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Strain-based band engineering in quantum dots and dashes has been predominantly limited to

compressively strained systems. However, tensile strain strongly reduces the bandgaps of

nanostructures, enabling nanostructures to emit light at lower energies than they could under

compressive strain. We demonstrate the self-assembled growth of dislocation-free GaAs quantum

dashes on an InP(111)B substrate, using a 3.8% tensile lattice-mismatch. Due to the high tensile

strain, the GaAs quantum dashes luminesce at 110–240 meV below the bandgap of bulk GaAs. The

emission energy is readily tuned by adjusting the size of the quantum dashes via deposition thick-

ness. Tensile self-assembly creates new opportunities for engineering the band alignment, band

structure, and optical properties of epitaxial nanostructures. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893747]

Strain engineering is a valuable tool for improving the

performance of optoelectonic devices and tuning their optical

characteristics. These benefits arise from the dramatic band

structure transformation that occurs as increasing strain is

applied to a semiconductor. In laser diodes, for example, the

selection of tensile or compressive strain can improve lasing

thresholds1,2 and tune the lasing polarization3 by modifying

the valence sub-bands. Application of tensile strain has even

enabled germanium lasers by enhancing direct optical transi-

tions in the normally indirect bandgap material.4 In the case

of quantum dots (QDs) and quantum dashes (Q-dashes), de-

spite their important contributions to optoelectronics and

quantum information,5,6 only two strain states can be reliably

prepared: zero strain and compressive strain. To date, the

only tensile system that produces optically-active, disloca-

tion-free, (001) QDs is GaAs/GaSb with type-II band align-

ment.7 The inability to grow dislocation-free tensile

nanostructures from other materials8,9 limits the use of band

structure engineering in QD and Q-dash devices.

In particular, nanostructures could experience large

bandgap reductions under tensile strain that cannot be

achieved by other techniques. The compressive strain used

in conventional Stranski-Krastanov growth on (001) surfaces

increases the bulk bandgaps of III-V materials by

0.05–0.2 eV, given a typical 4% biaxial strain.10 In contrast,

tensile strain lowers bandgaps below their bulk values, with

reductions of 0.4–0.6 eV for III-Vs under 4% tension (or

0.5–0.8 eV on (111) surfaces).10 Signorello et al. performed

experiments to mechanically stretch nanowires, and found

that 3.5% uniaxial tension can red-shift the photolumines-

cence (PL) emission energy of a GaAs/AlGaAs nanowire by

nearly 300 meV.11 We recently demonstrated that tensile

GaAs (110) QDs exhibit a similar bandgap reduction without

external manipulation, obtaining PL emission 240 meV

below the bulk bandgap.12 These levels of strain, while com-

mon to nanostructures, are difficult to incorporate elastically

into quantum wells due to the low critical thickness for dislo-

cation nucleation that results. Tensile strain thus provides a

means to produce nanostructures with much lower bandgaps

than previously available, providing access to lower emis-

sion energies for photonic devices.

In this work, we demonstrate the self-assembly of opti-

cally active, tensile strained GaAs Q-dashes on an InP(111)B

substrate. Our results show that the (111) surface is favorable

for dislocation-free, tensile self-assembly, as predicted by

our recent growth model.9 Type-I quantum confinement of

carriers is achieved by growing the GaAs Q-dashes within an

In0.52Al0.48As matrix (InAlAs), while the 3.8% tensile strain

substantially lowers the GaAs bandgap (Fig. 1). In the

absence of dislocations, the (111)B Q-dashes exhibit strong

PL at room temperature. Due to the high tensile strain, PL

energies 110–240 meV below the bulk bandgap of GaAs are

observed. The strong reduction in PL emission energy,

despite the quantum confinement effect, demonstrates the

large bandgap tunability that can be achieved using tensile

strained nanostructures.

