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1. Introduction

Free-standing III-V semiconductor nanowires (NW) are very 
attractive materials due to their unique physical properties 

Vapor-liquid-solid (VLS) growth is the mainstream method in realizing 
advanced semiconductor nanowires (NWs), as widely applied to many III-V 
compounds. It is exclusively explored also for antimony (Sb) compounds, 
such as the relevant GaAsSb-based NW materials, although morphological 
inhomogeneities, phase segregation, and limitations in the supersaturation 
due to Sb strongly inhibit their growth dynamics. Fundamental advances are 
now reported here via entirely catalyst-free GaAsSb NWs, where particularly 
the Sb-mediated effects on the NW growth dynamics and physical proper-
ties are investigated in this novel growth regime. Remarkably, depending on 
GaAsSb composition and nature of the growth surface, both surfactant and 
anti-surfactant action is found, as seen by transitions between growth acceler-
ation and deceleration characteristics. For threshold Sb-contents up to 3–4%, 
adatom diffusion lengths are increased ≈sevenfold compared to Sb-free GaAs 
NWs, evidencing the significant surfactant effect. Furthermore, microstructural 
analysis reveals unique Sb-mediated transitions in compositional structure, as 
well as substantial reduction in twin defect density, ≈tenfold over only small 
compositional range (1.5–6% Sb), exhibiting much larger dynamics as found in 
VLS-type GaAsSb NWs. The effect of such extended twin-free domains is cor-
roborated by ≈threefold increases in exciton lifetime (≈4.5 ns) due to enlarged 
electron-hole pair separation in these phase-pure NWs.
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and inherent 1D structure that enables 
effective monolithic integration onto lat-
tice mismatched substrates—such as 
silicon (Si)—with very small footprint. 
This has led to extensive research activi-
ties and developments of diverse III-V 
NW-based electronic, optoelectronic, and 
photonic device applications, including 
vertical gate-all-around transistors,[1,2] effi-
cient NW solar cells,[3–6] NW lasers[7–10] 
and light-emitting diodes,[11,12] as well as 
quantum light sources.[13–15]

Amongst the different III-V NW mate-
rials, the antimony (Sb) based ternaries, 
in particular GaAsSb NWs, are classified 
as important materials due to numerous 
interesting properties: GaAsSb offers wide 
tunable band gap over the near infrared 
and telecom spectral range (≈0.8–1.5 µm), 
high carrier mobility, and high optical 
absorption coefficient. Especially, the low 
hole effective mass of GaAsSb enables 
remarkably high hole mobility, which is 
attractive for high-speed optoelectronic 
applications, such as high-speed photode-
tectors[16–18] and laser diodes.[19] The con-

ductivity of intrinsic GaAsSb can be; however, also controlled 
from p-type (Sb-rich GaAsSb) towards n-type (As-rich GaAsSb) 
by tailoring alloy composition. Simple adjustment of composi-
tional parameters enables also engineering of band alignments 
of both type-I to type-II in purely GaAsSb-based heterojunc-
tions.[20] All this provides very unique scope for advanced device 
engineering using just a single material system, as has been 
exemplified in various GaAsSb-NW devices.[21,22]

To date, extensive work was performed on tuning the com-
position and resulting structural and electronic properties of 
GaAsSb-based NWs, using the conventional vapor-liquid-solid 
(VLS) growth method. In VLS growth, the presence of Sb was 
found to inhibit axial NW growth, while promoting radial 
growth with increasing Sb supply,[23–26] irrespective of the 
employed droplet catalyst (Au- or self-catalyst). This behavior 
was attributed to arise from the so-called Sb poisoning effect, 
which blocks Ga diffusion and results in consecutive reduction 
of group-V supersaturation in the droplet catalyst.[25] The incor-
poration of Sb has also remarkable effects on the crystal struc-
ture, leading to predominantly zinc-blende (ZB) crystal phase 
(with occasional twin-plane defects) in GaAsSb NWs, even 
under conditions where Sb-free GaAs NWs crystallize under 
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the wurtzite (WZ) phase.[27] Recent work also reckoned that 
twin-free ZB segments with extended lengths could be realized 
when increasing the Sb supply.[23,27]

Quite interestingly, entirely catalyst-free, vapor-solid (VS) 
growth of GaAsSb NWs—free of any droplet catalyst—was 
hardly explored so far. Only most recently, Ajay et al. developed 
selective area epitaxy (SAE) of GaAs(Sb) NWs on patterned 
Si(111) substrates, showing that the addition of small trace 
amount of Sb (1–2%) leads to surprising enhancements in the 
axial NW growth.[28] This contrasts the typical growth-limiting 
effect of Sb observed in VLS growth studies.[23–26] Despite these 
intriguing observations, no clear understanding of the obvious 
Sb self-surfactant effect on the growth dynamics could yet be 
obtained in catalyst-free GaAsSb NWs; for example, it remains 
fully unclear how the Sb self-surfactant effect scales with Sb-
supply (content), for example, if there is a threshold Sb-content 
required and whether the surfactant effect persists toward 
higher Sb-content. Moreover, there is no specific knowledge 
of the surface diffusion lengths of adatoms under the pres-
ence of Sb, and how increased Sb-content affects the structural 
and optical properties in such non-catalytic GaAsSb NWs, sug-
gesting that more comprehensive studies are needed.

Against this background, we systematically explore the Sb-
mediated morphological, microstructural, and optical proper-
ties of catalyst-free, VS-type GaAsSb NWs grown by selective 
area molecular beam epitaxy (MBE). By correlating NW mor-
phology and composition we clearly delineate regimes where 
Sb behaves as surfactant, enhancing adatom diffusion and 
axial growth, as well as regimes of anti-surfactant action. Fur-
thermore, by tracing the NW lengths with respect to growth 

time and identifying growth rate scaling characteristics, we 
are able to determine very high adatom diffusion lengths on 
the NW sidewalls of GaAsSb NWs compared to Sb-free GaAs 
NWs. Ultimately, structure-property relationships are identi-
fied by mapping the Sb-dependent evolution of microstructure, 
for example, lengths of defect-free ZB domains, in individual 
GaAsSb NWs and correlate them with the resulting exciton 
dynamics. Thereby, we obtain important insights into the Sb 
surfactant mediated influences on the structural- and optical 
properties of non-catalytic GaAsSb NWs. All NW samples are 
grown on SiO2-masked Si(111) substrates with lithographically 
defined mask openings (at given pitch), and subsequent char-
acterization of morphology, structure, and optical properties is 
carried out by various electron microscopy and state-of-the-art 
micro-photoluminescence methods. All details about growth 
and characterization are seen in the Experimental Section.

