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Abstract. A unique nanotemplate deposition technique is utilized in growth of semiconductor
quantum dots which enables precise control over the dot dimensions and nucleation site. Here,
we demonstrate tuning of the biexciton binding energy in a single, site-selected InAs/InP
quantum dot through manipulation of the nanotemplate dimensions and thus, dot size. A
monotonic decrease of the biexciton binding energy from the binding to anti-binding regime
through zero is observed with increasing dot size. Piezoelectric fields in large quantum dots
are suggested as the mechanism to obtain an unbound biexciton state. The tunability of the
biexciton binding energy demonstrated here for a deterministically positioned quantum dot is
an important step towards a scalable route in the generation of entangled photon pairs that
emit around the telecommunications band of 1.55 pm.

1. Introduction

The generation of entangled photon pairs in semiconductor quantum dots relies heavily on the
removal of the fine-structure splitting (F'SS) of the intermediate exciton states in the biexciton-
exciton radiative cascade [1]. Recent proposals to circumvent this requirement and thus produce
entangled photon pairs even in the presence of non-zero FSS include the following: tuning
of the biexciton binding energy to zero with a lateral electric field and time-reordering [2-5];
modulation of the exciton and biexciton energy levels with a frequency corresponding to the
FSS [6]; and, coupling of the biexciton and exciton transitions to cavity modes with orthogonal
polarizations [7]. Until now, experimental investigations of biexciton binding energy, Axx,
on dot size have been performed on randomly located quantum dots [8-13]. However, in this
work, we demonstrate tuning of the biexciton binding energy by controlling the nanotemplate
dimensions and thus, dot size of a single, site-selected InAs/InP quantum dot. In particular, the
nanotemplate dimensions control the lateral dot dimensions, while the amount of dot material
deposited controls the dot height and therefore exciton emission energy [14,15]. Additionally,
these results also investigate a new regime for the dependence of Axx on dot size in larger
quantum dots that emit near the telecommunications band of 1.55 ym, a wavelength range of
interest for applications in quantum cryptography. Of particular importance is that Axx is
found to be directly influenced by the dimensions of the ridge nanotemplate. Here, Axx can be
tuned from the binding (bound) to antibinding (unbound) regime through zero — a regime not
previously studied in large dots.
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Figure 1. Plan view SEM images of uncapped ridge nanotemplates with varying base width
dimensions: (a) 390 nm, (b) 335 nm, and (c) 325 nm. The top (001) surface lateral dimensions
reduces with decreasing ridge base width until only a single row of quantum dots is obtained
in (c). (d) Control of single dot dimensions via square-based nanotemplate. The base width
dimensions of the nanotemplate increase from left to right, corresponding to an increase in dot
size.

2. Sample

SEM images of ridge nanotemplate structures of ‘stripe’ geometry with varying base widths, wy,
produced under identical growth conditions are shown in Figure 1. Since the ridge nanotemplates
are subject to identical growth conditions, larger starting base widths will result in a wider area
available for quantum dot growth. If the ridge is sufficiently wide, dots are randomly distributed
on top of the ridge in a manner similar to that of conventionally grown dots on planar substrates,
as shown in Figure 1(a). As the top (001) surface, w, of the nanotemplate narrows, the dot
growth is affected in two ways. First, the top width of the nanotemplate confines the area
available for growth. When lateral dimensions are significantly reduced, the quantum dots will
order on the top apex as to minimize the strain. The randomly distributed flat dots as shown in
Figure 1(a) will transition to a double ordered dot array as shown in Figure 1(b). By reducing
the ridge base width further, the lateral dimensions of the ridge (001) apex can only support a
single row of quantum dots as shown in Figure 1(c). The lateral dimensions of the dots shown in
Figure 1(c) are approximately 30-40 nm. Second, the amount of dot material (InAs) deposited on
the top (001) surface is enhanced as the ratio of wp/w increases. This corresponds to an increase
in the quantum dot height and dot emission shift towards the telecommunications wavelength
of 1.55 pum [15]. The increase in quantum dot height can be inferred by the enhanced contrast
of the SEM images from Figures 1(a)-(c). To facilitate single dot isolation and application of
lateral electric fields for entangled photon pair generation, a pair of Schottky gates with narrow
300nm gaps are fabricated [2,3,16]. Similar control of the dot dimensions can be achieved on
the single dot level as shown in Figure 1(d). Here, the template geometry is modified to a
square-based nanotemplate.