The band alignments for the GaAs/InAlAs(111)B

Q-dashes are shown in Fig. 1. The values shown were calcu-

lated from model-solid theory13 using band parameters and

elastic constants from Vurgaftman et al.14 For GaAs fully

strained to the InAlAs(111)B, the 3.8% biaxial tension low-

ers the GaAs bandgap by 0.7 eV, providing type-I confine-

ment for both electrons and holes. The actual transition

energies will lie higher than the calculated bandgap in Fig. 1

as a result of both quantum confinement in the Q-dashes

and partial elastic relaxation from the 3D self-assemblya)Electronic mail: christopher.yerino@yale.edu
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process.15 Nonetheless, this model predicts that the recombi-

nation energies in the GaAs nanostructures remain smaller

than the bulk bandgap of GaAs.

Samples are grown in a VEECO Modular GEN II solid-

source molecular beam epitaxy system (MBE), using P2 and

As4 as the group-V sources. We use semi-insulating

InP(111)B substrates offcut 2� toward h2�1�1i. This particular

offcut prevents faceting during growth of InAlAs, InGaAs,

and other III-Vs on (111)B.16 The native oxide is desorbed at

500 �C under P2, followed by the growth of 5 nm InAlAs at

480 �C and 200–500 nm InAlAs at 540 �C (all temperatures

are measured by optical pyrometer). The high InAlAs growth

temperature prevents formation of step bunches that would

otherwise roughen the surface. A narrow growth window

with a V/III beam equivalent pressure ratio of �10 produces

an optimally smooth surface (Fig. 2(a)) with root mean

square (rms) roughness of 0.44 nm over a 15� 15 lm2 area.

Higher or lower V/III ratios increase the roughness substan-

tially. Due to the high desorption rate of indium at 540 �C,17

the InAlAs composition is sensitive to small temperature

variations. Thus, the InxAl1�xAs composition varies among

samples from x¼ 0.514–0.525 as measured by x-ray diffrac-

tion and PL. Following the InAlAs buffer growth, 0–4 ML of

GaAs(111)B is deposited at 515 �C at a growth rate of 0.09

ML/s with a V/III ratio of 30. After GaAs deposition, sam-

ples are either cooled in As4 for observation by atomic force

microscope (AFM), or the GaAs is capped with 100 nm

InAlAs for PL and transmission electron microscopy (TEM).

The first 10 nm of the InAlAs cap is grown at 515 �C, fol-

lowed by 90 nm of InAlAs at 540 �C. PL measurements are

performed by focusing a 532 nm laser onto each sample and

measuring the PL signal with an InGaAs detector. The polar-

ization dependence of the PL was measured by passing the

PL signal through a rotation-mounted half-waveplate and a

fixed polarizing filter prior to the detector. TEM is performed

in both cross-section (X-TEM) and plan-view (PV-TEM)

using a FEI Osiris operating at 200 keV.

AFM imaging of the uncapped GaAs layers shows that

nanostructure morphology is directed by the substrate offcut

(Fig. 2). The vicinal growth produces nearly straight terraces

perpendicular to the 2� offcut, running parallel to [0�11].

Prior to GaAs growth, the InAlAs buffer terraces have an

average width of 11 nm, consistent with monolayer-high

steps and the 2� offcut (Fig. 2(a)). GaAs deposited on the off-

cut InAlAs produces wider, taller, parallel steps as a result of

step-bunching. During the first 1 ML of GaAs deposition,

many of the monolayer-high steps merge into bi-layer steps.

These steps increase in spacing and height with increased

GaAs deposition. By 2 ML, the size distributions of the

GaAs terraces are 26 6 8 nm wide and 0.76 6 0.31 nm tall,

while the 3 ML terraces are 34 6 14 nm wide and

0.86 6 0.47 nm tall. The increase in step spacing and height

with GaAs deposition indicates that neighboring steps are

merging together to form macrosteps as the growth pro-

gresses. These straight, parallel surface undulations are

similar to earlier work on wire-like GaAs/AlGaAs structures

grown on highly offcut wafers.18 In those studies, macro-

steps were formed intentionally on the offcut AlGaAs, fol-

lowed by the selective growth of GaAs wires at the steps.

Our present results exhibit a different growth mechanism,

where macrosteps form upon deposition of tensile GaAs

onto a smooth, monolayer-stepped offcut surface.

