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A B S T R A C T

A recently developed growth technique enables the self-assembly of defect-free quantum dots on (111) surfaces

under large tensile strains. We demonstrate the use of this approach to synthesize germanium (Ge) quantum dots

on In0.52Al0.48As(111)A with>3% residual tensile strain. We show that the size and areal density of the tensile-

strained Ge quantum dots are readily tunable with growth conditions. We also present evidence for an unusual

transition in the quantum dot growth mode from Stranski-Krastanov to Volmer-Weber as we adjust the substrate

temperature. This work positions Ge quantum dots as a promising starting point for exploring the effects of

tensile strain on Ge’s band structure.

1. Introduction

Germanium (Ge) is an indirect band gap semiconductor that plays a

pivotal role in today’s electronics industry. However, theory predicts that

tensile strain should cause dramatic changes to Ge’s band structure, opening

up new possibilities for electronic and optoelectronic applications [1–6]. Of

particular note is the prediction that for Ge with a (111) crystallographic

orientation, ~4% biaxial tensile strain should shrink the band gap to zero,

transforming Ge from a semiconductor into a semimetal [2,5–7]. High-

quality semiconductor materials with a (111) crystallographic orientation

are growing in demand, offering unique characteristics that are highly re-

levant to a range of applications from quantum optics to topological in-

sulators [8–11]. Transforming the fundamental properties of a material as

widely used as Ge would be in and of itself interesting. However, the ability

to create functionalized (111)-oriented heterostructures by embedding

semimetallic materials within semiconductor matrices could be useful in

areas ranging from solar cells to thermoelectrics [12–14]. Zero band gap Ge

could even have implications for future topological materials based on

conventional semiconductors [15].

As a result of these predictions, researchers have hence explored

various approaches to induce tensile strain in Ge, ranging from me-

chanical stress, to self-assembled Ge nanostructures [16–22]. As a re-

sult, tensile strains as large as 3.8% have been achieved in Ge, leading

to the observation of some of the predicted changes in band structure

[20]. However, these activities have been almost exclusively limited to

(001)-oriented Ge, such that tensile-strained Ge with a (111) orienta-

tion remains unexplored. To facilitate research in this area, what is first

required is a robust method by which we can synthesize defect-free Ge

under large tensile strains on (111)-oriented substrates.

In recent years, tensile-strained self-assembly has been established

as a scalable, one-step technique for the growth of tensile-strained

quantum dots (TSQDs) by molecular beam epitaxy (MBE) [23–25]. The

specific combination of tensile strain and a (111) or (110) surface or-

ientation creates an energetic barrier to plastic strain relief by dis-

location nucleation and glide [23,25,26]. As a result, a window exists

within which elastic strain relief by the self-assembly of dislocation-free

3D islands (TSQDs) can take place. This situation is analogous to the

well-known self-assembly of compressively strained QDs on (001)
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surfaces [27–29]. We have previously used this process to synthesize

defect-free GaAs TSQDs under 3.7% tensile strain on In0.52Al0.48As(111)

and (110) surfaces [8,26,30–32]. These GaAs TSQDs are optically ac-

tive, with properties that are readily tunable with MBE growth para-

meters [8,26,30,31,33].

In this paper, we adapt tensile-strained self-assembly to enable the

growth of defect-free Ge nanostructures on InAlAs(111)A. Crucially, the

model for tensile-strained self-assembly is expected to apply to both

zinc-blende (e.g., GaAs) and diamond-cubic (e.g., Ge) semiconductors

[25]. Since GaAs and Ge have similar lattice constants, substituting Ge

for GaAs in the InAlAs-based material system described above should be

a direct replacement, at least from the point of view of the tensile strain.

We discuss the role that the MBE growth parameters play in controlling

the size and areal density of the Ge TSQDs. We also present evidence for

a rarely observed transition between the Stranski-Krastanov (SK) and

Volmer-Weber (VW) growth modes for TSQD self-assembly with in-

creasing substrate temperature. Robust control over TSQD synthesis

establishes these nanostructures as a useful basis for future studies of

tensile-strain-engineered Ge.

2. Methodology

We used solid-source MBE to grow several series of Ge/

In0.52Al0.48As/InP(111)A samples under different growth conditions.

The InP(111)A substrates were Fe-doped and nominally on-axis

(± 0.5˚). We used standard effusion cells for the ultra-high purity Al,

Ga, In, and Ge, and a valved-source for the As4 with the cracker set to

600 °C. We determined the substrate temperature (TSUB) with a py-

rometer and a thermocouple calibrated against known changes in sur-

face reconstruction, observed with reflection high-energy electron dif-

fraction (RHEED). We used a flux monitor to measure the beam

equivalent pressure (BEP) for each source at the substrate position.

