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Abstract
Optical properties of wurtzite InP/InAs/InP core–shell nanowires grown on silicon substrates by
solid source molecular beam epitaxy are studied by means of photoluminescence and
microphotoluminescence. The growth conditions were optimized to obtain purely wurtzite
radial quantum wells emitting in the telecom bands with a radiative lifetime in the 5–7 ns range
at 14 K. Optical studies on single nanowires reveal that the polarization is mainly parallel to the
growth direction. A 20-fold reduction of the photoluminescence intensity is observed between
14 and 300 K confirming the very good quality of the nanowires.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the past few years, III–V semiconductor nanowires (NWs)
have attracted considerable interest due to their intriguing
physical properties and potential in nanoelectronics and
optoelectronics [1, 2]. Moreover, the NW growth using the
vapour–liquid–solid (VLS) method [3] is well adapted to grow
III–V semiconductors on silicon (Si) substrate, giving to the
NW technology a great potential for monolithic integration
of optoelectronics and photonics on Si [4–6]. Metal–organic
chemical vapour deposition (MOCVD) [7, 8] and molecular
beam epitaxy (MBE) [9, 10] have already been reported for the
growth of III–V NWs using VLS mechanism. By changing
the material during the growth process, the VLS method
allows the fabrication of heterostructures in both axial and
radial directions and allows one to intentionally dope the
NWs [11, 12]. Several works have been based on studies of
InAs/InP core–multishell [13, 14] and heterostructure [15, 16]
NWs grown on InP substrates. However, detailed investigation

of the optical properties of such structures on Si substrates
has not been yet reported except for catalyst free MOCVD
growth of core–shell InGaAs/GaAs quantum well nanoneedles
on Si [17]. Such a study is very important for future monolithic
integration of III–V optoelectronic devices as lasers or diodes
with Si based electronic components.

In this context, we report on the optical properties of core–
shell InP/InAs/InP NWs grown on (001)- and (111)-oriented
Si substrates by VLS assisted solid source MBE (SSMBE).
In particular, 1.3 and 1.55 μm emission wavelengths can
be reached by varying the InAs growth time, which is
particularly interesting for the fabrication of emitters in the
telecommunication band.

2. Experimental details

The InP/InAs/InP NW samples were grown on Si(001) and
Si(111) substrates by VLS SSMBE using Au–In particles
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obtained by the dewetting of a Au film at 700 ◦C. The NWs
were grown at 400 ◦C with a V/III beam equivalent pressure
(BEP) ratio of 16. The growth begins with 10 mn of InP
growth. A growth interruption of 10 s is realized by closing
the indium shutter. During this interruption, the phosphorus
flux is switched to arsenic flux. Then, the growth of the
InAs insertion is done by opening the indium shutter for a
growth time of 10, 20, 30 and 40 s for samples A, B, C
and D, respectively. After a 10 s growth interruption for the
arsenic/phosphorus flux switching, the structure is completed
with 10 mn of InP growth. Similar structures were grown
on Si(111) substrates for growth times of 20, 30 and 40 s for
samples B′, C′ and D′, respectively. High angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) imaging was carried out on the NWs from the different
samples. The optical properties of the InP/InAs/InP NWs
were characterized by PL spectroscopy. The PL measurements
were carried out in two different set-ups using a conventional
lock-in technique. The samples were mounted in a closed-
cycle temperature-controlled He cryostat and were excited
with continuous wave off resonant excitation. The PL signal
was dispersed through a monochromator and collected using
a thermoelectrically cooled InGaAs photodetector or a liquid
nitrogen cooled InGaAs detector with cut-off wavelengths of
1.7 and 2.2 μm, respectively. To investigate the lifetime of the
QW, time-resolved PL (TRPL) measurements were performed
at 14 K using a pulsed laser emitting at 515 nm with a 50 MHz
repetition rate. The photoluminescence of the NWs is analysed
by a spectrometer and a synchronized streak camera with a
temporal resolution of 20 ps. The optical properties of single
NWs are studied with a micro-PL set-up. The excitation was
provided by a continuous wave He–Ne laser at 632.8 nm and
by a microscope objective focusing the excitation power with
a spot size of ≈4 μm. The sample was mounted in a He-
flow cryostat at about 10 K. The PL emission was collected by
the same microscope objective and sent to a monochromator
equipped with a nitrogen cooled InGaAs photodiode array
detector.

