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1. Introduction

Semiconductor nanowires have attracted much attention in the 
last decade due to their potential for a vast range of applica-
tions including electronic, photonic, biological, energetic and 
magn etic devices [1]. Regarding the large surface-to-volume 
ratio, active regions of such devices are enlarged and some 

physical properties are also enhanced. Consequently the effi-
ciency of a variety of devices built from these nanostructures 
is also increased, such as light, gas or chemical sensors.

Among the nanomaterials being studied, the indium phos-
phide (InP) is considered an attractive alternative since it is 
one of the III–V group semiconductors whose growth process 
involves less toxic compounds [2], and presents interesting 
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Abstract
Indium phosphide nanowires with a single crystalline zinc-blend core and polycrystalline/
amorphous shell were grown from a reliable route without the use of hazardous precursors. 
The nanowires are composed by a crystalline core covered by a polycrystalline shell, 
presenting typical lengths larger than 10 μm and diameters of 80–90 nm. Raman spectra taken 
from as-grown nanowires exhibited asymmetric line shapes with broadening towards higher 
wave numbers which can be attributed to phonon localization effects. It was found that optical 
phonons in the nanowires are localized in regions with average size of 3 nm, which seems to 
have the same order of magnitude of grain sizes in the polycrystalline shell. Regardless of the 
fact that the nanowires exhibit a crystalline core, any considerable degree of disorder can lead 
to a localized behaviour of carriers. In consequence, the variable range hopping was observed 
as the main transport instead of the usual thermal excitation mechanisms. Furthermore the 
hopping length was ten times smaller than nanowire cross-sections, confirming that the 
nanostructures do behave as a 3D system. Accordingly, the V-shape observed in PL spectra 
clearly demonstrates a very strong influence of the potential fluctuations on the exciton optical 
recombination. Such fluctuations can still be observed at low temperature regime, confirming 
that the amorphous/polycrystalline shell of the nanowires affects the exciton recombination in 
every laser power regime tested.
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optoelectronic characteristics: direct bandgap in the near-
infrared spectral region between silicon and gallium arsenide 
gaps, allowing the fabrication of solar cells [3–5], photode-
tectors [6], lasers [7], and light-emitting diodes [8]. Being a 
mat erial with low surface recombination velocity, InP optical 
properties are subject of intense investigation in the literature 
searching for enhanced optoelectronic device applications [4, 
9, 10]. Also, InP is useful for electronic device fabrication 
showing good performance as field-effect devices [11, 12]. 
Furthermore, InP nanowires are being used in theoretical and 
experimental approaches for deep investigations on electron 
confinement in low dimensional structures [13–17]. Recently, 
theoretical findings also elucidate changes in absorption and 
radiative lifetimes of these nanoestructures [18, 19].

Reliable crystalline InP nanowires can be obtained from 
several growth methods [10, 20–22], and the enhanced control 
of these processes already demonstrated that new promising 
structures can also be fabricated, such as polytypic nano wires 
exhibiting alternating zinc-blend and wurtzite phases [9], 
core-shell [5], and twinned superlattice structures [23].

As a matter of fact, these promising optical and electrical 
properties make InP nanowires suitable for many applica-
tions. However the characteristic large surface-to-volume 
ratio observed in nanostructures also leads to an enhanced 
sensitivity to the presence of disorder. Disorder is one of the 
inherent features of self-assembled structures which affects 
the expected behaviour of devices. Usually, the disorder leads 
to localized behaviour of carriers transport and to a trans-
ition from a simple excitation semiconducting mechanism 
to another one, such as the variable range hopping (VRH) 
mechanism. This mechanism arises when a sufficient amount 
of disorder states causes the random component of the crystal-
line potential to be large enough to localize the electron wave 
functions near the band edges [24–26].

The purpose of this work is an investigation of the optoelec-
tronic properties of indium phosphide nanowires displaying a 
single crystalline zinc-blend core and polycrystalline/amor-
phous shell grown from a reliable route of synthesis without 
the use of hazardous precursors. The paper is structured in the 
following way: firstly, synthesis and structural characteriza-
tion of the nanowires are reported. The data were obtained 
from scanning electron microscopy, transmission electron 
microscopy and Raman spectroscopy; secondly, the device 
fabrication is described aiming the determination of the trans-
port mechanism and for this task, temperature dependent 
resistance measurements were carried out; finally, optical 
properties of as-grown nanowires were studied by photolumi-
nescence experiments, confirming the results provided by the 
other techniques and indicating the influence of the polycrys-
talline shell on the nanowires optical properties.