We found the Al, Ga, and In growth rates using RHEED intensity

oscillations, and calibrated ternary alloy compositions using ex situ x-

ray diffraction. We calibrated Ge growth rate using transmission elec-

tron microscopy (TEM) to measure the thicknesses of Ge layers grown

for one hour at different cell temperatures.

For sample growth, we removed the substrate surface oxide by

heating in the growth chamber at TSUB = 510 °C for 15 min under an

As4 BEP of 1.5 × 10-5 Torr. We reduced TSUB to 495 °C and grew a

50 nm In0.53Ga0.47As (hereafter InGaAs) smoothing layer [34], followed

by a 200 nm In0.52Al0.48As (hereafter InAlAs) bottom barrier, at growth

rates of 169 nm/hr. and 175 nm/hr., respectively. We adjusted TSUB to

435–560 °C, closed the As4 valve and shutter, waited for 60 s, and

deposited 0.2–1.2 bilayers (BL) of Ge at growth rates from 0.010 to

0.025 BL/s. We then either immediately cooled the Ge layer or buried it

with a 20 nm InAlAs top barrier, finishing with a 5 nm InGaAs cap to

prevent oxidation.

For each TSUB value of 435, 460, 485, 510, 535, and 560 °C, we grew

samples with 0.2, 0.4, 0.6 and 1.2 BL of Ge at 0.020 BL/s, to create a

6 × 4 sample matrix. We also grew two additional samples with 0.9 BL

Ge at 435 °C and 460 °C to add detail in key areas.

From atomic force microscopy (AFM) scans, we extracted the root-

mean-square roughness (Rq) of the uncapped Ge, as well as the heights,

diameters, and areal densities of any nanostructures. We mapped the

crystal and compositional structure of our samples using scanning TEM

(STEM) with electron energy loss spectroscopy (EELS) and energy-dis-

persive x-ray spectrometry (EDS). We used ImageJ and NanoScope

software to analyze EELS maps and AFM images respectively. To

measure residual tensile strain in the Ge TSQDs using Raman spectro-

scopy, we grew a sample at 535 °C containing four layers of 0.6 BL

TSQDs separated by 20 nm InAlAs barriers. Taking care to minimize

sample heating, we compared Raman spectra from this four-layer Ge/

InAlAs TSQD sample to those from two bulk InAlAs(111)A control

samples: one uncapped, and one with a 10 nm InGaAs cap.

3. Results & Discussion

TSQDs form spontaneously when Ge is deposited onto InAlAs

(111)A. Prior to Ge deposition, the InAlAs(111)A buffer surfaces (i.e. 0

BL Ge) are smooth, with monolayer-high steps and Rq = 0.28 nm

(Fig. 1(a)). Once we start to deposit Ge at TSUB = 535 °C, the surface

morphology changes abruptly. Upon opening the Ge shutter, the

(2 × 2) InAlAs(111)A RHEED pattern changes to (1 × 1), followed

rapidly by the appearance of a bright spotty pattern. AFM reveals 3D Ge

TSQDs distributed across the surface, with average height

1.81 ± 0.39 nm (Fig. 1(b)). Analysis of AFM images such as Fig. 1(b)

shows that more than 80% of Ge TSQDs nucleate at step edges as op-

posed to on the terraces. As we raise the Ge deposition amount to 0.6

BL, Rq increases from 0.32 nm to 0.51 nm (Fig. 1(c)), accompanied by

an increase in the areal density and size of the Ge TSQDs, with average

height 2.21 ± 0.54 nm (Fig. 1(b–c)).

High-resolution TEM imaging, combined with STEM/EELS compo-

sitional mapping, confirms the presence of discrete, dislocation-free Ge

TSQDs embedded within the InAlAs matrix (Fig. 2(a–b)). A survey of

multiple Ge TSQDs suggests that 80–85% are dislocation-free, and

hence coherently tensile-strained to the InAlAs (Supplementary Data

Fig. S1). We do see some evidence of defects in regions of the InAlAs

cap, including triple-period ordering, dislocations, twinning, and

Fig 1. 2 × 2 μm2 AFM images showing evolution of InAlAs(111)A surface

morphology and RMS roughness (Rq) with increasing Ge deposition: (a) 0 BL Ge

(i.e. InAlAs(111)A buffer), (b) 0.2 BL Ge, and (c) 0.6 BL Ge. Ge deposition

rate = 0.020 BL/s, and TSUB = 535 °C. The z-scalebar is 2 nm.

