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▪ Abstract 

We report on the selective area growth (SAG) of GaAs nanowires (NWs) by the catalyst-free vapor-

solid mechanism. Well-ordered GaAs NWs were grown on GaAs(111)B substrates patterned with 

a dielectric mask using hydride vapor phase epitaxy (HVPE). GaAs NWs were grown along the 

<111>B direction with perfect hexagonal shape when the holes opening diameter in SiNx or SiOx 

mask was varied from 80 nm to 340 nm. The impact of growth conditions and the hole size on the 

NW lengths and growth rates was investigated. A saturation of the NW lengths was observed at 

high partial pressures of As4, explained by the presence of As trimers on the (111)B surface at the 

NW top surface. By decreasing As4 partial pressure and decreasing the hole size, high aspect ratio 

NWs were obtained. The longest and thinnest NWs grew faster than a two-dimensional layer under 

the same conditions, which strongly suggests that surface diffusion of Ga adatoms from the NW 

sidewalls to their top contributes to the resulting axial growth rate. These findings were supported 
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by a dedicated model. The study highlights the capability of the HVPE process to grow high aspect 

ratio GaAs NW arrays with high selectivity. 

 

▪ Introduction  

Over the last decades, III-V semiconductor nanowires (NWs) have attracted much attention due to 

their unique physical properties and potential applications in nanoelectronics and optoelectronics. 

Amongst III-V semiconductors, GaAs has significant merits due to a direct band gap and high 

electron mobility, leading to excellent optical and electronic properties1. A wide range of GaAs 

NWs based devices have been built such as solar cells2,3, lasers4, photodetectors5, field-effect 

transistors6 and light emitting diodes7.  

Several methods have been developed to grow GaAs NWs with a high material quality. To date, 

the most common method is the vapor-liquid-solid (VLS) growth promoted by a metal catalyst 8,9. 

High quality GaAs NWs have been obtained by Au-assisted  molecular beam epitaxy (MBE)10 and 

metalorganic vapor phase epitaxy (MOVPE)11. However, the foreign Au catalyst can contaminate 

the NWs by introducing deep level recombination centers, which significantly degrades the 

electrical and optical properties of GaAs material12,13. Consequently, much effort has been put on 

growing Au-free GaAs NWs in the self-catalyzed VLS approach, in which the Au catalyst is 

replaced by Ga14–17. The random arrangement and size of the NW growth seeds on unpatterned 

substrates lead to inhomogeneity of the NW ensembles in terms of their diameter, length, position 

and growth direction. This randomness induces inhomogeneities of the electronic and optical 

properties, making the fabrication of devices very difficult. Selective area growth (SAG), which 

implements the NW growth in lithographically defined openings in a dielectric mask layer, is a 

powerful solution to fabricate highly regular, large-scale NW arrays with improved properties18. In 

point of fact, SAG of GaAs NWs on Si(111) and GaAs(111)B substrates has been demonstrated 

by MBE19,20 and MOVPE21–24 techniques.  

Hydride vapor phase epitaxy (HVPE) is another process to grow III-V structures, from V-hydride 

and III-chloride gaseous precursors.  HVPE is known for its perfect intrinsic selectivity due to the 

low sticking coefficient of the III-chloride precursors on dielectric masks25. This technique has 

demonstrated exceptional results for the Au-assisted growth of ultra-thin (10 nm diameter), pure 
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zincblende (ZB) GaAs NWs with a record growth rate26. While SAG by HVPE has been 

successfully used to grow InAs NWs and III-nitride nanorods27–29, no such in-depth study of SAG 

of GaAs NW arrays has been achieved by this technique. Consequently, here we study the features 

of SAG of GaAs NWs using SiNx and SiOx patterned GaAs (111)B substrates by HVPE. We 

investigate the growth process and the NW morphology versus the deposition conditions and 

template geometry to reveal the steps and mechanisms involved in GaAs SAG by HVPE. Peculiar 

features are found depending on the As4 partial pressure: suppression of the axial growth of NWs 

at high As4 partial pressures, and efficient growth of high aspect ratio NWs at reduced As4 supply 

due to surface diffusion of Ga adatoms enhancing the axial NW growth rate above the two-

dimensional (2D) growth rate. A kinetic growth model is developed to explain and quantify these 

effects. Overall, this study demonstrates the feasibility and reveals the optimal growth conditions 

for uniform selective GaAs NWs with high aspect ratios by HVPE.  

