronic structure and high 

surface-to-volume ratio. Structural, optical, chemical, and electronic properties can be extensively 

modified depending on the size, shape and surface functionalization of the nanostructures.

New properties and methods of bandgap engineering in nanostructures are anticipated due 

to the phenomenon of polytypism18–21, which involves the formation of different phases of the 

same material with distinct crystalline and electronic structures within the volume of the 

nanostructure. Such polytype or crystal heterostructures offer significant advantages over 

conventional ones due to the absence of strain and atomically sharp interfaces. Polytype 

heterostructures have been synthesized and are the focus of active investigation in nanowires22–27 

and 2D material systems28–30. The greatest success in the controlled formation of polytype 

heterostructures has been achieved in the growth of nanowires in III-V systems via the vapor-

liquid-solid (VLS) mechanism. III-V semiconductors (e.g., GaAs, InAs), which typically adopt 

Page 2 of 26CrystEngComm



3

the stable zinc blende (ZB) structure, can acquire the metastable wurtzite (WZ) structure when 

grown in nanowire form. Numerous studies have been conducted to explain and investigate the 

occurrence of polytypism in III-V nanowires31–36. According to the current understanding outlined 

by Glas et al.33, the formation of the WZ phase is triggered at the triple phase line, while the ZB 

phase forms away from it. The higher cohesive energy of the WZ phase is offset by the lower 

surface energy of the side facets of the nucleus33. III-nitrides differ from other III-V materials due 

to their high bond ionicity, leading to the WZ structure as a stable one. Therefore, GaN grown on 

surfaces with random orientations, such as on amorphous SixNy, typically adopts the WZ 

structure37. The formation of GaN with either ZB or WZ structures can be promoted by selecting 

substrates with four-fold or six-fold symmetry, respectively38–41. Based on studies of polytypism 

in III-V nanowires, polytypism in III-N nanostructures grown by the VLS method is considered to 

be unexpected42,43. In the few studies reporting polytypism in GaN nanowires, it was associated 

with stacking faults in the form of ZB phase inclusions, which form during strain relaxation44,45 or 

under heavy Mg doping46,47.

In this study, we report the phenomenon of polytypism in GaN nanocrystals (NCs) grown 

by the VLS method on a van der Waals surface of graphene-like SiN. Using transmission geometry 

in high-energy electron diffraction, we thoroughly investigated the structure and formation 

processes of the NCs. Combined with azimuthal dependence, we have identified the nature of all 

diffraction spots and established the formation of three structures during NCs growth, namely ZB 

with the (111) plane, the 6H polytype and WZ with the nonpolar (10-10) plane. As indicated by 

the data obtained from transmission electron microscopy, the formation of crystal structures is 

occurring within the volume of a single NC. By analyzing the kinetics of the main and fractional 

diffraction spots, which characterize the respective structures, it was established that the formation 

of crystal structures occurs simultaneously. The variety of phases within the NCs was explained 

within the framework of classical nucleation theory, where the nucleation of the ZB phase is 
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energetically favorable at the liquid/vapor/substrate triple phase line, while the nucleation of the 

WZ phase is favored away from this boundary.

II. METHODS

The investigation of the crystalline structure and formation processes of NCs on the surface 

of g-SiN was conducted in situ using a Riber CBE-32 molecular beam epitaxy (MBE) setup. 

Ammonia with a purity of 99.999999% was used as the nitrogen source, further purified with an 

Entegris mechanical filter to remove particles larger than 0.01 μm. The ammonia pressure in the 

growth chamber was controlled using a mass flow controller. A Knudsen effusion cell was used 

as the gallium source. The substrate temperature was measured using an Ircon pyrometer, a 

thermocouple, and an Ocean Optics USB4000 miniature spectrometer. The spectrometer enabled 

a temperature measurement method based on detecting the emission spectrum of the heated 

substrate, as described elsewhere48. The accuracy of this method for determining the growth 

surface temperature is ±5 °C, as detailed in49. The Si (111) substrate was prepared using a modified 

Shiraki method and cleaned by annealing in the growth chamber at 1076 °C. The g-SiN layer was 

formed by exposing the substrate to an ammonia flow of 10 sccm at 960 °C for 6 seconds, as 

detailed in50,51 . The formation of the g-SiN layer was confirmed by the appearance of an 8×8 

superstructure in the diffraction pattern. After forming the g-SiN layer, the temperature was 

lowered to 575 °C, 600 °C, or 625 °C, the ammonia flow was stopped, and Ga droplets were 

deposited for 30 seconds at a Ga flux of 0.1 monolayers per second. The droplets were then 

annealed in an ammonia flow of 250 sccm for 4.5 minutes. The study of NCs formation and 

structure was performed using reflection high-energy electron diffraction (RHEED). The evolution 

of the diffraction patterns was recorded and analyzed using a kSA400 system. The crystal structure 

of the NCs was investigated by means of high-resolution transmission electron microscopy 

(HRTEM) on a FEI THEMIS 200 system.
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III. RESULTS

Figure 1. Diffraction patterns of GaN NCs at azimuthal angles of (a) 0°, (b) 30° and (c) 60°, respectively. 