2. Results and Discussion

2.1. Sb- and Geometry Parameter-Dependent Morphological 
Properties

To show the Sb-dependent morphology evolution of the as-
grown GaAsSb NW arrays, exemplary scanning electron micros-
copy (SEM) images are shown in Figure  1a,b at 500  nm pitch 
and two SiO2 mask opening sizes (d0) of 20  nm and 70  nm, 
respectively. The growth time for these samples was 90  min, 
and growth temperature was 630°C. It is clearly seen that 
without Sb (GaAs NWs) only few and extremely short NWs were 
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Figure 1. SEM images of selective area epitaxial (SAE)-grown GaAsSb NW arrays with pitch 500 nm and SiO2 mask opening diameter (d0) of (a) 20 nm 
and (b) 70 nm, grown for 90 min under varying Sb-BEP from 0 (Sb-free GaAs, left) to 9 × 10−7 mbar (right), respectively. Images were taken at 45° and 
tilt corrected to display real lengths.
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produced, while extended crystallites appear as the major struc-
tures within the arrays. In contrast, addition of small amount 
of Sb flux, Sb-BEP (beam equivalent pressure) of 1 × 10−7 mbar, 
strikingly improves the NW growth yield and lengths com-
pared to Sb-free GaAs NWs, which are even further enhanced 
by increasing Sb-flux to intermediate Sb-BEP of 3 × 10−7 mbar. 
However, for higher Sb-BEP of 9 × 10−7 mbar, the growth yield 
and NW lengths significantly drop, resulting also in many short 
crystallites and clusters, similar to the Sb-free GaAs NWs.

To quantitatively describe the morphological evolution of 
each NW sample, d0 dependent NW lengths (L), diameters 
(D = 2R) and aspect ratios (A.R. = L/D) are plotted in Figure 2a 
for different Sb-BEPs, and compared with Sb-free GaAs NWs. 
For each sample, NW growth yields are also shown in Figure 2b. 
Note that extremely short crystallites and clusters were not con-
sidered in this analysis. In all GaAsSb NW samples, an inverse 
trend of NW length and diameter is observed which is charac-
teristic of the non-catalytic growth mode[28–31]; specifically, with 
decreasing d0 from 120 nm to 20 nm, the GaAsSb NWs show 
increasing length and decreasing diameter, yielding enhanced 
aspect ratio. These trends are most pronounced in NW-arrays 
with low to intermediate Sb-BEP, and only vaguely seen in the 
arrays with highest Sb-BEP due to the inhibited axial growth. 
The Sb-free GaAs NWs evidence, however, a somewhat dif-
ferent trend; first the expected rise in NW length (decrease in 
diameter) when tuning d0 from 120 nm towards smaller open-
ings, but this trend suddenly reverses for mask opening sizes 
smaller than ≈80  nm. This observation resembles previous 
findings in pure GaAs NWs, as was reported elsewhere.[32]

To obtain direct correlation between the very different NW 
growth behavior and the actual alloy composition, we per-
formed high-resolution X-ray diffraction (HRXRD) 2θ  − ω 
scans on the samples of standing NW arrays grown with 

different Sb-fluxes. The respective HRXRD data with GaAsSb 
peak reflections are shown in Figure 2c, along with the corre-
sponding Sb molar fraction plotted as a function of the applied 
Sb-flux in Figure 2d. As expected, the GaAsSb peak reflections 
shift to smaller 2θ angles with increasing Sb-flux, reflecting the 
increase in the in-plane lattice parameter due to increased Sb 
incorporation. By employing Vegard’s law and assuming that 
the epitaxial strain is fully relaxed in the NWs, we obtained Sb 
molar fractions that increase from ≈1.5% to ≈6% for Sb-BEP 
increasing from 1 × 10−7 mbar to 9 × 10−7 mbar. Interestingly, for 
low Sb-BEP the Sb-content rises monotonically with Sb-BEP, 
but this trend discontinues with less efficient Sb incorporation 
towards higher Sb-BEP (see guide to the eye). This saturation 
behavior is analogous to planar GaAsSb thin films, and can be 
understood by the peculiar surface segregation and incorpora-
tion dynamics of Sb. It is well known that due to its small sur-
face energy and large atomic radius, Sb tends to float on the 
growth surface, forming a dissociative Sb surface segregation 
layer.[33,34] In dynamic equilibrium, this Sb-rich surface layer 
promotes an As exchange reaction in existing Ga-Sb bonds 
and thereby inhibits incorporation of Sb atoms, especially for 
high critical Sb surface coverages.[34,35] The presence versus 
absence of such critical Sb segregation layer has intriguing con-
sequences for many aspects in growth, as well as structural and 
compositional properties as we show below.