2. Experimental details

InP nanowires were grown by the well known vapour–liquid–
solid (VLS) mechanism [27] on quartz substrates in a tube 
furnace using InP powder as precursor material and a mixture 
of He/H2 as the carrier gas. In this method, gold seeds in the 

liquid-phase are the catalysts of the growth process, acting 
as a preferential site for the adsorption of vapour-phase and 
determining nanowire dimensions.

For Au catalyst fabrication, a 2 nm thick gold layer was 
evaporated onto quartz substrates and annealed at 600 °C, at 
pressure of 10−5 mbar. After 15 min the furnace temperature 
was lowered to 450 °C and the He/H2 flux was adjusted to 
20 sccm. Then, the InP powder was vaporized by an external 
heater, while the substrates were kept at the growth temper-
ature by the furnace. When the growth process was com-
pleted, the precursor heater was turned off but the gas flux 
was maintained until the temperature decreased to 100 °C in 
order to avoid oxidation [28].

Raman scattering spectra were carried out using a standard 
micro Raman setup. The scattered light was dispersed by a 
triple grating monochromator and recorded by a CCD camera 
cooled by liquid nitrogen. The 514.5 nm line of an Ar+ laser 
was used as excitation. The studied substrate presented a high 
nanowire density: in this random distribution some nanowires 
were suspended by other ones, resulting in a poor thermal con-
tact between the nanostructures and the substrate. Therefore, 
any excess of energy supplied by the excitation source could 
heat the nanowires. In order to avoid such heating, the laser 
power was kept lower than 1 mW during the experiment. The 
adopted experimental configuration corresponds to a spectral 
resolution of 1.5 cm−1.

In order to study the mechanism of electric conduction, 
resistance measurements were carried out varying the temper-
ature from 100 to 400 K in a closed cycle helium cryostat at 
pressures lower than 10−6 mbar. The devices were built by 
direct evaporation of patterned metallic electrodes on the as-
grown samples using a shadow mask in such a way that the 
electric current between the electrodes is transmitted only by 
nanowire junctions.

In order to further investigate effects of localized states on 
the electronic response, optical properties were investigated 
using photoluminescence (PL) technique in a wide temper-
ature range (from 7 K to 300 K). A 660 nm diode laser was 
used for excitation and the luminescence was dispersed by 
a 75 cm spectrometer and detected by a Silicon CCD. The 
measurements were performed for 8 μW and 50 mW laser 
powers focused in a spot of 25 µm of diameter.

3. Results and discussion

3.1. Synthesis and structural characterization of the  
nanowires

Scanning electron microscopy (SEM) images, such as those 
shown in figures 1(a) and (b), allowed the formation of a thick 
and uniform layer (∼20 µm) of nanowires covering the quartz 
substrates to be observed. These nanostructures presented 
lengths larger than 10 µm. The diameter distribution was sta-
tistically analysed, as shown in figure 1(c), providing typical 
nanowire diameters in the range 80–90 nm. Figure 1(d) depicts 
a high resolution transmission electron microscopy (HRTEM) 
image of a representative InP nanowire whose analyses were 
made in previous work [28]. Here it illustrates the crystalline 
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core covered by an amorphous/polycrystalline layer, which is 
originated from the self-organized growth mechanism. The 
typical polycrystalline SAED pattern corresponding to the 
shell is shown in the inset.