Red and yellow circles highlight the fundamental spots of GaN.

The diffraction patterns of GaN NCs at azimuthal angles of 0°, 30° and 60° are shown in 

Figure 1a, 1b and 1c, respectively. The rotation was performed around an axis perpendicular to the 

sample surface. Diffraction represents an ordered arrangement of spots, known as Bragg spots, 

that are concentrically blurred over a small angle. The arrangement of spots in transmission 

diffraction represents a cross-section of the reciprocal lattice by the Ewald sphere and provides 

information about the crystal structure of NCs52. In Figure 1a, the spots highlighted with red circles 

and connected with dashed red lines for clarity correspond to the fundamental GaN spots. To 

confirm the identification of these spots as fundamental ones, the intensity kinetics of the spots 

were measured, as shown below. Horizontally, only fundamental spots are observed in the 

diffraction pattern, while vertically, both fundamental and fractional 1/3 and 1/6 spots, which 

divide the distance between the fundamental spots by 3 and 6, are visible. As can be seen in Figure 
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1b, upon rotation by 30°, the fractional 1/3 and 1/6 spots disappear, and the diffraction pattern 

consists of two sets of fundamental spots forming a rectangle (red circles) and a regular hexagon 

(yellow circles). At an azimuthal angle of 60° (see Figure 1c), the fractional spots reappear, and 

the arrangement of the spots in the diffraction pattern corresponds to that at the 0° azimuthal angle. 

Figure 2. The intensity of 1/3 and 1/6 spots versus azimuthal angle.

To unambiguously determine the crystal structures associated with the 1/3 and 1/6 spots, 

the intensity dependencies of these spots on the azimuthal angle were measured. The symmetry of 

the spots intensity during rotation around a specific axis is determined by the rotational symmetry 

of the crystal structure relative to that axis. This follows from the scattering amplitude of the 

electron beam by atoms, which, in the direction of the reciprocal lattice vector, is determined by 

the structure factor:

𝐹(ℎ𝑘𝑙) = 𝑓𝐺𝑎
𝑛

exp ( ― 2𝜋𝑖(ℎ𝑥𝑛 + 𝑘𝑦𝑛 + 𝑙𝑧𝑛))

+ 𝑓𝑁
𝑚

exp( ―2𝜋𝑖(ℎ𝑥𝑚 + 𝑘𝑦𝑚 + 𝑙𝑧𝑚))    (1 )
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where 𝑓𝐺𝑎 and 𝑓𝑁 are the atomic scattering factors of Ga and N atoms, and 𝑥𝑛,𝑚 + 𝑦𝑛,𝑚 + 𝑧𝑛,𝑚 

are the coordinates that define the positions of the atoms within the unit cell. According to the 

equation (1), the rotational symmetry of the unit cell depends on the positions of the atoms and 

determines the azimuthal angle dependence of the spot intensity, which is directly proportional to 

the square of the scattering amplitude modulus. Figure 2 shows the intensity dependence of the 

1/3 and 1/6 spots as a function of the azimuthal angle. The diffraction pattern with the maximum 

intensity for each respective spot is observed at zero degrees. As demonstrated in Figure 2, a 60° 

change in the azimuthal angle results in a decrease in the intensity of the 1/3 spot relative to its 

intensity at 0°. Conversely, at 120°, the intensity reverts to the value observed at 0°. The intensity 

of the 1/6 spot, on the other hand, remains unaltered when the azimuthal angle is rotated by either 

60° or 120°.

Figure 3. HRTEM images of GaN nanocrystals (a), (c) with corresponding FFT patterns (b), (d). Red and 

yellow circles highlight the fundamental spots of GaN, similarly as in Figure 1b, whereas the white 

crosses highlight spots from the Moiré pattern.