Crucially, the growth dynamics such as axial growth rate and 
aspect ratio, also show discontinuous scaling behavior with 
alloy composition (Sb-content), and in fact are very different 
from previous growth studies on NWs. Consistently, all pre-
vious reports on Sb-containing III-V NWs noted that the addi-
tion of Sb suppresses axial growth in a rather continuous way, 
irrespective of the employed growth method.[24,25,36] In stark 
contrast, our results show that in the limit of small Sb-molar 
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Figure 2. Quantitative evolution of a) the average NW length, diameter, and aspect ratio and b) growth yield with respect to nominal SiO2 mask opening 
diameter at 500 nm pitch. c) Spectra with fit functions from HRXRD 2θ − ω scans on the as-grown NW arrays (Si (111) diffraction peaks are factorized) 
and d) the extracted Sb-molar fraction in the GaAsSb NWs as a function of Sb-BEP.
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fraction the axial growth is substantially increased, confirming 
the recently suspected Sb self-surfactant effect in non-catalytic 
GaAsSb NWs.[28] For example, as seen in Figure 2a, small Sb-
content of 1.5% yields already a ≈fivefold increase in aspect 
ratio compared to Sb-free GaAs NWs, while the enhancement 
in aspect ratio is even ≈tenfold for further increased Sb-content 
of 3.5%. This suggests that even minute amounts of Sb affect 
the growth dynamics substantially, and Sb-content up to ≈3–4% 
yields maximum growth enhancement under the given growth 
conditions. This allows us to accurately delineate the range of 
Sb molar fractions for achieving highest possible axial growth, 
as required for specific NW device applications. However, this 
trend discontinues for higher Sb-content; NW arrays with 
Sb-content of 6% result in much lowered aspect ratio that is 
nearly the same as for Sb-free NWs. It therefore appears that 
for higher Sb-content the growth dynamics start to approach 
the common Sb-limiting growth behavior, reported in lit-
erature.[24,25] This is quite interesting because it suggests that 
depending on the Sb supply, Sb can act both as a surfactant 
(enhancing growth, limit of small Sb-content ≈1.5–4%) and as 
an anti-surfactant (limiting growth, high Sb-content > 4–6%). 
This cross-over in surfactant action seems to be correlated with 
the transition in Sb-incorporation behavior discussed in the 
compositional data above in Figure  2d. Based on the widely 
accepted Sb surface segregation model, we suspect that for 
very low Sb supply the adatom coverage of Sb residing on the 
growth surface is so low (sub-critical coverage) that the surface 
mimics an As-rich surface reconstruction,[37] favoring increased 
adatom diffusion. In contrast, for larger Sb supply a transition 
to a Sb-rich surface reconstruction with significant Sb surface 
coverage can be anticipated, based on observations in planar 
layers.[34,35,37] Under such Sb-enriched surface, both As and Ga 
adatoms rapidly exchange their overlayer site for a sub-surface 
site, which strongly inhibits their adatom diffusion,[38] limiting 
axial growth. Below, we illustrate the effects of Sb-mediated 
adatom diffusion behavior in a more comprehensive way.

Although directing our observations, in the following, 
mainly to the limit of small Sb-content, we wish to point out 
that—in general—NWs with high axial growth rate (aspect 
ratio) at further increased Sb-content, much beyond 6%, should 
be feasible by adjusting growth conditions. Such optimization 
was recently demonstrated in SAE-growth of mixed III-V-V ter-
nary NWs (e.g., VS-type InAsSb NWs) performed under similar 
MBE conditions.[36] Herein, not only tuning of growth tempera-
ture and V/III ratio (growth rate), but also extending interwire 
separation to large pitch were found to effectively increase both 
Sb-content and aspect ratio due to reduced competition for Sb 
adatoms in sparse NW arrays. Similar effects are also observed 
in the present GaAsSb NWs, where a considerable influence of 
pitch (Figures S1 and S2, Supporting Information) and growth 
temperature (Figure S3, Supporting Information) on Sb incor-
poration and aspect ratio of GaAsSb NWs are found.

2.2. Effect of Sb on Nanowire Growth Dynamics

To further illustrate the anticipated Sb self-surfactant behavior 
in the limit of low Sb-content, we present in the following a 
description of the surface diffusion enhancements based on a 

growth time series performed on GaAsSb NWs. Here, we com-
pare the axial growth dynamics of GaAsSb NW arrays grown 
at fixed Sb-BEP of 3 × 10−7  mbar (Sb-content of ≈3.5%) with 
Sb-free GaAs NWs, when grown for different growth times 
(tgrowth) ranging from 15 min up to 150 min. Figure 3a,b shows 
exemplary SEM images of GaAsSb NWs (tgrowth  = 15, 90 and 
150 min) and Sb-free GaAs NWs (tgrowth = 15, 90 and 120 min), 
for the same geometrical parameters (p  = 500  nm and d0  = 
70  nm), respectively. A first striking observation is that the 
GaAsSb NWs keep growing axially until tgrowth = 150 min (and 
probably beyond), resulting in surprisingly high aspect ratio, 
while the axial growth of Sb-free GaAs NWs saturates already 
well before tgrowth = 120 min, highlighting the strong effects of 
Sb on the axial growth of GaAsSb NWs.

For more quantitative analysis of the growth dynamics, we 
plot in Figure 3c the evolution of the average axial growth rates 
(RL = L/tgrowth, red-line) and radial growth rates (RR = R/tgrowth, 
blue-line) of each NW sample as a function of growth time. 
Overall, both GaAs and GaAsSb NWs exhibit similar trends; 
during the incipient phase of the growth (tgrowth  ≈15  min) it 
is clearly seen that growth occurs predominantly in the radial 
direction, leading to low aspect ratios, since the catalyst-free 
vapor-solid growth mode is initially dominated by surface diffu-
sion of Ga adatoms on the SiO2-masked Si (111) substrate.[39–41] 
For longer growth times (tgrowth  = 60  min and beyond), the 
radial growth saturates rapidly and the axial growth becomes 
dominant. This is expected since more adatoms can impinge 
on the NW sidewall surfaces, thus contributing to surface dif-
fusion and axial growth.[39–41] Under such impingement domi-
nated growth, where all surface diffusing species, that is, Ga 
adatoms, reach the NW tip, one expects a highly non-linear 
axial growth rate with time,[41] since the impingement rate 
scales with the increasing capture area of the growing side-
wall surfaces. Indeed, as shown in Figure  3c, such non-linear 
enhancement in axial growth rate is observed for longer growth 
times. Finally, as NWs grow even longer, that is, longer than 
the surface diffusion length of the Ga adatoms, the axial growth 
rate starts to saturate, transforming to a sidewall diffusion lim-
ited growth regime.[39–41]

