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 A B S T R A C T

We investigated a molecular beam epitaxy growth of GaAs nanocrystals on 4H-SiC(0001) substrates covered 
by ultra-thin oxide layer. Two growth approaches were explored: direct heteroepitaxy and droplet epitaxy. 
Under the standard GaAs homoepitaxy conditions, direct heteroepitaxy on SiC resulted in low-density, poorly 
oriented GaAs nanocrystals, likely due to limited interaction between the GaAs and the underlying crystalline 
SiC surface. In contrast, droplet epitaxy enabled better control over the nanocrystal density and their vertical 
alignment. By optimizing the arsenization conditions and the oxide layer thickness, self-catalyzed GaAs 
nanocrystals oriented along the [111] direction were achieved. Their lateral size is about 100 nm and the 
height of 150–200 nm, depending on the initial Ga droplet size and crystallization parameters (temperature 
and As flux). These results highlight the potential of droplet epitaxy for the integration of vertically aligned 
III–V nanocrystals on SiC substrates, paving the way for future nanoscale photonic applications.
1. Introduction

Modern nanophotonics offers the opportunity to enhance light–
matter interaction and control the emission directivity at the nanoscale 
by manipulating the optically-induced Mie resonances in dielectric 
nanostructures with a high refractive index [1–3]. One of the ap-
plications of Mie resonators is the enhancement of exciton emission 
of monolayer transition metal dichalcogenides coupled with dielectric 
nano-antennas (DNAs) [4,5].

Dielectric resonators composed of high-refractive-index materials 
can be effectively integrated onto substrates with comparatively lower 
refractive indices, for instance, silicon dioxide (SiO2, n ≈ 1.6), silicon 
carbide (SiC, n ≈ 2.6), or sapphire (Al2O3, n ≈ 1.8). This configuration 
takes advantage of the strong refractive index contrast at the interface, 
which promotes efficient confinement of photonic modes within the 
resonator structure. This enhanced confinement not only minimizes 
optical losses but also contributes to improved overall performance 
and functionality of integrated photonic devices, making this approach 
more suitable for a wide range of integrated photonic applications [6,
7].

III–V semiconductor DNAs can be fabricated in the form of
nanocolumns or nanowires (NWs) [8,9], and such nanocrystals can be 
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implemented on different platforms due to an efficient elastic relaxation 
at the lateral free surface [10]. One of the extensively studied is 
a Si(111) substrate for the integration of III–V NW-based photonic 
devices with silicon-based electronics [11,12] since nanocrystals prefer-
ably grow along the [1 1 1] ([0 0 0 1]) crystallographic direction for cubic 
(hexagonal) crystals [8,13,14].

However, silicon while providing a compatible crystallographic 
template, is not a suitable substrate for the realization of III–V DNAs 
due to its high refractive index (Si, n ≈ 3.42) which closely matches 
that of typical III–V semiconductors (e.g., GaAs, n ≈ 3.3). To address 
this, lower-index substrates such as SiC(0001) and sapphire(0001) offer 
more favorable optical environments together with their C3𝑣 surface 
symmetry similar to Si(111). While, sapphire is a well-known template 
for an epitaxial growth of III-N semiconductors [15], SiC has a Si-phase 
surface, bringing the epitaxial growth on it similar to the growth on 
Si(111). There are only a few reports on the epitaxial growth of III–
V materials on SiC substrates. Previous studies have demonstrated the 
formation of AlGaAs and InGaN NWs on SiC/Si(111) templates [16,
17], as well as the growth of GaAs NWs on graphene/SiC hybrid 
substrates [18]. More recently, two-dimensional (2D) epitaxial growth 
of GaAs on SiC has been achieved using a thin AlAs interlayer [19].
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III–V nanocolumns and NWs are grown using an Au-catalyzed, 
catalyst-free, or self-assisted vapor–liquid–solid (VLS) approach in
molecular beam epitaxy (MBE) or chemical vapor deposition cham-
bers [12,20,21]. A common approach to achieve well-developed ver-
tical nanocrystals and minimize parasitic (polycrystalline) growth be-
tween them is to grow on a Si wafer covered by a thin silicon oxide 
layer (≈ 1 nm). In self-catalyzed or catalyst-free GaAs NW growth, Ga 
droplets or GaAs nanocrystals nucleate at oxide pinhole sites. These 
nucleation centers locally etch the oxide layer, thereby exposing the 
underlying single-crystal silicon substrate, facilitating vertical single-
crystal growth [22,23]. Therefore, growth conditions (growth temper-
ature and V/III ratio) and the oxide layer thickness are important to 
realize vertical nanocrystals [22,24].