Figure 2(a) presents the Raman spectrum of the InP 
nanowire where the peaks centered at 303 and 342 cm−1 cor-
respond to the transversal optical (TO) and the longitudinal 
optical (LO) phonons of InP zinc-blende structure, respec-
tively. The TO peak clearly presents an asymmetric line shape 
with broadening towards higher wave numbers. The presence 

of TO peaks with asymmetric shapes in the Raman spectrum 
measured in InP nanostructures is attributed to the activation 
of TO-phonons with momentum higher than zero (Γ-point) 
[29]. The confinement of phonons inside small crystalline 
portions leads to a relaxation of the q  =  0 selection rule. Since 
the TO-phonons of InP present a positive dispersion relation, 
the relaxation of the selection rule allows phonons with higher 
wave numbers to participate in the Raman scattering, resulting 
in a peak with upward asymmetric shape. The consequent 
Raman intensity can be calculated by [30]

Figure 1. SEM image of as-grown samples from (a) up view and (b) side view, demonstrating the high density of nanowires forming a 
layer of 20 µm thickness over the Si/SiO2 substrate. (c) The corresponding diameter distribution of the nanowires centred between 80 and 
90 nm. (d) HRTEM image of a single nanowire, showing the InP crystalline core with an amorphous/polycrystalline layer composed by the 
same material and the corresponding typical polycrystalline SAED pattern (inset).

Figure 2. (a) Raman spectra of InP nanowires. (b) Experimental (diamonds) TO phonon and theoretical (green line) Raman spectrum, 
calculated using equation (1). (c) HRTEM image showing polycrystallites present in the nanowire shell.

J. Phys.: Condens. Matter 28 (2016) 475303
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where q is the phonon wave vector, q( )ω  is the phonon fre-
quency in the dispersion curve, Γ is the natural line width 
and Lc is the localization length of the optical phonons. On 
the other hand, if the phonons propagate along a large single 
crystal, describing an infinite localization length, the corre-
sponding Raman peak will present a perfect symmetric shape. 
In this context, the asymmetric characteristic of TO peak lead 
us to assert that the optical phonons are strongly localized 
in the nanowires. HRTEM images suggest that the origin of 
the phonon localization can be associated with polycrystal-
lites in the shell since the variation of crystalline orientation 
in each crystallite could prevent the propagation of phonons. 
In order to determine the localization length of optical pho-
nons the theoretical Raman spectrum in TO region was cal-
culated using equation (1). The phonon dispersion curve q( )ω  
was taken from [31]. Figure 2(b) depicts the best fit (green 
line) to the experimental (diamonds) spectrum resulting in an 
average size of Lc  =  3 nm, i.e. the same order of magnitude of 
the grains in the polycrystalline shell, as can be seen in TEM 
image of figure 2(c).

In our phonon localization analysis we have neglected any 
influence of the crystalline cores. From HRTEM images we 
notice that the diameter of the crystalline core is less than 
one-third of the total wire diameter. So, the ratio between the 
volume of the core and the volume of the amorphous/polycrys-
talline layer is estimated to be less than one to eight. Besides 
the diminutive scattering volume of the cores in comparison 

with the polycrystalline shells, we have also to consider the 
strong attenuation of the 514.5 nm laser in InP. The light inten-
sity exponentially decreases during the propagation through 
the polycrystalline shells, resulting in a maximum penetration 
depth of 60 nm, which also contribute to the suppression of the 
Raman signal of inner crystalline portions.

At first sight, the calculation of the phonon localiza-
tion length could also be performed by adopting a similar 
approach with LO peak. Since LO phonons in InP present a 
negative dispersion, the contribution of phonons with q  >  0 
to the Raman spectrum will result in a downward asym-
metric line. In fact the LO peak in figure  2(a) presents the 
expected asymmetry. However, the LO line shape can also 
be affected by effects other than quantum confinement, such 
as coupling between LO phonons and plasmons that can be 
present in nanowires surfaces. In this case, the resulting line 
shape is determined by a competition of these two effects and 
the application of the localization model on LO peak would 
lead to an incorrect value for the localization length. On the 
other hand, TO phonons cannot couple with carrier excitations 
and the observed asymmetry of the line will only be a conse-
quence of the phonon localization, enabling a more accurate 
evaluation for Lc.

3.2. Device fabrication and transport mechanisms

Substrates were found to be uniformly covered by a thick 
layer of nanowires (see figure 1) after the growth. Different 
devices were built, trying out a sort of metals for the elec-
trodes, but only Ti and Ni exhibited ohmic behaviour, suited 
for temperature dependent resistance measurements, as shown 

Figure 3. (a) Typical I–V ohmic characteristic of the devices with Ti contacts. (b) Temperature dependent resistance measurement, 
demonstrating a semiconductor behaviour. (c) Theoretical fitting of the resistance accordingly to the VRH model for temperatures ranging 
from around 100 to 250 K. (d) Rhopping values at 250 K for the measured devices (∆ =±R 0.05 nm).
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in figure  3(a). Also, by studying a dispersion of nanowires 
we obtain parameters which statistically represent the mean 
response of the system avoiding errors when choosing a par-
ticular nanowire.

