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Optical properties of wurtzite/zinc-blende heterostructures in GaN nanowires
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The optical and structural properties of wurtzite GaN nanowires containing zinc-blende GaN inclusions
of different thicknesses are investigated. Micro-photoluminescence spectra of single nanowires exhibit
a series of narrow emission peaks with linewidth as low as 0.8 meV in the interval 3.1-3.42 eV. The
peak energy blue-shifts with increasing excitation power following a ~I'”* law due to the progressive
band filling and to the screening of the internal field. The quantum confinement in these type-II crystal
phase heterostructures was simulated in the framework of a one-dimensional effective mass model,
accounting for the internal electrical polarization of the wurtzite GaN. The predicted transition energies
are in good agreement with the energy statistics realized on more than 30 single nanowire emission
spectra. © 2011 American Institute of Physics. [d0i:10.1063/1.3638698]

. INTRODUCTION

The development of semiconductor nanowires grown by
molecular beam epitaxy (MBE) or by metal-organic chemi-
cal vapour deposition has opened up the possibility to design
novel devices based on either compositional or crystal phase
heterostructures. Axial crystal phase heterostructures consist-
ing of adjacent nanowire segments of different polytypes
have been the object of dedicated theoretical and experimen-
tal studies.'”” The most common crystal phase heterostruc-
ture consists of hexagonal wurtzite (WZ) and cubic zinc-
blende (ZB) polytypes. These heterostructures are typical of
type-Il, i.e., a ZB inclusion inside a WZ matrix forms a
quantum well confining electrons, whereas a WZ inclusion
in a ZB matrix forms a quantum well confining holes. This
arrangement has no counterpart in the bulk materials, where
inclusions of a different crystal polytypes inside a 3D matrix
cannot be controlled and are typically surrounded by disloca-
tions. In nanowires, crystal-phase heterostructures present
three main advantages with respect to compositional ones:
(1) the abruptness of the heterointerface, coinciding with a
single basal plane, (2) chemical homogeneity, and (3) the
low lattice mismatch. So far, crystal phase heterostructures
have been demonstrated in classic III-V nanowires (mostly
InP, InAs, or GaAs). Optical studies have proven the type-II
alignment4 and have demonstrated narrow line,5 © and even
single-photon emission.? In parallel, significant efforts have
been made in order to achieve a sufficient growth control for
the realization of well defined superlattices.” Recently, the
formation of WZ/ZB heterostructures has also been reported
in MBE-grown II-VI nanowire systems.8 For the group
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III-nitride material system reports of WZ/ZB heterostruc-
tures have not been published so far, with the only exception
of the work by Renard er al.’ analyzing the properties of
GaN nanowires with a WZ base and a ZB top segment. In
GaN, the properties of the ZB phase'® of its inclusions in a
WZ matrix'" and of stacking faults (SF) (Refs. 12—14) have
been studied in the bulk material. Both theoretical'>'® and
experimental''"'* studies have shown that the band align-
ment between the WZ and ZB phases in nitrides is type-II.
Basal SFs can be regarded as a single cubic sequence of
planes (ABC) in the hexagonal matrix (ABAB...) and are
associated with a strong luminescence signal due to bound
excitons at energy 3.41-3.42 eV.'' In the case of GaN
nanowires, however, the presence of ZB inclusions of differ-
ent thickness in WZ GaN has only been reported for heavily
Mg-doped NWs (Ref. 17) and an optical analysis of such
structures has not been carried out.

In this work, we analyze the optical properties of ZB/
WZ heterostructures in GaN nanowires. We demonstrate that
these heterostructures give rise to excitonic transitions with a
narrow linewidth. The nanowires have been grown
using plasma-assisted molecular beam epitaxy (PA-MBE),
structurally analyzed by scanning transmission electron
microscopy (STEM) and optically studied by micro-
photoluminescence (u-PL). STEM analyses reveal that ZB
inclusions of 2 to 10 monolayer (ML) thickness are present
in the WZ matrix of the nanowires. The spectra of single
nanowires exhibit a serie of emission peaks with linewidth
as low as 0.8 meV in the range of 3.1 eV-3.42 eV. These
peaks blue-shift with increasing excitation power due to the
progressive band filling and to the screening of the internal
field. We interpret our observations by means of a 1D effec-
tive mass model, simulating the WZ/ZB/WZ heterostructure
as a type-II quantum well and accounting for the internal
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electrical polarization of WZ GaN. The model well illus-
trates the dependence of the PL energy on the thickness of
the ZB inclusion.

