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We use dimeric arsenic (As2) or tetrameric arsenic (As4) during molecular beam epitaxy to 

manipulate the structural and optical properties of GaAs(111)A tensile-strained quantum dots 

(TSQDs). Choice of arsenic species affects nucleation and growth behavior during TSQD self-

assembly. Previously, epitaxial GaAs(111)A TSQDs have been grown with As4, producing TSQDs 

with a triangular base, and “A-step” edges perpendicular to the three 〈11̅̅̅̅ 2〉 directions. We 

demonstrate that using As2 at low substrate temperature also results in triangular GaAs(111)A 

TSQDs, but with “B-step” edges perpendicular to the three 〈112̅〉 directions. We can therefore invert 

the crystallographic orientation of these triangular nanostructures, simply by switching between As4 

and As2. At higher substrate temperatures, GaAs(111)A TSQDs grown under As2 develop with a 

hexagonal base. Compared with triangular dots, the higher symmetry of hexagonal TSQDs may 

reduce fine-structure splitting on this (111) surface, a requirement for robust photon entanglement. 

Regardless of shape, GaAs(111)A TSQDs grown under As2 exhibit superior optical quality. 

Introduction and Background 

Self-assembled quantum dots (QDs) are routinely grown from compressively strained materials on (100)-

oriented surfaces by molecular beam epitaxy (MBE). These QDs exhibit highly tunable structural and 

optoelectronic properties, high crystalline quality, formation via a single processing step, and 

compatibility with semiconductor device architectures and processing lines.1–4 Emerging research fronts 

and device applications have spurred efforts to extend the range of materials systems within which one 

can synthesize QDs. Example materials systems include (111)-oriented QDs, which have a low fine 

structure splitting (FSS) for quantum information applications,5–8 and tensile-strained QDs (TSQDs), 

which offer band structure engineering capabilities for long wavelength optoelectronics and a potential 

route towards direct band gap Ge.9–13 

GaAs/InAlAs(111)A TSQDs were the first optically active nanomaterials to combine the benefits of 

epitaxial self-assembly, tensile strain, and (111)-orientation.8 GaAs(111)A TSQDs are dislocation-free, 

structurally and optically tunable, emit light below the bulk GaAs band edge due to the residual tensile 

strain, and exhibit low FSS.14–17 Recent studies describe how GaAs(111)A TSQD properties depend on 

various MBE growth parameters: deposition amount (in monolayers (MLs)), substrate temperature (TSUB), 

growth rate, and group V/III flux.16,17 
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To date however, all GaAs(111)A TSQDs have been grown using tetrameric arsenic (As4).
8,12,16–18 Most 

growers today use As2 rather than As4 for MBE of III-V semiconductors. However, the original studies 

that identified the MBE conditions required to grow high quality material on (111) surfaces predated the 

widespread availability of valved arsenic crackers to generate dimeric As2.
19–22 As a result, those authors 

had no choice but to use As4.
19–22 The use of As4 for existing work on (111)-oriented TSQDs followed 

directly from that historical precedent.8,12,16–18,23  

Researchers have shown that choice of arsenic species can affect photoluminescence (PL) intensity,24,25 

PL linewidth, 26,27 non-radiative interface recombination,28 the occurrence of deep electron traps,29 auto-

compensation of amphoteric dopants like Si,29,30 and surface morphology.31,32 For bulk GaAs(111)A, the 

As2 incorporation coefficient (SAs2) is larger than that of As4 (SAs4).
30 PL emission from (100)-oriented 

QDs is also strongly influenced by choice of arsenic species.26,33–36 On (100), QDs grown with As4 tend to 

be more elongated than QDs grown with As2, with QD size and areal density also impacted.26,33,34,36 

Clearly, the choice of arsenic species during MBE growth is an important growth variable. We therefore 

wanted to compare the impact of using As4 or As2 on the growth and properties of GaAs/InAlAs(111)A 

TSQDs, to ascertain whether there exists some benefit to using one molecular species over the other. In 

this paper we demonstrate that GaAs/InAlAs(111)A TSQD self-assembly still occurs when using As2. We 

compare the resulting GaAs TSQDs to equivalent TSQDs grown with As4. This simple change from As4 

to As2 results in different nucleation and growth physics, and as a result, more control over TSQD 

structure, the option to grow either triangular or hexagonal TSQDs, and improved PL emission. 