The typical temperature dependent resistance of a semi-
conductor was observed for our devices as presented in 
figure 3(b), in which the resistance exponentially decreases as 
the temperature increases. The observed curve does not follow 
the simple thermal excitation law for a semiconductor [32], 
requiring a more detailed investigation to determine the domi-
nant carrier transport process.

Even when nanowires exhibit a crystalline core, any con-
siderable degree of disorder can lead to a localized behaviour 
of carriers, especially near surfaces [33]. It is believed that 
the amorphous/polycrystalline layer around the crystalline 
core (see HRTEM analysis) is the corresponding source of 
disorder, randomizing the electron potential at the core-shell 
interface and inducing localized states; otherwise, the shell 
itself is acting as a conduction channel. By taking into account 
these considerations, the usual thermally excited transport 
mechanism observed in semiconductor crystals should be 
replaced by a more complex one such as the variable range 
hopping (VRH) originally due to Mott and described by [34]

R T R
T

T
exp ,

p

0
0( ) ⎜ ⎟

⎛
⎝

⎞
⎠= (2)

where R0 and T0 are constants and the exponent p being set 
to 1/4, 1/3 or 1/2 according to the dimensionality of the sam-
ples [35, 36]. This model assumes that localized states around 
Fermi level trap carriers and the transport occurs by hops of 
charges from a localized state to another. According to Mott’s 
model, the hopping range, Rhopping is given by [34]
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where kB is Boltzmann’s constant and N is the density of states 
at the Fermi level. Fitting of equation (2) to experimental data 
leads to a p-value of 1/4 which corresponds to a 3D structure 
( p was one of the adjustable parameters during the fitting pro-
cedure). The good agreement between the experimental data 
and theoretical values for temperatures ranging from 100 K to 
250 K is clearly seen in figure 3(c). Below 100 K, the samples’ 
response is negligible and above 250 K the effect of thermal 
excitation begins to appear. The Rhopping values near room 
temperature (250 K) are plotted in figure 3(d) and are similar 
for all devices measured. These values were found around 
10 nm and correspond to the distance that electrons must hop 
in order to contribute to the conductivity. This length is near 
ten times smaller than nanowire cross-sections, confirming 
that the nanostructures studied in this work do behave as 3D 
systems.

As a consequence of VRH processes, the localized states 
are pointed out as the main factor contributing to changes in 
electric resistance of the samples. The influence of localized 
states is so strong that temperatures even close to the room 
temper ature, which are usually high for this mechanism, were 
not enough to affect the transport significantly.

3.3. Optical response

In order to further study the influence of the localized states 
on the optical response of the system, photoluminescence 
measurements were carried out as a function of temperature. 

Figure 4. Photoluminescence spectra for different temperature values and for (a) 8 μW and (b) 50 mW power excitations. Panels (c) and 
(d) show the PL peak energy behaviour as a function of temperature for both laser intensities.
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Figures  4(a) and (b) display a series of photoluminescence 
spectra over a large temperature range for low (8 μW) and high 
laser power density (50 mW), respectively. The PL spectra 
taken in low excitation power show Gaussian shapes at low 
temperatures, where the main peak positions are associated to 
the ground state of electron-heavy hole (e-hh) excitonic trans-
itions. PL peak redshifts by  ∼17 meV when the temperature 
increases from 10 to 50 K. By further increasing the temper-
ature from 60 to 100 K, the PL peak energy blueshifts by  
∼20 meV and a shoulder at the higher energy side of the spec-
trum can be observed. The relative intensity of the ground 
state peak increases as the temperature increases in this range, 
which can be assigned to the thermal excitation of carriers 
to the first excited state. Such behavior is not observed when 
a high laser power density is used, as shown in figure 4(b). 
In this case, the high band filling effect leads to an overall 
blueshift of the PL spectra at temperatures above 100 K. For 
further heating, the PL spectrum of the sample develops small 
asymmetry at the higher energy side and the PL peak position 
shows the usual temperature dependent band gap shrinkage.