3. Structural properties

With the growth conditions that we have used, SEM images
show that the NWs have a mean diameter of about 60–80 nm
and a length in the 2–3 μm range. Figure 1 shows a HAADF-
STEM image of a typical 75 nm diameter NW from sample A.
As evidenced by the selected area electron diffraction (SAED)
patterns (not shown), the NWs have a wurtzite (Wz) structure
with the [0001] axis along the growth direction for both InP
and InAs materials, as often observed for VLS grown III–V
NWs [16, 18, 19]. HAADF-STEM measurements reveal that
the NWs have a hexagonal section with {112̄0} facets (so called
a-plane). It is known that a- and m-planes are stable facets
due to their low surface energy. The fact that a-planes are
favoured in these core–shell NWs could be a consequence of
the strain generated by the radial growth of Wz InAs QW into
the Wz InP NWs. Due to the high V/III BEP ratio that we
have used, no stacking faults or cubic segments were observed
in the NWs. We observe the formation of a thin InAs quantum

Figure 1. HAADF-STEM image of a NW from sample A; insets:
close-up view of the InAs segment.

well (QW) (marked with dashed arrows) a few monolayers
(MLs) thick. This QW is surrounded by an inner 7 nm thick
InP core and an outer 30 nm thick InP shell formed during
the subsequent InP growth. A similar observation has already
been reported by Mohan et al [13] on InP/InAs/InP core–
multishell NWs grown by selective area MOVPE on patterned
InP(111)A substrates. We can also observe an inserted InAs
segment (marked with a solid arrow) about 20 nm in length.
This is due to the axial growth of InAs at the 400 ◦C growth
temperature. In the InAs segment, the central region has a
uniform As content but it gradually drops towards the InP
interface. Actually, the strain between InP and InAs induces
a deformation of the atomic planes near the interfaces, which
introduces an additional contrast in the images allowing us to
locate the interfaces [16].

4. Photoluminescence investigation of InP/InAs/InP
NWs

Low temperature PL spectra of the NW samples grown on
Si(001) are shown in figure 2(a). No major modifications are
observed in low temperature PL spectra of the NWs grown
on Si(111) substrates (figure 2(b)). On Si(001), the maximum
peak energy is shown to decrease from 0.98 to 0.78 eV when
the InAs growth time increases from 10 to 40 s. The PL
redshift in InAs/InP QWs or quantum dots have already been
observed and commonly attributed to the increase of the InAs
thickness or height, respectively [20, 21]. The spectra of
samples consist of multiple peaks in the 0.8–1.3 eV range. This
behaviour can be due to the integer ML thickness fluctuation of
the radial InAs QW, as observed in two-dimensional InAs/InP
QWs [20, 21].

In the case of samples A, B and C, the emission of the
InAs segments is assumed to be negligible as compared to the
emission of the radial QWs, due to the huge difference between
the length of the inserted InAs segments (lower than 100 nm)
and the surface of the radial QWs (length more than 600 nm).
The situation could be different in the case of sample D where
the length of the InAs segments measured by STEM is in the
range of 140–150 nm. Further investigations are required in
order to conclude on this issue.
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Figure 2. 14 K PL spectra of InP/InAs/InP NW samples grown on
(a) Si(001) and (b) Si(111) substrates, for various InAs growth times.
(c) Energy of the peaks as a function of the InAs/InP QW thickness.
The blue line is the theoretical calculation assuming a ZB InAs/InP
QW.

To confirm the assumption of PL emission due to integer
ML thickness fluctuation of the QWs, the ground state of an
InAs/InP QW is calculated as a function of its thickness using
a two-band k · p model where the effect of the strain in the
wells is taken into account by coupling the conduction band
and light-hole band. The calculation is difficult to perform in
the case of Wz InAs/InP QW due to the lack of information
about key parameters such as the valence-band and conduction-
band deformation potentials, or the spontaneous polarization
in Wz InAs and Wz InP materials. Thus, the calculations are
performed using the zinc-blende (ZB) parameters of InAs and
InP, as approximation already done by other groups working on
Wz NWs [13]. In the present study, the QWs are grown on the
a-plane of InP; thus non-polar InAs QWs are obtained which
reinforce the approximation. The blue line in figure 2(c) shows
the theoretical value of the ZB InAs/InP QW ground state as a
function of the number of MLs. To be able to compare the ZB

Figure 3. Lifetime decay curves for peaks P1 (filled circles) and P2

(empty squares) of sample A measured at 14 K. The black lines show
the corresponding fit. Inset: 14 K PL spectra of sample A.

QW with the Wz QW, the calculation is performed using a ML
thickness equal to aInAs

WZ /2 = 0.214 nm which is the thickness
of one ML of Wz InAs material grown on an a-plane. The
experimental results are reported in figure 2(c) assuming that
the highest energy peak (sample B′) has a thickness of 2 ML.
The experimental results are correctly fitted by the theoretical
calculation despite the fact that the Wz InAs band gap is
expected to be greater than the ZB one. The Wz InAs band
gap is not well known: theoretical and experimental values in
the 0.47–0.54 eV range have been reported for the Wz band
gap [22–24]. The good matching between the experimental
and theoretical results could be explained by the fact that the
electron effective mass is greater in the Wz InAs phase than
in the ZB one. An experimental result has shown a twofold
increase of the electron effective mass for the Wz InAs as
compared with the ZB one [5]. This is in agreement with a
theoretical study which also predicts an increase of the Wz
InAs electron effective mass [24]. Such an increase generates
a redshift of the QW emission which seems, in our study, to
approximately compensate the blueshift due the bigger band
gap.