3. Identification of exciton and biexciton in experiment

To identify the exciton (X) and biexciton (XX) in experiment, a combination of both
power (state-filling spectroscopy) and polarization dependent spectroscopy of the observed
photoluminescence (PL) emission spectra was conducted, similarly to previous studies [8,11,12].
Moreover, electric field dependence can be used as an additional experimental tool to identify
the exciton and biexciton since Coulomb interactions play an important role [3,4]. Consequently,
the exciton and biexciton exhibit unique signatures (i.e. Stark shifts, fine-structure, life time,
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etc.) as a function of lateral electric field which allows the biexciton-exciton cascade to be
differentiated from all other cascades, including charged excitonic states [3,4].

Typical single dot PL for single, site-selected InAs/InP quantum dots as a function of
increasing excitation power at zero electric field is shown in the upper panel of Figure 2. In Figure
2(a) the observed biexciton peak is bound, while in Figure 2(b) the biexciton is unbound. These
assignments of X and X X transitions are determined within the random capture model by fitting
the integrated intensity of the emission peaks as a function of excitation power [12]. Within this
simple model, the slope is proportional to one and two for X and X X, respectively, which allows
the observed optical transitions (X and X X) to be readily determined [12]. Excellent fits are
obtained for both the bound and unbound biexciton cases, as shown in the lower panel of Figure
2. In addition, the saturation of both X and X X observed in experiment is well described by
Poissonnian statistics for increasing excitation power. The assignment of X, and X X observed
in experiment is confirmed in independent studies by polarization dependent spectroscopy and
their electric field dependence [2, 3].

Consistent with literature, Axx = Ex — Exx [8,11,12]. Here, a bound (unbound) biexciton
has a positive (negative) Axy and is found at lower (higher) energy than X. The biexciton
binding energy is a direct result of Coulomb interactions of the two electron-hole pairs building
the biexciton and correlations of higher lying states [4]. The positive contributions to Ax x arises
from e-h Coulomb attraction and correlation effects, while the negative component comes from
the Coulomb repulsion between carriers of the same type. Thus, an unbound biexciton can be
manifested in small dots from a weaker dependence on electron-hole Coulomb interactions than
electron-electron and hole-hole Coulomb repulsion or when the number of bound states decreases,
thus leading to a reduction in correlations [11]. In contrast, strain induced piezoelectric fields in
large dots can result in a separation of charges, thus leading to an unbound biexciton state [9,13].

4. Biexciton binding energy tuning via ridge nanotemplate

The dependence of Axx on dot size for 19 individual InAs/InP quantum dots in ridge
nanotemplates is shown in Figure 3. In the data range for X emission similar to Chauvin
et al. [13], the dependence of Axx on X emission energy is remarkably similar (bound XX
regime). In addition, however, there is a transition from the bound to unbound X X regime
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for decreasing X emission energy. The tuning range controlled via the ridge nanotemplate is
rather large; Axx = +3.1meV at X emission energy of 1011 meV, while Axx ~ —4meV
near the telecommunications wavelength of 1.55 pm (800 meV). This corresponds to a controlled
tuning range for A xx of 7.1 meV. The observed crossover point for zero X X binding energy (i.e.
Axx = 0) occurs in the energy range between ~ 910 — 930 meV. The resulting dependence of
Axx on dot size is attributed to increases in piezoelectric fields with increasing dot size [9,13].
Piezoelectric fields tend to separate charges which lead to an unbound X X state [9]; however,
the antibinding regime has not been achieved yet in large quantum dots until this work. The
antibinding regime for X X in large dots may be a very important step towards the realization
of a scalable route for the generation of entangled photon pairs. The piezoelectric fields
that produce a separation of charges leading to an antibinding X X state may also reduce
the fine-structure splitting near zero since this splitting depends strongly on the electron-hole
wavefunction overlap [3,17]. Indeed, in the work of Chauvin et al., no FSS was observed within
the spectral resolution of 100 eV for large dots [13]. Similar results were obtained for the dots
exhibiting an unbound X X state studied here within the spectral resolution of 50 ueV (data not
shown).

4 Bound
o) ® eﬁ?’g Figure 3. Controlled tunability of biexciton binding energy,
%EJ ® g/ea,/ Axx, on dot size for ridge nanotemplate. Decreasing the
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5. Summary

The controlled tunability of Axx via the ridge nanotemplate presented here for individual
InAs/InP quantum dots is desirable for the realization of a scalable route to producing entangled
photon pair sources. With appropriate choice of the growth conditions, Axx can be engineered
to zero. In cases where there are small deviations from Axx = 0, a lateral electric field can be
used to remove the biexciton binding energy [2,3].
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