 

Methods 

We use solid-source MBE to grow GaAs(111)A TSQDs within In0.52Al0.48As top and bottom barriers, 

lattice matched to semi-insulating Fe-doped InP(111)A substrates. First we grow 50nm of lattice-matched 

In0.53Ga0.47As as a smoothing layer,23 followed by the 200 nm InAlAs bottom barrier. We have previously 

reported the optimal growth parameters for InAlAs and InGaAs on InP(111)A.16,23 GaAs(111)A TSQDs 

form spontaneously on InAlAs(111)A via a modified Stranski-Krastanov (SK) growth mode. The critical 

thickness for the 2D-to-3D growth transition is 2.5 ML, but the wetting layer continues to grow even after 

the TSQDs have begun to self-assemble.17 For TSQD growth, the GaAs deposition rate is 0.075 ML/sec, 

with an As:Ga beam equivalent pressure (BEP) ratio of 75, growth conditions favorable for producing 

high quality TSQDs.16 We grow GaAs(111)A TSQD samples in the range 485 ºC  TSUB  570 ºC. For 

growth under As4 and As2 we used arsenic cracker temperatures of 600 C and 900 C, respectively. The 

GaAs TSQDs are capped with a 50 nm InAlAs top barrier, followed by another layer of GaAs TSQDs for 

structural analysis with tapping-mode atomic force microscopy (AFM). We use the buried layer of GaAs 

TSQDs for optical analysis by PL. 

We use AFM to explore sample surface morphology, focusing in particular on the shape and size of the 

TSQDs. By analyzing multiple AFM images of each sample, we compile statistics of average TSQD 

height, diameter, and areal density as a function of the MBE growth conditions. Note that for these non-
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circular TSQDs, “diameter” refers to twice the distance from dot center to vertex. We carry out PL 

measurements at 7 K, using a laser wavelength of 532 nm and an excitation density of 80 W/cm2. 

 

Results and Discussion 

We grew an initial pair of GaAs(111)A TSQD samples under identical MBE growth conditions (TSUB = 

485 C, growth rate = 0.075 ML/sec, As:Ga BEP ratio = 75), except that we used As4 for one, and As2 for 

the other. Both arsenic species give rise to GaAs TSQD self-assembly. When we compare the resulting 

GaAs TSQDs with conventional, compressively strained QDs grown on (100) surfaces, they have low 

average height (< 1.2 nm), large diameter (> 60 nm), and low areal density (< 5 × 108 cm-2) (Figs. 1(a) & 

(c)). These size and density characteristics are consistent with previous research on GaAs(111)A 

TSQDs.16  

Figs. 1(b) & (d) show the AFM amplitude (error) images corresponding to Figs. 1(a) & (c). AFM 

amplitude images, provide higher contrast for changes in surface height, for example at step edges and 

QD facets, and as a result allow us to better visualize the shapes of these self-assembled GaAs 

nanostructures.37 Figs. 1(a)–(b) show that the TSQDs grown under As4 are always triangular, as seen in 

previous studies of GaAs(111)A TSQDs.8,16,17 In contrast, Figs. 1(c)–(d) reveal that TSQDs grown under 

As2 consist of a mixture of triangles and hexagons. 

 
Figure 1: AFM images of GaAs (111)A TSQDs (1 µm2, 2 nm height bar). (a, b) show 

3 ML GaAs TSQDs deposited under As4. (c, d) show 4.5 ML GaAs TSQDs deposited 

under As2. All other MBE growth conditions are the same. AFM height images (a, c) 

provide information on QD size, shape, and spacing. AFM amplitude images (b, d) 

enhance the appearance of QD edges. Using As4 produces only triangular TSQDs (a, 

b), while using As2 produces a mixture of triangular and hexagonal TSQDs (c, d). 
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We were intrigued by the possibility that one could select whether to grow triangular or hexagonal 

TSQDs, simply by selecting a particular arsenic species (Fig. 1). Some examples of similar shape 

transitions exist in the literature for the homoepitaxial growth of metals,38–41 and unstrained GaAs(111)A 

QDs grown by droplet epitaxy.42 However, there are no previous demonstrations of shape transitions like 

this in strain-driven self-assembled QD materials systems, and no existing reports of hexagonal TSQDs. 