A precise density, size, and position control of III–V nanocolumns 
can be achieved on patterned substrates by selective-area growth [12,
25–28]. However, the top-down approach relies on expensive instru-
mentation and a clean-room facility, demanding significant expertise 
and time. Although the density of nanocrystals and their size can 
be varied in wide ranges using the VLS approach, it is difficult to 
independently control these parameters, and the self-assembled ap-
proach results in random positions of NWs and their low uniformity of 
sizes [23,26]. Nevertheless, the formation of self-assembled GaAs ver-
tical NWs with controllable density and diameter on Si(111) substrate 
was demonstrated via a bottom-up approach [29,30]. This method 
integrates two sequential growth techniques: first GaAs nanocrystal 
seeds are self-assembled by the droplet epitaxy (DE) [31–33] and then 
regrown using VLS conditions to realize high aspect-ratio NWs.

In this study, we investigated the formation of GaAs vertically-
aligned nanocrystals on 4H-SiC(0001) with an ultra-thin oxide layer 
by the direct heteroepitaxy and the DE method in a MBE chamber. The 
heteroepitaxy resulted in low-density, poorly oriented GaAs nanocrys-
tals, which is in agreement with previously reported study [19]. The 
control of the arsenization conditions of the DE approach led to the 
partial formation of low-density vertically-aligned GaAs nanocrystals, 
the minimization of the oxide thickness by the chemical treatment 
resulted in their higher quantity.

2. Materials and methods

Pieces of about 1.5 × 1.5 cm were cut from 2-inch n-type 4H-
SiC(0001) wafers and cleaned in acetone and isopropanol to remove 
traces of dicing tape. The SiC pieces were then dried under nitrogen 
flux and stuck to the molybdenum sample holder using melted indium. 
The samples were loaded in the MBE chamber equipped with a Ga 
effusion cell and an arsenic valved cracker cell. The temperate of 
the cracker zone was set to produce As4 tetramer molecules. Ga flux 
rate refers to the homoepitaxy rate on GaAs(001) substrates, which is 
calibrated by the reflection high-energy electron diffraction (RHEED) 
intensity oscillation method [34,35]. Before loading the samples into 
the growth chamber, the sample holder was annealed at 200 ◦C in the 
intro chamber for more than 10 h to evaporate water. After loading 
in the growth chamber, the samples were annealed for 15 min at 
630 ◦C – our standard procedure to remove the rest of the water, 
clean the surface from the contamination, and evaporate the oxide 
layer from GaAs substrates. In contrast to annealing of GaAs wafer, 
which is conducted under As overpressure, the annealing of SiC samples 
was performed without As, with both the As valve and the As shutter 
closed. Under these conditions, the SiC oxide layer is not removed, 
as confirmed by RHEED. Effective oxide removal from SiC typically 
requires high-temperature annealing (≥ 1000 ◦C) [36–39], which is 
beyond the maximum temperature achievable with our sample heater. 
Using infrared pyrometer, the sample temperature T𝑠 was calibrated by 
the appearance of the surface reconstruction after oxide removal on the 
GaAs(001) substrate at ≈ 580 ◦C [40], monitored by the RHEED tech-
nique. Then, T𝑠 was controlled by the thermocouple situated between 
the sample holder and the substrate heater.
2 
Fig. 1. Typical RHEED pattern of 4H-SiC(0001) template, showing vertical 
streaks from crystalline surface, horizontal Kikuchi lines from the crystal 
volume, and diffusive background from thin oxide layer.