K.E. Sautter, et al.



stacking faults. However, unlike growth of III-Vs on (001)-oriented Ge,

we do not see antiphase domains at the non-polar/polar interface

[35,36]. Atomic steps that are an odd number of atomic layers high are

energetically very unfavorable on a (111) surface, and so antiphase

domains are not expected to form [37]. Future work will focus on op-

timizing nucleation of the InAlAs above the Ge TSQDs.

The EELS maps in Fig. 2(b) and Fig. S1 reveal no sign of a Ge

wetting layer beneath the TSQD. Diffusion of the Ge from the TSQDs

into the surrounding InAlAs also appears to be negligible. Taking pro-

files through the EELS map in Fig. 2(b), we determine a TSQD height of

3.2 ± 0.4 nm and diameter of 16.7 ± 1.0 nm (Figs. 2(c,d)). These

values are similar to AFM profiles of representative uncapped TSQDs

(Fig. 2 (This needs to be linked with Fig. 2e)): height = 3.4 ± 0.3 nm;

diameter = 18 ± 1 nm. These results suggest minimal alloying of the

Ge TSQDs with the surrounding InAlAs matrix.

Fig. 2(f) shows a TEM image of a sample containing four stacked

layers of Ge TSQDs. Consistent with EELS, an EDS elemental map

(Fig. 2(f) inset) shows discrete Ge TSQDs. EDS also reveals vertical

alignment of the Ge TSQDs in consecutive layers. The tensile strain field

surrounding each Ge TSQD enhances the probability of another TSQD

nucleating directly above it in the next layer, a well-known effect in

compressively strained QD systems [38]. This observation provides

additional confirmation that the Ge TSQDs are coherently tensile-

strained to the InAlAs matrix.

To quantify the amount of tensile strain within the Ge TSQDs,

Fig. 2(g) compares the Raman spectrum from the sample in Fig. 2(f)

with those from InAlAs control samples. The InAs phonon lines at

220 cm−1 (TO1) and 237 cm
−1 (LO1), and the AlAs phonon lines at

347 cm−1 (TO2) and 369 cm−1 (LO2), are common to the Raman

spectra from all samples (Fig. 2(g)) [39]. The samples containing In-

GaAs also show InAs-like LO and GaAs-like TO lines at 251 cm−1 and

268 cm−1 respectively [40]. Unique to the Ge TSQD Raman spectrum is

the feature at 288.4 cm−1, corresponding to the LO phonon line of the

Ge TSQDs. This line is shifted from 302.4 cm−1 where we observe the

LO phonon for bulk, unstrained Ge(111) (dashed line). From this

Raman shift of –14.0 cm−1, we calculate the tensile strain in the Ge

TSQDs to be 3.38 ± 0.36% using a value of –415 ± 40 cm−1 for the

phonon strain-shift coefficient [41]. Although this calculated tensile

strain is a little lower than the 3.7% lattice mismatch between Ge and

In0.52Al0.48As, they agree within error. The most likely causes of any

discrepancy are elastic strain relief in the Ge TSQDs, and typical run-to-

run variations in the composition of the InAlAs layers used in the

Raman sample. The asymmetric broadening of the Ge TSQD line to-

wards lower wavenumbers (Fig. 2(g)) is observed in the Raman spectra

of other QD systems, including strain-free Ge QDs, and compressively

strained InAs QDs [21,42]. These asymmetric phonon line shapes de-

rive from optical phonon confinement in arrays of QDs with a finite size

distribution [43–45].

We can readily tune TSQD size and areal density by controlling TSUB
and Ge deposition during MBE growth. In the interest of space, Fig. 3

shows only a subset of the full sample matrix. Each row shows the effect

of raising TSUB, while each column shows the effect of increasing Ge

deposition. To avoid thermal degradation of the InAlAs, we were lim-

ited to TSUB < 560 °C.