To investigate this effect further, we therefore grew a series of TSQD samples under As4 and As2 at 535 

ºC  TSUB  570 ºC, since TSQD crystal quality improves in this temperature range.16 We found that 

TSQDs grown under As4 at 535 C are all triangular in shape, just as at 485 C (Fig. 2(a)). At 570 C, 

most TSQDs were still triangular (Fig. 2(b)), but we noted a small population that were hexagonal. For 

TSQDs grown under As2 at 535 C, most were triangular (Fig. 2(c)), but a significant minority were 

hexagonal in shape. By 570 C, the vast majority of TSQDs were hexagonal, (Fig. 2(d)) with only 

occasional triangular TSQDs (Table 1).  

When we compared the crystallographic orientations of GaAs TSQDs grown at TSUB = 535 C, we found 

that the triangular dots formed under As4 are inverted compared to those grown with As2. In Fig. 2(a), the 

triangular TSQDs grown under As4 are bounded by “A-steps,” perpendicular to the [121], [211], and 

[112] directions. In Fig. 2(c), the triangular TSQDs grown under As2 are bounded by “B-steps,” 

 
 

Figure 2: 22 µm2 AFM images showing the appearance of 3.5 ML GaAs (111)A TSQDs as a 

function of TSUB and arsenic species: (a) GaAs TSQDs grown at 535 C under As4;; (b) GaAs 

TSQDs grown at 570 C under As4; (c) GaAs TSQDs grown at 535 C under As2; and (d) GaAs 

TSQDs grown at 570 C under As2. All other MBE growth conditions are the same. In (a)–(b), 

using As4 produces only triangular TSQDs, while in (c)–(d), using As2 produces a mixture of 

triangular and hexagonal TSQDs. Insets are 250250 nm2 AFM images of individual QDs from 

each sample, oriented so that the [�̅�𝟏𝟏] direction points vertically. All AFM images have a 2 

nm height scale. 
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perpendicular to [112], [121], and [211]. As TSUB is raised to 570 C, the triangular TSQDs grown under 

As4 maintain their A-step orientation (Fig. 2(c)). The hexagonal TSQDs that form at TSUB = 570 C under 

As2 have both A- and B-step edges (Fig. 2(d)). 

Fig. 3(a) summarizes the crystallographic directions of the A- and B-steps for GaAs islands on the (111)A 

surface. Note that in the absence of any surface reconstruction, these GaAs(111)A islands are always 

bounded by As atoms. On this surface orientation, As atoms have three “upward” pointing bonds with Ga 

atoms in the same layer, and one out-of-plane bond with a Ga atom in the layer below (Fig. 3(b)). In 

contrast, the Ga atoms form three bonds “downwards” with As atoms in the same layer, and have one 

dangling bond pointing up out of the plane (not shown). A Ga atom at the periphery of the island would 

not form a bond with the surface below and so terminating the island edge with Ga atoms would be 

unstable. However, because MBE growth takes place under an excess flux of As, it is usually assumed 

that a Ga atom joining an island edge is stabilized immediately by the addition of an As atom that bonds 

 
Figure 3: (a) Plan view of an unreconstructed GaAs(111)A island. The crystallographic orientation of 

the A-steps (red) and B-steps (black) are shown. (b) Cross-sectional view of an unreconstructed 

GaAs(111)A island in the [0�̅�1] direction, showing the differences at the A- and B-steps in terms of 

dangling bonds (shown as dashed lines) and atomic arrangements. (c) If the net edge diffusion of adatoms 

is from B-steps to A-steps (black arrows), then the A-steps will grow faster (red arrows), getting shorter 

as they do so, while the B-steps get longer. (d) This process culminates in the formation of a triangular 

island terminated by B-steps. (e) In contrast, if net adatom diffusion is from A-steps to B-steps (red 

arrows), the result is the preferential growth at the B-steps (black arrows), and the lengthening of the 

A-steps. (f) Under this scenario, the outcome is the formation of a triangular island bounded by A-steps. 