The diffraction patterns obtained by the RHEED method provide an integral representation 

of the crystal structure of NCs. To study the structure of individual NCs, HRTEM measurements 
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were performed with the use of fast Fourier transform (FFT). The plane of the investigated 

HRTEM images corresponds to the plane (11-2) of the Si substrate. Figure 3a and c illustrate 

HRTEM images of two NCs located on a thin layer of amorphous SiN (less than 0.5 nm thick). 

Outside the NC base, amorphous SiN with a thickness of approximately 2 nm is observed, which 

is attributed to the transformation of the g-SiN layer when it is exposed in an ammonia flow50,51,53. 

Presumably, during NC formation, some of the ammonia is used to form amorphous SiN from g-

SiN, although the g-SiN can be preserved not only during GaN NCs formation54, but also during 

continuous AlN growth55. The NCs possess a truncated pyramid shape with a wetting angle of 

approximately 60°, a height of about 16 nm, and base dimensions of ≈25 and 30 nm. As can be 

seen in Figures 3b and 3d, the FFT images of NCs are formed by the two sets of spots highlighted 

by the red and yellow circles, whereas the spots highlighted by the white crosses in Figure 3d are 

formed due to the Moiré pattern. It is worth noting that the arrangement of spots in the FFT images 

corresponds to that in the RHEED pattern at an azimuthal angle of 30° (see Figure 1b). 

Figure 4. Intensity kinetics of {01}, 1/3 and 1/6 spots during exposure of gallium droplets in ammonia 

flow at temperatures of 575, 600 and 625 °C (a), (b) and (c), respectively. 

Due to the formation of crystal structures with different rotational symmetries within the 

NCs, the intensity kinetics of both fundamental and fractional spots were measured at various 

points on the diffraction pattern and subsequently averaged. The fundamental GaN spots are 

referred to as {01} throughout the text. Figure 4a, 4b and 4c illustrates the intensity kinetics of the 

{01}, 1/3 and 1/6 spots, respectively, during the exposure of Ga droplets to an ammonia flow at 

temperatures of 575 °C, 600 °C and 625 °C. As can be seen from the figures, the {01} spots on 
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the diffraction pattern appear earlier than the 1/3 and 1/6 spots at 575 °C and 600 °C, whereas at 

625 °C, the spots emerge simultaneously. The appearance of spots on the diffraction pattern 

indicates the onset of constructive interference dominance of the electron beam at the NC structure, 

which surpasses the scattering of the electron beam in the gallium droplet. Given that crystal 

formation during VLS growth begins either at the liquid/solid interface or at the triple phase line, 

the earlier appearance of fundamental spots relative to fractional ones suggests the establishment 

of vertical periodicity in the NC with a period of a one interplanar distance. In contrast, structures 

with vertical periodicities of 3 and 6 interplanar distances, associated with the 1/3 and 1/6 spots, 

possess a smaller volume for fractional spot formation. Therefore, the intensity kinetics of the 1/3 

and 1/6 spots at 575 °C and 600 °C are governed by the rate of formation of the corresponding 

structures. At 625 °C, the spot intensity kinetics slows down due to the evaporation of Ga 

droplets54, and the simultaneous appearance of both fundamental and fractional spots. At 636 °C, 

NCs formation is not observed, presumably due to the extensive evaporation of Ga droplets54.
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IV. DISCUSSION

IVa. Identification of crystal structures

Figure 5. (a) ZB structure at an azimuthal angle of 0° (plane (111) above, plane (-110) below) and an 

azimuthal angle of 60° (plane (111) above, plane (01-1) below). The rotation is performed relative to the 

[111] axis. (b) Structure 6H at an azimuthal angle of 0° (plane (11-20)) and an azimuthal angle of 60° 

(plane (2-1-10)). The rotation is performed with respect to the [0001] axis. Red and violet spheres are 

gallium and nitrogen atoms, respectively. The red dashed lines indicate the unit cells of the ZB structure.

The appearance of fractional 1/3 and 1/6 spots on the RHEED patterns indicates the 

existence of two structures with periods of 3 and 6 interplanar spacings 𝑑 in the growth direction. 