After annealing, T𝑠 was decreased (see Table  1) for (i) the GaAs 
heteroepitaxy (HE sample series); (ii) the deposition of Ga in the 
absence of As (As4 beam equivalent pressure (BEP) measured by the 
ionization gauge was below 3 × 10−9 Torr) resulting in the formation 
of Ga droplets which then were crystallized in As atmosphere (DE 
sample series). We used 30 ◦C/min as the temperature slope rate 
of the thermocouple temperature, which approximately equals 21-
22 ◦C/min for the real temperature. For HE series, after reaching 
the growth temperatures (580 or 300 ◦C), we waited 1–2 min for 
the temperature stabilization before opening Ga and As cells. For DE 
series, after reaching 400–500 ◦C, we waited about 30–40 min to reach 
above-mentioned As pressure in the chamber. After Ga deposition, we 
immediately decreased the temperature to 250 ◦C and then removed 
the samples from the growth chamber in the case of samples DE1-DE3, 
or to the As crystallization temperature, and opened As shutter and As 
valve immediately when the temperature reached the value.

For the sample DE10-HF, the chemical treatment in HF solution (5% 
vol) for 1 min before loading into the MBE chamber was performed to 
decrease the thickness of the oxide layer. The detailed description of 
the growth conditions of the samples is present in Table  1.

The sample surface morphology was analyzed ex-situ by atomic 
force microscopy (AFM) and scanning electron microscopy (SEM). AFM 
topography images were analyzed in tapping mode using Nanosensors 
SSS-NCHR sharp silicon tips capable of a lateral resolution of about 
10 nm. Two SEM systems were used: JEOL JSM IT800(IS) and Raith 
eLINE. The accelerating voltage of JEOL SEM was set to 5 kV and 10 kV 
for Raith eLINE. Plane-view SEM images were acquired using the upper 
in-lens detector, while tilt-view (both with plane-view and cross-section 
stages) images were obtained with the secondary electron detector.

3. Results and discussion

3.1. RHEED of ultra-thin oxide layer on 4H-SiC(0001)

After loading the samples into the growth chamber, the surface 
morphology was monitored by the RHEED technique. While a bare SiC 
surface has different well-defined surface reconstructions [36–38], the 
presence of an ultra-thin oxide layer on top of the SiC in our samples 
confirmed by the simultaneous presence of the diffuse pattern, diffrac-
tion streaks from the SiC crystalline surface, and Kikuchi lines (see Fig. 
1). The Kikuchi lines further validate an excellent crystalline quality of 
the SiC wafers. Importantly, such a diffraction pattern remained stable 
during the growth of most samples, indicating a consistent surface 
morphology and low density of the GaAs nanocrystals.

Moreover, for the sample DE10-HF, chemically treated in a 5% 
HF solution, the diffraction pattern was the same, confirming that 
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Table 1
Descriptions of the sample growth conditions.
 Sample T𝑠 (◦C) Ga flux (ML/s) As4 BEP (×10−6 Torr) GaAs nominal thickness (nm) Density (×107 cm−2) % of vertically aligned NCs 
 HE1 580 0.23 1.2 117 3.3 0  
 HE2 580 0.23 2.9 117 3.4 0  
 HE3 580 0.23 4.8 117 1.2 0  
 HE4 580 0.23 11.3 117 0.7 0  
 HE5 300 0.2 11.3 102 – 0  
 Sample T𝐺𝑎

𝑠  (◦C) Ga flux (ML/s) Ga coverage (ML) T𝐴𝑠𝑠  (◦C) As4 BEP (×10−6 Torr) Density (×107 cm−2) % of vertically aligned NCs 
 DE1 500 0.01 2 – – 1.2 –  
 DE2 450 0.01 2 – – 6.0 –  
 DE3 400 0.01 2 – – 34.1 –  
 DE4 450 0.01 2 450 2.9 (1 h) 7.8 7.4  
 DE5 450 0.01 2 450 11.3 (10 min) 9.3 9.1  
 DE6 450 0.01 2 300 2.9 (10 min) 6.5 8.7  
 DE7 450 0.01 2 300 11.3 (10 min) 9.3 8.8  
 DE8 450 0.01 2 300 42.0 (10 min) 8.7 11.5  
 DE9 450 0.01 2 150 42.0 (10 min) 7.3 0  
 DE10-HF 450 0.01 2 300 11.3 (10 min) 18.9 19.6  
 DE11 450 0.01 8 450 2.9 (1 h) 12.1 –  
 DE12 450 0.07 8 450 2.9 (1 h) 56.3 –  
Fig. 2. Tilt-view SEM images of samples (a) HE2 (21.3 × 16 μm2, 70◦ tilted angle) and (b) HE4 (25.6 × 19.2 μm2, 60◦ tilted angle). (c) 12.8 × 9.6 μm2 plane-view 
SEM image of sample HE5 (the inset shows 10 × 10 μm2 AFM topography image of sample HE5), and (d) its RHEED pattern.
the oxide layer persisted after the treatment. While HF etching is a 
standard procedure in silicon technology for removing native oxides 
and achieving a hydrogen-terminated surface, it is ineffective at com-
pletely removing the last oxygen layer at the oxide/SiC interface of 
Si-phase 4H-SiC(0001). This results in a SiC surface with hydroxyl 
termination [41].

