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S1. SUPPLEMENTARY MATERIAL

A. Photoluminescence results

Fig. S1 shows the PL spectra measured at 10K for
samples with QW widths of 2 nm, 4 nm, 6 nm and 8 nm.
In each spectrum the two emission peaks are observed,
corresponding to emission from the indium-rich regions
of the QWs at low energy (Qwires), and the rest of the
QWs at higher energy. There is no trend in the integrated
intensity of the emission with QW widths.

The temperature dependence of the PL spectrum was
measured for the 2 nm QW sample: these spectra are
shown in Fig. S2(a). At low temperatures, the emission
peaks from the two recombination mechanisms are both
distinct. As the temperature increases up to 100K the
intensity of the emission increases by 10%. This change
is small, and occurs across the whole spectrum, and is
therefore not associated with the redistribution of car-
riers amongst the radiative states. This may be associ-
ated with an increase in the carrier capture cross section
into the QWs with increasing temperature. As the tem-
perature is increased further, the intensity of the higher
energy peak, associated with emission from the QWs, re-
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FIG. S1. The 10K PL spectra of zb-InGaN/GaN QW samples
with QW thicknesses of 2 nm, 4 nm, 6 nm and 8 nm.
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FIG. S2. PL spectra of the 2 nm (a) QW sample using a CW
HeCd laser with an excitation power density of 10Wcm−2, at
different temperatures. (b) Peak energies of the high energy
and low energy peak at each temperature, extracted using a
bi-Gaussian fit.

duces faster with increasing temperature than the Qwire
associated peak. Once the temperature is above 260K,
only the Qwire peak remains in the spectrum. The peak
energy of the high and low energy peaks was extracted
using a bi-Gaussian fit, as shown in Fig. S2(b). Both
peaks redshift by 70meV, which is broadly uniform over
the temperature range.
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FIG. S3. 10K The PL spectra of the 4 nm QW sample using a
CW HeCd laser with different excitation power densities. In-
tensity/power is plotted, which gives a measure of the relative
efficiency of the recombination between each spectra.

A key indicator of carrier localisation is an observed "s-
shape" in the temperature dependence of the peak emis-
sion energy 1. There is no evidence of these phenomena
in these spectra and the peak emission energy redshifts
with increasing temperature. This may mean that lo-
calisation of carriers does not play a significant role in
recombination in these samples. Alternatively, the local-
isation phenomena may be obscured by the large FWHM
of the peaks, as well as the large spectral overlap of the
two emission peaks and the Fabry-Perót interference.

The power dependence of the PL spectrum was in-
vestigated using a CW HeCd laser at a wavelength of
325 nm. The excitation power density was varied between
0.5Wcm−2 and 500Wcm−2 at a temperature of 10K for
the 4 nm-wide QW sample: the resulting PL spectra are
shown in Fig. S3.

The integrated intensity of the emission divided by the
excitation power increases by only 10% over a three or-
ders of magnitude change in the excitation power density.
This suggests that the recombination efficiency is simi-
lar at all excitation powers studied. The spectral shape,
peak energy and FWHM are unaffected by the excitation
power density in this regime: demonstrating that band
filling due to photogenerated carriers is negligible in these
samples.

Additional PLE measurements were performed using a
polarised excitation source, using a CW dye laser. The
polarisation was controlled using a Fresnel Rhomb to
rotate the polarisation direction. The excitation wave-
length was varied between 416 nm and 465 nm. The
excitation power density was measured to be around
1.4 kWcm−2 for all wavelengths, and the unpolarised
emission spectra were normalised to the power at each
wavelength. The experiment was performed for the 6 nm
wide QW sample and the results are shown in Fig. S4.