These structures exhibit three-fold and six-fold rotational symmetries, respectively. According to 

the literature, the structure with a period of 3d corresponds to the ZB structure with the (111) plane, 
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while the structure with a period of 6d corresponds to the 6H polytype, which forms at the 

boundary between the WZ and ZB structures54,56,57. To explain the rotational symmetry of these 

structures, Figure 5 shows the unit cell of the ZB structure in the (111) and {-110} planes, and the 

6H structure in the {11-20} planes. The ZB and 6H structures are rotated by 0° and 60° around the 

[111] and [0001] axes, respectively. The red dashed lines indicate the unit cells of the ZB structure, 

and the arrow in Figure 5a shows the direction of the electron beam propagation in electron 

diffraction. As can be seen from the image of (111) plane, when the ZB structure is rotated by 60°, 

the position of some Ga and N atoms within the unit cell shifts, which, according to equation (1), 

leads to changes in the scattering amplitude of the corresponding spots. Upon rotation by 120°, the 

ZB crystal structure returns to its original configuration, and the spot intensity remains unchanged. 

By analogy with the 6H-SiC structure58, the 6H structure can be viewed as a ZB (111) structure 

with periodically spaced twins rotated by an angle of π around the [111] axis. Therefore, when the 

6H structure is rotated by 60°, as shown in Figure 5b, the atomic arrangement in the twins changes 

symmetrically, and the intensity remains unchanged. Thus, the ZB crystal structure along the [111] 

direction has a three-fold rotational axis, so the 1/3 spots clearly characterize the ZB (111) 

structure. The 6H crystal structure along the [0001] direction has a six-fold rotational axis, so the 

1/6 spots are unambiguously associated with the 6H polytype structure. 

Figure 6. Simulated electron diffraction patterns of the ZB (111) and WZ (10-10) crystal structures, with 

red and yellow circles highlighting the fundamental spots of ZB and WZ structures, respectively.  The 

electron beam propagates along the [-110] (a), ‹11-2› (b) and [01-1] (c) directions in the case of ZB 

structure. In the case of WZ structure, the electron beam is propagated along ‹11-23› (a), (c) and ‹0001› 

(b) directions. 
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Based on the description of the 6H structure in terms of ZB (111) structure twins, the 6H 

structure has the same set of fundamental spots as the ZB (111) structure56. Consequently, the 

fundamental spots at azimuthal angles of 0° and 60° in Figure 1a and 1c correspond to the {-110} 

and {11-20} planes of the ZB and 6H structures, respectively. The red circles in the RHEED 

pattern at an azimuthal angle of 30° (see Figure 1b) and in the FFT images of individual NCs (see 

Figure 3b and d) highlight spots formed by the {11-2} and {10-10} planes of the ZB and 6H 

structures. Therefore, the spots highlighted with yellow circles and forming a regular hexagon 

belong to a different structure than ZB (111) and 6H. Among the potential planes of the ZB and 

WZ structures, a regular hexagon with d, similar to that of the ZB (111) and 6H structures, is 

formed by the fundamental spots of the WZ structure with the (10-10) plane when diffracting along 

the ‹0001› directions. At azimuthal angles of 0° and 60°, only the spots from ZB and 6H structures 

are visible, indicating that the spots from structure WZ (10-10) are either absent or masked by the 

spots from structures ZB and 6H. To confirm this observation, the diffraction patterns of structures 

WZ (10-10) and ZB (111) were simulated upon varying the azimuthal angle, given the fact that 

structures 6H and ZB possess the same set of fundamental spots. Figure 6a, b and c illustrate the 

simulation outcomes at azimuthal angles of 0, 30 and 60°, correspondingly. The red circles 

highlight spots from the ZB structure (111), while the yellow circles denote those from the WZ 

structure (10-10). It is evident that at azimuthal angles of 0° and 60°, the spots of the WZ (10-10) 

structure, diffracted in the ‹11-23› directions, are masked by the spots of the ZB (111) and 6H 

structures. It can thus be concluded that the spots highlighted by yellow circles in both Figure 1b 

and Figure 3b and d correspond to the {0001} plane of the WZ (10-10) structure. The formation 

of the WZ structure is consistent with the findings reported in the study by Funato et al56,57, which 

demonstrated that the formation of the 6H structure is associated with the simultaneous formation 

of the ZB and WZ structures.
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IVb. Formation of crystal structures

The formation of a crystal structure that differs from the stable wurtzite structure in the 

case of GaN nanostructures is an unusual phenomenon. Despite the different growth mechanism, 

somewhat similar results were obtained in the study by Jo et al59 of the growth of nanostructures 

of a comparable material, ZnO, on the surface of graphene. In their study, it was demonstrated that 

at the initial stages of growth, ZnO nuclei exhibit a rocksalt crystal structure, which after a certain 

annealing time, transforms into a stable wurtzite structure with a (0001) plane. Additionally, the 

ZnO nanostructures are slightly misorientated with respect to each other, a phenomenon that has 

also been observed in GaN NCs according to RHEED patterns. This indicates the similarity of the 

formation processes of ZnO and GaN nanostructures on the surface of van der Waals structures. 