Surprisingly, Fig. 3 reveals that there are two growth modes re-

sponsible for Ge TSQD self-assembly in this sample set. At

TSUB = 435 °C, there is no TSQD formation for ≤0.6 BL Ge (Fig. 3(a),

(e)), indicating that Ge initially grows as a 2D wetting layer. However,

for deposition ≥ 0.9 BL, the Ge self-assembles into 3D TSQDs

(Fig. 3(i)). This 2D-to-3D growth transition is consistent with the SK

growth mode. Barabási suggests that there are two kinds of SK growth

depending on whether growth is thermodynamically or kinetically

limited [46]. The far-from-equilibrium nature of MBE means we ob-

serve the kinetically limited version of SK growth here. As TSUB is in-

creased to 485 °C, we again see TSQD self-assembly via the SK mode

with a transition from 2D growth (Fig. 3(b)) to 3D growth (Fig. 3(f)) as

deposition is increased. Interestingly, the critical thickness of 0.6 BL for

the 2D-to-3D SK transition is lower than at 435 °C. This observation is

consistent with previous studies, which showed reduced SK critical

thickness for increased adatom diffusion length:[47–49] in our case, by

increasing TSUB. From the areal density and average TSQD volume, we

calculate that in Fig. 3(f) only 0.61 ± 0.24% of the total 0.6 BL Ge

deposited is contained within the TSQDs, with the remainder in the

wetting layer. We therefore estimate the wetting layer is ~0.596 BL

thick, and since this value is greater than 0.5 BL (i.e. 1 monolayer), we

conclude that the wetting layer is continuous over the surface, con-

sistent with SK growth.

In contrast, for TSUB ≥ 510 °C, we see TSQD formation after de-

position of just 0.2 BL Ge (Fig. 3(c,d)), which is insufficient for a con-

tinuous wetting layer to form. Immediate TSQD self-assembly in the

absence of a wetting layer indicates that for TSUB ≥ 510 °C, growth

proceeds via the VW mode. Indeed, both EELS and EDS in different

samples grown at TSUB = 535 °C confirm the absence of a continuous

Ge wetting layer (Fig. 2 and Fig. S1).

The ability to controllably change the growth mode from SK to VW

is very unusual. Although theory predicts that a transition between SK

and VW growth modes is possible [46], experimental evidence is scarce.

We have previously seen hints of a crossover from SK to VW growth

during GaAs TSQD self-assembly [26]. Other researchers have used

substrate offcut angle to move from SK to VW self-assembly during

Fig. 2. (a) Annular dark field STEM image of an individual, capped Ge TSQD.

(b) an EELS map of the Ge L signal corresponding to the region enclosed by the

yellow box in (a). (c) and (d): grayscale profiles showing TSQD height (c) and

diameter (d) cross-sections along the dashed lines on the EELS map in (b). (e)

AFM cross-section of a representative Ge TSQD on an InAlAs surface (Inset: the

50 nm × 50 nm AFM image of the TSQD shows the location of the cross-

sectional profile (z-scalebar = 4.3 nm)). (f) TEM image overlaid with an EDS

elemental map of the Ge Kα1 line. (g) Raman spectra of bulk InAlAs(111)A

(black), InAlAs(111)A capped with InGaAs (blue), and InAlAs(111)A containing

Ge TSQD layers and capped with InGaAs (red). The black dashed line shows the

position of the LO phonon line for unstrained, bulk Ge(111). All samples in this

figure were grown with 0.6 BL Ge at 535 °C, with a growth rate of 0.020 BL/s.
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growth of GeSi on Si(001), which is a function of surface free energy

variations in the facets available at different angles [50–52].

Whether self-assembly occurs via the SK or VW growth modes is due

to the interplay between the strain and free surface energies of a par-

ticular QD material system [53]. For the Ge/InAlAs(111)A TSQD

system, the tensile strain and surface energies of the InAlAs buffer and

the Ge/InAlAs interface are constant regardless of TSUB. It is therefore

likely that, consistent with the case for offcut substrates [50], the ob-

served SK-to-VW transition is linked to the higher surface free energy of

Ge crystal facets that become accessible when TSUB increases [54]. Al-

though outside the scope of the work presented here, a future study

using scanning tunneling microscopy will help clarify this point.

Fig. 3 also provides some insight into the surface diffusivity of Ge

adatoms on InAlAs(111)A. The fact that greater than 80% of TSQDs

form at step edges on the InAlAs(111)A surface (e.g. Fig. 1(b),

Fig. 3(c,d)) is often taken as a signature of a high adatom diffusion

length [25]. The average InAlAs(111)A terrace width is 86 ± 13 nm,

so to reach the nearest step edge, the average Ge adatom must diffuse a

distance ≥43 ± 7 nm. However, we expect Ge adatom diffusion

lengths to be greater than 50 nm. On Si(001) surfaces, Ge adatoms

diffuse more than 2 μm [55], a value that should be even higher on

(111) surfaces that are known to have longer diffusion lengths than

(001) surfaces [56].