Most importantly, from the direct comparison of GaAsSb and 
Sb-free GaAs NW arrays (Figure  3c), we find that the GaAsSb 
NWs exhibit a highly accelerated, non-linear increase in axial 
growth rate up to a maximum of ≈30 nm min−1 until tgrowth = 
120 min, beyond which the rate tends to level off, marking the 
transition to sidewall diffusion-limited growth. Similarly, the 
axial growth rate of the GaAs reference NWs increases also 
non-linearly, but only up to a maximum of ≈6  nm min−1, and 
the transition to diffusion-limited growth sets in much earlier 
(tgrowth  = 90  min). Based on these observations we can esti-
mate the diffusion length of Ga adatoms by the cross-over from 
impingement dominated, non-linear growth to saturated, steady-
state growth. We find the Ga adatom diffusion length on the 
GaAsSb NWs under the given conditions to be ≈3600 nm, that 
is, nearly 7 times longer than the estimated diffusion length of 
only ≈540 nm in Sb-free GaAs NWs. This strong enhancement 
in Ga surface diffusion length clearly verifies the anticipated Sb 
surfactant effect in the limit of small Sb molar fractions.

The strong surface diffusion enhancement in the presence 
of Sb is also displayed in Figure 3d, by plotting the axial growth 
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rate as a function of sidewall surface area (A) in log-log scale 
normalized to the top-facet surface area (Af) at the given growth 
time. In this representation, we can also confirm that growth of 
GaAsSb NWs is governed for most parts by direct impingement 
and subsequent diffusion, where the growth rate is expected 
to scale linearly with increasing sidewall surface area. Indeed, 
the non-linear evolution of RL with respect to tgrowth (Figure 3c) 
translates very well to a linear relationship of RL over A/Af 
(Figure  3d) for extended growth time (tgrowth  = 60–120  min), 
and levels off for longest growth time as the NW exceeds 
the diffusion length. The inset in Figure  3d shows step axial 
growth rates of the GaAsSb NWs in each growth time inter-
vals (ΔRL = ΔL/Δtgrowth) between 60 min, 90 min and 120 min, 
allowing for more precise estimation of the respective growth 
rates at each growth time step. The linear relationship in log-log 
plot confirms that in this growth time range the axial growth of 
GaAsSb NWs is not diffusion-limited at all. Instead, growth is 
clearly governed by direct impingement and sufficient sidewall 
diffusion of Ga adatoms to the NW tip due to the enhanced dif-
fusion length. Likewise, similar trends in RL versus A/Af can 
also be inferred from the Sb-free GaAs NWs, but transition to 
diffusion-limited growth occurs at substantially reduced side-
wall surface area (growth time). To microscopically explain the 
strongly enhanced surface diffusion, we can only speculate at 
the moment about the origins of such peculiar Sb action, by 

referring to knowledge based on planar layers. We suggest that 
the surface energetics must be clearly modified, for example, by 
alterations in the usual As-rich surface reconstruction via dif-
ferent Sb surface atomic densities, which influence surface dif-
fusion.[33–35,37,38] Further experiments, such as desorption mass 
spectrometry highlighting sub-critical Sb surface coverages, as 
well as analysis of Sb-mediated surface structure via scanning 
tunneling microscopy and X-ray photoemission studies, along 
with atomistic modelling will be necessary for fully complete 
understanding.

2.3. Sb-Mediated Microstructural Properties

To characterize the Sb-dependent microstructural properties of 
individual NWs, high-resolution (HR) HAADF-STEM (high-
angular annular dark field – scanning transmission electron 
microscopy) was conducted on the three SAE-grown GaAsSb 
NW samples with varying Sb-BEP. Hereby, NWs were trans-
ferred from identical SAE fields (p = 500 nm and d0 = 70 nm)  
onto carbon-coated copper grids, to allow for best possible 
comparison. Representative HAADF-STEM micrographs 
as recorded from a central section of the NWs are shown in 
Figure  4a–c for GaAsSb NWs grown with Sb-BEP of 1 × 10−7 
(1.5% Sb), 3 × 10−7 (3.5% Sb) and 9 × 10−7  mbar (6% Sb).  
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Figure 3. a) SEM images of as-grown GaAsSb NW arrays with a fixed Sb-BEP of 3 × 10−7 mbar and b) Sb-free GaAs counterpart with varying growth time 
(tgrowth) at p = 500 nm and d0 = 70 nm. Images were taken at 45° and tilt corrected to display real lengths. c) Evolution of average axial (RL, red-line) 
and radial growth rates (RR, blue-line) of GaAsSb NWs (top, green circles) and Sb-free GaAs NWs (bottom, black triangles) as a function of growth 
time (tgrowth). d) RL evolution of GaAsSb and GaAs NWs with respect to NW sidewall surface area in log-log scale normalized to the top-facet surface 
area (A/Af). Inset: step axial growth rates of GaAsSb NWs in each growth time interval (ΔRL) at 60 min, 90 min, and 120 min.
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As recognized from the micrographs as well as the respective 
SAD patterns (insets), all samples exhibit pure ZB-phase with 
rotational twin domains only (ZB-A and ZB-B). This observa-
tion agrees well with previous studies of both non-catalytic[28] 
and catalyst-assisted GaAsSb NWs,[23,25,42] where the addition 
of Sb was found to inhibit formation of WZ phase and, hence, 
eliminates polytype intermixing and related stacking defects 
with hexagonal stacking component as otherwise seen in Sb-
free GaAs NWs.[29,42,43] Indeed, it has been understood that 
the formation of a rotational twin defect in ZB crystals, which 
originates due to a transition from ZB to WZ structure, can be 
attributed to the relatively low energy for its formation.[45] Such 
a transition may not be as favorable in Sb-based III-V NWs 
due to the much smaller ionic bonds (low crystal ionicity) of 
the III-Sb materials than III-As materials, leading to a higher 
stability of the ZB (cubic) phase than the WZ (hexagonal) 
structure.[46–48] However, so far, in the much less studied non-
catalytic GaAsSb NWs the ZB-domain structure and twin-defect 
evolution with Sb-content has not been quantified.