To investigate the lifetime of the QWs, time-resolved PL
(TRPL) measurements are performed at 14 K (figure 3). The
NWs are excited with a 3 mW average power at 50 MHz.
Due to limitations in the detection range of the TRPL set-up
(0.3–1.4 μm), we focus on the lifetime of sample A with NWs
emitting around 1.3 μm at 14 K.

Figure 3 shows the dynamics for peaks P1 and P2 shown
in the inset of figure 3. Due to the slow recombination rate
of the QWs as compared with the 50 MHz repetition rate, the
following equation is used to fit the intensity decay:

I (t) = I1(exp(−t/τ0) + exp(−(t + �t)/τ0))

where I1 is a constant, τ0 is the lifetime and �t is the 20 ns
delay between two excitation pulses. The second exponential
in the equation is used to take into account the carriers
generated by the previous laser pulse and still present in the
QW. Lifetimes of 5 ns and 7 ns are measured for peaks P1 and
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Figure 4. The Arrhenius plot of the integrated PL intensity of the whole emission band for samples grown on Si(001) substrates. Symbols
show experimental data and the solid line shows the corresponding fit. Inset: (solid line) temperature induced changes in the PL spectra of
these samples.

P2, respectively. These lifetimes are at least three times longer
than the 1.5–1.7 ns lifetimes measured in ZB InAs/InP(001)
quantum wells at low temperature [14, 25]. A 16 ns lifetime
has already been reported for InP/InAs/InP core–multishell
NWs emitting at 1.2 eV and has been associated with a type
II recombination [26]. In our case, the PL experiments have
revealed a type I alignment. Two assumptions can be made to
explain the origin of the long lifetime. The first assumption
is a decrease of the spontaneous recombination rate due to
the geometry and size of the NWs. Theoretical papers have
shown that the spontaneous emission of an in-plane dipole
located on the axis of an infinitely long NW is strongly reduced
if D � λ, where D is the diameter of the NW and λ the
emission wavelength of the dipole [27, 28]. For our samples,
the condition D � λ is fulfilled, but the dipole is not in the
centre of the NW. The second hypothesis relies on the fact that
the radial InAs QW is grown on the a-plane of Wz InP which
means that the QW is parallel to the c-direction. Along this
direction a polarization charge distribution is expected and a
small electric field can be created depending on the length of
the QW [29].

More insight into the heterostructure NW optical
properties can be ensured through the investigation of
the temperature dependence of the integrated PL intensity.
Figure 4 shows the evolution of the integrated PL intensity
recorded in NWs grown on Si(001) substrates as a function
of temperature between 14 and 300 K. A 20-fold reduction of
the PL intensity is measured between 14 and 300 K for sample

Table 1. Best fit parameters for the calculated curves of figure 4.

Samples A1 E1 (meV) A2 E2 (meV)

A 3.3 10 300 76
B 9 10 1550 74
C 5.5 10.5 570 75
D 8.5 9 1000 72

A. A fit of the experimental data can be performed using the
multi-channel Arrhenius equation [30]:

I = I0

1 + ∑

i
ci exp(− Ei

kb T )
(1)

where i represents the number of channels involved for carrier
thermal escape, kb is the Boltzmann constant, Ei is the thermal
activation energy, I0 is the PL intensity at 0 K and ci is a
constant. We find that the temperature dependence of the
integrated PL intensity can be perfectly fitted by considering
two escape channels (i = 2). The best fits were obtained
using the parameters gathered in table 1. The activation
energy shows no systematic variation with InAs growth time.
The smaller activation energy E1 can be attributed to the
dissociation of the excitons trapped in the QWs followed by the
nonradiative recombination of the carrier defects located in the
QWs, as reported previously in the InAs(P)/InP QWs [31, 32].
However, the high temperature activation energy (E2) is
likely to be associated with the carrier thermionic emission
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Figure 5. (a) Micro-PL spectra of several NWs (Pex = 150 μW) compared with the PL of the NWs on the original substrate. (b) Emission of
a NW as a function of the linear polarization: red dashed (blue solid) line polarization parallel (perpendicular) to the NW axis. (c) Degree of
linear polarization studied as a function of the emission energy.

through the upper QW states, before it escapes to the barrier
material [33].