 

▪ Experimental 

SAG of GaAs NWs was performed on (111)B-oriented GaAs substrates. A 35 nm thick SiNx layer, 

deposited by plasma-enhanced chemical vapor deposition and patterned by displacement Talbot 

lithography (DTL) into periodic hexagonal arrays of circular holes with a diameter of 340 nm and 

a pitch of 1 µm, was used as a mask. More details of DTL can be found in Ref.30. In some 

experiments, the substrate was patterned by electron beam lithography and the mask was changed 

to SiOx. In this case, the hole diameter was 80 nm and the pitch was varied between 1 µm and 2 

µm. Samples were loaded into a hot-wall HVPE reactor working at atmospheric pressure, with H2 

as a carrier gas. The reactor is divided into three zones, heated by a six-zone furnace. In the first 

zone, gaseous HCl reacted with a liquid Ga source at 760 °C to form the GaCl precursor. AsH3 gas 

was introduced in the downstream central zone, heated to a higher temperature to ensure 

homogeneous mixing of the gas phase. The hot temperature zone also reduces parasitic nucleation 

upstream of the substrate, since the growth reactions involving chloride molecules are exothermic. 

After introduction into the hot-wall reactor, AsH3 was totally decomposed into As4/As2 species 

with equilibrium concentrations. The substrate was placed in the downstream growth zone, which 

was kept at a lower temperature compared to the central zone. The substrate surface interacted with 

the vapor phase composed of GaCl, As4/As2, H2 and HCl species.  
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The partial pressures of GaCl, HCl, As4 and As2 above the substrate were calculated as a function 

of the input flows of AsH3, HCl (above the liquid Ga source) and H2, considering the kinetics of 

decomposition of AsH3 into As4 and As2, the thermodynamic equilibrium constants of the 

intermediate chemical reactions, and the temperature gradient along the reactor. The partial 

pressure of As4, noted PAs4, was varied from 3.0×10-4 atm to 1.0×10-3 atm, while the partial 

pressure of GaCl, noted PGaCl, was varied from 7.8×10-4 atm to 4.7×10-3 atm. The samples were 

heated to 742 °C for GaAs deposition in all cases. In order to compare the NW axial growth rate 

with the 2D growth rate, 2D GaAs layers were grown on unpatterned GaAs (111)B substrates in 

the same growth run. The atomic III/V ratios were calculated for each growth run as  

𝐼3

𝐼5
=

1

4

𝑃𝐺𝑎𝑐𝑙

𝑃𝐴𝑠4

,                                                                                                                              (1) 

Each As4 molecule brings four As atoms to the surface. Note that at our growth temperature the 

partial pressure of As4 is a hundred times larger than that of As2. 

The morphology of as-grown NWs was studied using a Carl Zeiss Supra scanning electron 

microscope (SEM) with an acceleration voltage of 3 kV. NWs length and diameter were deduced 

from the SEM images. The diameter for tapered NWs was measured at the top just below the 

tapered section. The crystal structure was studied using a FEI-TECNAI transmission electron 

microscope (TEM) with an acceleration voltage of 200 kV.  

 

▪ Results and discussion 

The effect of the growth time on the NW morphology was investigated with the aim of growing 

long NWs. In these growth experiments, the partial pressures PAs4 and PGaCl were fixed at 1.0×10−3 

atm and 1.6×10−3 atm, respectively, yielding a III/V ratio of 0.4. The opening diameter was 340 

nm and the pitch was 1 µm. The growth time was varied between 5 min and 20 min. Figure 1a 

shows the schematics of SAG on patterned SiNx/GaAs(111)B substrates. Figure 1b gives the 

measured evolution of the mean NW length and diameter given in Figure 1c-d .  
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Figure 1. a) Schematic representation of SAG of GaAs NWs on patterned SiNx/GaAs(111)B 

substrates by HVPE. b) Measured NW length and diameter as a function of the growth time, 

deduced from the tilted-view SEM images of GaAs NWs grown for different times: c) 5 min, d) 

10 min and e) 20 min. For a growth time of 1 min, no growth was observed. Lines in b) are guides 

for the eye.  

As expected, the growth is perfectly selective due to the low adsorption of chloride precursors on 

the mask. The NW growth kinetics exhibits the unusual non-linear behavior shown in Figure 1b. 