To perform such quantitative analysis, we counted the 
number of twin domains along the entire length of each NW 
for statistically relevant data and compare the results with the 
STEM micrographs depicted in Figure 4a–c. Here, we marked 
individual, alternating twin domains (ZB-A, ZB-B) with 
white and orange solid lines, and the data clearly shows that 
with increasing Sb-content twin-free domains become more 

extended, leading to significantly reduced twin defect densi-
ties. While individual twin domains are still relatively short in 
GaAsSb NWs with lowest Sb-content (Figure  4a), NWs with 
higher Sb-content (Sb-BEP = 9 × 10−7 mbar) show much longer 
twin-free ZB domains—note, in Figure 4c, there is not even a 
single twin defect observed along the recorded section (see also 
inset, higher magnification micrograph). In this NW the length 
of such twin-free ZB domain can even be as long as ≈40 nm. 
More quantitatively, the mean lengths of twin-free ZB domains 
(ΔZB), as extracted from each NW sample, is found to increase 
from ΔZB  = 3.3 ± 0.11  nm (Sb-BEP = 1 × 10−7  mbar), to 6.7 ± 
0.44 nm (Sb-BEP = 3×10−7 mbar), and up to 25 ± 13 nm (Sb-BEP =  
9 × 10−7  mbar) with increasing Sb-flux (see also Figure  6b 
below). This corresponds to a substantial decrease in twin defect 
density from ≈0.3 ± 0.1 twins nm−1 (Sb-BEP 1 × 10−7  mbar)  
to 0.15 ± 0.1 twins nm−1 (Sb-BEP 3 × 10−7 mbar), and even fur-
ther down to 0.04 ± 0.02 twins nm−1 (Sb-BEP of 9 × 10−7 mbar), 
respectively. Interestingly, we recognize that in the limit of low 
Sb-content the reduction in twin defect density scales propor-
tionally with Sb-BEP. But, for higher Sb-BEP, the twin defect 
density drops (resp. twin-free segment length increases) very 
abruptly, much more than expected from the proportionality 
(cf. Figure  6b). We attribute this marked change to the cross-
over in surface structure, where the Sb-rich surface (dissociative  
Sb segregation layer, as discussed above) limits the formation 
of twins much more substantially. This is expected because 
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Figure 4. HR-HAADF-STEM micrographs of representative GaAsSb NWs with varying Sb-BEP of a) 1 × 10−7 (inset: band diagram of rotational twins of 
the ZB structure), b) 3 × 10−7, and c) 9 × 10−7 mbar (inset: high-magnification view of the twin-free domain). Associated SAD patterns are also shown 
in respective insets. White and orange solid lines indicate alternating rotational twin domains. Estimated twin density and the resulting mean length of 
the twin-free ZB domain (ΔZB) are displayed at the bottom, respectively. Bottom panels show lower resolution HAADF-STEM micrographs and associ-
ated EDX maps of the Sb distribution from the top regions of the GaAsSb NWs grown with d) lowest Sb-BEP (1 × 10−7 mbar) and e) highest Sb-BEP  
(9 × 10−7 mbar). Contrast modulations across (111)B and inclined {-1-10} facets are marked as green and purple arrows, respectively.
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such Sb-rich surface crucially lowers the crystal ionicity of the 
nucleating bonds, enhancing the formation of phase-pure ZB 
domains.[46–48]

Overall, this drastic, nearly tenfold decrease in twin defect 
density is quite remarkable, considering the very small range 
of Sb-content over which this observation is made. Strong 
changes in twin defect density of non-catalytic NWs are, other-
wise, often observed when NW diameters vary significantly,[49,50] 
but this effect can be ruled out since the actual diameters vary 
within less than 5% between the NWs probed from the samples 
with lowest and highest Sb-flux (i.e., D  ≈ 174  nm versus D  ≈ 
183  nm). Hence, our data confirm that the strong changes in 
microstructure are a direct signature mediated by the Sb action. 
For comparison, equivalent studies performed on VLS-GaAsSb 
NWs have shown that much higher Sb-content was neces-
sary to induce such large decrease in twin defect density: For 
example, ≈20-fold higher ΦSb/ΦAs (≈4–32%; Sb-contents not 
given),[25]  ≈fivefold higher Sb contents (≈6–27%)[23,42] or even 
pure binary GaSb NWs[51,52] were required, where the addition 
of Sb affects the supersaturation levels and stabilizes the ZB 
phase in GaAsSb NWs.[25,27] Similarly, low twin densities were 
also observed in VLS-grown InAsSb NWs, but only for Sb con-
tent greater than 10%,[53–56] and even in VS-grown catalyst-free 
InAsSb NWs for Sb content of 15–25%.[29,57,58]

Further, very interesting observations with respect to the 
twin defect formation and related influences by the presence 
of Sb are made from investigations of STEM Z-contrast (atomic 
number contrast) and compositional maps using energy-disper-
sive X-ray (EDX) spectroscopy. In Figures 4d and 4e, we show 
regular STEM-HAADF images and corresponding EDX maps 
of the Sb-distribution, recorded in the top region of GaAsSb 
NWs grown with the lowest and highest Sb-BEP, respectively. 
For low Sb-BEP (1 × 10−7 mbar), both the STEM image and EDX 
map exhibit overall homogeneous contrast throughout the NW. 
On the contrary, for high Sb-BEP (9 × 10−7 mbar), faint but very 
distinct contrast modulations are observed in both maps. These 
modulations run along orientations coinciding with the main 
low-index growth facets, namely the (111)B growth plane as well 
as inclined {-1-10} facets (marked as green and purple arrows, 
respectively). Modulations with dark contrast along these facets 
correspond to regions of lower Sb incorporation, as seen by the 
EDX map.