In addition, we can observe that the room temperature PL
peak’s wavelengths for sample A and sample C are around
1.3 μm (0.954 eV) and 1.55 μm (0.8 eV), respectively (see
the inset of figure 4). Other monolithic growth methods have
been proposed for obtaining III–V semiconductors on silicon
substrates using an SrTiO3 (STO) template [34]. Our 20-
fold reduction of the PL intensity is four times better than
that obtained for InAsP/InP QW monolithically grown on
STO/Si substrates [35]. This demonstrates the potential of
the InP/InAs/InP core–shell NWs on Si substrates for the
fabrication of emitters in the telecommunication wavelength
range (1.3–1.55 μm) operating at room temperature.

5. Optical properties of single NWs

To improve our understanding of the NW optical prop-
erties, microphotoluminescence (micro-PL) experiments are
performed on single InP/InAs/InP core–shell NWs. The NWs
from sample B′ grown on Si(111) were transferred from their
original substrate onto a new silicon substrate. The low NW
density on the new substrate allows us to focus a laser beam on
a single NW. Figure 5(a) shows the PL spectrum of the NWs
on the original substrate and the micro-PL spectra of different
single NWs for an excitation power of 150 μW. The peak
observed around 1.1 eV on the micro-PL spectra is attributed to
the silicon substrate. We assume that this peak is not observed

in the PL spectra due to the high density of NWs. The micro-
PL spectra of the single NWs are complex: several peaks or
groups of peaks are observed for each individual NW. For
instance, groups of peaks located around 0.88, 0.92, 0.98 and
1.05 eV are observed for NW2. The energies of these peaks are
quite close to energy position of the PL peaks and shoulders
associated with the ML fluctuations. Each group of peaks can
thus be associated with a specific thickness of the QW. This
result confirms the TEM studies: the QW does not have the
same thickness on all the facets of a given NW.

The NW emission is also studied as a function of the
linear polarization. If the situation is clear for pure ZB NWs
(the light is polarized along the NW axis, such as for InP
NWs [36, 37]), the situation seems more complicated for Wz
NWs where different results have been obtained [38]. In the
Wz phase, the p-like valence band is split into three different
bands labelled A, B and C. The lowest energy recombination
is associated with the recombination of an electron with a hole
in the A band (the A-exciton). This transition is expected to be
strongly polarized perpendicularly to the c-axis and, thus, to
the NW axis. This result was observed for Wz InP NWs [36]
but opposite results have also been observed for some Wz
NWs [38, 39]. To our knowledge, the polarization dependence
of the Wz InP/InAs/InP core–shell NW emission has never
been obtained.

Figure 5(b) shows the PL emission of an individual
NW for two polarization configurations: parallel (c-axis) and
perpendicular (a-axis) to the NW axis. The maximum PL
intensity is obtained for the linear polarization parallel to the
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NW axis. The degree of linear polarization (DLP) is defined
by the equation DLP = (Ic − Ia)/(Ic + Ia), where Ic (Ia)

is the intensity parallel (perpendicular) to the NW axis (the
c-axis of Wz). The DLPs are equal to 73% (for the peak
at 0.94 eV), 24% (1.06 eV) and 30% (1.14 eV). This result
is similar to the DLP obtained for ZB InAs(P)/InP quantum
wires and dashes where emission polarized along the wire/dash
axis was reported with DLP in the 20–50% range [40, 41]
but is in contradiction with the selection rule for the A-
exciton for the Wz phase. Such polarization dependence has
already been observed for Wz CdSe NWs without any core–
shell structure [39]. We have to assume, as in [38], that
the shape of the NW and, in our specific case, the shape
of the InAs/InP QWs, has more impact on the polarization
dependence than the selection rules of bulk Wz. Polarization-
resolved measurements performed on several NWs reveal that
the NW emission is mainly parallel to the NW axis and that the
DLP seems independent of the emission energy (figure 5(c)).
This result confirms the hypothesis of a DLP driven by the NW
geometry. If the geometry is the key parameter, the DLP will
depend on the ratio ‘NW diameter/emission wavelength’ [42].
Due to the small NW diameter (≈75 nm), the ratio is very small
for all of the QW emission range (from 1100 to 1500 nm).

6. Conclusion

In summary, purely wurtzite InP/InAs/InP core–shell nanowires
emitting in the telecommunication wavelength band were
grown on (001)- and (111)-oriented silicon substrates using
SSMBE. A long lifetime, in the 5–7 ns range, is measured
at 14 K. Micro-PL measurements reveal the presence of
localized states in the radial InAs quantum well and that the
emission is mainly polarized along the nanowire axis. At room
temperature, the PL intensity is equal to 5% of the 14 K PL
intensity, confirming the good quality of the III–V material
grown on silicon and the possibility of integrating efficient III–
V semiconductor emitters such as laser diodes or single-photon
emitters on silicon substrates.
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