However, the key difference is that in the volume of single GaN NC different crystal phases are 

formed simultaneously, as evidenced by the kinetic curves of fractional spots intensity and 

HRTEM images. Furthermore, the formation of the most stable WZ structure with (0001) plane 

appears to be suppressed.

According to the literature, in the case of GaN nanostructures grown by the VLS method 

polytypism phenomenon is unexpected due to the relationship between the surface energy and 

cohesion energy of the WZ (0001) and ZB (111) phases. During the formation of the WZ (10-10) 

and ZB (111) phases, the inequality of surface energies for the lateral facets of the two phases 

changes sign, which enables the possibility of polytypism. To demonstrate the feasibility of 

polytypism during GaN NCs growth, a calculation was carried out using classical nucleation 

theory, which accurately describes polytypism during VLS growth of III-V compound 

nanowires60. Let us consider the simplest model that will still allow us to describe the observed 

phenomenon. The formation of crystal structures within the droplet volume occurs concurrently, 

thereby suggesting that the nucleation within the droplet occurs in a polynuclear mode, wherein 

multiple nuclei are formed simultaneously. Otherwise, the formation of the ZB (111) phase on the 
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surface of WZ (10-10) and vice versa would be energetically unfavorable due to the different 

symmetries of the two phases and the necessity to introduce mismatch dislocations. This 

consideration limits the discussion of the formation of different phases in the volume of the droplet 

to the nucleation stage, on the assumption that further growth will occur with the preservation of 

the ratio of phases formed at the nucleation stage. Given that out of all possible polytypes, only 

6H forms, it is reasonable to assume that its formation occurs exclusively at the ZB/WZ phase 

boundary. Therefore, the calculation was performed for the ZB (111) and WZ (10-10) phases. As 

will be shown later, it is sufficient to consider the specific case where ZB phase nuclei form at the 

triple phase line, while WZ phase nuclei form away from it. A schematic of the investigated case 

of ZB and WZ phase nucleation within the Ga droplet on the surface of g-SiN is shown in Figure 

7. 

Figure 7. Schematic representation of the nucleation of ZB and WZ phases in the droplet volume on the 

g-SiN surface.

The nucleation barrier of the i-th phase (WZ or ZB) at the j-th position (at the three-phase 

boundary (TPL) or away from it) is as follows31,43:

∆𝐺∗
𝑖, 𝑗 =

𝑐2
1

4𝑐2
Ω𝑠ℎ

Γ2
𝑖

Δ𝜇 ― 𝜓𝑖
                                                       (2)

      Γ𝑖 = 𝛾𝑆𝐿(1 ― 𝜒) +𝜒(𝛾𝑖 ― 𝛾𝐿𝑉𝑠𝑖𝑛𝛽)                                            (3)
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where 𝑐1  and 𝑐2 are geometric constants determined by the shape of the nucleus with a height of 

one monolayer ℎ. Ω𝑠 is the volume of a Ga-N pair in the solid phase, Δ𝜇 is the supersaturation of 

the Ga-N pair in the liquid phase relative to the Ga-N pair in the solid phase, and 𝜓𝑖 is the difference 

in cohesion energy between the i-th phase and the WZ phase. Γ𝑖, introduced by Glas et al.33, is the 

so-called effective surface energy of the nucleus. Γ𝑖 consists of the surface energy of the side facet 

completely surrounded by the liquid (𝛾𝑆𝐿); the surface energy of the Ga droplet with a contact 

angle 𝛽 (𝛾𝐿𝑉); and the surface energy of the side facets of the i-th phase nucleus, which is in contact 

with the vapor at a fraction 𝜒 (𝛾𝑖). Let us consider nucleation of the phases at the triple phase line 

(TPL) and away from it. In the case of nucleation away from the TPL, 𝜒 = 0, and according to 

equation (3), Γ𝑖 takes the value 𝛾𝑆𝐿. The value of 𝛾𝑆𝐿 for the ZB and WZ phases is assumed to be 

the same43, and given that 𝜓𝑍𝐵 > 0, the nucleation of the WZ phase is favorable, as ∆𝐺∗
𝑍𝐵,𝐶 > ∆