When exciting the QWs directly, with a wavelength of
416 nm, the PL spectrum and the intensity of the emis-
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FIG. S4. 10K PL (solid) and PLE (dashed) measurements
of the 6 nm QW sample using a polarised excitation source.
The excitation wavelength for the PL spectrum shown was
416 nm and the PLE was measured at an emission wavelength
of 472 nm. The polarisation direction of the source was ro-
tated from [110] (black) to [1-10] (red) using a Frensel Rhomb.

sion are not affected by the polarisation of the excita-
tion source. This is compatible with the model of the
polarised recombination originating from Qwires within
the QWs. The majority of absorption will occur in the
QW states, where the absorption does not depend on the
polarisation. Carriers will then cool and be captured by
the polarised Qwire states, and recombine to produce po-
larised light. The polarised PLE results in Fig. S4 also
demonstrate this behaviour, showing no difference in in-
tensity over the excitation wavelength range possible in
the experiment.

In heterostructures where the electric field is reduced,
recombination may involve excitons2. In the absence of
localisation effects, the radiative lifetime is still depen-
dent upon the QW-width due to changes in the exciton
binding energy, but such effects are small3. Another pos-
sibility is that the recombination involves holes and an
excess of electrons. In this case the abundance of elec-
trons would limit the variation in the electron-hole wave-
function overlap with QW width. It is challenging to dis-
tinguish between these situations because any slight vari-
ation in the decay times may be obscured by the disorder
in the QWs, which is evidenced in Fig. 4, and therefore
a random variation in the decay time is observed.

Additionally, the decay shape is monoexponential, as
shown in Fig. 3. This decay shape is consistent with ex-
citonic recombination2. However, the same decay shape
can result from there being an excess of electrons in the
structure4.

At the lowest energies there is also no obvious trend
in the decay times, which are 375 ps, 365 ps, 330 ps and
410 ps with increasing QW width. The recombination
lifetime of the lower energy peak therefore also does not
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FIG. S5. An example of the conduction band minima and valence band maxima used for the model, describing two intersecting
QWs, with widths of 4 nm and 6 nm, each with an indium content of 0.2 (a). This creates a quantum wire with a rectangular
profile and an indium content of 0.4. The potentials are assumed to be constant in the third dimension. The calculated ground
state energies of electrons and holes, relative to the bottom of the quantum wire, for different quantum wire cross-sectional
dimensions and the same indium content as Fig. S5a (b). The dotted line is the energy of the bottom of the QW, i.e. the
energy required for the carriers to escape the quantum wire.

vary significantly with QW width, despite the influence
of the SFs creating electric fields in these regions. How-
ever, these electric fields are not transverse to the QW,
instead in the four possible [111] directions, meaning that
the QW width will have little effect on the carrier sepa-
ration by these fields and therefore minimal effect on the
decay times. The distance separating the SFs will instead
determine the electric fields and hence the decay times5.

B. Modelling of quantum wires

To determine if carriers can be captured by the re-
gions of high indium content a three-dimensional model
system was developed, as shown in Fig. S5a. This system
consisted of two intersecting QWs with the same indium
content forming a rectangular cross-sectioned quantum
wire with double the indium content where they inter-
sect. The dimensions of the QWs were varied, along with
the indium content, calculating the ground state ener-
gies for electrons and holes using the Numerov method6,
the Coulomb effect was accounted for in a similar man-
ner to previous work5. Using this model system allowed
the Schrödinger equation to be solved separately in each
dimension, greatly reducing the complexity of the prob-
lem. Parameters used in the modelling are provided in
Table S1. In the following analysis, the calculated pa-

Eg (eV) m∗
h (m0) m∗

e (m0) ε

GaN 3.30 2 0.2 9.77

InN 0.78 2 0.2 9.77

TABLE S1. Parameters used for the modelling of quantum
wires. Unless specified, parameters have been taken from ref8.
The bowing parameter for wz-InGaN was used to calculate the
bandgap, which was taken to be 1.4. It was assumed that at
the QW interfaces the valence band is offset by 20% of the
bandgap difference.

rameters are plotted against the length of the diagonal
in the cross-section of the quantum wire.

