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I Quantum dots

Orientation-Dependent Optical-Polarization Properties
of Single Quantum Dots in Nanowires**

Maarten H. M. van Weert,™ Nika Akopian, Freek Kelkensberg, Umberto Perinetti,
Maarten P. van Kouwen, Jaime Gomez Rivas, Magnus T. Borgstrom, Rienk E. Algra,
Marcel A. Verheijen, Erik P. A. M. Bakkers, Leo P. Kouwenhoven, and Val Zwiller

Semiconductor quantum dots (QDs) are sources of single!'?!

and entangled photons[3"5] and single electrons!® and are
naturally integrated with modern semiconductor electronics.
Incorporating QDs in semiconducting nanowires!’ ! brings
additional unique features such as natural alignment of
vertically stacked QDs!'!! and an inherent 1D channel for
charge carriers. Furthermore, the unprecedented material
and design freedom makes them very attractive for novel
optoelectronic devices'>7! and for quantum information
science in general.[ls‘zo] Electrical contacting of single
nanowires is straightforward in a horizontal geometry!®1417]
and vertically contacted nanowires with a wrap-around gate
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have also been shown.?' 23 However, the nanowire geometry
strongly affects the polarization of photons emitted or absorbed
by a nanowire QD, and thus becomes the main obstacle for
applications based on intrinsic spin or polarization properties
of QDs such as an electron-spin memory[24] or generation of
entangled photons.m It has been shown that luminescence
of pure nanowires is highly linearly polarized and the
polarization direction is parallel to the nanowire axis.!'>!62°]
In this Communication we demonstrate that by directing light
along the nanowire axis we can access the intrinsic polarization
properties of an exciton confined in a QD in a nanowire.
We introduce a theoretical model that intuitively explains
our experimental findings and shows how the polarization
dependence in absorption is affected by various parameters
such as nanowire diameter, dielectric constant of the surround-
ings, and photon wavelength. As an example, we analyze the
polarization properties of a Zeeman split exciton in a QD along
two different directions with respect to the nanowire axis.
For our experiments we used single InAsg,sPy7s QDs
embedded in InP nanowires grown by means of metal-organic
vapor-phase epitaxy.[%_zg] A sample with alow density of wires,
each containing a single dot, could be grown under appropriate
growth conditions.!! In Figure 1a we show a scanning electron
microscopy (SEM) image of an as-grown sample with a low
density of nanowires, enabling optical study of a single nano-
wire QD. The nanowire length is about 2 um. A transmission
electron microscopy (TEM) image of a nanowire QD is shown
in Figure 1c. The dot is typically 10-nm high with a diameter of
30 nm as determined by energy dispersive X-ray analysis in a
TEM (Figure 1d). To simplify TEM studies, the InP section
following dot growth was reduced, while for the samples used
in our experiments, the dot was centered in the nanowire.
As-grown samples with vertically oriented nanowires,
referred as standing nanowires, were used for experiments
where the excitation (emission) was directed (measured) along
the nanowire. We also transferred nanowires from the same
batch to a Si substrate with a 290-nm SiO, top layer, referred to
aslying nanowires, for the experiments where light was directed
perpendicular to the nanowire. Both samples were studied
under the same experimental conditions. Micro-photolumi-
nescence (PL) studies were performed at 4.2 K. The samples
were excited with a 532-nm continuous wave (cw) laser focused
to a spot size of 0.6 wm using a microscope objective with a
numerical aperture (NA) 0.85. The PL signal was collected
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Figure 1. a) SEM image of an as-grown sample with a low density of
standing nanowires. b) PL spectra of a single standing nanowire QD for
various excitation powers. The two emission lines denoted with Xand XX
correspond to the exciton and biexciton emission, respectively. ¢) TEM
image of ananowire QD. The dotisindicated by the red rectangle. The low
contrastofthe dotis duetothe lowAs concentration. d) Energy dispersive
X-ray linescans measured in a TEM along the nanowire axis in atomic
percentage. The QD is indicated in white.

using the same objective and was dispersed by a spectrometer
onto a nitrogen-cooled silicon array detector, enabling 30 peV
resolution. Linear and circular polarizations were determined
with a fixed polarizer together with a half- and quarter-
waveplate, respectively. For absorption polarization measure-
ments the incident light polarization was varied, while the
detector was insensitive to polarization. For emission polariza-
tion measurements the incident light polarization was set
parallel to the nanowire axis, while the analyzer was rotated.