To describe the formation of these peculiar features, we need 
to comprehend the underlying twin-induced growth mecha-
nism governing the vapor-solid growth of III-V NWs. As noted 
in detail in ref. [32] (and references therein), growth of verti-
cally oriented NWs proceeds by a competition between the ver-
tical (111)B top facet and a set of threefold symmetric, inclined 
{-1-10} facets, which intersect with the top facet. During NW 
growth, the {-1-10} facets are usually slow-growing facets, 
whereas growth along the (111)B top facet occurs much faster. 
Hence, the {-1-10} inclined facets grow in size and extend 
towards the center, as evidenced by the contrast modulations 
parallel to the inclined {-1-10} planes (purple arrows). Under 
equilibrium conditions, the convergence of these {-1-10} facets 
may lead to the formation of a tetrahedral NW tip, and, thus, 
growth termination.[32] However, as pointed out in previous 
work,[32,59] before reaching full convergence, it becomes ener-
getically favorable for a rotational twin to form, which changes 

the hierarchy of the growth velocities in the facets of the sub-
sequent layer growth on top. Through this rotation, new tilted 
{-1-10} facets are generated, which no longer represent slow 
growing facets, but become fast growing ones, whereas growth 
along (111)B direction is slowed down. Thereby, a mesa is 
formed which grows rapidly in the lateral direction and fills up 
the space above the original {-1-10} facet, resulting in a com-
pletely extended (111)B top facet across the entire NW cross-
section. The slow growth along the vertical (111)B direction 
generates, thereby, the observed thin contrast modulation run-
ning across the whole diameter of the NW (green arrow, see 
Figure  4e). After completion of the hexagonal mesa, growth 
then resumes in the same repetitive manner, that is, starting all 
over by formation of slow-growing {-1-10} inclined facets, fast 
growing (111)B top facet, until the next twin forms, etc. Con-
secutive growth proceeds then by the repetitive pile up of twins, 
one after another, and results in the periodic contrast modula-
tion pattern observed along the NW growth axis.

The logical question arising now is as to why this character-
istic pattern, that demarcates slow growing facets right at the 
stage of twin formation, is so prominent in the NW grown 
under highest Sb-supply and why this results in lower Sb-
incorporation. Note, the average Sb-content measured by EDX 
in the thin regions of slow growing facets is as low as 2.8%, 
while it is about twice as large (5.6%) in the faster growing 
regions around it (i.e., close to the XRD-measured Sb-con-
tent, Figure 2d). This observation can be directly linked to the 
anticipated Sb surface segregation layer model that describes 
the incorporation dynamics under large Sb-supply. As argued 
before, on highly Sb-enriched surfaces (anti-surfactant regime), 
the incorporation of Sb competes strongly with the detrimental 
Sb-As exchange reaction.[33–35] This exchange reaction is, in 
fact, highly dependent on growth rate, as observed in literature 
on planar GaAsSb thin films[33,35]—that is, when growth rate is 
slow, the exchange of Sb and As adatoms has much more time 
to proceed, consequently lowering Sb incorporation, as opposed 
to high growth rates. We observe exactly this behavior in our 
NW, which corroborates the existence of an Sb-rich surface 
layer limiting the growth and compositional uniformity under 
excess Sb supply. Adjusting the Sb surface layer to sub-critical 
coverage, and thereby suppressing the Sb-As exchange reac-
tion, is therefore instrumental in achieving high compositional 
uniformity, as demonstrated for NWs grown under lower Sb 
supply.

2.4. Sb-Mediated Optical Properties

To correlate the influence of composition and the altered 
microstructure on the optical properties, we performed steady-
state micro-photoluminescence (µPL) measurements on the 
respective GaAsSb NWs at low temperature (10 K) and under 
varying excitation power density (Pexc) from P0 = 0.02 µW µm−2 
to 50P0. The PL spectra obtained from the single NWs grown 
under the three different Sb fluxes (Sb-content) are illustrated 
in Figure 5a–c; Sb-BEP of 1 × 10−7 mbar (blue), 3 × 10−7 mbar 
(green), and 9 × 10−7 mbar (red), respectively. We clearly observe 
that increasing average Sb-content results in distinct red-shifts of 
the PL spectra with peak emission centered at ≈1.5 eV, ≈1.47 eV,  

Small 2023, 19, 2207531
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and ≈1.35  eV, respectively. This red-shift arises, as expected, 
from the overall reduced bandgap energy upon increasing 
Sb-content; but also from the different nature of the excitonic 
transitions mediated by the band offsets between ZB domains  
and single twin-defect inclusions, which represent ML-thin 
inclusions of WZ-phase. Such ZB/WZ/ZB crystal interfaces are 
well known to be characterized by a staggered band lineup for 
GaAs- and GaSb-materials alike,[60,61] which induces a type-II 
excitonic transition, as verified comprehensively in refs. [62,63]. 
As illustrated in Figure  6c, from a structural point of view, 
recombination takes, therefore, place essentially between elec-
trons confined in ZB domains with spatially separated holes con-
fined at fixed energy level in adjacent twin defects.[62,63] For low 
and intermediate Sb-content, the twin domain segment length 
is relatively short, ≈3.3 ± 0.11  nm (Sb-BEP = 1 × 10−7  mbar)  
and 6.7 ± 0.44 nm (Sb-BEP = 3 × 10−7 mbar) (cf. Figure 4), and 
hence electrons localized in the ZB domains are relatively 
strongly confined. In contrast, for higher Sb-content (Sb-BEP =  
9 × 10−7  mbar), the domain lengths are much longer (≈25 ± 
13  nm) such that electrons can be considered as unconfined 
and quasi-free. As a result, the emission energy of quasi-free, 
delocalized electrons recombining from the band-edge of the 
ZB domain with holes in twin defects is much red-shifted as 
opposed to recombination from confined electrons when the 
domain lengths are very short. Also, the type-II nature of the 

transition is expected to be stronger as the electron wavefunc-
tion distribution is spatially much more extended for such long 
ZB domain lengths. This may explain why the PL emission is 
quite substantially red-shifted in the NWs shown in Figure  5c 
(longest twin-free segment length), much more than what is 
expected from the pure Sb-mediated band gap effect. Indeed, 
compared to low-temperature PL data of planar GaAsSb thin 
films with similar Sb-content,[64] the emission of our GaAsSb 
NWs (6% Sb-content) is red-shifted by >50 meV. At this point, 
we wish to emphasize that the additional composition modula-
tion (locally lower Sb-content) seen in the twin-defect regions of 
this NW (cf. Figure  4e) will barely affect the quasi-free nature 
of the electrons, since this modulation only increases the band-
offset at the twin boundaries.

