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We study the optical properties of coaxial GaAs/InxGa1�xAs core/multishell nanowires with x between

0.2 and 0.4 at 10 K. The evolution of the photoluminescence energy of the InxGa1�xAs quantum well

shell with x and shell thickness agrees with the result of 8-band k � p calculations, demonstrating that

the shell growth is pseudomorphic. At low excitation power, the photoluminescence from the shell is

dominated by the recombination of exciton states deeply localized within the shell. We show that these

states are associated with crystal-phase quantum rings that form at polytype segments of the

InxGa1�xAs quantum well shell. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961245]

Semiconductor nanowires of coaxial core and multishell

geometry enable coherent heterostructures with lattice mis-

match exceeding the limits found for planar layered structures,1

and thereby offer more flexibility in bandgap engineering via

strain or quantum confinement. Epitaxial shells also strongly

reduce the impact of surface recombination at the nanowire

sidewalls, making it possible to realize group-III-arsenide-based

nanowire heterostructures for optoelectronic applications in the

near-infrared range operating at room temperature.2–4 However,

GaAs nanowires are also characterized by high densities of

twins, stacking faults and wurtzite/zincblende (WZ/ZB) poly-

type segments. These so-called crystal-phase quantum structures

localize charge carriers at low temperatures, giving rise to

intense transitions in the photoluminescence (PL) spectra of the

nanowires.5–7

In this letter, we study the optical properties of GaAs/

InxGa1�xAs core/multishell nanowires by PL and photolumi-

nescence excitation (PLE) spectroscopy at 10 K. The PL of

the InxGa1�xAs quantum well (QW) shell consists of two

bands that redshift with increasing shell thickness and x. The

band at higher energy arises from the InxGa1�xAs QW exci-

ton, and the one at lower energy comes from exciton recom-

bination at crystal-phase quantum rings (QRs) formed at the

intersection of the radial InxGa1�xAs QW with an axial poly-

type segment.

GaAs/InxGa1�xAs/GaAs core/shell/shell nanowires were

grown by molecular beam epitaxy on Si(111) substrates cov-

ered by their native oxide. GaAs nanowire cores with a length

of 3–4 lm were grown with a density of about 0.1–1 lm�2

by Ga-assisted vapor-liquid-solid growth. The Ga droplets

were consumed by exposure to As, and subsequently, GaAs,

InxGa1�xAs, and GaAs shells were grown around the GaAs

cores (see Ref. 2 for further details). The thickness (L) and In

content (x) of the InxGa1�xAs shell were varied between 10

and 35 nm and 0.2 and 0.4, respectively. The microstructure

of the core/multishell nanowires was investigated by transmis-

sion electron microscopy (TEM).

Photoluminescence experiments were performed using a

Ti:sapphire laser emitting at 1.64 eV. The laser light was

focused down to a 50 lm diameter spot, and the PL signal

was dispersed with a double spectrometer and detected with

either a charge-coupled device (CCD) or an (In,Ga)As array.

Micro-PL and -PLE experiments were performed with a

Ti:sapphire laser continuously tunable between 1.3 and 1.7 eV

and focused down to a 1.5 lm diameter spot. The laser power

and wavelength were monitored using an (In,Ga)As photodi-

ode and a high finesse Fizeau interferometer, respectively.

The PL signal was sent to a triple spectrometer working in

subtractive mode and detected with a CCD. Both PL and PLE

experiments were carried out at 10 K in backscattering geome-

try on ensembles of nanowires.

Figures 1(a)–1(c) show the excitation power dependence

of the PL spectra from ensembles of GaAs/InxGa1�xAs core/

shell nanowires with various L and x at 10 K. At low excita-

tion powers, the spectrum for the sample with x¼ 0.2 and

L¼ 10 nm consists of a broad transition centered at 1.35 eV

[Fig. 1(a)]. On the low-energy side of this band, one detects

a series of weaker transitions with full-width at half maxi-

mum down to 1 meV. While the band at 1.35 eV broadens

and slightly blueshifts with increasing excitation power, the

series of narrow transitions at lower energies develops into a

broad band that saturates at the highest powers. The energy

of the latter band is indicated by a grey arrow in Fig. 1(a).

Qualitatively similar behaviors are observed for the samples

with larger x and L [Figs. 1(b) and 1(c)]. Figure 1(d) shows

that the high-energy band observed in Figs. 1(a)–1(c) under

high excitation redshifts with increasing x and L, indicating

that it arises from the recombination of free excitons con-

fined in the InxGa1�xAs shells. The energy of the band at

lower energy follows a similar dependence on x and L, and

we thus attribute it to the recombination of localized excitons

in the InxGa1�xAs shells [Figs. 1(a)–1(c)]. Radiative recom-

bination in either the GaAs core or outer shell would be
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expected above 1.45 eV, but no transition is observed in this

spectral range [Fig. 1(a)]. This finding differs from results

reported for GaAs/(Al,Ga)As core/shell nanowires8 and indi-

cates that the transfer of excitons from the binary GaAs core

and outer shell to the (In,Ga)As QW is more efficient than

for the ternary alloy (Al,Ga)As.

