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ABSTRACT: Quantum dots inserted in semiconducting nanowires are an interesting platform
for the fabrication of single photon devices. To fully understand the physical properties of
these objects we need to correlate the optical, transport and structural properties on the same
nanostructure. In this work, we study the spectral tunability of the emission of a single
quantum dot in a GaN nanowire by applying external bias. The nanowires are dispersed and
contacted on electron beam transparent SisNs membranes, so that transmission electron
microscopy observations, photocurrent and micro-photoluminescence measurements under
bias can be performed on the same specimen. The emission from a single dot blue or red shifts
when the external electric field compensates or enhances the internal electric field generated
by the spontaneous and piezoelectric polarization. A detailed study of two nanowire specimens

emitting at 327.5 nm and 307.5 nm shows spectral shifts at rates of 20 and 12 meV/V,



respectively. Theoretical calculations facilitated by the modelling of the exact heterostructure
provide a good description of the experimental observations. When the bias-induced band
bending is strong enough to favor tunneling of the electron in the dot towards the stem or the
cap, the spectral shift saturates and additional transitions associated to charged excitons can

be observed.
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Since the first studies of the optical emission from single semiconductor quantum dots,!
a key challenge has been to correlate electronic and structural properties, so as to reach a full
understanding of these three dimensional objects. For quantum dots synthesized following the
Stranski—Krastanov growth method, most studies would correlate typical optical properties
with typical structural properties, so that the dispersion of size, shape and composition in the
quantum dot ensemble set a limit to precise modeling. The development of semiconducting
nanowires containing a single quantum dot changed this paradigm since single nanowires can
be easily harvested and spatially isolated, so that the same nanowire can be studied optically
or electrically, as well as structurally, in particular, using transmission electron microscopy
(TEM). This naturally requires cautious experimental conditions so that the optical or
electrical stress do not alter the physical properties of the nanowire under study. The seminal
work of Bao et al. correlated the optical and structural properties of rotationally twined InP
nanowires, combining photoluminescence (PL) and TEM.? Several reports followed, mainly
correlating PL or cathodoluminescence (CL) with scanning transmission electron microscopy
(STEM) in various nanowire systems, with particular effort devoted to the study of polytypism
in nanowires.>® Correlated studies on the same nanowire were also performed for transport
measurements, with a pioneering article by Peng and coworkers demonstrating that the
conductive behavior (metallic or semiconductor) of InSe; nanowires depends on the
crystallographic growth direction’. Other demonstrations of correlated structural and transport
studies include, for instance, mechanical bend test, transport and high-resolution TEM on an
individual Nb,Os nanowire,® or phototransport measurements correlated with high-angle

annular dark field (HAADF) STEM on axial GaN/AIN heterostructured nanowires.’

The case of II-nitride quantum dots is particularly interesting for correlated studies,
since Ill-nitride heterostructures present internal electric fields that appear because of the

discontinuity of polarization (spontaneous and piezoelectric) at the heterointerfaces. The



resulting quantum-confined Stark effect (QCSE) has a strong influence on the optical
properties, affecting not only the emission wavelength but also the oscillator strength of the
radiative transitions. By applying an external bias on a single quantum dot, it is possible to
tune the emission spectrally, modify the oscillator strength, and get a better insight on the
electronic properties of the dot. Tunable emission from a single Stranski-Krastanov (SK)
GaN/AIN quantum dot was demonstrated by Nakaoka et al. in 2006.10.11 A quantum dot
emitting at 3.61 eV (= 344 nm) at zero bias blue shifted by 102 meV at +14 V bias'® (applied
along the c crystallographic axis), which means that the spectral shift rate was 7.3 meV per
applied Volt. As expected by theory, applying an electric field in the direction of the built-in
electric field leads to a red shift in the emission. Likewise applying an external electric field
against the built-in electric field compensates the internal electric field, leading to a blue shift
of the emission. When bias is applied in-plane,!! the spectral shift is significantly smaller
(= 1.1 meV/V for a quantum dot emitting at 366 nm), and the spectra blue shifts symmetrically

with respect to the direction of bias.