𝐺∗
𝑊𝑍,𝐶. In the case of nucleation at the TPL, 𝜒 > 0, and the inequality of nucleation barriers at a 

given supersaturation is determined by Γ𝑖, which differs between the two phases only by the value 

of 𝛾𝑖. This is clearly seen when considering the critical supersaturation Δ𝜇𝑐, above which the 

condition ∆𝐺∗
𝑍𝐵,𝑇𝑃𝐿 < ∆𝐺∗

𝑊𝑍,𝑇𝑃𝐿 is fulfilled. By setting ∆𝐺∗
𝑍𝐵,𝑇𝑃𝐿 = ∆𝐺∗

𝑊𝑍,𝑇𝑃𝐿 and solving for Δ𝜇, 

we obtain:

Δ𝜇 > Δ𝜇𝑐 =
𝜓𝑍𝐵

1 ― (Γ𝑍𝐵/Γ𝑊𝑍)2                                              (4)

Thus, the nucleation of the ZB phase at the TPL is only possible under the condition that Γ𝑍𝐵 <

Γ𝑊𝑍, which is determined by the relation 𝛾𝑍𝐵 < 𝛾𝑊𝑍. For the nucleation of the ZB and WZ phases 

with planes (111) and (0001), respectively, the condition 𝛾𝑍𝐵 ≥ 𝛾𝑊𝑍 is satisfied for any side facet 

of the nucleus61, thereby promoting the formation of the WZ (0001) phase. In this study, however, 

we observe the experimental formation of ZB and WZ phases with planes (111) and (10-10), 

respectively, indicating that the surface energy relationship for certain side facets, and 

consequently the nucleation barriers, may shift. For WZ GaN, the surface energies of non-polar 

planes such as (10-10) and (11-20) are well established62–66. However, determining the absolute 
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surface energy for polar planes remains a fundamental challenge, with different approaches 

yielding varying values of surface energy. Data on the surface energy of the ZB phase are lacking, 

but in the nearest-neighbor approximation, the ZB {110} and WZ {11-20} planes have the same 

surface energy43,61, so we consider the {110} plane as the side facet of the ZB (111) phase nucleus. 

The side facets of the WZ (10-10) phase nucleus may include planes {0001} and {11-20}. 

Comparing the surface energies of the {110} and {11-20} side facets of the ZB and WZ phases, 

the values 𝛾{110} and 𝛾{1120} are equal, making the formation of the WZ phase more favorable. In 

the case of the side facets {110} and {0001}, in a variety of separate studies on the calculation of 

GaN surface energies63–65, under conditions not enriched in Ga, the values of 𝛾{110} is significantly 

lower than 𝛾{0001} (for example: 𝛾{110} = 106 𝑚𝑒𝑉/Å2 < 𝛾{0001} = 169.5 𝑚𝑒𝑉/Å2). Therefore, at 

least for some facets, the nucleation of the ZB phase at the TPL is possible, whereas nucleation of the WZ phase away from the TPL is clearly 

more favorable.

Let us perform a quantitative calculation of the probability of nucleation for the ZB (111) 

and WZ (10-10) phases at the TPL and away from it, respectively. Following the notations of 

Dubrovskii31, the probability of forming the ZB phase 𝑝𝑍𝐵 can be expressed as follows:

𝑝𝑍𝐵 =
𝑃𝑍𝐵/𝑃𝑊𝑍

1 + 𝑃𝑍𝐵/𝑃𝑊𝑍

where 𝑃𝑍𝐵/𝑃𝑊𝑍 represents the ratio of the nucleation rates of the ZB and WZ phases, which can 

be written as:

𝑃𝑍𝐵

𝑃𝑊𝑍

=
2𝑟𝑍𝐵

𝑐
𝑅 exp

∆𝐺∗
𝑊𝑍,𝐶 ― ∆𝐺∗

𝑍𝐵,𝑇𝑃𝐿

𝑘𝐵𝑇                                             (5)

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature of the growth surface, 𝑅 is the droplet 

radius, and the factor preceding the exponent 𝑟𝑍𝐵
𝑐  is written as: 𝑟𝑍𝐵

𝑐 =
𝑐1

2𝑐2
Ω𝑠

Γ2
𝑍𝐵

Δ𝜇 𝜓𝑍𝐵
 . In equation 

(5), the asymptotic dependence of the phase formation rate ratio on the droplet radius is considered. 
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When 𝑅 ≫ 𝑟𝑍𝐵
𝑐  , the WZ phase predominantly forms regardless of the growth conditions, as the 

TPL perimeter depends linearly on 𝑅, while the area away from the TPL depends quadratically on 

𝑅.