Il. SAMPLE STRUCTURE

GaN NWs with a length of approximately 300 nm and a
diameter ranging between 25 nm and 30 nm were grown by
PA-MBE on n-type Si(111) substrates at a substrate tempera-
ture of 775 °C using nitrogen rich growth conditions accord-
ing to the procedure described in Ref. 18. On top of the GaN
base part an InGaN section with a nominal In-concentration
of approximately 10% and a length of 100 nm was grown at
a reduced substrate temperature of 590°C, followed by 9
periods of alternating regions of GaN (7 nm) and InGaN
(2 nm) and a GaN cap layer with a nominal thickness of
25 nm at the same substrate temperature. A gradual increase
of the NW diameter from 50 nm to 80 nm is observed in the
InGaN and InGaN/GaN region deposited at lower substrate
temperatures.

The nanowire structure was first analyzed by STEM
revealing the presence of stacking faults in the GaN cap,
which was found to be longer than the nominal value (~50
nm). The bright-field STEM images in Fig. 1 depict a region
close to the top of one nanowire, with the viewing direction
parallel to the (1-210) crystal axis. In Fig. 1(a) several ZB
inclusions of different thicknesses are visible. Several of
them are indicated by arrows. An energy-dispersive x-ray
spectroscopy (EDX) analysis performed in STEM showed
no presence of In in this region. As reported in other III-V
nanowire systems containing WZ/ZB heterostructures,’” the
interfaces between the different crystal phases coincide per-
fectly with basal atomic planes. The high-resolution detail
shown in Fig 1(b) is a high magnification image of one
selected region where ZB inclusions of 2, 3, and 6 MLs are
present. It is worth noticing that the two inclusions in the
lower part of Fig. 1(b) are separated only by one single
monolayer violation of the cubic stacking sequence.
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FIG. 1. (Color online) (a) STEM image of one nanowire from the analysed
sample. The arrows indicate the position of several ZB inclusions. The
dashed rectangle indicates the region depicted in the high-resolution detail
of part (b), where ZB inclusions of 2 ML, 6 ML, and 3 ML are evidenced in
blue and delimited by the white dashed lines.
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lll. OPTICAL PROPERTIES

For the u-PL studies, nanowires were detached from the
substrate by ultrasound bath in ethanol, and dispersed on Si
substrates. The nanowire density was controlled in the range
of 1-5x 10° ecm ™2 The u-PL characterization was carried
out at T =4.2 K by exciting the sample with cw 244 nm light
from a frequency-doubled Ar" ™ ion laser. The laser radiation
was focused onto the substrate surface with a spot of diame-
ter ~5 um by means of a 20 x UV microscope objective
with a numerical aperture of 0.4. The excitation power was
varied between 2.5 yW and 1 mW. The luminescence was
collected with the same objective, dispersed with a 460 mm
focal length spectrometer and detected with a charge coupled
device with a spectral resolution of 500 peV.

Figure 2(a) presents a photoluminescence spectrum of
the nanowire ensemble showing two main contributions at
energies 2.4-2.7 eV and at 3.1-3.42 eV. An example of a
u-PL spectrum of a single nanowire shown in Fig. 2(b)
exhibits narrow emission peaks distributed in the same
energy intervals as for the ensemble. The emission in the
2.4-2.7 eV interval is attributed to the luminescence of the
InGaN quantum discs (QDs) and of the InGaN segment. The
second high-energy contribution is attributed to the presence
of WZ/ZB heterostructures in the GaN nanowire top region.
The GaN near-band edge emission (3.45-3.48 eV) has been
observed in several nanowires, but it is systematically very
weak compared to the other spectral contributions. In the fol-
lowing, the discussion will concentrate on the narrow emis-
sion lines found in the range of 3.1-3.42 eV.

Figure 2(c) shows other examples of single nanowire
spectra exhibiting multiple sharp lines with full width at half
maximum (FWHM) <5 meV in the range of 3.1-3.42 eV.
Some of these emissions are very intense and extremely nar-
row. The inset shows a close-up and the Lorentzian fits of a
selected spectral region exhibiting sharp peak emission. The
peaks marked as 1, 2, and 3 have a linewidth in the range of
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FIG. 2. (Color online) (a) PL spectrum of the nanowire ensemble at 4 K. (b)
1-PL spectrum of a single nanowire at 4 K (b) u-PL spectra of two nano-
wires exhibiting narrow emissions related to WZ/ZB heterostructures. The
inset shows a detail of one spectrum and the Lorentzian fits of selected
peaks. The energy and FWHM of the narrowest peak are E, =3.1423 eV
and I';=0.8 meV.
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2-3 meV, while peak 4 at E; =3.1423 eV has a FWHM of 0.8
meV—close to the state of the art broadening achieved in
Stranski-Krastanov GaN quantum dots.'® It should be noted
that in the case of crystal phase quantum heterostructures, the
lineshape is well reproduced with a Lorentzian fit contrary to
what is observed in GaN/AIN single quantum dots, where the
lineshape is mainly Gaussian due to the spectral diffusion.?
The power dependence of the luminescence peaks is
exemplified in Fig. 3. When the power intensity is progres-
sively increased over two decades, the peak blue shifts and
broadens (Fig. 3(a)). The blue shift can be well reproduced
by a cubic root law E()—Ey~1", where E is the peak
energy, / is the laser intensity, and Ey = 3.283 eV is the peak
energy value extrapolated for small excitation power. The
peak energy varies by 30 meV in two decades of excitation
intensity. The integrated PL intensity of the peak Sp; grows
slightly sub-linearly with the excitation power, as Sp; ~ I°%.