After 1 min of GaAs deposition, no NW growth above the mask surface was observed, revealing 

an incubation time required for nucleation of the NW seeds in the openings of SiNx layer and filling 

the openings with GaAs. The processes occurring in the incubation stage include nucleation of 

GaAs island, most probably at the edge of the pinhole, its lateral extension and further overgrowth 

until the NW emerges above the mask layer. For long GaAs NWs studied in this work, the 

incubation stage results in a delay of NW growth above the mask for a certain time, which equals 

1 min on average according to the data.  The SEM images reveal that the NWs reach their maximum 

length of about 550 nm after only 5 min of GaAs deposition. The NWs shown in Figure 1c are not 

perfectly faceted and exhibit a tapered morphology. After 10 min and 20 min of GaAs deposition, 

the NWs have uniform diameter from base to top, with typical hexagonal cross-section restricted 

by the {-110} side facets, and the (111)B facet on top31. The radial growth rate on the {-110} side 
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facets, which consist of Ga-As rows, is usually very low over a wide range of HVPE conditions 

because of the low adsorption of GaCl on the {-110} surface. Hence, the radial growth rate of our 

NWs remains low whatever the growth conditions. The absence of any NW elongation after 5 min 

is attributed to a growth suppression effect on the (111)B top surface of the GaAs NWs as discussed 

below.  

Two observations support the hypothesis of the NW growth suppression. First, HVPE growth is 

mainly governed by the adsorption-desorption kinetics of As and GaCl species and the 

dechlorination rate of the adsorbed AsGaCl species at a given surface32. The axial growth rate of 

NWs should equal at least the growth rate of a 2D layer under the same growth conditions (growth 

temperature and vapor phase composition), which is not the case here. Indeed, the measured 2D 

growth rate on the GaAs (111)B surface in these conditions is 305 nm/min, whereas the NWs axial 

growth rate before the growth suppression is only about 100 nm/min. In addition, no growth 

suppression effect on 2D GaAs (111)B surface is observed under the investigated experimental 

conditions. This shows that the growth suppression is indeed specific for SAG of GaAs NWs on 

patterned substrates.  

To elucidate the origin of the NW growth suppression, we grew GaAs NWs on patterned 

SiNx/GaAs(111)B substrates for 10 min at a fixed temperature of 742 °C under different partial 

pressures of PGaCl and PAs4. The opening diameter was 340 nm and the pitch was 1 µm, as in Figure 

1.  Figure 2a shows the effect of PGaCl variation at a constant PAs4 of 1.0×10−3 atm, while Figure 2b 

shows the effect of PAs4 variation at a constant PGaCl of 1.6×10−3 atm. According to Figure 2a, the 

NW diameter increases with PGaCl. This effect has already been observed for HVPE growth of 

GaAs stripes33, and is explained by an increase of Ga adatom concentration on the sidewall 

surfaces. Different radial growth rates of NWs lead to a change in the NW morphology. At low 

PGaCl, the top part of the NWs is tapered because the intrinsic growth rate of the (111)B facet is 

greater than the growth rate of the lateral facets. At high PGaCl, the opposite occurs, the top facet 

clearly appears resulting in untapered NW morphology. However, the PGaCl value does not have 

any significant influence on the NW length at PAs4=1.0×10−3 atm.  
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Figure 2. SAG GaAs NWs on patterned SiNx/GaAs(111)B substrates with 340 nm hole diameter, 

grown for 10 min.  a) NW length and diameter as a function of PGaCl at a fixed PAs4 of 1.0 x 10-3 

atm. Tilted-view SEM images of GaAs NWs grown at different PGaCl: b) 7.8×10-4 atm and c) 

4.7×10-3 atm. D) NW length and diameter as a function of PAs4 at a fixed PGaCl of  1.6×10-3 atm. 

Tilted-view SEM images of GaAs NWs grown at different PAs4: e) 3.0×10-4 atm and f) 1.0×10-3 

atm. The regimes yielding the maximum and minimum NW lengths and aspect ratios are 

highlighted in panels a) and d). Lines in a) and d) are guides for the eye. 