The probabilities of phase formation are directly related to the supersaturation, the 

determination of which, in the case of ammonia as a nitrogen source, is a challenging task. 

Therefore, for the calculations, we use a dimensionless chemical potential of the liquid in units of 

𝜓𝑍𝐵, 𝑓 = Δ𝜇/𝜓𝑍𝐵 and 𝑓𝑐 = Δ𝜇𝑐/𝜓𝑍𝐵. As a result, the formula for the phase nucleation rate ratio 

of ZB and WZ is as follows:

𝑃𝑍𝐵

𝑃𝑊𝑍
=

2𝑅𝑠

𝑅
1 ― 1/𝑓𝑐

𝑓 ― 1 exp (𝑈∗
1/𝑓𝑐 ― 1/𝑓

𝑓 ― 1 )

here 𝑅𝑠 and 𝑈∗ are parameters and are written in the form 𝑅𝑠 =
𝑐1

2𝑐2

Ω𝑠𝛾𝑆𝐿

𝜓𝑍𝐵
 and 𝑈∗ = 𝑐2

1
4𝑐2

Ω𝑠ℎ
𝑘𝐵𝑇

γ2
𝑆𝐿

𝜓𝑍𝐵
. Let 

us consider the parameters used for further calculations of the nucleation probabilities of the ZB 

(111) and WZ (10-10) phases. The shape of the nuclei was approximated as triangular, which leads 

to the geometric constants 𝑐1 = 3 and 𝑐2 = 3/4, and the value 𝜒 = 1/3. The droplet radius was 

chosen based on the average radius of the formed nanocrystals, according to atomic force 

microscopy data67. The wetting angle of the Ga droplet was set to 𝛽 = π/2. For the calculation, 

the value of 𝛾𝑍𝐵 was selected to match that of the unreconstructed, relaxed (11-20) surface. The 

surface energy values of the side facets of the WZ (10-10) phase, surrounded by liquid Ga, are 

practically unavailable; thus, 𝛾𝑆𝐿 was adjusted to reflect the simultaneous observation of both ZB 

and WZ phases. The calculations were performed as a function of the dimensionless chemical 

potential 𝑓 in the range from 0 to 15, which approximately corresponds to a range of 0 to 300 

meV/pair and is typical for MBE33,43. The table of parameters used for the calculation is presented 

below. 

Table 1
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𝑐1 𝑐2

Ω𝑠

(𝑛𝑚3)

ℎ

(𝑛𝑚)
𝜒  𝛽

𝜓𝑍𝐵

(𝑚𝑒𝑉/𝑝𝑎𝑖𝑟)

𝛾𝐿𝑉

(𝑚𝑒𝑉/Å2)

𝛾𝑍𝐵 (𝑚𝑒𝑉/
Å2)

3 3/4 0.0233 0.256 1/3 π/2 19.8 42.5 112
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Figure 8. (a) The probability of nucleation for the ZB phase (purple curve) and the WZ phase (red curve) 

as a function of the dimensionless chemical potential for 𝑓𝑐 = 7, 9 and 11, corresponding to the solid, 

dashed and dotted lines, respectively. (b) The probability of ZB phase nucleation as a function of droplet 

radius for 𝑓𝑐 = 9 at a dimensionless chemical potential ranging from 8 to 13. (c) The probability of ZB 

phase nucleation as a function of droplet radius for 𝑓𝑐 = 9 at a dimensionless chemical potential 𝑓 = 9, 10 

and 11 for temperatures of 525 °C (solid purple line) and 625 °C (red triangles).

The probabilities of ZB (111) phase nucleation at the TPL and WZ (10-10) phase 

nucleation away from the TPL for various 𝑓𝑐 values are shown in Figure 8a. For given 𝑓𝑐 values 

selected based on the 𝛾𝑆𝐿 values, the probabilities of ZB and WZ phase formation in the chosen 

supersaturation range vary from 0 to 1. At the lowest value, 𝑓𝑐 = 7 and for 𝑓 = 10, the ZB phase 

formation dominates. At the highest value, 𝑓𝑐 = 11 and for 𝑓 = 10, the WZ phase formation 

prevails. The 𝛾𝑆𝐿 values in this case range from approximately 80 to 90 meV/Å², which is close to 

the theoretical values for the (0001) surface under Ga-rich conditions with bilayer formation63,64. 