Figure 2 shows a comparison of the experimental results

and those of an 8-band k � p model of the electronic states as

a function of x for L¼ 10 and 35 nm; this confirms that the

PL spectra in Fig. 1(d) are dominated by the recombination

of free excitons in the InxGa1�xAs shell. For these calcula-

tions, we assume the nanowires to have a zincblende struc-

ture, we use the set of material parameters proposed in Ref.

9, and we include Coulomb interaction.10 The strain state

distribution in the nanowire, obtained by numerical minimi-

zation of the elastic strain energy, depends on x and on the

dimensions of the core and the shells.11 Even though the

strain state is different at the center of the facets and at the

edge between two facets, the electron and hole

wavefunctions of the exciton ground state are mostly delo-

calized across the shell (inset of Fig. 2). The good agreement

between the evolution of the measured and computed PL

energies with increasing x and L shows that the growth of the

shell remains pseudomorphic up to x¼ 0.4.

The exciton localization energy in the QW shell is

obtained from the difference between the emission energies of

free and localized excitons. At low temperatures and excitation

powers, excitons in the InxGa1�xAs shell are probably local-

ized at fluctuations in L. As can be easily seen in Fig. 2, for a

given x, monolayer fluctuations in L cannot account for the

exciton localization energies of 74, 47, and 170 meV observed

in Figs. 1(a)–1(c), respectively. Moratis et al.12 reported for

GaAs/InxGa1�xAs core/shell nanowires with an average x of

0.015 and L ranging between 5 and 50 nm the observation

of narrow transitions similar to the ones observed in

Figs. 1(a)–1(c) at low excitation powers, which they attributed

to exciton localization at In-rich clusters. However, the pres-

ence of such clusters has been excluded by the TEM investiga-

tion in Ref. 13, which revealed that the In distribution along

the InxGa1�xAs shell facet is uniform.

We have so far ruled out that fluctuations in L, x, and

strain state could be at the origin of the localized states giv-

ing rise to the transitions observed in Figs. 1(a)–1(c) at low

excitation powers. The bright-field TEM image in Fig. 3(a)

indicates that the GaAs cores of our nanowires are composed

of segments with alternating ZB/WZ lattice structures and/or

exhibit high densities of twins and stacking faults, as it is

typically observed in this type of nanowire.5 These crystallo-

graphic defects, which we refer to as crystal-phase quantum

structures, act as QWs14 that efficiently localize excitons

along the nanowire axis.5,7,15 It is clear from Fig. 3(a) that

the crystal-phase QWs formed during the axial growth of the

GaAs core extend into the shells. Therefore, as depicted in

Fig. 3(b), the intersection between the InxGa1�xAs shell QW

and the crystal-phase QW perpendicular to the nanowire axis

gives rise to a ring structure, which we refer to as a crystal-

phase quantum ring. The formation of optically active quan-

tum wires at the intersection between a stacking fault and a

FIG. 1. Excitation power dependence of the PL spectra of GaAs/InxGa1�xAs nanowires ensembles at 10 K with (a) L¼ 10 nm and x¼ 0.2 and [(b), (c)]

L¼ 35 nm and x¼ 0.2 (b) and 0.3 (c). The excitation power in mW is specified on each spectrum. The spectra are normalized and shifted vertically for clarity.

The black and grey arrows in (a)–(c) highlight the energies of the emission bands related to free and localized excitons, respectively, which were obtained by a

deconvolution of the PL spectra. (d) Normalized PL spectra of samples with various x and L under high excitation at 10 K.

FIG. 2. PL energy as a function of x of the free (squares) and localized (tri-

angles) excitons in the 10 and 35 nm thick InxGa1�xAs shell QWs (blue and

red symbols, respectively). The ground-state exciton energies obtained from

8-band k � p calculations for purely zincblende GaAs/InxGa1�xAs core/shell

nanowires with L¼ 10 and 35 nm are shown by solid and dashed lines,

respectively. The inset shows the electron (red) and hole (blue) ground-state

charge densities in the nanowires with L¼ 10 nm and x¼ 0.2. The thickness

of the GaAs outer shell has been reduced for clarity.
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QW has been reported previously for nonpolar III-nitride

planar heterostructures.16,17 We propose that crystal-phase

quantum rings are responsible for the band of localized exci-

ton states observed in Fig. 1. Since the band alignment

between the WZ and ZB phases of a III-V semiconductor is

type II, the ring depicted in Fig. 3(b) acts as a well for elec-

trons and as a barrier for holes. As the conduction and

valence band offsets between WZ and ZB InxGa1�xAs are

small,18 the squared modulus of the electron-hole overlap

integral for an exciton in a crystal-phase quantum ring is

close to one, consistent with the observation that optical tran-

sitions related to quantum rings are strong (Fig. 1).