 

According to Figure 2d, the PAs4 value has a significant impact on the NW length, which strongly 

decreases for higher PAs4. The longest NWs grown at the lowest PAs4 of 3.0×10-4 atm are tapered at 

the top, as seen in Figure 2e, while the shortest NWs grown at the highest PAs4 of 1.0×10-3 atm are 

untapered. This should be associated with a higher axial growth rate of NWs grown at a lower PAs4 

and the absence of the growth suppression. The length of these NWs reaches 1262 nm after 10 min 

of growth, while the length of NWs grown at PAs4=1.0×10-3 atm is only 611 nm. These short NWs 

should have stopped elongating after 5 min of growth, as we saw earlier in Figure 1. After that, 

their tops have been modified by the radial growth to resume the untapered shape, as in Figure 1.  

These data clearly show the importance of the PAs4 value for obtaining long GaAs NWs in SAG by 

HVPE. Longer NWs can only be grown at low PAs4 yielding high III/V ratios according to Eq. (1). 

According to Refs. 31,34–39, the growth of the (111)B top facet of GaAs NWs can be suppressed by 

stable As trimers when the As flux onto the NWs is too high, which suppresses the axial NW 
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growth under very As-rich conditions. For NWs grown at the highest PAs4 of 1.0×10-3 atm (Figure 

2f), the NW length has saturated at an early stage and hence the top facets of these NWs are fully 

covered with As trimers. No further growth can occur on such surfaces40,41. For NWs grown at 

lower PAs4, the top (111)B facets can be passivated only partly by As trimers or be completely free 

of As trimers. The axial growth then occurs on the parts of (111)B surface free from As trimers, or 

on the whole top facet in the absence of As trimers. This effect will be elaborated further in the 

modeling section of this work. Overall, the passivation of (111)B top facets of our GaAs NWs by 

As trimers under the excessive As input is suggested to be the reason for the suppression of the 

NW axial growth far below the 2D level. A higher As input onto the top facets of SAG NWs on 

the patterned substrates compared to 2D layers on unpatterned substrates is expected to be due to 

additional As4 species desorbed from the inert mask and NW sidewalls. Therefore, the III/V ratios 

calculated from the partial pressures provide only the nominal values, while the actual ratio of 

atomic fluxes impinging on the NW tops may correspond to more As-rich growth conditions.  

It is interesting to note that the NWs grown at low PAs4 exhibit twelve side facets which belong to 

the two six-fold families equivalent to {-110} and {11-2}facets10,40–44, as shown in the insert of 

Figure 3a.  There are two possible explanations for such a faceting. The NWs may either nucleate 

with twelve facets initially and then keep this shape due to the equivalent growth rates on both 

types of facets, or they may nucleate with the energetically preferred six facets and the other facets 

appear in a later stage for kinetic reasons. If the NWs nucleate with twelve facets, the transition to 

a hexagonal shape restricted by six {-110} facets, as for NWs grown at higher PAs4, may occur by 

the elimination of the {11-2} facets. For wurtzite (WZ) GaAs NWs, the results of Ref.45 show that 

the strong binding site found in calculations for GaAs pairs on the {11-20} facets may facilitate 

nucleation on these sidewalls. Consequently, for NWs with both facet families coexisting, the {11-

20} facets may grow out and eventually disappear. Similar behavior may occur in GaAs NWs with 

predominantly zincblende (ZB) crystal phase, as in our case.  

The extreme growth regimes yielding the NWs shown in Figures 2e and f result in very different 

NW morphologies. The crystal structure of these NWs was characterized by TEM. The results are 

shown in Figure 3a for a representative NW grown at a low PAs4 of 3.0×10-4 atm, and in Figure 3b 

for a representative NW grown at a high PAs4 of 1.0×10-3 atm.  No significant difference in the 

crystal quality is observed between the two NWs. Both growth conditions yield GaAs NWs with a 
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high density of random stacking faults related to the ZB/WZ polytypism. This polytypism is 

commonly observed during growth of GaAs NWs along the <111B> direction46–51. The effect is 

attributed to a small difference in the internal formation energies of the two phases, which comes 

mainly from the electrostatic interaction between the third-nearest-neighbor atoms46–48.  

 

Figure 3. HR-TEM images of GaAs NWs grown on patterned SiNx/GaAs (111)B substrates with 

340 nm hole diameter at PAs4 of a) 3.0×10-4 atm and b) 1.0×10-3 atm. The shell present on the NWs 

is an oxide layer. The incident electron beam was along to <1-10>. The inset in panel (a) is a TEM 

image along the [111]B direction showing the twelve side facets.  