Miifener et al. demonstrated electrically-tuned single quantum dot emission in a GaN
nanowire.l2 Their GaN quantum dot consists of an Alo3Gao7N/GaN/Alp3GaosN
(50 nm /1.7 nm / 50 nm) insertion sandwiched by 16-nm-thick AIN current blocking layers.
The emission of the GaN dot peaked at 3.56 eV (= 348 nm) at zero bias, and was shown to
shift by 1.3 meV/V in the range of —15 V to +25 V. It was also demonstrated that, in the case
of a superlattice of quantum dots embedded in a nanowire, bias can lead to a transition from
direct excitons (electron and hole in the same quantum dot) to indirect excitons (electron and
hole in different dots).!® In this case, the direct transition shifted at a rate of 5.3 meV/V for
quantum dots emitting around 400 nm at zero bias. Overall it was thus shown that for III-
nitride QDs undergoing a strong QCSE, the application of an external bias can increase or

decrease the internal electric field and lead to a spectral shift. The next step for a better



understanding of the interplay of internal electric field and externally applied bias is to
correlate the electro-optical properties of such a quantum dot with its detailed structural

parameters, i.e. composition, size and geometry.

In the present paper, we study the effect of external bias on GaN/AlGaN quantum dots
contained in GaN nanowires. The design of the structure targets the maximization of the
sensitivity to bias, while keeping the emission energy above the GaN bandgap. The
downscaling of the heterostructure increases sensitivity to growth parameters, so that there is
a certain dispersion in material properties in the nanowire ensemble. We hereafter show the
results of bias-dependent PL, photocurrent and STEM on the same single nanowire. The direct
correlation of optical, phototransport and geometrical properties, together with electronic
modeling based on the measured structural parameters, allows new insights on the detailed

electronic properties of these three dimensional nanostructures undergoing a strong QCSE.

EXPERIMENTAL RESULTS

Design, structural characterization and modelling. The specimens under study

were GaN nanowires incorporating an Al(Ga)N/GaN/Al(Ga)N insertion. Nominally, the
heterostructure consisted of a 1-nm-thick GaN quantum dot embedded between two 9-nm-
thick AIN barriers. The heterostructure was surrounded by segments of undoped GaN (each
130 nm long), whereas the ends of the nanowires were doped at 8<10'7 cm™ with Ge, to
facilitate ohmic contacts. A schematic of the samples is shown in figure 1(a), and the band
diagram of the nominal structure obtained from one-dimensional (1D) calculations using the

nextnano® software is displayed in figure 1(b).

The thickness of the quantum dot was chosen so that its emission is energetically higher
than the GaN band gap. This choice reduces the sensitivity of the emission wavelength to the

electric field, but it allows the unambiguous identification of the quantum dot emission,



located at higher energies than any emission from the GaN nanowire stem or cap sections.
Regarding the AIN barriers, thicker AIN sections are less sensitive to interface phenomena and
help to reduce the leakage current, but they lead to a larger active region, hence more voltage
is required to vary the electric field applied on the quantum dot. Furthermore, spontaneous and
piezoelectric polarization lead to accumulation of electrons and holes at the heterointerfaces
with the GaN stem and cap (see figure 1(b)), which reduces the sensitivity to the external
electric field and can favor tunneling transport between the conduction band of the cap and
the valence band of the stem, as previously reported in GaN/AIN heterostructures.1415 With
these considerations in mind, a nominal thickness of 9 nm of AIN for the barriers was
considered thick enough to ensure low leakage current. HAADF STEM images of the two
contacted single nanowires analyzed in this paper (NW1 and NW2) are shown in figures 1(c)

and (d), respectively, where red squares mark the heterostructures.