We therefore conclude that the Ehrlich-Schwöbel (ES) barrier lim-

iting adatom migration between neighboring terraces of the InAlAs

(111)A surface must be larger than the kinetic energy of the Ge adatoms

over the range of TSUB used here. Although values for the ES barrier on

InAlAs(111)A are unavailable in the literature, it is known that ES

barriers on (111)A surfaces of III-V compounds are typically large. A

previous study estimated an ES barrier for Ga(Al)As(111)A of at least

100 meV [57]. We hence attribute the preferential nucleation of Ge/

InAlAs(111)A TSQDs at step edges to a large ES barrier limiting Ge

adatom diffusion.

2D contour plots of structural data from our 6 × 4 sample matrix

reveal a local maximum in TSQD areal density for 0.6 BL Ge grown at

TSUB = 510–535 °C (Fig. 4(a)). The local maximum for TSQD height

occurs for 0.6 BL Ge grown at TSUB = 535 °C (Fig. 4(b)). As expected for

mass conservation, we see a corresponding local minimum in TSQD

diameter for 0.6 BL Ge grown at 510–535 °C (Fig. 4(c)). If high-density,

tall, narrow TSQDs are desirable, these growth conditions should be

targeted. The maximum areal density of 4.44 × 1010 cm−2 occurs for

1.2 BL Ge TSQDs grown at 510 °C.

At the highest values of TSUB and deposition (upper righthand cor-

ners in Fig. 4), there is a decrease in TSQD areal density, accompanied

by a sharp increase in TSQD height and diameter to their maximum

values over the range studied here. This behavior corresponds to Ost-

wald ripening of the TSQDs [58]. Raising TSUB increases the Ge adatom

diffusion length, allowing bigger TSQDs to grow at the expense of

smaller ones nearby. This results in a lower density of larger Ge TSQDs

that minimize the strain energy more efficiently than numerous small

TSQDs.

We can also tailor TSQD self-assembly via the Ge growth rate.

Holding total Ge deposition constant at 0.6 BL, we raised the Ge growth

rate from 0.010 to 0.025 BL/s (Supplementary Data Fig. S2). TSQD

areal density increases from 5.3 to 19.0 × 109 cm−2, with a simulta-

neous decrease in average TSQD diameter from 29.5 ± 4.3 to

23.1 ± 0.9 nm, and a small increase in average height from

1.84 ± 0.46 to 2.59 ± 0.40 nm. Since adatom diffusion length de-

creases at higher growth rates, adatoms tend to cluster closer to where

they land on the surface [25,59]. The result is a higher density of

smaller dots.

The dependences of Ge TSQD size and areal density on the three

MBE parameters explored here (TSUB, deposition amount, and growth

rate) are consistent with the self-assembly behavior of III-V QDs: both

traditional compressively strained (001) QDs and tensile-strained QDs

on (110) and (111) surfaces [23–25,53]. These similarities indicate that

Fig. 3. 2 × 2 μm2 AFM images demonstrating control of Ge TSQD size and density as a function of both Ge deposition amount (rows) and TSUB (columns). All samples

were grown at 0.020 BL/s. The z-scalebar is 2 nm.
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despite the introduction of Ge, a group IV semiconductor, the same

physical processes underpin self-assembly. We can therefore apply the

extensive body of knowledge surrounding III-V QDs to hybrid group IV/

III-V QD systems like this as we begin to develop them for specific

applications.

4. Conclusions

We demonstrate the controllable growth of self-assembled Ge

TSQDs on InAlAs(111)A. We can readily tune TSQD size and areal

density in response to TSUB, deposition amount, and growth rate. With

Raman spectroscopy, we measure residual strains in the Ge TSQDs of

3.4% and observe indications of optical phonon confinement. We see

compelling evidence for an unusual transition between the SK and VW

growth modes for TSQD self-assembly. Self-assembly of Ge/InAlAs

(111)A TSQDs provides the clearest evidence to date for a tunable

transition between the SK and VW growth modes. The ability to select

either the SK or VW growth mode for QD self-assembly, simply by

controlling TSUB, could be useful for certain applications. Its near ubi-

quity in III-V QD self-assembly means SK growth is very well-under-

stood. On the other hand, VW growth eliminates the possibility of QD-

wetting layer interactions [60], while the lack of a wetting layer could

help minimize antiphase disorder when capping Ge TSQDs with a III-V

top barrier [21]. This work represents a robust starting point from

which to use tensile-strained band engineering to investigate the

transformation of Ge into a semimetal or direct band gap semi-

conductor [6,7].
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