 

In order to confirm that the NW axial growth is not suppressed at low PAs4, we performed the SAG 

of GaAs NWs on patterned SiNx/GaAs (111)B substrates with 340 nm hole diameter using two 

different values of PAs4 of 3.0×10-4 atm and 4.2×10-4 atm for a longer time of 30 min. Figure 4 

shows the SEM images of these NWs. The NW axial growth was still suppressed at PAs4=4.2×10-

4 atm, where the NW length was almost the same as that after 10 min of growth (Figure 2d), but 

not suppressed at PAs4=3.0×10-4 atm. The NWs shown in Figure 4b exhibit a length of 6800 nm 

and an aspect ratio of more than 17. Thus, the average axial growth rate of these NWs was 227 

nm/min and is approaching, but still lower than the 2D growth rate on GaAs(111)B substrate of 

249 nm/min.  
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Figure 4. SEM images of GaAs NWs grown for 30 min on patterned SiNx/GaAs (111)B substrates 

with 340 nm hole diameter using PAs4 of a) 4.2×10-4 atm and b) 3.0×10-4 atm. The partial pressure 

PGaCl was 1.6×10-3 atm in both cases. 

 

The optimal growth conditions with the partial pressures PAs4=3.0 ×10-4 atm and PGaCl=1.6×10-3 

atm yielding the longest GaAs NWs on SiNx/GaAs (111)B substrates with 340 nm hole diameter 

shown in Figure 4b, were used for the SAG of GaAs NWs on a different substrate. The dielectric 

mask was changed to SiOx and the diameter of circular openings was reduced to 80 nm. Two 

different pitches of 1 µm and 2 µm were studied. The growth temperature was 742 °C, and the 

GaAs deposition time was 10 min. Figure 5 shows the SEM images of the NWs grown in arrays 

with different pitches. Perfect growth selectivity was observed, which is again explained by the 

negligible adsorption of the chloride precursors on the dielectric mask regardless of its chemical 

composition. Finally, the average axial growth rate of these NWs exceeded 550 nm/min, which is 

2.2 times larger than the 2D growth rate of 249 nm/min. The NW length reached 5640 nm after 

only 10 min of GaAs deposition. With the NW diameter of 144 nm, this yields a record aspect ratio 

of 39. This result is remarkable for catalyst-free SAG III-V NWs in general.  

Assuming that the axial NW growth is controlled by the Ga transport under As-rich conditions as 

discussed above, three different Ga fluxes should be considered52: (i) the impingement flux arriving 

onto the NW top directly from vapor, (ii) diffusion flux of Ga adatoms from the NW sidewalls to 

the top, and (iii) diffusion flux of Ga adatoms from the mask surface to the NW top52. The 

impingement flux (i) is identical for NWs and 2D layers because HVPE growth of GaAs is not 



11 
 

limited by the mass transfer. The diffusion flux from the mask (iii) should be absent due to the 

negligible adsorption of chloride precursors on the mask. Therefore, the only reason for the 

observed increase of the NW axial growth rate above the 2D level is the diffusion flux of Ga 

adatoms from the NW sidewalls (ii), which has never been considered in HVPE growth.  

 

 

Figure 5. Tilted-view SEM images of GaAs NWs grown for 10 min on patterned 

SiOx/GaAs(111)B substrates with 80 nm hole diameter and two different pitches of a) 2 µm and b) 

1 µm. The partial pressures of precursors were fixed at PGaCl=1.6×10-3 atm and PAs4=3.0×10-4 atm. 

 

▪ Growth model  

In growth modeling, we consider two effects which greatly influence the morphology of SAG 

GaAs NWs in the HVPE technique as discussed above. The model deals with the average values 

of the NW length and radius, neglecting statistical fluctuations and size distributions in the NW 

ensemble. First, we account for the axial growth suppression by As trimers under highly As-rich 

conditions at the NW top, which reduces the axial growth rate below the 2D level. Second, we 

introduce the possibility for surface diffusion of Ga adatoms from the NW sidewalls to the top, 

which can enhance the axial growth rate with respect to the 2D level. The model is illustrated in 