Let us first concentrate on the structure of NW1. A zoomed micrograph of the area within
the red square in figure 1(c) is displayed in figure 2(a). The GaN dot height is estimated to be
1.2 nm £ 0.5 nm (evaluated by measuring the full width at half maximum of the bright contrast
in the HAADF STEM image corresponding to the GaN quantum dot), and the barrier
thicknesses are around 9.3 nm (bottom barrier) and 7.3 nm (top barrier). An AIN shell envelops
the GaN dot. The bottom barrier presents a large dome-shaped diffusion region of AlGaN with
an Al mole fraction around 50%, which extends up to the GaN quantum dot. This composition
is estimated from the HAADF contrast in the lower barrier region being approximately
halfway between the intensity levels for pure GaN (stem and cap) and AIN (top barrier). Such
a diffusion phenomenon has been reported previously and is explained as an out-diffusion of
Ga from the stem due to the significant lattice mismatch and high growth temperature.16 After
the growth of the heterostructure, a strain-induced narrowing of the nanowire diameter is

observed. With this structural information, the heterostructure in NW1 was modelled in 3D as



described in figure 2(b), using nextnano?®. The obtained calculation of the internal electric field
along the growth axis, taking into account the elastic relaxation of the structure, is presented

in figure 2(c). The electric field in the center of the GaN dot is around 4.8 MV/cm.

In the case of NW2, the micrograph in figure 2(d) shows a stronger out-diffusion of Ga,
which affects also the top barrier. The GaN dot is thinner, with a thickness around 0.8 nm, and
there is no trace of AIN shell around the dot. Modeling the structure as described in figure 2(e)
yields an axial electric field of 3 MV/cm in the GaN dot, with the field distribution illustrated

in figure 2(f).

Electrical tuning of the quantum dot emission. Before recording the
photoluminescence (PL) spectra, the current-voltage (I-V) characteristics of the nanowires
were recorded in the dark and under illumination with the ultraviolet laser used for micro-
photoluminesce (uPL) excitation. Figure 3(a) presents the corresponding I-V characteristics
of NWI. The dark current stays below 30 pA in the —4 V to +4 V range. A similar current is
obtained when measuring an I-V curve between two contacts on the membrane chip which are
not connected by either a metal line or a nanowire. Thus, the measured current is assigned to
a leakage current path through the membrane chip. Under ultraviolet illumination, however,
NWI becomes rectifying. Starting around 1.5 V, the current increases, and it reaches almost
2nAat2V.

The spectrum obtained by uPL of NW1 at zero bias shows an emission line from the
GaN quantum dot, as illustrated in figure 3(b) (magenta line), which peaks at 327.5 nm. The
full width at half maximum (FWHM) of this emission line is 15 meV at zero bias. While this
might seem broad for a single quantum dot emission, such a linewidth is not uncommon for
GaN/AlGaN quantum dots, which are generally characterized by a large spectral diffusion!”.
For negative(positive) bias, the emission red(blue) shifts as a result of the

enhancement(compensation) of the internal electric field in the dot. The shift occurs at a rate



of 20 meV/V in the range from —2 V to +4 V bias, which means 3-10 times higher sensitivity
to bias than in previous reports, even if our nanowire is emitting at shorter wavelength
(327.5 nm at zero bias, to be compared with 344 nm in ref. 10, 348 nm in ref. 12, 366 nm in ref.
" or even 400 nm in ref. '*). Note that the spectra in figure 3(b) are not normalized and are
hence comparable in intensity. The PL intensity and linewidth remain approximately stable
when applying bias, dropping only for Vg > 2 V. This drop correlates with the increase of the
photocurrent, i.e. the applied electric field separates the photogenerated electrons and holes

hence decreasing the radiative recombination probability.

For comparison, the behavior of NW2 under optical excitation and bias is depicted in
figure 3(c-d). Let us remember that this sample contains a smaller dot and barriers with higher
Ga content in the barriers, which explains the emission at shorter wavelengths (peak at
307.5 nm at zero bias) and the higher photocurrent (almost double) in comparison with NW1.
The FWHM of the 307.5 nm emission line in NW2 is 20 meV at zero bias. The red(blue) shift
with negative(positive) bias is consistent with figure 3(b). Under negative bias, the spectral
shift takes place at a rate of 12 meV/V. This is consistent with the expectation of a lower
sensitivity to the electric field in dots emitting at shorter wavelengths. As a particularity, for
bias between +0.6 V and +2.8 V, the spectra present two peaks which keep blue shifting with
increasing positive bias, i.e. increasingly compensated internal electric field. These features
are stable and reproducible after warming up and cooling the nanowire down again. One of
the peaks disappears for bias higher than +2.8 V and the second peak also eventually

disappears around +4 V bias.