In the experiment, transmission diffraction is observed for both phases, making 𝑓𝑐 = 9 the most 

suitable for describing the experimental data, where at 𝑓 = 10 the probabilities of ZB and WZ 

phase formation are approximately equal, and both phases are formed. For 𝑓𝑐 = 9, the probability 

of ZB phase nucleation as a function of droplet radius was calculated for 𝑓 ranging from 8 to 13, 

as shown in Figure 8b. At low 𝑓, the probability of ZB nucleation shows a sharp dependence on 

𝑅, decreasing from 90% at 𝑅 = 5 nm to almost zero at 𝑅 =  40 nm. At high 𝑓, even at 𝑅 = 100 

nm, ZB phase formation predominates with a nucleation probability of about 80%. In 

consideration of the occurrence of the ZB and WZ phases within the observed temperature range, 

the probability of phase nucleation was calculated as a function of droplet radius at 𝑓𝑐 = 9 for 

different 𝑓 values (see Figure 8c). As demonstrated in the figure, the probability of phase formation 

even at temperatures 525 and 625 °C is approximately equal for droplets with radius ranging from 

0 to 100 nm. This calculation is in agreement with experimental observations of the formation of 

different phases in the closer temperature range of 575 to 625 °C.
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The dependence of the phase nucleation probability on supersaturation and droplet radius 

determines the possibility of controlled formation of a certain crystal phase in the NC volume. 

Although there is no data on the dependence of supersaturation on ammonia pressure, 

qualitatively, an increase in nitrogen concentration in the droplet, resulting from ammonia pressure 

increase, leads to a supersaturation increase and vice versa. This indicates that, at a given 𝑅, by 

varying the ammonia pressure within a substantial range, the formation of NCs with purely WZ or 

ZB crystal phase can be accomplished. The strong dependence of the phase formation probability 

on 𝑅 at some supersaturation values suggests that a narrow droplet size distribution is necessary 

to avoid simultaneous formation of NCs with pure ZB and pure WZ structures.

The calculations clearly demonstrate the possibility of polytypism in GaN nanostructures, 

where the choice during VLS growth is reduced either to the formation of ZB (111) or WZ (10-

10) phases. The question then arises as to why the formation of the WZ phase with the (0001) 

plane, which is more energetically favorable than the ZB (111) and WZ (10-10) phases, is not 

observed? One possible explanation may be found in the polarity of GaN along the [0001] 

direction. Unlike ZB, the lower symmetry of the WZ structure results in a non-zero dipole moment 

perpendicular to the (0001) plane, leading to a macroscopic electric field68. Consequently, the 

surface energy of polar planes diverges, and the formation of such planes necessitates 

stabilization69–73. Stabilization involves altering the stoichiometry of the polar surface, which can 

be achieved through three mechanisms: surface reconstruction, surface passivation via adsorbates, 

and changes in the electronic structure of the surface68. From the perspective of stabilizing the 

polar surface during nucleation in the volume of a Ga droplet, it follows that the only stabilization 

mechanism is the alteration of the electronic structure due to the transfer of a portion of the electron 

density from the nitrogen plane to the gallium plane. In our case, the underlying polar layer is 

absent, and during the formation of a nucleus one monolayer thick, the transfer of electron density 

is suppressed due to screening by metallic Ga. As a result, instead of the WZ (0001) phase, either 
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the WZ (10-10) phase or the ZB (111) phase is formed, while a 6H polytype is generated at the 

WZ/ZB phase boundary.

V. CONCLUSIONS

Thus, this study demonstrates the phenomenon of polytypism in GaN NCs during their 

growth via the VLS method on the surface of van der Waals g-SiN structures. Three phases are 

simultaneously formed within the NC: ZB with the (111) plane, the 6H polytype, and WZ with the 

(10-10) plane. Polytypism during VLS growth, particularly in nitride nanostructures, is not 

expected to occur due to the relationship between the surface and cohesion energies of the WZ 

(0001) and ZB (111) structures. In our case, the formation of the WZ structure with the polar 

(0001) plane is apparently suppressed due to the absence of stabilization mechanisms for the polar 

surface, leading to a choice during nucleation in the Ga droplet that is limited to either ZB (111) 

or WZ (10-10). Considering the ZB (111) and WZ (10-10) phases, calculations based on classical 

nucleation theory indicate the possibility of simultaneous formation of these phases within the 

nanocrystals over a broad range of supersaturations. Given that the 6H polytype forms at the phase 

boundary between ZB and WZ, the calculations suggest the potential for controlled formation of 

nanocrystals with either a pure ZB (111) or WZ (10-10) structure.
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