TEM imaging shows the morphology and structural

quality of the buried GaAs nanostructures. The buried GaAs

layers (Figs. 3(b)–3(d)) each exhibit wire-like strain contrast

features that are not present in the InAlAs reference sample

(Fig. 3(a)). These features are �50–400 nm long for all

samples and are �6–10 nm wide. We designate these nano-

structures as Q-dashes due to their size range and large ani-

sotropy.19 As more GaAs is deposited, the strain contrast

FIG. 1. Band alignment calculations for GaAs layers within

In0.52Al0.48As(111)B at 300 K, comparing the alignment (a) without strain

present and (b) with GaAs fully and biaxially strained to the InAlAs. In (b),

the GaAs bandgap is lowered by 0.7 eV due to tensile strain, producing type-

I confinement for electrons and holes. Red lines indicate ground states for

Q-dashes formed from 3 ML thick GaAs (with dimensions from TEM

images in Fig. 3). All energies are given in eV.

FIG. 2. AFM images of uncapped GaAs layers, 0.5� 0.5 lm2 in area, grown

on InAlAs(111)B: (a) bare InAlAs buffer, (b) 1 ML GaAs, (c) 2 ML GaAs,

and (d) 3 ML GaAs layers. The height scale is 3 nm.
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becomes stronger, suggesting that the Q-dashes become

thicker in the out-of plane direction. The density of the Q-

dashes remains constant at 8� 109 cm�2 as GaAs thickness

increases, maintaining a lateral spacing of 41 6 12 nm

between adjacent Q-dashes. This behavior differs from the

morphology of the uncapped GaAs (Fig. 2), which has a

smaller macrostep spacing that increases with GaAs thick-

ness. This complex change in Q-dash density resembles the

restructuring of QDs that commonly occurs during capping,

whereby mass transport during cap deposition changes the

size, shape, and density of the QDs.20 X-TEM on the 3 ML

Q-dash sample was performed along the [0�11] zone by pre-

paring a thin section parallel to the offcut direction (Fig.

3(e)). The points of strain contrast have identical spacing to

the Q-dashes seen in PV-TEM and confirm that the dashes

are aligned along [0�11], parallel to the offcut steps. The sub-

strate offcut thus guides the growth of the Q-dashes, likely

by the formation of macrosteps that restructure during

capping.

The TEM images show that GaAs layers �3 ML thick

incorporate the 3.8% tensile strain elastically without nucle-

ating dislocations (Fig. 3). This observation is consistent

with our model’s prediction that (111) surfaces can accom-

modate large tensile strains.9 However, when the GaAs

thickness is increased to 4 ML, the accumulated strain

energy exceeds the threshold for dislocations, as observed by

TEM (see supplementary material21). Similar limits to

dislocation-free deposition thickness are present in conven-

tional QD growth.22 The high crystalline quality of the 1–3

ML tensile GaAs(111)B growths contrasts strongly with ten-

sile growth on most (001) surfaces under similar strains,

where dislocation-free nanostructures are difficult to obtain.8

Dislocation free tensile nanostructures were similarly

observed for GaP on GaAs(111)A23 and Si on Ge(111),24

suggesting that a window for dislocation-free, tensile island

growth is common to a broad range of (111) surfaces. These

prior works used indirect bandgap materials that did not

exhibit light emission, in contrast to the luminescent GaAs/

InAlAs(111)B Q-dashes reported here.

Room temperature PL measurements of the GaAs

Q-dashes are shown in Fig. 4. PL emission from the InAlAs

matrix varies from 1.44 to 1.47 eV among the samples due to

small variations in growth temperature,17 as discussed above.