Besides the redshifts, the PL data further show several other 
interesting effects: First, for low to intermediate Sb-content 
(Figure  5a,b) the PL exhibits single-peak emission with sym-
metric Gaussian shape under low excitation power density, 
suggesting homogeneous Sb alloy throughout the NWs. The 
PL peak width evaluated at highest recorded excitation power 
(50P0) is relatively constant and on the order of ≈17–22 meV 
for both these samples. In contrast, the NW with highest Sb-
content exhibits multi-peak emission at low Pexc (Figure  5c), 
with peaks merging upon increasing Pexc, leading to overall 
broadened PL peak width of ≈32 meV at 50P0. Still even at the 
highest excitation power, we observe a signature (shoulder) on 
the low energy side of the spectrum. We suspect that this fea-
ture is not defect-related, since, as explained above, this NW has 
overall lowest twin defect density with very long twin domains, 
such that recombination occurs from quasi-free, unconfined 
electrons and holes at fixed energy levels. Instead, we believe 
that the asymmetrically broadened PL towards the low-energy 
side stems rather from Sb-related alloy fluctuations that induce 
localized states.[65]

Furthermore, we recognize that all samples exhibit a char-
acteristic blue-shift of the PL peak emission with increasing 
Pexc; yet, the NW with longest domain segment length (Sb-
BEP = 9 × 10−7  mbar, Figure  5c) shows the most pronounced  
blue-shift of more than 20 meV over the investigated excita-
tion power range. This is a direct manifestation of the stronger 
type-II nature of the radiative transition in this NW, due to the 
much reduced spatial overlap of electron-hole (e-h) pairs for 
very extended ZB domains. To verify this, we plotted the peak 
position as a function of the excitation power density (inset of 
Figure 5c), and found that the emission follows closely a cube-
root dependence on Pexc. This Pexc

1/3 dependence is very typical 
for type-II systems, as demonstrated in many reports.[66,67] 
Hence, we can attribute the strong blue-shift in these NWs to 
the pronounced type-II transition, and not to state-filling as oth-
erwise considered in systems with larger e-h pair overlap.

These characteristics are further revealed by time-resolved 
photoluminescence (TRPL) experiments, where changes in the 
spatial overlap of e-h pairs due to different domain segment 
lengths are expected to yield different excitonic decay times. 
TRPL decay curves obtained from the same NWs with varying 
Sb flux are plotted in Figure  6a, where the data was recorded 
at low excitation power density (Pexc  = 0.1 µW µm−2) at 10 K 
to inhibit carrier escape and fitted with IRF-convoluted bi-
exponential curves. The information about the localized exciton 
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Figure 5. Excitation power density (Pexc)-dependent µPL spectra on a 
logarithmic scale obtained from single GaAsSb NWs with varying Sb-BEP 
of a) 1 × 10−7 mbar, b) 3 × 10−7 mbar, and c) 9 × 10−7 mbar recorded at low-
temperature (10 K). The inset plots the PL peak energy shift as a function 
of Pexc

1/3 with a linear fit.
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dynamics, that is, the indirect type-II transitions can thus be 
extracted from the slow decay component of such stretched 
exponential tail, while the initial faster decay component rep-
resents the dynamics in the quasi-continuum states.[28,68] 
Hence, the slow decay component describes the long-lived 
transitions due to the spatial separation of e-h pairs in adjacent 
twin domains, evidencing that the exciton lifetimes increase 
with increasing Sb-flux, that is, domain segment length. To 
quantitatively correlate the microstructural data with the local-
ized exciton dynamics, Figure  6b displays the mean twin-free 
domain length (top) and the extracted exciton lifetime (bottom) 
as a function of Sb-content in the GaAsSb NWs. We clearly 
see that with increasing domain length upon increasing Sb-
content, the exciton lifetime increases accordingly from ≈1.5 ns 
to ≈4.5 ns. These characteristics can be well understood by the 
schematics depicted in Figure  6c, where the corresponding 
band profiles and associated indirect transitions are shown 
for different domain lengths at varying Sb flux. Under this 
representation it becomes clear that the spatial overlap of e-h 
wavefunctions is largest in NWs with small domain length 
(high twin defect density), while the overlap is strongly reduced 
for larger domain lengths (small twin defect density). There-
fore, the type-II transition appears more pronounced leading 
to longer lifetimes and stronger excitation power dependent 
blue-shifts observed in the steady-state PL data. This behavior 

is further supported by excitation power dependent TRPL data 
(Figure S4, Supporting Information), which illustrate shortened 
lifetimes with increasing power as a result of increasing e-h 
pair overlap and eventually carrier escape.

3. Conclusion

We provided a comprehensive investigation of the growth 
dynamics and structure-property relationships of novel, catalyst-
free GaAsSb NWs grown by selective area MBE under various 
growth and array geometry parameters. Threshold Sb traces as 
low as ≈1% lead to strong growth enhancement, which further 
increases with Sb content up to 3–4%, evidencing a charac-
teristic surfactant effect. The Sb-mediated surfactant action is 
directly reflected by nearly an order of magnitude increase in 
the Ga adatom diffusion length (several µm-long) on the NW 
sidewalls, as compared to Sb-free GaAs NWs. Growth dynamics 
then change to anti-surfactant behavior by increasing Sb con-
tent to about ≈6%, which is explained by an underlaying Sb-As 
exchange reaction mediated by an Sb-rich surface segregation 
layer under excess Sb supply. The Sb-As exchange reaction is 
also found to induce characteristic compositional modula-
tions along the NW growth direction, which coincide with 
stages of twin defect formation. Remarkably, even over very 
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Figure 6. a) TRPL decay transients from single GaAsSb NWs at 10 K with varying Sb-BEP, with IRF-convoluted bi-exponential fitting curves. b) Plots 
of average ZB domain lengths (top) and TRPL-extracted exciton lifetime (bottom) as a function of Sb-content, as measured by HRXRD (Section 2.1). 
Different colors represent the varying Sb-BEP of 1 × 10−7 (blue), 3 × 10−7 (green), and 9 × 10−7 mbar (red), respectively. c) Schematic illustration of the 
band profile with different twin densities and domain length ΔZB for each sample, and resulting exciton recombination processes indicated by arrows. 
Eg, 1 > Eg,2 > Eg,3 represent Sb-content dependent bandgap energies of the GaAsSb NWs.
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narrow compositional range (1.5–6% Sb) the incorporation of 
Sb leads to nearly tenfold reduction in twin defect density, that 
is, extended lengths of twin-free ZB segments, exhibiting much 
stronger influences as commonly found in VLS-type GaAsSb 
NWs. Larger spatial separation of the e-h pairs in extended 
twin-free domains significantly enhances the localized exciton 
lifetime. These results highlight that the addition of Sb in the 
limit of small compositional ranges is a decisive parameter in 
tuning the growth- and exciton dynamics in the non-catalytic 
GaAsSb NWs, paving the pathway for the development of func-
tional nanowire devices.