DISCUSSION

For the interpretation of these experimental results, figure 4 compares the emission

wavelengths with the results of theoretical calculations obtained as described in the Methods



section, taking into account the actual nanowire geometry presented in figure 2.

If we focus on NW1, the simulations reproduce with good precision the emission
wavelength at zero bias and the evolution of the luminescence under positive bias [see data
outlined with a red square in figures 4(a) and (b)]. From these data, we can extract the location
of the voltage drop along the nanowire. Comparing figures 4(a) and (b), an applied bias of 4 V
corresponds to an applied electric field in the dot of 2.2 MV/cm, which would imply that the
voltage drops in a total length of 18 nm, which is approximately the length of the
AlGaN/GaN/AlGaN insertion. We can therefore deduce that the resistance of the GaN stem
and cap is negligible in comparison with the AlGaN sections.

Under negative bias (Va < -2 V) the experimental peak emission shows a saturation
which is not observed in the simulated graph. To understand this deviation, we must look at
the calculated band diagrams and electron wavefunctions in the dot, displayed in figure 5(a-
c). Using the band diagram at zero bias as a reference [figure 5(b)], positive bias results in
partial compensation of the internal electric field [figure 5(c)]. As a result, the wavefunctions
of the electron and the hole in the dot get geometrically closer but the transition energy
increases. However, under negative bias the electric field in the dot is enhanced [figure 5(a)].
The separation of the electron and the hole increases and the wavefunction of the electron
extends now through the lower barrier towards the stem. Furthermore, the electric field in the
lower barrier, initially pointing towards the nanowire stem [see figure 5 (b)] is inverted under
reverse bias, which favors the electron tunneling from the dot to the stem. This phenomenon
is highly sensitive to the Al mole faction of the lower barrier, which is strongly perturbed by
the strain-induced out-diffusion of Ga [see figure 2(a)], which explains the deviation between

the experimental PL. measurements and the simulations in this bias range.

Let us now turn our attention to NW2 in figure 4(c-d). Experiments and simulations

present a particularly good match for zero and negative bias. In this case, -4 V bias



corresponds to an applied electric field in the dot of 1.9 MV/cm, which implies that the voltage
drops along 21 nm, i.e. it is further confirmed that the resistance of the stem and cap is
negligible in comparison to the AIGaN sections. Looking at the band diagrams in figures 5(d-
f) to understand the nanowire behavior, we find significant differences with NW1. At zero bias
[figure 5(e)] the electric field in the dot is smaller for NW2, due to the heterostructure and
composition. On the contrary, the electric field in the lower barrier is higher in NW2 due to
the smaller Al mole fraction in the upper barrier in comparison to NW1 [see HAADF-STEM
image in figure 2(d), which displays larger Ga out-diffusion in comparison to NW1 in figure
2(a)]. As aresult, the negative bias required to invert the sense of the electric field in the lower
barrier and extract the electron from the dot is higher than in NW1. Thus, in figure 5(d), for
—1.5 MV/cm applied field, the electron wavefunction remains located in the dot. On the
contrary, the presence of Ga in the upper barrier favors the escape of the electron towards the
cap under positive bias. The difficulty to confine the electron in the dot might be associated to
the observation of the second emission peak. The electron-hole Coulombic interaction is not
considered by the calculations, and hole tunneling from the stem might help to stabilize the
exciton in the dot. The second emission line could then be assigned to a charged state of the
exciton, which seems reasonable in view of the energy separation between the two peaks. We
note nevertheless that so far no article has unambiguously reported emission of charged
excitons in the GaN/AlGaN system. Further probing of this hypothesis would require
additional modeling efforts taking into account Coulomb interaction in this three-

dimensionally confined system, which is clearly beyond the scope of the present paper.