Note the inverted orientation of the triangles in (d) and (f). 

Table 1: Summary of TSQD step-edge orientations as a function of arsenic species and substrate 

growth temperature. We did not categorize TSQDs that were not clearly triangular or hexagonal. 

Errors indicate the standard deviation in the percent of each type of TSQD observed in various AFM 

images for each sample. 

TSUB As-species A-step triangles (%) Hexagons (%) B-step triangles (%) 

535 C 
As4  100 0 0 

As2 0 357 659 

570 C 
As4  835 175 0 

As2 109 908 0 
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with both that Ga atom and with a Ga atom on underlying surface. This As atom then marks the new edge 

of the island, explaining why these islands always have As atoms at the periphery. 

Previous experimental and computational studies show that when growth is kinetically limited, which is 

usually the case during MBE growth, islands bounded by B-steps often form preferentially.38–42 Under 

these conditions, B-step islands are favored for three reasons.38–40,42,43 First, each As atom at an A-step on 

the (111)A surface has two bonds to neighboring Ga atoms, one in the same atomic layer and one in the 

layer below (Fig. 3(b)). At a B-step however, each As atom has three bonds to neighboring Ga atoms, two 

in the same atomic layer and one in the layer below (Fig. 3(b)). Since the As atoms defining a B-step have 

more complete bonds than those at an A-step, the cohesive energy of the B-step (defined as the energy 

required to break the atoms of the solid into isolated atomic species44) is higher. B-steps are hence more 

stable, and so B-step islands are favored. 

Second, B-steps have a higher edge diffusion coefficient, efficiently transporting adatoms to neighboring 

A-steps. As a Ga adatom diffuses along the edge of an island, it moves from one bonding site (local 

potential well) to another by crossing a potential barrier.45 The lower this potential barrier, the higher the 

adatom diffusion coefficient. Each bonding site on a B-step corresponds to an As atom with a single 

dangling bond, while at an A-step the As atoms at the bonding sites have two dangling bonds (Fig. 3(b)). 

The result is a weaker interaction between Ga adatoms and the As atoms on B-steps, and so these bonding 

sites are associated with shallower potential wells than at A-steps. These shallower wells mean a lower 

potential barrier between bonding sites on a B-step, raising the edge diffusion coefficient compared with 

at an A-step. The outcome is that Ga adatoms diffuse rapidly along B-steps until they reach a neighboring 

A-step, where diffusion is slower.  

Third, for diffusion to occur between A- and B-steps, adatoms must pass around a corner of the island. 

Several studies have shown that this corner diffusion process is anisotropic: the probability of an adatom 

crossing from a B-step to an A-step is higher than from an A-step to a B-step (Fig. 3(c)).39,41,42,46 Indeed, 

evidence exists that anisotropic corner diffusion may play the most important role of these three 

components in dictating final island shape.39,41  

The net result of these three factors is that during kinetically limited growth, the A-steps grow faster than 

the B-steps. As a result, the A-steps grow out, get shorter (Fig. 3(c)), and eventually disappear. A 

triangular island is left behind, bounded by B-steps (Fig. 3(d)),36,38–40,42,43 just as we observe for 

GaAs(111)A TSQDs grown under As2 at TSUB = 535 C (Fig. 2(c)). 

There are however situations where triangular islands bounded by A-steps can form, just as we see for 

GaAs(111)A TSQDs grown under As4 (Figs. 2(a)–(b)).38,41 Ovesson et al. showed that simply reversing 

the corner diffusion anisotropy is sufficient to switch growth from B-step islands to A-step islands.41 If 

the net edge diffusion of adatoms inverts from the A-steps to the B-steps, then the B-steps will grow 

preferentially, lengthening the A-steps (Fig. 3(e)). The eventual outcome is the formation of triangular 

islands bounded by A-steps (Fig. 3(f)). Michely et al. show that one can use TSUB to invert the A-step and 

Table 2: (111)A surface arsenic incorporation coefficients for As4 and As2 as a function of TSUB, from 

Tok et al.30 SAs4 is roughly half that of SAs2, regardless of temperature. 