Therefore, the surface of our samples were covered with a thin 
oxide layer, which is essential for the fabrication of the low-density 
vertically-aligned III–V nanocrystals [22,23]. Due to the presence of 
such a RHEED pattern, the thickness of the oxide layer in both cases 
(with and without HF treatment) is few monolayers.

3.2. GaAs heteroepitaxy on oxide/SiC surface

In the initial series of growth experiments (HE series), GaAs was 
deposited at the standard growth temperature of about 580 ◦C typi-
cally used for the homoepitaxy on GaAs(001) or GaAs VLS growth on 
3 
Si(111). The V/III ratio was varied while maintaining a constant Ga 
flux of approximately 0.23 ML/s (here and below 1 ML is the site-
number density of the unreconstructed GaAs(001) surface, defined as 
6.26× 1014 atoms/cm2). The V/III ratio ranged from ≈ 1 (VLS regime) 
for sample HE1 to ≈ 10 (the standard value for the homoepitaxy 
on GaAs(001) substrates) for sample HE4. For the V/III ratio ≤ 4 
(samples HE1–3), no GaAs crystal growth was observed; instead, Ga 
droplets with distinguished hemispherical shape formed on the surface 
(see Fig.  2a). Increasing the As flux promoted the formation of GaAs 
nanocrystals, as seen in sample HE4 by the appearance of crystalline 
facets (Fig.  2b). This strong dependence of GaAs crystal formation 
on the As flux is attributed to the lower sticking coefficient of As4
tetramer molecules on the oxide/SiC surface compared to a bare Si 
surface [29]. As shown in Table  1, with an increasing V/III ratio, the 
density of GaAs nanocrystals slightly decreased in comparison with Ga 
droplets. It is expected that increasing As flux should lead to decreasing 
group III adatom migration length, and subsequently to increasing the 
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Fig. 3. 10 × 10 μm2 AFM topography images of samples (a) DE1 (500 ◦C); (b) DE2 (450 ◦C); and (c) DE3 (400 ◦C). An elongation of droplets and black horizontal 
lines are AFM artefacts due to the droplet’s large size and the fast scanning rate. (d) The height profile of a single droplet for sample DE1.
Fig. 4. Ga droplet density dependence on the substrate temperature on 4H-
SiC(0001). Orange triangles are data of Ga droplets on Si(111) taken from 
Ref. [29].

island seed density. However, when there is no nucleation of the liquid 
droplets, the density of crystalline islands decreases with continuous 
deposition of the epitaxial material due to the ripening effects [42].

As illustrated in Fig.  2b, the GaAs nanocrystals appear poorly ori-
ented and do not exhibit vertical alignment along the [1 1 1] direction 
as nanopillars typically do. However, their density is too low to allow 
for crystal orientation analysis using the RHEED technique, and thus, 
only the diffraction pattern from the oxide/SiC surface was monitored 
during the growth of samples HE1–4.

Our results are consistent with the previous study [19] where the 
direct deposition of GaAs on bare 4H-SiC at 600–650 ◦C leads to 
a formation of not-well oriented crystalline islands due to the large 
lattice mismatch between GaAs (𝑎GaAs  =  5.65 Å) and SiC (𝑎4H−SiC
=  3.07 Å) (Volmer-Weber growth mode). The difference in the mor-
phology (mainly, the nanocrystal density) of GaAs heteroepitaxy grown 
at similar conditions in our work and in Ref. [19] is related to differ-
ent adatom mobility on bare and oxidized SiC surface and different 
4 
amounts of GaAs deposited (100 nm nominal thickness in that work 
and 400 nm in Ref. [19]). With continued deposition of GaAs, the 
nanocrystals are expected to increase in size and eventually cover the 
entire surface.