IV. DISCUSSION

The blue-shift with increasing excitation power suggests
a relation with the WZ/ZB type-Il heterostructure, as
observed in InP and GaAs nanowires.”>*° The blue shift can
be interpreted as the result of field screening, consequence of
the relatively slow recombination of the photogenerated
electron-hole pairs. This effect is typical of type-II hetero-
structures, while in type-I heterostructures, the exciton tran-
sition energy is independent of the excitation power.”'

In type-II heterostructures the e-h subbands involved in
the transitions tend to progressively populate when the exci-
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FIG. 3. (Color online) (a) Normalized PL of a selected peak from a single
nanowire exhibiting a progressive blue shift with increasing excitation
power. (b) Dependence of peak energy (blue empty square) and peak inten-
sity (black circles) on the excitation power. Po =350 uW is the laser power
transmitted by the p-PL objective.
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tation power is raised, thus blue-shifting the PL energy and
broadening the peak. The band filling also leads to the for-
mation of an electric dipole across the WZ/ZB interface,
which partially screens the internal polarization field and con-
tributes to the blue shift of the transition by counteracting the
quantum confined Stark effect (QCSE). Taking these effects
into account, the dependence of the blue shift of PL transition
on the excitation power can be modeled as a cubic root law in
type II heterostructure systems such as GaAsSb/GaAs multi-
QWs (Ref. 22) and InAs/GaAs QDs covered by GaAsSb.>> A
slight deviation from the cubic root dependence in the case
illustrated in Fig. 3 might be explained by a possible overlap
of two peaks originating from two different regions. The first
one related to a single type II heterostructure, which follows
the cubic root law. The second one is related to a coupled
quantum well less sensitive to power excitation at 3.295 eV.

It should be noted that a different power behavior was
found by Bao ef al.* in the study of the PL in InP nanowires
containing ZB/WZ type-II superlattices. For InP, the power
dependence of the blue shift is almost linear with the loga-
rithm of the excitation power contrary to the cubic root law
found in the present case. However, those heterostructures
are characterized by a lower band offset and negligible inter-
nal polarization fields,®* which can explain the difference
with the GaN case. Furthermore, not all peaks observed in
the present study follow the same power behavior, the blue
shift being extremely reduced (a few meV) in about 30% of
the cases. We suppose that these peaks with reduced blue-
shift might be related to a different mechanism, such as
recombination of an exciton localized at a defect or a donor-
acceptor pair (DAP) transition. Indeed, it should be noticed
that the spectral interval where the narrow peaks appear in the
present samples overlaps with the DAP band in WZ and ZB
GaN (E~3.0-3.3 eV),lO’ZS’26 which has also been reported in
nanowires.'$772° However, the attribution of the narrow
peaks in the 3.1 eV-3.42 eV range to DAP seems to be inap-
propriate in the present case. The DAP emission is indeed
characterized by a very different spectral shape in GaN thin
film and nanowire samples,lg’zs’%’zg’29 where the two domi-
nant emissions are at 3.21 eV and 3.27 eV and are signifi-
cantly broader than the features found in the present samples.

V. MODELING

The optical properties of the analyzed structures were
compared to a one-dimensional simulation in the framework
of the effective mass approximation.®® The Schrédinger-
Poisson equation was solved self-consistently in the type-II
quantum well where the ZB inclusion is embedded in a WZ
matrix. For this quantum well, the conduction and valence
band discontinuities are AE. =270 meV and AE, =70 meV,
respectively.'*!® The effective masses of electrons and
heavy holes in the WZ and ZB phases are mzywz =0.2m,,
m:,ZB =0.15my, m;h,wzz 1.4m,, and rﬁkhh,ZB = 1.3m0,31 The
excitonic binding energy was neglected (this energy is
expected to be small in type II heterostructures). It should be
noted that these simulations provide an estimation explaining
the trend of photoluminescence energies when the number of
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thickness of ZB inclusions increases rather than a rigorous
calculation of energy of the photoluminescence lines.