To investigate the dynamics of excitons in GaAs/

InxGa1�xAs core/multishell nanowires with crystal-phase

quantum rings, we have performed micro-PL and micro-PLE

experiments on the sample with a 10 nm thick In0.2Ga0.8As

shell. Figure 4(a) shows a micro-PL spectrum taken on this

sample. Although only a few nanowires are probed in this

experiment, one can still differentiate between transitions

related to the recombination of free QW excitons and exci-

tons in crystal-phase quantum rings. The evolution of the PL

intensity at 1.345 eV with increasing excitation energy between

1.37 and 1.53 eV is also displayed in Fig. 4(a). In agreement

with the results in Refs. 19–21, the strong increase in the PL

intensity for excitation energies above 1.50 eV arises from the

generation of carriers in segments of the GaAs core and outer

shell, free of twins and stacking faults, followed by their trans-

fer to the (In,Ga)As shell where they recombine radiatively.

For energies larger than 1.49 eV, the dependence of the PL

intensity I on the energy of the excitation laser E is well repro-

duced using a logistic function22

IðEÞ / ð1þ exp ½ðE� E0Þ=DE�Þ�1; (1)

where E0 and DE are the energy and the broadening of the

absorption edge, respectively. Fitting the PLE scan taken at

1.345 eV [(1) in Fig. 4(a)], we obtain E0¼ 1.509 eV and

DE¼ 9 meV. Figure 4(b) shows that E0 and DE depend on

the exact detection energy. For instance, E0 ranges between

1.508 and 1.520 eV for detection energies between 1.30 and

1.42 eV, and exhibits an average value of 1.514 eV. These

fluctuations in the value of E0 arise partly from the fact that

absorption in WZ and ZB GaAs nanowire segments occurs

at slightly different energies.19 Wire-to-wire inhomogenei-

ties in x and L responsible for the inhomogeneous broaden-

ing of the PL from the free QW exciton PL in Fig. 1 also

induce strain fluctuations in the GaAs core and outer shells

that cause the variations in E0 seen in Fig. 4(b).

Absorption bands labeled (2) and (3) and about 10 and

100 times weaker than (1), respectively, are also observed in

Fig. 4(a). Fitting these bands with Eq. (1) yields E0¼ 1.451

and 1.398 eV for bands (2) and (3), respectively. Since

crystal-phase QWs exhibit a two dimensional density of

states14 and can be found in high densities in the GaAs core

and outer shell of our nanowires [Fig. 3(a)], we attribute

band (2) to the generation of charge carriers in the polytypic

GaAs core and outer shell followed by their capture and radi-

ative recombination in the InxGa1�xAs QW and crystal-

phase quantum rings. Note that the average difference in E0

between fault-free and polytype GaAs nanowire segments is

62 meV, suggesting that carrier generation occurs at nano-

wire segments with frequent alternation between WZ and ZB

FIG. 4. (a) PL (squares, left axis) and PLE spectra taken at 1.345 eV (triangles, right axis) of the nanowires with L¼ 10 nm and x¼ 0.2 at 10 K. The black solid

line is a fit to the PL spectrum with two Gaussians centered at 1.303 and 1.360 eV (dashed lines). The blue solid line is a fit to the PLE scan using three logistic

functions (blue dashed lines) accounting for absorption from (1) GaAs fault-free segments, (2) polytype GaAs segments, and (3) the InxGa1�xAs shell QW

(also highlighted by arrows). (b) The absorption edge E0 for GaAs fault-free and polytype segments (squares and triangles, respectively) plotted as a function

of the detection energy. The linewidths DE are shown graphically by the error bars. The line indicates the bandgap of strain-free ZB GaAs. Inset: transitions

related to (1) fault-free and (2) polytype nanowire segments.

FIG. 3. (a) Bright-field TEM image of a nanowire with L¼ 11 nm and

x¼ 0.2. The contrast variation along the nanowire axis is due to twins and

an alternation between ZB and WZ lattice structures. The formation of quan-

tum rings (QR) is highlighted by the rectangles. (b) Schematic representa-

tion of the formation in a core/shell nanowire of a crystal-phase QR (yellow

region) at the intersection between an InxGa1�xAs shell QW and a ZB/WZ

crystal-phase QW.
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structures rather than at isolated stacking faults.5 This energy

difference is also close to the 48 meV energy difference

between the QW free excitons and deeply localized states in

the samples with L¼ 35 nm and x¼ 0.2 (Fig. 2), confirming

that these localized states arise from the crystal-phase quan-

tum rings forming at polytype segments of the InxGa1�xAs.

Finally, the absorption band labeled (3) in Fig. 4(a) is due to

direct absorption in the InxGa1�xAs shell QW.

In conclusion, we have investigated the optical properties

of GaAs/InxGa1�xAs core/multishell nanowires at low temper-

ature using PL and PLE spectroscopies. Recombination of

excitons in both fault-free and polytype InxGa1�xAs shell seg-

ments has been observed. The emission from polytype

InxGa1�xAs shell segments blueshifts with increasing confine-

ment, indicating that they act as crystal-phase quantum rings.

Light emission at 1.3 lm is observed for quantum rings with x
values as low as 0.3, which makes crystal-phase quantum rings

potentially attractive for the realization of light emitters in the

1.3 lm telecom range. The one-dimensional density of states

of charge carriers in these rings23 could be interesting for

future low threshold lasers24 or high-gain excitonic lasers.25
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