To study the crystallographic orientation of GaAs nanocrystals on 
the oxide/SiC surface, additional sample HE5 with similar Ga and As 
fluxes as for sample HE4 was grown at T𝑠 of 300 ◦C to minimize 
Ga diffusion and nucleate higher density of GaAs nanocrystals. As 
can be seen from Fig.  2c, lower T𝑠 leads to full covering of the SiC 
surface by the GaAs nanocrystals. Moreover, the RHEED pattern from 
a polycrystalline vertical fibre texture with the [1 1 1] axis of the sample 
HE5, present in Fig.  2d, confirms the preferred orientation of GaAs 
nanocrystals along that direction, since the diffraction pattern remains 
unchanged during the sample rotation [43,44]. This denotes that GaAs 
nanocrystals weakly interact with SiC crystal through the oxide layer, 
since the growth of GaAs on 4H-SiC(0001) is anticipated along the 
[111] direction as in the case of Si(111) surface. Nevertheless, the same 
crystalline state of preferred growth orientations is expected for the 
low-density nanocrystals obtained during GaAs heteroepitaxy in our 
work.

3.3. Ga droplet nucleation on oxide/SiC surface

In the second series of samples (DE series), we investigated the 
formation of Ga droplets on the oxide/SiC surface and their subse-
quent crystallization under As4 flux. As previously noted, direct GaAs 
heteroepitaxy produces low-density GaAs nanocrystals with poorly con-
trollable density and morphology, which do not meet the objectives of 
this study. In contrast, the DE approach enables precise control over the 
density and size of III–V nanostructures by nucleating group III liquid 
droplets in the absence of a group V atmosphere [31–33].

Firstly, we studied the temperature density dependence of Ga
droplets. Fig.  3 shows AFM topography images of samples DE1, DE2, 
and DE3, where Ga droplets were deposited at 500, 450, and 400 ◦C, 
respectively. As previously mentioned, a higher temperature leads to 
a lower droplet density due to the longer migration length of Ga 
adatoms [29,30,32]. In Fig.  4, an Arrhenius plot of the Ga droplet 
density dependence reveals the Ga droplet nucleation activation energy 
ESiC𝑎  =  1.51 eV, consistent with a thermally activated process [45,46]. 
In comparison, the density dependence of Ga droplets nucleated on bare 
Si(111) at the same temperature range is present in Fig.  4, showing 
a lower value of the activation energy for Ga droplet nucleation 
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Fig. 5. (a) CZD of sample DE3 obtained from the Voronoi tessellation, fitted by GWD. (b), (c) 7.62 × 5.31 μm2 plane-view SEM images of samples DE11–12, 
respectively.
(0.73 eV [29]) also in the case of Si(001) surface (0.5 eV [47]). Since it 
is expected that the adatom diffusion energy is smaller on the oxidized 
surface [48,49], the larger nucleation activation energy on oxide/SiC 
surface is the result of higher activation energy for the nucleation of 
the critical cluster and/or larger critical cluster size [45,46,50,51]. 
The relatively high Ga droplet nucleation energy suggests that droplet 
density can be effectively tuned over a broad range by adjusting the 
deposition temperature.