Figure 6a. Neglecting the radial growth in the first approximation by taking an average value for 

the NW radius 𝑅 throughout the growth run (𝑅 = (𝑅ℎ𝑜𝑙𝑒 + 𝑅𝑓) 2⁄ , where 𝑅ℎ𝑜𝑙𝑒 is the hole radius 
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and 𝑅𝑓 is the measured NW radius after growth), the total change of the NW volume with time 𝑡 

is presented as  

𝜋𝑅2 𝑑𝐿

𝑑𝑡
= [𝑣2𝐷

(111)𝐵𝜋𝑅2 + 𝑣2𝐷
𝑓

2𝜋𝑅Λ3]
𝑆

𝑆0
.                                                                             (2) 

Here, 𝐿 is the NW length above the mask surface, 𝑣2𝐷
(111)𝐵

 and 𝑣2𝐷
𝑓

 are the 2D growth rates on the 

top (111)B facet and on the NW sidewall facets, respectively, Λ3 is the Ga diffusion length on the 

NW sidewalls (labelled “3”) and 𝑆 𝑆0⁄  is the fraction of the top (111)B facet free from As trimers 

which suppress the axial NW growth. This fraction can equivalently be presented as 𝑆 𝑆0⁄ = 1 −

𝜃5, where 𝜃5 is the surface coverage of (111)B facet by As trimers (labelled “5”). The first bracket 

term describes the direct impingement and desorption of Ga atoms on the top facet, while the 

second bracket term gives the diffusion flux of Ga adatoms from the NW sidewalls to its top. From 

Eq. (2), the NW axial growth rate is given by      

𝑑𝐿

𝑑𝑡
= 𝑣2𝐷 (1 +

2𝜆3

𝑅
) (1 − 𝜃5),                                                                                              (3) 

with the effective diffusion length of Ga adatoms 𝜆3 = Λ3 𝑣2𝐷
𝑓

𝑣2𝐷
(111)𝐵⁄ , where we write 𝑣2𝐷 instead 

of 𝑣2𝐷
(111)𝐵

 for brevity. Clearly, the diffusion-induced contribution 2𝜆3 𝑅⁄  increases the NW growth 

rate above the 2D level, while the growth suppression effect on the NW top facet at 𝜃5 > 0 

decreases the NW growth rate below the 2D level. 

The coverage of the top NW facet by As trimers is modeled using the simplest form of the 

Kolmogorov model53  

𝜃5 = 1 − 𝑒−(𝑡−𝑡𝑖𝑛𝑐) 𝜏5⁄ .                                                                                                         (4) 

Here, 𝑡𝑖𝑛𝑐 = 1 min is the incubation time for NW growth above the mask surface as deduced from 

the growth experiments, and 𝜏5 is the characteristic time for forming As trimers on the top NW 

facet. Using this exponential dependence in Eq. (3) and integrating it with the initial condition 

𝐿(𝑡 = 𝑡𝑖𝑛𝑐) = 0, we obtain  

𝐿 = 𝑣2𝐷 (1 +
2𝜆3

𝑅
) 𝜏5[1 − 𝑒−(𝑡−𝑡𝑖𝑛𝑐) 𝜏5⁄ )].                                                                            (5) 

At (𝑡 − 𝑡𝑖𝑛𝑐) 𝜏5⁄ ≫ 1, corresponding to the full coverage of the top facet by As trimers (𝜃5 → 1), 

the NW length saturates to a constant:  

𝐿 → 𝑣2𝐷 (1 +
2𝜆3

𝑅
) 𝜏5.                                                                                                           (6) 
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On the other hand, at 𝜏5 → ∞, corresponding to the absence of any As trimers at the NW top under 

effectively As-poor conditions, the NW length increases linearly with time:  

𝐿 = 𝑣2𝐷 (1 +
2𝜆3

𝑅
) (𝑡 − 𝑡𝑖𝑛𝑐).                                                                                                (7) 

This is the usual law of NW elongation enhanced by surface diffusion above 𝑣2𝐷, as in Refs.52,54. 