A strong GaAs Q-dash peak appears at 1.31 eV in the 2 ML

GaAs sample and gradually red-shifts to 1.18 eV as the

GaAs deposition increases to 4 ML, due to the quantum size

effect. At 4 ML, the intensity of the GaAs PL decreases rela-

tive to the InAlAs peak due to the onset of dislocations in the

GaAs layer. No GaAs PL was detected for the 1 ML sample

due to insufficient confinement of carriers in the very thin

GaAs. All of the GaAs Q-dash emissions are far below the

GaAs bulk bandgap (1.42 eV) due to high tensile strain from

the 3.8% lattice mismatch. In comparison, unstrained GaAs

quantum wires grown within AlGaAs barriers always have

emission energies higher than the bandgap due to quantum

confinement (e.g., 1.48 eV in Ref. 25). In addition to direct

bandgap energy reduction, high tensile strain is also expected

to significantly reduce the bandgap of the indirect

valleys.13,26 Strong PL observed at 10–300 K from the GaAs

FIG. 3. Bright-field TEM images of GaAs Q-dashes surrounded by InAlAs

barriers. PV-TEM images are shown for (a) a bare InAlAs buffer, (b) 1 ML

GaAs, (c) 2 ML GaAs, and (d) 3 ML GaAs layers. Images (a)–(d) all use a

200 nm scale bar and g¼ 20�2 as shown in (a). (e) X-TEM of the 3 ML GaAs

layer using the [0�11] imaging zone; the long axes of the Q-dashes are per-

pendicular to the page.

FIG. 4. Room-temperature PL spectra of tensile GaAs Q-dashes embedded

within 600 nm thick InAlAs(111)B. The energy of the Q-dash emission red-

shifts with the increase in GaAs thickness. Due to the tensile strain, the

emission from the GaAs Q-dashes lies below the bulk GaAs bandgap (black

arrow at 1.42 eV) in all samples.
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Q-dashes suggests that the tensile GaAs remains in the direct

bandgap regime (see supplementary material21). However,

further work will be necessary to confirm the nature of the

bandgap.

To corroborate the experimental Q-dash transition ener-

gies, we have estimated the ground state emission energy for

the 3 ML Q-dashes, assuming a direct bandgap. A simple

“particle in a finite box” model was used to calculate the

electron and hole energies, simplifying the Q-dash geometry

to that of a rectangular prism with dimensions taken from the

TEM images of Figs. 3(d)–3(e). The calculated confinement

energies are shown in Fig. 1, which assumes that the Q-

dashes are fully strained biaxially to the InAlAs on InP. We

calculate a transition energy of 1.15 eV for the 3 ML Q-

dashes, compared to the experimental PL value of 1.24 eV.

An underestimate of the Q-dash transition energy is expected

for two reasons. First, partial elastic strain relaxation occurs

during the 3D growth of the Q-dashes, which increases their

bandgap.15 Second, the simplified box-geometry underesti-

mates the quantum confinement experienced by electrons

and holes. Numerical modeling of the wavefunctions accord-

ing to the strain profile and the exact shape of the dashes is

needed to calculate the PL energy more accurately.15 The Q-

dash PL, nonetheless, shows reasonable agreement with the

transition energy expected due to the interplay between ten-

sile strain and confinement. Control over PL energy using

tensile strain complements the use of quantum confinement

in the Q-dashes, while extending the photon energies acces-

sible to GaAs.

Finally, we investigated the presence of optical polariza-

tion in the tensile GaAs/InAlAs(111)B Q-dashes at 10 K. For

the 4 ML GaAs sample, the PL of the tensile Q-dashes is

slightly polarized perpendicular to the long axis of the dashes

in the [2�1�1] direction, unlike conventional unstrained27 or

compressively strained28 quantum wires which emit light

polarized parallel to their long-axes. However, the InAlAs

matrix also exhibits polarized luminescence,27 which influ-

ences the polarization of the embedded Q-dashes in thinner

GaAs layers, similar to the report by Sugisaki et al.29 Details

on the complex polarization behavior of the tensile GaAs/

InAlAs Q-dashes will be reported elsewhere.30

This work has demonstrated the self-assembled growth of

Q-dashes under large tensile strain, using (111)B oriented sub-

strates to inhibit dislocation formation. The high material qual-

ity and strong type-I confinement induced by the tensile strain

results in bright room temperature PL from the GaAs Q-dashes.

Due to the 3.8% tensile lattice mismatch accommodated by the

nanostructures, the GaAs bandgap decreases, emitting light 110

– 240 meV below the unstrained bandgap. Combined with pre-

vious work on GaP/GaAs(111)A23 and Si/Ge(111),24 the pres-

ent work confirms that (111) surfaces generally support the

growth of defect-free zinc-blende and diamond-cubic nano-

structures under large tensile strain. The large bandgap reduc-

tions achievable using tensile strain are anticipated to extend

quantum dot and quantum dash devices into longer wavelength

ranges difficult to achieve by other means.
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