The second parameter of the nucleation process is the critical nu-
cleus (cluster) size 𝑖 - the nucleus that becomes stable (and cannot 
decompose into adatoms) by absorbing one additional adatom [45,46,
50]. The critical size can be estimated directly from AFM images by the 
capture-zone distribution (CZD) approach without providing additional 
samples for the flux density dependence [50–53]. The capture zone 
(CZ) around each droplet (stable nucleus) is the area from which 
the adatoms are collected. CZs are determined as the cells of the 
Voronoi tessellation around each droplet, consisting of an area closer 
to that droplet than any other. The normalized CZD coincides with 
the generalized Wigner distribution (GWD) for the nearest-neighbor 
spacing distribution [50,52,53]: 𝑃𝛽 (𝑠) = 𝑎𝛽𝑠𝛽𝑒𝑥𝑝(−𝑏𝛽𝑠2), where 𝑠 is 
the normalized area of the CZs, 𝑎𝛽 and 𝑏𝛽 are the constants that 
guarantee normalization and unit mean conditions, respectively. The 
CZD approach gives access to monitor the diffusivity behavior during 
the nucleation process, since the fitting parameter 𝛽 depends on the 
critical nucleus size 𝑖 and the diffusion parameter 𝛾 (𝛾  =  1 or 2 for the 
2 or 1D diffusion behavior, respectively) as 𝛽 = 𝛾𝑖+𝛾 +1. Fig.  5a shows 
experimental normalized CZD taken from the Voronoi tessellation of 
15 × 15 μm2 AFM scan for sample DE3 fitted by GWD. 𝛽 equals 9.6 ± 0.4 
for sample DE3, 10.1 ± 1.3 for sample DE2 (estimated from 20 × 20 μm2

AFM scan), and 10.7 ± 2.1 for sample DE1 (estimated from 30 × 30 μm2

AFM scan). Considering 2D adatom diffusion behavior (𝛾 = 1) [50], 
the critical nucleus size equals 7–8 atoms. Such a large Ga critical 
nucleus size compared to 1–2 atoms on the GaAs surface [50,51,54,55] 
indicates weak interactions between the adatoms and the oxide/SiC 
surface.
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As mentioned above, the critical nucleus size can be estimated 
from the density dependence on the flux rate [50–53]. Therefore, to 
evaluate critical cluster size by the second approach, two samples DE11 
and DE12 were grown, where 8 ML Ga were deposited with the flux 
rate of 0.01 and 0.07 ML/s, respectively. For these two samples, the 
Ga droplets were then arsenized to crystallize them into the GaAs 
nanocrystals, avoiding problems related to the large droplet ripening. 
The morphology of samples DE11–12 are present in Fig.  5b, c. The 
density increased from 1.21 to 5.63 × 108 cm−2, resulting in the 
exponent 𝑝 of the density flux dependence (𝑁 ∝ 𝐹 𝑝) equals 0.79. The 
critical size can be estimated from the ratio: 𝑝 = 𝑖

𝑖+2  [50,52,53], leading 
to 𝑖  =  7.5, coinciding with the value calculated by the CZD approach.

Another key parameter of droplets is their wetting (contact) angle, 
which can affect morphology, composition of nanocrystals [24,56], as 
well as their crystalline phase, i.e. zinc blende or wurtzite [57,58]. 
The contact angle is governed by interfacial surface energies and is 
described by the relation: cos 𝜃𝑐 = 𝜎𝑆𝑉 −𝜎𝑆𝐿

𝜎𝐿𝑉
, where 𝜃𝑐 is the equilibrium 

contact angle, 𝜎𝑆𝑉 , 𝜎𝑆𝐿, and 𝜎𝐿𝑉  are the surface tensions of the 
solid-vapor interface, the solid–liquid interface, and the liquid-vapor 
interface, respectively [59].

We estimated the wetting angle of Ga droplets by analyzing AFM 
images of the samples DE1–3 (see Fig.  3d). The contact angle was 
calculated using the spherical cap geometry model, where sin 𝜃𝑐 =

ℎ⋅𝑑
ℎ2+ ( 𝑑2 )

2
. Here, ℎ represents the droplet height, and 𝑑 is the base 

diameter. All samples exhibited similar wetting angle with the mean 
values of 64.8 ± 2.2◦ for sample DE1, 66.6 ± 2.4◦ for sample DE2, and 
69.5 ± 3.2◦ for sample DE3.