The spontaneous polarization of the WZ phase
P=0.029 C/m? is taken into account,’ yielding a disconti-
nuity of the electric field across the WZ/ZB interface
AF = 1.8 MV/cm. The residual doping level was assumed as
Ndle17 cm >, To calculate the transition energies, the
coupling of a single WZ/ZB/WZ crystal phase sequence with
surrounding ZB or WZ regions was neglected. Figure 4(a)
depicts the simulation results for a narrow ZB inclusion of 3
ML and for a larger ZB inclusion of 7 ML, while the result-
ing PL transition energies of the e,-hh; subbands calculated
for ZB inclusions of thickness from 2 ML (basal stacking
fault) to 9 ML are reported in Fig. 4(b) as vertical dotted
lines. The sketch in Fig. 4(a) underlines the importance of
the spontaneous polarization field of the WZ phase, yielding
a triangular shape of the potentials confining electrons and
holes on the two sides of the WZ/ZB interface. The electric
field enhances the red shift of the PL energies with increas-
ing thickness of the ZB inclusion. The transition energy falls
below the bulk ZB-GaN bandgap”'® when the thickness of
the ZB inclusion is at least 6 ML thick (indicated as the cubic
bandgap in Fig. 4(b)). On average, the emission energy red
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FIG. 4. (Color online) (a) 1D effective mass simulation of the band diagram
and e-h wavefunctions for a ZB-GaN inclusion of 3 atomic monolayers
(left) and 7 atomic monolayers (right). (b) Sample p-PL spectra from dis-
persed nanowires and statistics of the peak energies. The experimental data
are compared to the simulation of ZB inclusions of different thickness in the
WZ matrix (black dashed vertical lines) and to the near band edge emissions
of bulk ZB and WZ GaN (grey dotted lines).
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shifts by 30-40 meV for one additional ZB ML due to the
contribution of both quantum confinement and in particular
the quantum confined Stark effect. A much smaller value of
around 10 meV is found in the case of ZB/WZ type II quan-
tum wells in InP nanowires,® where the band offsets are
AE. =129 meV and AE, =45 meV (Ref. 32) and where the
spontaneous polarization of the WZ phase is negligible.

In Fig. 4(b), the calculated values of the transition ener-
gies are compared to four sample u-PL spectra and to the sta-
tistics of the peak energies occurring in around 30 single
nanowire spectra. The spectra and the statistics show that
there is a reasonable agreement between the predictions of
the model and the experimental peak energies. In particular,
the increase of the peak occurrence is found in correspon-
dence of the predicted transition energy for the ZB inclusion
of 2 ML, 4 ML, 5 ML, 7 ML, and 8 ML. This behavior is not
expected for DAP transitions, which either give rise to sev-
eral broad peaks or to a continuous broad band.*>*® The in-
tensity of the emission lines is determined both by the
oscillator strength of the corresponding transition and by the
number of the cubic inclusions with the given thickness in
the nanowire. However, it must be kept in mind that other
effects can influence the transition intensity and energies.
Among them, the possibility of local potential variations due
to the distribution of impurities'* or the coupling between
neighboring ZB inclusions, which explains the presence of
peaks with intermediate energies. Indeed, for narrow ZB
inclusions the confined electron wave function strongly
extends into the WZ barriers, as can be also seen in Fig. 4(a),
and couples with neighboring ZB inclusions. Strong cou-
pling, for instance, is expected for ZB inclusions such as
those reported in Fig. 1(b), separated by only one violation
of the cubic stacking sequence. These two effects naturally
lead to further spreading of the energy levels, which are
experimentally reflected by the dispersion of the peak energy
statistics in between the calculated transition energies.

VI. CONCLUSIONS

In summary, we have shown that the p-PL spectra of
single GaN nanowires containing type-II WZ/ZB hetero-
structures exhibit excitonic emissions with linewidth as low
as 0.8 meV. The behavior of the peaks as a function of the
excitation power suggests a relation with the presence of
type-II heterostructures. We studied the dependence of the
emission energy on the heterostructure parameters in the
framework of a 1D effective mass simulation, where we
modeled the transition in the type—II WZ/ZB/WZ quantum
well. The transition energies predicted by the simulation for
ZB inclusions of varying ML thickness are in good correla-
tion with the statistics realized on more than 30 single nano-
wire spectra, strongly supporting the attribution of the
observed narrow peaks to excitonic transitions occurring in
the WZ-ZB type-II heterostructures.
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