The bias sensitivity of NW1 and NW2 lie almost one order of magnitude above those
observed by Miiflener et al.12 in a dot-in-wire structure. The higher applied voltages required
in their case can be explained by the thickness of their AlGaN+AIN barriers. In the work by

MiiBener et al., the total thickness of the heterostructures is ~134 nm, significantly larger than
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in our design, where the heterostructure is only #20 nm thick.

CONCLUSION

To conclude, we could spatially isolate single nanowires to perform several spectroscopic
(bias-dependent photoluminescence, photocurrent) and structural (STEM) measurements on
the same GaN nanowire containing a = 1-nm-thick Al(Ga)N/GaN quantum dot. From these
correlated measurements, we could model the evolution of the photoluminescence with bias,
taking into account the measured structural parameters of each dot. A systematic blue (red)
shift is observed in pPL measurements for the application of an external electric field
compensating(enhancing) the polarization-related internal electric field within the quantum
dot structure. Spectral shifts of 12 and 20 meV/V are observed for quantum dots emitting at
307.5 and 327.5 nm, respectively. Three-dimensional modeling of the electronic structure
taking the STEM-measured morphology into account allow estimating the internal electric
field in the dots (around 3 and 4.8 MV/cm in the two nanowires under study, respectively) and
predicting its variation with bias. A deviation from the theoretical trend is observed when the
bias voltage is high enough to favor tunneling of the electron in the quantum dot towards the
stem or the cap. In such a situation, the spectral shifts saturate and additional transitions
associated to charged excitons can be observed. We demonstrate that small differences in opto-
electrical properties between nominally identical nano-objects can be well understood taking
into account their precise heterostructure dimensions and composition. Improved growth
techniques may be developed to reduce these differences, while modeling shows its value in

predicting the detailed opto-electrical properties of such nanowire heterostructures.

METHODS

Self-assembled (000-1)-oriented® GaN nanowires were synthesized by plasma-assisted

molecular beam epitaxy (PAMBE) on Si(111) substrates. The growth was initiated by
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deposition of an AIN buffer layer using the two-step growth procedure described in ref. 18.
Then, GaN nanowires were deposited under nitrogen rich conditions (Ga/N flux ratio = 0.25),
at a growth rate of = 300 nm/h and a substrate temperature of 7s = 810°C. The AIN sections
that define the quantum dot insertion were grown stoichiometrically. The nanowires
exhibited a total length of 3.2 um and diameters around 60 nm. To ensure the homogeneous
height of the nanowires before the growth of the heterostructure,'® the quantum dot insertion

is asymmetrically located in the nanowire, 2.2 um away from the Si substrate.

The as-grown nanowire ensemble was sonicated in isopropanol. The resulting solution
was dispersed on silicon chips containing 40-nm-thick 100x 100 pm? wide SisN4 membranes
compatible with transmission electron microscopy experiments. These membrane chips were
fabricated from 400-um-thick n**-Si(100) wafers. On each side of the wafers, a bilayer of
Si02/Si3N4 (200 nm/ 40 nm) was deposited. Membrane windows and cleave lines were opened
using laser lithography, reactive ion etching and a KOH bath. Through another lithography
step metallic markers and large contact pads were defined both on and around the membranes.
The dispersed nanowires were contacted with electron beam lithography and metal

evaporation of Ti/Al (5§ nm/120 nm).

Theoretical calculations of the band diagram were performed using the commercial 8x8
k-p band Schrodinger-Poisson equation solver nextnano20 with the material parameters
described in ref. 30. Three-dimensional (3D) simulations were carried out in order to obtain the
strain state and the band diagram. The nanowire was modeled as a hexahedral prism consisting
of a 150-nm-long n-type GaN segment followed by 100 nm of undoped GaN, the active
heterostructure, 100 nm of undoped GaN and 50 nm of n-type GaN. The dimensions and
composition of the heterostructure were chosen as a function of the results of structural

characterization of the precise nanowire under study.

The result of 3D calculations was used as an input for 1D calculations of the wire under

12



external bias. In such calculations, the structure presented the same geometry and material
composition along the growth axis, but the internal electric field at zero bias was defined to be
the result of the 3D calculations. The quantum confined electron levels in the dot were then

obtained as a function of an externally applied electric field, using the 8-band k-p model.