The Ga droplet wetting angle on a pure Si(111) surface is about 
50◦ [24,60], similar to the one on GaAs(001), which does not exceed 
57◦ [61]. By changing an oxide layer thickness on top of the Si surface, 
the Ga droplet wetting angle varies due to the change of the surface 
energy [24]. The majority of self-catalyzed GaAs NWs on Si(111) grow 
vertically when the thickness of the oxide layer is about 1 nm [24]. At 
this thickness, under given growth parameters, the oxide is sufficiently 
thin to prevent the formation of multiple etching sites, which would 
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Fig. 6. 7.62 × 5.31 μm2 plane-view and tilt-view (in the insets, 77◦ tilted angle) SEM images of samples with GaAs nanocrystals after the crystallization step: (a) 
DE4 (inset - 3.27 × 2.28 μm2), (b) DE5 (inset - 2.61 × 1.82 μm2), (c) DE6 (inset - 3.61 × 2.52 μm2), (d) DE7 (inset - 5.1 × 3.59 μm2), (e) DE8 (inset - 4.44 × 3.1 μm2), 
and (f) DE9 (inset - 3.05 × 2.13 μm2). Vertically grown GaAs nanocrystals with a hexagonal base are highlighted by the red circles on plane-view SEM images. 
As values in (a)–(f) are the As4 BEP (×10−6 Torr).
otherwise lead to the 2D growth, but not so thick that Ga droplets are 
unable to effectively etch the oxide layer. If the oxide is too thick, GaAs 
NWs tend to crystallize in various ⟨1 1 1⟩ directions rather than growing 
vertically. At the optimal oxide thickness, the wetting angle of the Ga 
droplets is approximately 90◦ on oxide/Si(111), however, NWs growth 
remains achievable at slightly lower oxide thicknesses when the wetting 
angle exceeds 70–80◦ [24].

3.4. Arsenization of Ga droplets

The arsenization step in DE leads to crystallization of Ga liquid 
droplets and their transformation into the GaAs nanocrystals. Fig.  6 
shows SEM images of samples DE4–9 with Ga droplets crystallized 
varying the temperature 𝑇𝐴𝑠

𝑠  in the range of 150–450 ◦C and As flux 
(BEP of 2.9–42.0 × 10−6 Torr). The GaAs nanocrystal density of samples 
DE4–9 is similar from sample to sample and varies in the range of 
6.5–9.3 × 107 cm−2. Nanocrystal density is mainly set during the initial 
Ga droplet nucleation step and it is governed by the migration length 
of Ga adatoms, which depends strongly on temperature (see Fig.  4). 
Because the droplets in samples DE4–DE9 were nucleated at the same 
temperature and Ga flux, the small density differences between these 
samples are attributed instead to variations in oxide thickness, which 
also influence Ga adatom diffusion.

As can be seen in in-plane SEM images of Fig.  6, DE approach 
in comparison with the heteroepitaxy series leads to the formation 
of vertically-oriented nanocrystals. Such GaAs nanocrystals have dis-
tinct hexagonal shape (highlighted by red circles) due to their well-
oriented vertical facets. In tilted-view SEM images, they appear as small 
nanocolumns. Their typical dimensions are about 100 nm in diameter 
and 150—200 nm in height. These dimensions depend on the initial 
droplet size and on the crystallization parameters, namely temperature 
6 
and As flux, since higher temperature and lower As flux tend to promote 
droplet diameter enlargement during the crystallization process [62]. 
Their amount is roughly about 10% from the total number of GaAs 
nanocrystals for samples DE4–DE8, and only for sample DE9 there is no 
formation of vertically-aligned nanocrystals for which the arsenization 
were carried out at low 𝑇𝐴𝑠

𝑠  of 150 ◦C and high As flux. It means 
that the etching effectively happens during the crystallization step 
while As is supplied, and low arsenization temperature is insufficient 
for Ga droplets to etch the oxide layer and reach the crystal surface 
of SiC to initiate the crystallization along the [111] crystallographic 
direction. The same happens with all the droplets crystallized not in 
vertical direction in samples DE4–8. The thickness of the oxide layer 
varies between droplets, and the experimental conditions (primarily 
the substrate temperature) are insufficient to effectively etch the oxide 
underneath the all droplet nucleation sites during the crystallization 
process. Only droplets that nucleate near the deepest pinholes, where 
the oxide layer is thinner, achieve successful oxide etching under 
these parameters. This selectivity explains the significant variation 
observed in the lateral dimensions of GaAs nanocrystals, which corre-
lates directly with the arsenization conditions: higher temperatures and 
lower As fluxes enhance adatom mobility, leading to widening of the 
nanocrystals [14,32,63].

To validate the assumption, before loading to the MBE chamber, 
one sample (DE10-HF) was chemically treated in 5% HF solution to 
minimize the thickness of the oxide layer.