In Figure 1b we show PL spectra of a single standing
nanowire QD for various excitation powers. At low excitation
power only one emission line is visible at 1.27 eV, denoted as X.
With increasing excitation power a second emission line,
denoted as XX, emerges 2.5 meV above X. The PL intensities of
X and XX as a function of excitation power show that X (XX)
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Figure 2. Integrated PL intensity of the exciton in a lying nanowire QD
a) as afunction of the orientation of the linear excitation polarization and
b) by probing the orientation of the linear emission polarization. Zero
angle of orientation was chosen to match the nanowire axis, determined
by imaging. The solid curves are cos?-fits used to extract the degree of
linear polarization from minima and maxima of the fit. Fit parameters
are amplitude, offset, and phase.

increases linearly (quadratically) with excitation power and
saturates at high excitation powers. This behavior is typical
for the exciton and biexciton under cw excitation. The spectral
linewidths for various dots in our samples are in the range of 50—
200 weV, demonstrating high optical quality of the dots. Similar
spectral characteristics are also found for lying nanowire QDs.

In Figure 2 we show the integrated PL intensity of the
excitonin alying nanowire QD as a function of linear excitation
and emission polarization orientation. In Figure 2b the
absorption is maximized by setting the excitation polarization
parallel to the nanowire axis. However, the emission polariza-
tion is independent of the excitation polarization. We fit this
data to a cos®-function with amplitude, offset, and phase as fit
parameters. The degree of linear polarization, p = (Inax—Imin)/
(Imax+TImin), is obtained from the maxima and minima of the fit.
Clearly, lying nanowire QDs show a large degree of linear
polarization parallel to the nanowire for both absorption and
emission.

Polarization-sensitive PL. measurements were performed
on a number of dots, both lying and standing, which are shown
in Figure 3a. The upper two graphs show the statistics of
absorption and emission for lying nanowire QDs, for which
absorbed (emitted) light is directed (measured) perpendicular
to the nanowire axis. The average degree of linear polarization
iS Paps = 0.78 £ 0.06 (pem; = 0.72 £ 0.08) for absorbed (emitted)
light. This can be understood intuitively using classical
electromagnetic theory by considering the dielectric properties
of the nanowire QD and its surroundings.''?! Electric fields
perpendicular to the nanowire axis are reduced inside the
nanowire since its diameter is much smaller than the
wavelength of the light, thereby reducing the effective dielectric
constant towards the dielectric constant of vacuum. Electric
fields parallel to the nanowire axis are not reduced inside the
nanowire, since its length is comparable or longer than
the wavelength of the light. Contrary to Reference *!, no
effect of the wurtzite structure on the polarization is observed.
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Figure 3. a) Statistics of the degree of linear polarization for lying

and standingnanowire QDs. The lyingnanowire QDs (shownin blue) show
a high degree of linear polarization, about 0.8 and 0.7, for absorbed
and emitted light, respectively. In contrast, the degree of linear
polarization is low for standing nanowire QDs (shown in red), about
0.1 and 0.2 for absorbed and emitted light, respectively. Insets
illustrate the nanowire orientations with respect to the light direction.
b) Calculated degree of linear polarization in absorption as a function
of nanowire diameter. In this case incident light is directed
perpendicular to the nanowire axis as for the lying nanowire QDs. For
the solid (dashed) curve an effective refractive index of n=1 (n=1.85)
is used.

The same measurements were performed on standing
nanowire QDs, for which light absorbed (emitted) by the dot is
directed (measured) parallel to the nanowire axis. The results
are shown in the lower two graphs of Figure 3a and give a
degree of linear polarization for absorbed (emitted) light of
Pabs =0.1 (pemi =0.2). This low value is expected for the
symmetric structure of the nanowires for light incident or
emitted in the direction along the nanowire axis. In addition,
the measured degree of circular polarization of the dot emission
is also low (0.1).

To explain our experimental results for absorption by a
lying nanowire QD more quantitatively, we use Mie theory for
light scattering on dielectrics of cylindrical shape.**! The
nanowire is modeled as an infinite cylinder. This approximation
is valid as long as the nanowire diameter is much smaller
than its length, as in our case. Furthermore, the effect of the
dot is omitted in the model, since the experiments show that
the polarizing effect from the nanowire dominates. We
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calculate the scattering and absorption of light using the scalar
wave equation in cylindrical coordinates. We use the dielectric
function of InP, ¢ =3.682 + 0.416i, at the laser wavelength of
532nm. We consider two cases: the incident electric field
parallel or perpendicular to the nanowire axis. We extract the
scattered field for both polarizations from the wave equation
using the boundary conditions at the interface of two different
dielectrics,? that is, at the nanowire surface. From this field,
we calculate for both cases the cross sections Q. and Q. for
scattering and extinction. The absorption cross section is
obtained by Q.ps = Qext—Osca for both polarizations. To take
into account the illumination of the nanowire through a
microscope objective, we integrate the average absorption
cross section over angles of incidence with respect to the
nanowire axis comprised between arccos(NA) and w/2.