Fig. S5b shows the calculated ground state energies of
electrons and holes relative to the bottom of the quan-
tum wire, for different dimensions of the quantum wire,
with an indium content of 0.2 in the QWs (and 0.4 in the
quantum wire (QWire)). Both holes and electrons are
confined to the QWire and this degree of confinement
increases with increasing indium composition and QW
width. In most cases, the energy required for the car-
riers to escape the QWire into the QW is much greater
than the average thermal energy at room temperature
(26meV). Therefore it is possible for these QWires to
trap both electrons and holes.
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FIG. S6. The calculated heavy hole ground state energies and
estimated 1st excited state energies for quantum wire systems
with different dimensions and an indium content of 0.2 in the
QW. The dotted line is the energy of the bottom of the QW,
i.e. the energy required for the carriers to escape the quantum
wire.

According to Bockelmann and Bastard 9 , mixing of
heavy and light holes in the QWire will result in the emis-
sion of light polarised in different directions. Electron-
hole ground state recombination will emit light polarised
along the QWire. At low temperatures and low carrier
densities, only the ground states will be occupied, and
therefore the overall emission from the QWires will be
polarised. This is consistent with PL measurements in
Fig. 2, where the DOLP of the QWire emission at 10K
is 86%. The DOLP will depend upon the cross sectional
area of the QWires: narrower QWires will have a higher
DOLP10.

Higher order states confined to the QWire can emit
light polarised orthogonally to the ground state9, there-
fore the DOLP of the emission will drop if the higher
order states are populated, which may occur at elevated
temperatures. Measurements shown in Fig. 1 demon-
strate that the DOLP of the QWire emission at 300K is
as high as 75%, a drop of roughly 10% from low temper-
ature measurements. The DOLP can be independent of
temperature if there are no excited states in the QWire,
or may weakly depend on the temperature if the split-
ting between the ground and excited states is be large
compared with the average thermal energy (kT ). The
energy of these excited states will depend upon the di-
mensions of the QWires10. To estimate the energy of
these excited states, the ground state energies for light
holes (taken to have a mass of 0.2m0) were calculated as
the upper limit for these excited states. A slightly im-
proved estimate of the splitting was obtained by halving
the separation of the heavy and light hole states, as the
excited states lie between these two9. The parameters
of the system were varied to estimate how this splitting
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FIG. S7. Calculated ratio of the DOLP at 300K and 10K,
taking into account the thermal equilibrium population of the
ground and excited states, assuming the recombination rate
is unaffected. For indium contents below 0.25 and diagonal
lengths of less than 2 nm there are no confined states.

depends on the indium content and the dimensions of
the QWire, the results for an indium content of 0.20 are
shown in Fig. S6.

For the narrowest dimensions calculated, the excited
state lies above the barrier and therefore is not confined
to the QWire. In this case, the DOLP will be indepen-
dent of temperature. As the dimensions of the wire are
increased, the splitting reduces from 60meV to 26meV.
Therefore, at room temperature, the excited state will be
populated to a greater extent for wider quantum wires
and the DOLP of the emission from wider wires will de-
crease more as the temperature is increased.

Assuming that a thermal equilibrium is reached during
the experiment, this dependence was estimated by calcu-
lating the relative occupation of the ground state and
1st excited state at room temperature using Boltzmann
statistics. The ratio of the DOLP at 300K and 10K was
then estimated for different indium contents and dimen-
sions, by assuming that the recombination rate of each
state is identical: the results are shown in Fig. S7.

It is possible to achieve a change in the DOLP which
is less than 10% by using quantum wires with a diago-
nal cross sectional length less than 3 nm. Therefore, this
simple model suggests that achieving a small change in
the DOLP between 10K room temperature is feasible.

In general, narrower quantum wires and higher indium
contents will make the DOLP less dependent upon tem-
perature. The "jagged" nature of this plot is due to sep-
arate changes in the two dimensions of the cross section,
whilst the data is plotted only against the quadrature
sum of these: if one dimension is significantly narrower
than the other this results in an increase in the calculated
ratio.

Blue colours in Fig. S7 demonstrate that the polari-
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sation is expected to be in the orthogonal direction at
room temperature for diagonal lengths above 7 nm for
low indium contents, and above 11 nm for high indium
contents. However, such an effect is unlikely to be ob-
served since the DOLP will reduce to zero with increasing
dimensions9.
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