Temperature dependence of the band gap and/or exciton 
energies in bulk and heterostructure semiconductors have been 
extensively studied in the last decades. It is also well known 
that the band gap energy normally shrinks when the temper-
ature increases due to electron–phonon interaction and lattice 
thermal expansion. In order to describe the dependence of 
exciton transition/band gap energies on temperature, different 
models have been proposed, for example, the ones devel-
oped by Varshni, Vinã and Pässler [37–40]. Sometimes these 
models have limitations to describe the gap versus temper-
ature behavior in semiconductor when different scattering 
mechanism in the material modulates the band structure and 
leads to unusual temperature dependent recombination pro-
cess [41, 42], like the S and V-shape reported in many works, 
including bulk, quantum wells and quantum wires nanostruc-
tures [43–46]. At low excitation power and low temperature 
regimes, the photo-excited carriers are subject to the influence 
of potential fluctuation resulting from imperfections during 
of growth, like intermixing of material along the interfaces, 
defects, segregation an diffusion of atoms along the lattice 
[47, 48]. These fluctuations induce band tail in the excitonic 
density of state below the fundamental energy gap state and 
generated photo-carriers relax to lower energy states of the 
confinement potential when the sample is heated thus, leading 
to a decrease of the recombination peak energy.

When the temperature is further increased, the carriers 
may be thermally activated to higher energy levels, leading to 
a blueshift of the recombination spectrum by filling the whole 
states available. From this point of view, the regular reduction 
of the band gap energy is observed for larger values of temper-
ature. Figures 4(c) and (d) shows the effects of temper ature 
on the PL peak energy. By comparing the changes on the PL 
peak energy as function of temperature measured with two 
different laser power densities, one sees that the PL signal is 
weak at low power and, by heating the sample, the e-hh exci-
tonic recombination channel becomes easily quenched. The 
V-shape observed in this regime clearly demonstrates a very 
strong influence of the potential fluctuations on the optical 

exciton recombination. As already reported in another papers 
[43, 44], the laser intensity increasing leads to a decreasing in 
the magnitude of the V-shape line. The regular dependence of 
gap and excitonic transition energies versus temperature can 
be recovered once the fluctuation profiles become screened 
in the regime of high photo-excited carriers. However, even 
using a high density laser power, as displayed in figure 4(d), 
traces of the presence of potential fluctuation in the low 
temper ature regime can still be observed, which clearly 
demonstrates that the amorphous/polycrystalline shell of the 
nanowires dominates excitonic recombinations in any laser 
power regime.

4. Conclusions

InP nanowires with single crystalline zincblend core and 
polycrystalline/amorphous shell were synthesized from a 
reliable route without the use of hazardous precursors. The 
amorphous/polycrystalline shell showed a remarkable influ-
ence in the nanowires structural, electrical and optical prop-
erties. Structurally, polycrystallites in the shell produced 
phonon localization effects noticeable in the asymmetric 
shape of TO peaks of Raman spectra performed in as-grown 
samples. Analysis of these spectra allowed to determine the 
phonon localization length which presented the same order 
of magnitude of the polycrystallite sizes, indicating that the 
variation of crystalline orientation in each crystallite pre-
vents the propagation of phonons. Concerning the electrical 
properties, samples behaved as a semiconductor material. 
However, the better fitting for the dominant transport mech-
anism was not the commonly expected simple thermal activa-
tion but the variable range hopping mechanism. This result 
was explained by the interplay between disorder and localiza-
tion which randomizes the electron potential at the core-shell 
interface thus, inducing localized states and leading to the 
hopping mechanism. Indeed, the presence of disorder should 
affect all the properties of the samples. Additional optical 
investigations were conducted and confirmed that disorder 
plays an important role in samples properties. By observing 
the PL peak energy as function of temperature it was found 
S and V-shaped curves, even using high density laser power, 
indicating that the potential fluctuations are strong enough to 
affect the excitonic recombination in these conditions. These 
results agree and confirm the presence of disorder and, con-
sequently, the fluctuations in electronic potential observed 
in transport measurements. In fact, this is also an additional 
evidence of a transition from thermally activated electronic 
excitation to a more complex process such as the variable 
range Mott-like hopping.
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