After loading the sample DE10-HF into the growth chamber, we 
monitored the same RHEED pattern as for the rest of the samples (see 
Fig.  1) suggesting the presence of the oxide layer. Ga droplet nucleation 
and arsenization conditions for sample DE10-HF were the same as for 
the sample DE7, where nanocolumn formation was observed. However, 
during the crystallization step of sample DE10-HF, we observed weak 
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Fig. 7. The RHEED pattern during the crystallization of the sample DE10-HF. 
Arrows indicate short horizontal streaks originating from well-oriented vertical 
facets of GaAs nanocrystals.

diffraction pattern from vertically-aligned nanocrystals (see Fig.  7) 
meaning that their density increased, and they have the same vertical 
facet orientation.

Fig.  8c–h shows SEM images of the sample DE10-HF. Both, the 
increased total density of GaAs nanocrystals (18.9 × 107 cm−2) and 
increased amount of vertically-aligned nanocrystals (about 20%) are 
related to decreased oxide layer thickness after the chemical treatment. 
Figs.  8e,f,g present magnified SEM images of nanocrystals with flat 
hexagonally shaped top surface. Their identical orientation correlates 
with monitored diffraction pattern and denoting that GaAs nanocrystals 
interact with crystalline SiC surface. A direct correlation between the 
preferred in-plane orientation of the hexagonal nanocrystals and the 
crystallographic orientation of the SiC substrate was not possible in the 
present study. Indeed, the RHEED patterns recorded from the vertical 
facets did not provide a sufficiently clear in-plane orientation finger-
print, and the SEM measurements were not referenced to the wafer 
primary flat. Nevertheless, the hexagonal morphology is consistent with 
faceting of a (111)-like zinc-blende crystal, for which the in-plane edges 
are expected to follow the usual ⟨1 1 0⟩-type and ⟨1 1 2⟩-type directions. 
The achieved density of vertically aligned GaAs nanocrystals enables 
further study of their integration as DNAs with 2D TMD layers and its 
optical properties.

4. Conclusions

In this work, we investigated the epitaxial growth of GaAs nanocrys-
tals on oxide-covered 4H-SiC surfaces using two distinct approaches: 
direct heteroepitaxy and droplet epitaxy. Our results show that conven-
tional heteroepitaxy on oxide/SiC under typical GaAs MBE conditions 
produces low-density, poorly oriented nanocrystals due to limited in-
teraction between GaAs and the underlying crystalline SiC. This led 
to weakly defined growth orientation and morphologies unsuitable for 
applications requiring vertically aligned nanostructures.

In contrast, the DE method enables precise control over nanocrystal 
density and vertical alignment. By optimizing arsenization conditions, 
we achieved self-catalyzed GaAs nanocrystals exhibiting well-defined 
vertical orientation. A critical parameter is the oxide layer thickness, 
which facilitates partial etching by Ga droplets and promotes nanowire 
growth along the [1 1 1] crystallographic direction.

Morphological analysis revealed a clear correlation between growth 
parameters, nucleation behavior, and resulting nanocrystal morphol-
ogy. The large critical nucleus size for Ga droplets on oxide/SiC surfaces 
indicates weak substrate interaction, while wetting angle measure-
ments suggest that the oxide thickness is close to the optimal value 
previously reported for the NW growth on Si(111).
7 
Fig. 8. (a) 7.62 × 5.31 μm2 plane-view and (b) 5.1 × 3.59 μm2 tilt-view (77◦
tilted angle) SEM images of sample DE7, same as in Fig.  6d. (c) 6.4 × 4.8 μm2, 
(e) 1.28 × 0.96 μm2, (f) 1.28 × 0.96 μm2 plane-view and (d) 1.28 × 0.96 μm2

tilt-view (65◦ tilted angle) SEM images of sample DE10-HF. Vertically grown 
GaAs nanocrystals with a hexagonal base are highlighted by the red circles. 
Image (e) is the magnified area in (c), highlighted by the green rectangle. The 
blue lines highlight one of the vertical facets of the GaAs nanocrystals with 
the hexagonal base. As values in (a) and (c) are the As4 BEP (×10−6 Torr). (g) 
and (h) are magnified plan-view and tilt-view SEM images of individual GaAs 
vertical nanoisland.
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