Mie theory assumes the surrounding of the nanowire as a
homogeneous medium, which differs from our situation where
the nanowire is lying on a substrate. Therefore, to approximate
the effect of the substrate, we consider the nanowire as being
embedded in a medium with an effective refractive index, that
is, an average of the refractive indices of the different media
surrounding the nanowire: vacuum, SiO,, and Si. The outcome
of the calculations, assuming an effective refractive index of
Nepr=1.85=0.51y3cuum + 0.251si02 + 0.25n5; is represented by
the dashed curve in Figure 3b. As an upper limit we consider the
nanowire in vacuum, thus ignoring the substrate, which is
represented by the solid curve in Figure 3b. For the calculations
we use our actual excitation wavelength of 532 nm. Our
experimental value lies in between the two curves, having a
surrounding refractive index consisting of a mixture of vacuum,
Si, and SiO,. As can be seen in Figure 3b, one can increase the
degree of linear polarization by measuring nanowire QDs in
vacuum or decrease it by increasing the nanowire diameter.
However, in the latter case the advantage of the 1D channel of
the device is reduced as well.

The nanowire geometry is not the only source of
polarization anisotropy. Calculations by Niquet and Mojica[33]
show that the polarization properties are strongly affected by
the aspect ratio of the QD dimensions due to strain originating
from the lattice mismatch between the nanowire and the dot.
However, in our case the strain is probably negligible due to the
low phosphorus content and the main contribution to
polarization anisotropy comes from the nanowire geometry.

The low degree of linear polarization for vertical nanowire
QDs implies that the nanowire does not affect the polarization
of photons radiated from the dot, thus allowing access to
intrinsic polarization properties of nanowire QDs. Measure-
ments in this geometry revealed a fine structure splitting of
the neutral exciton, originating from anisotropic electron-hole
exchange interaction.**! Moreover, to experimentally demon-
strate the difference between the two geometries unambigu-
ously, we measure the polarization of photons emitted from a
Zeeman split exciton in a QD. In Figure 4a and b we show PL of
a standing nanowire QD exciton under external magnetic field
B =9T parallel to the nanowire axis, while Figure 4e and f shows
PL of the same dot without external magnetic field B=0T.
Clearly, the exciton undergoes a Zeeman splitting. From these
measurements we extract the exciton g-factor, g=1.3+0.1,
which is typical for our sample. In particular, polarization
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Figure 4. a) Linear and circular polarization dependence of excitonic
emission from a standing nanowire QD under B=9T ((a) and (b),
respectively),and B=0T((e) and (f), respectively). ¢) (g)) and d) (h)) show
the linear and circular polarization dependence of exciton emission
from a lying nanowire QD under B=9T (B=0T).

properties of the split exciton lines at 9 Tesla are shown in
Figure 4a and b. As expected, the high-energy emission line is
right-hand circularly polarized, while the lower-energy emis-
sion line is left-hand circularly polarized. These two polariza-
tion states, o+ and o—, correspond to the two different spin
states of the exciton, |{ and 1|, respectively, where 7({})
represents a spin-up electron (hole) and | ({}) represents a spin-
down electron (hole). The reason for the difference in intensity
of the horizontally and vertically polarized emission for the
lower energy peak is unclear. However, in Reference ** we
show that the emission polarization of such nanowire QDs can
be fully circularly polarized. At B =0T the excitonic emission is
unpolarized (Figure 4e and f). These results show that in this
case the emission polarization of a QD is not dominated by the
nanowire geometry, and that electron—hole spin states in a dot
are properly converted to the polarization states of the emitted
photons. In contrast, measurements on a lying nanowire QD
under external magnetic field B =9T, represented in Figure 4c
and d,show that the two emission lines of a Zeeman split exciton
aresstrongly linearly polarized with respect to the nanowire axis,
as expected. At B=0T the exciton emission shows the same
linear polarization, as can be seen in Figure 4g and h. The
exciton g-factor, g = 1.2 £ 0.1, issimilar to the standing case. We
note that the Zeeman split emission lines possibly consist of two
peaks. These could arise from dark excitons, due to symmetry-
breaking,* or due to heavy-light hole-mixing effects,’* since
the magneticfield Bis perpendicular to the symmetry axis in this
case. This is currently under investigation.

To conclude, we have correlated the polarization of light
absorbed and emitted by a QD embedded in a nanowire with
its propagation direction with respect to the nanowire axis. We
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found that the polarization of the absorbed (emitted) light,
when directed (measured) perpendicular to the nanowire axis,
is affected by the nanowire geometry and is strongly linearly
polarized along the nanowire. In contrast, this is not the case for
the configuration where the absorbed (emitted) light is directed
(measured) parallel to the nanowire axis. In this configuration
the intrinsic polarization of the nanowire QD can be accessed.
We have demonstrated this by measuring the polarization of
photonsradiated from a Zeeman split exciton in ananowire QD
with the optical path aligned along the nanowire axis as well as
perpendicular to the nanowire axis.
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