4. Experimental Section
Selective-Area Molecular Beam Epitaxy: The growth of GaAsSb NWs 

was performed in a solid-source Gen-II MBE system equipped with 
conventional effusion cells for group-III elements (In, Ga, Al) and 
Veeco valved cracker cells for supplying group-V elements (As, Sb). 
The As species were supplied as uncracked As4, and the Sb species 
as Sb2 molecules. For the fabrication of the SAE growth templates, 
commercial single-side polished 2-inch p-type Si (111) wafers were used 
as substrates, which are coated with a thermally grown ≈20  nm-thick 
SiO2 mask layer on the surface. Using electron beam lithography 
(EBL) followed by reactive ion etching (RIE) and wet chemical etching 
(buffered hydrofluoric (HF) acid), the SiO2 mask layer was prepatterned 
to induce site-selective NW growth from periodically arranged openings 
with varying nominal circular opening diameters (d0 = 20–120 nm) and 
pitch (p) of 500  nm (unless otherwise noted).[28,36] The non-catalytic 
vertical NW growth was initiated following the same procedures as in 
the earlier work[28,29]; first a substrate annealing step at high-temperature 
(870 °C) was employed under high As-BEP of 5.5 × 10−5 mbar to stabilize 
an As-terminated 1 × 1 reconstructed Si (111) surface, which enables 
high-yield SAE growth. After cooling down to a growth temperature of 
630 °C, GaAsSb NWs were grown by simultaneously opening the Ga 
and Sb shutters. All samples were grown using Ga flux of 0.35 Å s−1 
and As-BEP of 5.5 × 10−5 mbar, respectively, for a fixed growth time of 
90 min (unless otherwise noted). To tune the Sb content in the GaAsSb 
NWs, the Sb-flux was varied based on the desired fractional flux relative 
to the As-flux (FFSb = ΦSb2 /ΦAs4). In this study, FFSb of 0.2, 0.5 and 1.6% 
was applied; that is, corresponding to Sb-BEP of 1×10−7, 3 × 10−7 and 
9 × 10−7 mbar, respectively. For comparison, also an Sb-free GaAs NW 
reference sample was grown. To further investigate the role of Sb on the 
time-dependent growth dynamics, another series of GaAsSb NWs with 
a fixed Sb-BEP of 3 × 10−7  mbar was grown with varying growth times 
(tgrowth) from 15 min to 150 min. Likewise, an Sb-free GaAs NW growth 
time series was grown with tgrowth ranging from 15  min to 120  min, 
respectively. For optical studies, a coaxial 5-nm thin Al0.3Ga0.7As surface 
passivation layer was additionally grown to prevent non-radiative surface 
recombination, followed by a 3 nm GaAs cap to protect the AlGaAs layer 
from oxidation.[69]

Morphology and Compositional Analysis: To analyze the morphology, 
aspect ratio (length/diameter) and growth yield of the as-grown NW 
arrays, scanning electron microscopy (SEM) was conducted using 
an NVision 40 FIB-SEM from Carl Zeiss. All images were recorded at 
45° bird-eye view and tilt corrected by the SEM software, displaying 
real lengths. The alloy composition (Sb-content) of the NW arrays 
was obtained by 2theta-omega (2θ  − ω) scans in high-resolution 
X-ray diffraction (HRXRD) using a Rigaku SmartLab diffractometer. To 
guarantee accurate composition analysis, all samples were aligned and 
optimized with respect to the Si (111) diffraction peak of the substrate, 
and the composition calculated using Vegard’s law.

Microstructural Analysis: High-resolution (HR-) and high-angle 
annular dark-field scanning transmission electron microscopy (HAADF-
STEM) was performed to characterize the microstructural properties 
of individual GaAsSb NWs, which were mechanically transferred from 

identical SAE fields onto carbon-coated copper grids and probed in a FEI 
Titan Themis TEM operating at 300  kV. For the TEM analysis, the size 
of the selected area diffraction (SAD) aperture was adjusted to the full 
length of the NW to obtain representative diffraction pattern information 
of the entire NW. On selected samples, additional energy-dispersive X-ray 
(EDX) measurements were performed to characterize compositional 
profiles, especially elemental Sb distribution throughout the NW.

Optical Measurements: Excitation power density (Pexc) dependent 
steady-state and time-resolved confocal µPL measurements were 
conducted on single NWs dispersed from selected SAE-fields (p  = 
500  nm and d0  = 70  nm) onto Si substrates. All samples were placed 
in a He-flow cryostat (10 K) and excited using a mode-locked tunable 
Ti:Sapphire laser (780 nm) with a repetition rate of 80 MHz and a pulse 
width of ≈100  ps. The excitation spot size was ≈1.9  µm focused by an 
objective lens with NA = 0.42. Since the probed NWs have lengths of 
≈1.3  µm or smaller, the entire length of each NW was thereby excited. 
TRPL measurements were carried out via time correlated single photon 
counting (TCSPC) using a single-photon Si avalanche diode (SPAD) with 
a time resolution of <365 ps and a PicoHarp 300 module. All TRPL data 
was obtained over the entire PL spectral range, that is, the emission was 
not spectrally resolved, and fitting of exponential decay was convoluted 
with the instrument response function (IRF) of the experimental system.
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