The characteristic time of forming As trimers is expected to be shorter for lower III/V ratios 𝐼3 𝐼5⁄ , 

corresponding to more As-rich conditions. The III/V ratios deduced from the partial pressures of 

GaCl and As4 give only the nominal values above the substrate. The actual atomic III/V flux ratio 

on the NW top may be different. Nonetheless, lower 𝐼3 𝐼5⁄  ratios calculated from the partial pressure 

ratio should correspond to lower atomic III/V flux ratios at the NW top. The III/V balance on the 

NW top is also changed by the additional Ga adatoms diffusing from the NW sidewalls. It may be 

assumed that  

𝜏5 = 𝜏0
𝐼3

𝐼5
(1 +

2𝜆3

𝑅
),                                                                                                              (8) 

meaning that 𝜏5 is simply proportional to the effective atomic III/V ratio at the NW top (𝐼3 𝐼5⁄ )(1 +

2𝜆3 𝑅)⁄  which includes surface diffusion of Ga adatoms with a constant 𝜏0. The formation of As 

trimers should have a barrier character. Therefore, the linear dependence given by Eq. (8) is 

expected only in a certain range of effective atomic III/V ratio below a threshold value. Above the 

threshold, 𝜏5 should rapidly tend to infinity and the growth suppression effect disappears.  

Table 1 summarizes the partial pressures 𝑃𝐺𝑎𝑐𝑙 and 𝑃𝐴𝑠4
, the 𝐼3 𝐼5⁄  ratios given by Eq. (1), the hole 

diameters 𝐷ℎ𝑜𝑙𝑒  and pitches 𝑃 of the SAG templates, the GaAs deposition times 𝑡, the measured 

2D growth rates  on unpatterned GaAs(111)B substrates 𝑣2𝐷, the lengths 𝐿 and the average radii 𝑅 

of GaAs NWs used for modeling. The last two columns show the fitting parameters of the model 

𝜆3 and 𝜏5 for each datapoint. It is remarkable that the good fits to the data are obtained with the 

same diffusion length of Ga adatoms of 44 nm. This value is smaller than for GaAs NW growth by 

MBE at much lower temperatures (typically below 640 oC), where the reported values are in the 

range of several hundreds of nm52,54. On the other hand, this value is very close to 45 nm, reported 

for Ga diffusion length on the sidewalls of GaN NWs grown by MBE in a temperature range from 

770 oC to 810 oC55. The Ga diffusion length generally depends on the As pressure of III/V flux 

ratio, as discussed, for example, in Refs. 56–58. In our growth experiments, the partial pressures of 

group III and V precursors are varied over a limited range such that the 𝐼3 𝐼5⁄  ratio changes from 
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0.4 to 1.33. The actual ratio of Ga and As fluxes landing on the NWs may be affected by the 

desorbed growth species. In this limited range, a flux-independent diffusion length of Ga adatoms 

on the NW sidewalls is usually a good approximation, as noted, for example, in Ref. 55 for the Ga 

diffusion length on the sidewalls of self-induced GaN NWs. For NWs which have twelve side 

facets belonging to the {-110} and {11-2} families, the previous reports on the growth kinetics of 

ZB GaAs NWs10,52,54 revealed very similar Ga diffusion lengths on these surfaces. Therefore, using 

a constant Ga diffusion length of 44 nm for any III/V ratio does not contradict the previous findings 

and is supported by the fits. The deduced value of the diffusion length is very small. This allows 

us to safely neglect any pitch-dependent Ga diffusion from the mask, because all Ga adatoms which 

may have diffused from the mask to the NW sidewalls will re-evaporate before reaching the NW 

top.   

 

Table 1. Parameters of GaAs NWs grown in different SAG conditions. 

𝑃𝐺𝑎𝑐𝑙 

(10-3 atm) 

𝑃𝐴𝑠4
  

(10-3 atm) 

𝐼3 𝐼5⁄  𝐷ℎ𝑜𝑙𝑒 

(nm) 

𝑃  

(m) 

𝑡 

(min) 

𝐿 

(nm) 

𝑣2𝐷 

(nm/min) 

𝑅 

(nm) 

𝜆3 

(nm) 

𝜏5 

(min) 

1.6 1.0 0.40 340 1 5 521 304.5 174 44 1.26 

1.6 1.0 0.40 340 1 10 611 304.5 174 44 1.26 

1.6 1.0 0.40 340 1 20 580 304.5 174 44 1.26 

1.6 0.7 0.56 340 1 10 594 244.2 175 44 1.62 

1.6 0.4 0.95 340 1 10 965 248.5 186 44 2.78 

1.6 0.4 0.95 340 1 30 1041 248.5 186 44 2.78 

1.6 0.3 1.33 340 1 10 1262 247.2 181 44 3.47 

1.6 0.3 1.33 80 1 10 5575 247.2 60 44 ∞ 

1.6 0.3 1.33 80 2 10 5640 247.2 56 44 ∞ 

 