 280 °C 470 °C 535 °C 560 °C 570 °C 

SAs4 0.5 0.24 0.11 0.09 0.08 

SAs2 1.0 0.50 0.25 0.19 0.18 
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B-step growth rate anistotropy.38 At lower TSUB, adatom diffusion conditions are such that A-step islands 

grow preferentially. However, we see the A-step islands in Figs. 2(a)–(b) forming at the same or higher 

substrate temperature to the B-step islands in Fig. 2(c). TSUB cannot therefore be responsible for the 

observed change from A-step to B-step islands.  

The critical difference seems to be the arsenic species, and it is therefore critical to understand how the 

presence of As4 or As2 affects Ga adatom diffusion rates along A- and B-steps. While As2 molecules 

dissociate directly on the epitaxial surface, incorporation of arsenic from As4 is a second order process 

involving pairs of As4 molecules at adjacent bonding sites.47,48 At low TSUB on (111)A surfaces, the As2 

incorporation coefficient, SAs2 = 1, while for As4, SAs4 = 0.5. However, unlike the (100) surface, arsenic 

incorporation on (111) surfaces is temperature dependent. Both SAs2 and SAs4 fall as TSUB is increased: at 

560 C, SAs2 ~ 0.2, and SAs4 ~ 0.1 (Table 2).30 This decrease in SAs4 and SAs2 explains why at typical 

growth temperatures, a high As:Ga flux ratio is necessary for high epitaxial quality on (111) surfaces.23,30 

In a study of InAsP growth, Zhang et al. noted that when As incorporation is lower, for example when 

using As4 instead of As2, diffusion of the Group III adatoms is enhanced at A-steps. This leads to 

preferential bonding at B-steps and hence they grow faster than the A-steps.49 We propose that this same 

mechanism is responsible for the appearance of A-step islands when we grow with As4. 

Hexagonal islands occur when TSUB becomes high enough that the thermal energy eclipses the differences 

in binding energies and diffusion rates at the A- and B-steps. At such high temperatures, the atoms gain 

sufficient energy to detach from the A- and B-steps of existing islands, generating kinks. These kinks 

lower the chemical potential of the steps, and break down the competing edge diffusion processes.40 The 

result is an island in equilibrium, bounded by both A- and B-steps, whose hexagonal shape reflects the 

underlying three-fold symmetry of the (111)A surface.38–40,50 We believe this is the mechanism 

responsible for higher percentage of hexagonal TSQDs that form under As2, as TSUB is increased from 535 

C to 570 C. This mechanism also explains the appearance of occasional hexagonal TSQDs at TSUB = 

570 C for growth under As4 (Table 1). 

Increasing TSUB from 535 ºC to 570 ºC does not significantly change average TSQD height for samples 

grown with either As4 or As2 (Fig. 4(a)). For TSUB  560 C, the average diameter of TSQDs grown with 

As4, and As2 are essentially identical, with both increasing as we raise TSUB in this range (Fig. 4(b)). At 

TSUB = 570 C however, we see a marked divergence in the response of TSQDs grown under As4 and As2. 

The average diameter of TSQDs grown with As2 continues to increase monotonically as we raise TSUB 

(Fig. 4(b)). Raising TSUB increases the mean adatom diffusion length, promoting adatom attachment to 

existing islands rather than the nucleation of new QDs.1,14,51,52 The result of raising TSUB under As2 is 

therefore to produce GaAs TSQDs with larger average size and lower areal density.53 In contrast, TSQDs 

grown with As4 at TSUB = 570 C undergo a marked reduction in their average diameter (Fig. 4(b)). 