Structural information on the nanowire heterostructure was gathered with HAADF
STEM using a probe-corrected FEI TITAN Themis working at 80 and 200 kV. A

DENSSolutions 6 contact double tilt holder was employed.

[-V characteristics were measured using an Agilent 4155C semiconductor parameter
analyzer. In general, the bias was chosen to keep the maximum photocurrent lower than 1 pA

to prevent device failure.

Microphotoluminescence (uPL) measurements were carried out using a frequency-
doubled solid-state laser emitting at 244 nm, with excitation power up to 1 mW. The laser was
focused into a spot with a diameter around 1 um using a refractive microscope objective
(numerical aperture NA=0.4). A Jobin-Yvon tri-axe 550 monochromator and a liquid-nitrogen-
cooled ultraviolet-enhanced charge-coupled device (CCD) were used for spectral dispersion
and detection. The sample was mounted on the cold finger of an Oxford He-flow cryostat and
the pPL experiments were carried out at a temperature of 4K. The visualization of the sample
was performed using a LED emitting at 365 nm that illuminates the sample and an ultraviolet-
enhanced camera (pco.ultraviolet, 190-1100 nm, 1392 x 1040 pixel?). The optimization of the
alignment of the laser on the nanowire was performed by maximizing the photocurrent.
Furthermore, a 300/80 nm single-bandpass filter (BrightLine FF01-300/80-25) was used to
diminish the near-band-gap GaN emission line from the nanowire cap/stem. The nanowire was

biased using a Keithley 2450 sourcemeter.
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Figure 1. (a) Simplified schematic of the nanowire structure with the AIN/GaN/AIN insertion.
During the measurements, the nanowire stem is grounded and the bias is applied to the cap.
(b) 1D nextnano® simulations of the electric band structure of the nominal nanowire at zero
bias. The squared electron and hole wavefunctions in the quantum dot are indicated. (c,d)
HAADEF-STEM images of (¢) NW1 and (d) NW2. The location of the AIN/GaN/AIN insertion
is indicated by the red squares.
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Figure 2. (a) HAADF-STEM micrograph of the heterostructure of NW1. (b) Material
parameter definition for the 3D modeling of NW1. (c) Component of the electric field along
the nanowire growth axis for NW1. The expected electric field in the GaN quantum dot is
around 4.8 MV/cm. (d) HAADF-STEM micrograph of the heterostructure of NW2. (e)
Material parameter definition for the 3D modeling of NW2. (f) Component of the electric field
along the nanowire growth axis for NW2. The expected electric field in the dot is around 3
MV/cm.
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Figure 3. (a) [-V curve of NW1 in the dark and under ultraviolet illumination. (b) #PL spectra
obtained applying from —4.5 V to +5 V bias on NW1. The zero bias measurement is indicated
in magenta. The spectra are given without normalization and shifted vertically for clarity. (c)
I-V curve of NW2 in the dark and under ultraviolet illumination. (d) uPL spectra obtained
applying from —4 V to +4 V bias on NW2. The zero bias measurement is indicated in magenta.
The spectra are given without normalization and shifted vertically for clarity.
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Figure 4. (a) uPL peak energy vs. applied bias in NW1. A shift of 100 meV is observed when
varying the bias voltage from O to 4 V. (b) Calculation of the electron-hole transition in the
quantum dot in NW1 as a function of the applied electric field. (c) uPL peak energy vs. applied
bias in NW2. A shift of 48 meV is observed when varying the bias voltage from O to -4 V. A
second peak attributed to a charged exciton state appears under positive bias (d) Calculation
of the electron-hole transition in the quantum dot in NW?2 as a function of the applied electric

field. Red squares outline regions where the experimental results and the simulations match
the best.
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Figure 5. Calculation of the conduction (black) and valence (red) band around the GaN
quantum dot, ground electron and hole levels in the dot, and their squared wavefunctions, for
(a-c) NW1 and (d-f) NW2. The applied electric field is (a,d) -1.5 MV/cm, (b,e) 0 MV/cm, and
(c,f)+1.5 MV/cm.
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