Figure 6b shows the fits obtained from Eq. (5) for the NW lengths with saturation at 𝐼3 𝐼5⁄ =0.4 

and 0.95. The fits are obtained with different 𝜏5. As expected, the fitting value of  𝜏5 increases for 

larger 𝐼3 𝐼5⁄ . Figure 6c shows the main result of the model. The GaAs NW lengths obtained in 10 

min growth experiments under different III/V ratios and in differently sized holes are compared to 

the 2D growth rates on unpatterned GaAs(111)B under the same growth conditions and fitted by 

Eq. (5) using different 𝜏5. It is seen that the model reproduces very well the data, including the 

axial growth suppression by As trimers at low effective III/V ratios and the axial growth increase 

above the 2D level due to surface diffusion of Ga adatoms to the top of the thinnest NWs. 
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According to Table 1, the longest and thinnest NWs grown in 80 nm diameter holes in a SiOx mask 

at the highest 𝐼3 𝐼5⁄  of 1.33 are modelled with 𝜏5 → ∞. The small radius of these NWs 

simultaneously circumvents the unwanted effect of As trimer accumulation at the NW top and 

increases the axial NW growth rate far above the 2D level by a more efficient surface diffusion of 

Ga adatoms. Finally, Figure 6d demonstrates the validity of our hypothesis on the linear scaling of 

the characteristic time 𝜏5 with (𝐼3 𝐼5⁄ )(1 + 2𝜆3 𝑅)⁄  in the range where the growth suppression 

effect is present.  

 

Figure 6. Illustration of the model in which the top (111)B NW facet is suppressed by As trimers 

with a time-dependent coverage 𝜃5(𝑡). The effective diffusion length of Ga adatoms on the NW 

sidewalls equals 𝜆3. b) Lengths of GaAs NWs versus time at two different V/III ratios of 0.4 and 

0.95 corresponding to the growth suppression by As trimers at the NW tops (symbols), fitted by 

the model with the parameters shown in the legend (lines). The dashed straight line corresponds to 

the 2D layer thickness on unpatterned GaAs (111)B substrate at 𝐼3 𝐼5⁄ = 0.4. c) Lengths of GaAs 

NWs after t=10 min, fitted by the model and compared to the 2D layer thickness. d) Linear increase 
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of the effective time 𝜏5 with the III/V input ratio. Dashed line shows a rapid increase of 𝜏5 for 

higher III/V input ratios. 

▪ Conclusions 

In conclusion, we demonstrated the SAG of GaAs NW arrays on GaAs(111)B substrates with 

excellent selectivity using the HVPE technique. The NW morphology was carefully investigated 

versus the growth conditions and template geometry. The TEM measurements confirmed the 

presence of stacking faults in NW structures. The growth study revealed the following insights into 

GaAs SAG. First, As-rich conditions are highly undesirable for SAG of GaAs NWs by HVPE due 

to the formation of As trimers which suppresses the axial NW growth. This effect was explained 

by As trimers forming on the top NW facet. Second, the highest aspect ratio GaAs NWs were 

obtained under reduced As pressures and using small 80 nm diameter holes. The optimal growth 

conditions for growing long NWs were promoted by surface diffusion of Ga adatoms from the NW 

sidewalls to the top. The effective diffusion length of Ga adatoms on the NW sidewalls was 

estimated at 44 nm at a growth temperature of 742 oC and resulted in an increase of the NW growth 

rate compared to the 2D growth rate by a factor of 2.2. The longest GaAs NWs reached a length of 

about 5600 nm within 10 min, resulting in a NW with an aspect ratio of about 50. Overall, SAG of 

GaAs NWs by HVPE provides a new platform for fabrication of NW arrays with record high aspect 

ratios, with the potential to be transferable to other III-V materials.  
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Synopsis 

The growth of GaAs nanowires (NWs) on patterned SiNx/GaAs(111)B substrate by hydride vapor  

phase epitaxy (HVPE) is demonstrated. A model was developed to describe the saturation of the 

NW lengths at high partial pressures of As4, explained by the presence of As trimers. By decreasing  

As4 partial pressure and hole size, high aspect ratio NWs were obtained. 