A possible explanation for this difference in TSQD self-assembly with As4 and As2 is again found in the 

disparity between the values of SAs4 and SAs2 (Table 2). SAs2  2SAs4 at all values of TSUB, meaning that for 

the same flux, the surface arsenic concentration will be higher when using As2 than As4. Growth under 

As2 is therefore expected to result in (111)A surfaces with the arsenic-rich, As-trimer reconstruction.54,55  

In contrast, at high TSUB the lower incorporation of As4 could push growth into a Ga-rich regime where 

the Ga-vacancy surface reconstruction is most stable.54 Previous reports have shown bulk GaAs(111)A 

grown under As4 transiting to a Ga-rich surface when heated above 550 C.56 Calculations suggest that the 

energy barrier to Ga adatom diffusion is four times larger on the Ga-vacancy reconstruction than the As-
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trimer reconstruction.45 Lower adatom diffusion results in QDs with smaller diameter and higher areal 

density.1,14,16,52 A sudden transition at TSUB = 570 C from the As-trimer to Ga-vacancy reconstruction for 

growth under As4 could therefore explain the abrupt reduction in TSQD diameter that we see in Fig. 4(b).  

If this is the correct mechanism, the appearance of the Ga-vacancy reconstruction at TSUB = 570 C should 

also increase TSQD areal density for samples grown under As4. This is indeed what we see (Fig. 4(c)). 

Regardless of As species, for TSUB  560 C, we see a monotonic decrease in TSQD density as the 

temperature is raised, as expected for increased Ga adatom diffusion.14,16 However, at TSUB = 570 C, 

TSQDs grown under As4 undergo a threefold increase in density, consistent with a sudden drop in adatom 

diffusion. For comparison, the density of TSQDs grown under As2 does not change (to within error) 

between TSUB = 560 C and 570 C (Fig. 4(c)).  

PL spectroscopy of the various samples consistently show enhanced emission intensity for TSQDs grown 

using As2 compared with As4 (Fig. 5). To aid comparison, in each case we have normalized the PL 

spectra to the intensity of the InAlAs barrier peak at 856 nm since this should be identical across samples. 

 

Figure 4: Average (a) height, (b) diameter and (c) areal density of 

GaAs/InAlAs(111)A TSQDs grown with As4 (black) and As2 (red), as a 

function of TSUB (error bars represent one standard deviation). For 

clarity, data points at the same TSUB are offset horizontally by 1 C. 
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The peak at 941–975 nm corresponds to the tensile-strained GaAs wetting layer (WL), while the smaller 

peak at 1009–1040 nm comes from the GaAs TSQDs. Ref. 17 details how these peaks were assigned. 

These spectra contrast with conventional InAs/GaAs(100) QDs whose areal densities are typically in the 

1010 cm-2 range.57 Once the InAs dots begin to form, PL from the QDs dominates, while emission from 

the WL is difficult to resolve.57 The opposite is true for the GaAs TSQD spectra in Fig. 5. For all samples, 

emission from the tensile-strained GaAs WL is more intense than from the GaAs TSQDs (Fig. 5). The 

reason is that the GaAs TSQD areal densities are in the 108 cm-2 range (see Fig. 4(c)), i.e., 100× lower 

than for InAs/GaAs(100) QDs. PL emission from fewer TSQDs per unit area means that the TSQD peaks 

are weaker, and so the WL peaks dominate these spectra (Fig. 5).  

However, our primary interest is to compare the effect of As4 and As2 on the optical properties of these 

samples. Plotting the intensity of the WL peaks in Fig. 5, shows that, regardless of TSUB, the use of As2 

during growth results in brighter PL emission compared with the use of As4 (Fig. 6(a)). We can perform a 

similar comparison for the PL intensity of the GaAs TSQD peaks, but we must first account for the 

 

Figure 5: 7 K PL emission spectra from GaAs(111)A TSQDs samples growth with As2 (red) 

and As4 (black) at TSUB = (a) 535 C, (b) 560 C, and (c) 570 C. Spectral intensities are 

normalized to the bulk InAlAs peak. 
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variation in TSQD areal density from sample to sample. For a given laser spot size, the more TSQDs that 

are excited, the more photons will be emitted. This is particularly important for samples grown under As4, 

given the increase in TSQD density we see at TSUB = 570 C (Fig. 4(c)). We therefore use a metric we 

refer to as emission efficiency, which is given by the integrated area of the TSQD PL peak, divided by the 

areal density of TSQDs on that sample.16  

Plotting emission efficiency shows that regardless of TSUB, PL emission from GaAs TSQDs grown with 

As2 is more intense than from TSQDs grown with As4 (Fig. 6(b)). Despite the higher areal density of the 

As4-grown TSQDs at TSUB = 570 C, the As2-grown TSQDs still have higher emission efficiency. TSQD 

 

Figure 6: The impact of arsenic species on (a) tensile-strained GaAs WL PL intensity, and 

(b) GaAs(111)A TSQD PL emission efficiency as a function of TSUB. (c) FWHM of the 

GaAs(111)A TSQD and WL PL peaks as a function of TSUB and arsenic species. 
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emission efficiency falls off for both As2 and As4 samples as we raise TSUB from 560 C to 570 C. This 

behavior shows that material quality is compromised, most likely as a result of the very low As 

incorporation coefficients of both arsenic species at this high temperature (Table 2).30,32 

We can therefore conclude that the use of As2 during the growth of these TSQD samples significantly 

improves the optical quality of the GaAs in both the tensile-strained WL and in the TSQDs themselves. 

Specifically, the use of As2 increases WL emission intensity by 3–7× and TSQD emission efficiency by 

3–4×, compared with the use of As4 (Figs. 6(a)–(b)). In general, higher PL intensity is an indicator of 

lower non-radiative recombination and improved material quality. Researchers have long associated the 

pairwise incorporation mechanism for As4 with increased levels of point defects,48 and shown that defect 

densities can be reduced by using As2 instead.58 

The spectral linewidth of the WL PL peaks, defined as the full width at half maximum (FWHM), remains 

constant regardless of TSUB and the arsenic species used (Fig. 6(c)). This tells us that the width uniformity 

of the WL quantum well is robust against these changes in the MBE growth parameters. For samples 

grown at TSUB  560 C, the FWHM of the TSQD PL peaks, is narrower for samples grown with As2 than 

with As4 (Fig. 6(c)). In general, for an array of QDs, a narrower FWHM is consistent with a more uniform 

dot size distribution, and is a positive attribute for many light emission applications. The overall trend for 

both As4- and As2-grown TSQDs is for larger FWHM as TSUB is raised, consistent with an increase in 

Ostwald ripening as adatom diffusion is enhanced. However, at TSUB = 570 ºC the trend for TSQDs grown 

under As4 is reversed, and a lower FWHM suggests that they are more uniform in size. The transition to 

the Ga-vacancy reconstruction and the accompanying reduction in Ga adatom diffusion hampers Ostwald 

ripening. At this high temperature, the result is a slight improvement in size uniformity for TSQDs grown 

under As4 compared with As2. 

 

Conclusions 

We can manipulate the shape, size, areal density, and optical emission quality of GaAs/InAlAs(111)A 

TSQDs during MBE growth through our choice of arsenic species and TSUB. GaAs(111)A TSQDs have 

three distinct morphologies: A- and B-step triangular TSQDs, and high symmetry hexagonal TSQDs. 

Which shape arises depends on the relative growth rates of the A- and B-steps. We demonstrate that we 

can influence these growth rates by growing under As4 or As2. At sufficiently high TSUB, differences 

between the A- and B-step growth rates become negligible, and hexagonal TSQDs appear. We know that 

higher structural symmetry helps to reduce FSS in semiconductor QDs, for example in triangular (111) 

TSQDs compared to elliptical (100) QDs.5,6,59,60 In future, we are therefore interested to see if the higher 

structural symmetry of the hexagonal GaAs(111)A TSQDs we can now grow using As2, will offer even 

lower FSS than the triangular GaAs(111)A TSQDs we have investigated to date.8 

When using As4, we see evidence for a transition from the As-trimer to the Ga-vacancy surface 

reconstruction at TSUB = 570 C. This transition seems to be triggered by the particularly low arsenic 

incorporation coefficient for As4 compared with As2 at this high temperature. In all sample sets, growth 

under As2 produces samples with better optical quality than As4. We therefore recommend that for 

optoelectronic applications, MBE growth of GaAs(111)A TSQDs should be carried out under As2 instead 

of As4. The high symmetries available in these self-assembled nanostructures may prove to be beneficial 

for quantum optics applications. 
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