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The structural and optical properties of GaAsP/GaP core-shell nanowires grown by gas source
molecular beam epitaxy were investigated by transmission electron microscopy, Raman
spectroscopy, photoluminescence 共PL兲, and magneto-PL. The effects of surface depletion and
compositional variations in the ternary alloy manifested as a redshift in GaAsP PL upon surface
passivation, and a decrease in redshift in PL in the presence of a magnetic field due to spatial
confinement of carriers. © 2009 American Institute of Physics. 关doi:10.1063/1.3269724兴
I. INTRODUCTION

An emerging class of optoelectronic and photonic devices is being realized by semiconductor nanowires 共NWs兲.1
The pseudo-one-dimensionality of NWs offers a unique opportunity to control size-dependent and structure-dependent
material properties for novel device functionalities. Of particular interest is the use of core-shell NW architectures,
composed of ternary III-V compound semiconductor alloys,
which provide further freedom to tune the material bandgap
including the optical frequency range.2–5 Encapsulation of
core NW segments by higher bandgap shell layers provides
passivation of surface states, where nonradiative recombination transitions are prevalent, as well as the confinement of
charge carriers within the core segment.
Core-shell NW growth has been demonstrated through a
variety of means. The most common epitaxial approaches
involve metal-organic vapor phase epitaxy6,7 and molecular
beam epitaxy 共MBE兲.8,9 The most widely reported mechanism for NW assembly is the so called vapor-liquid-solid
共VLS兲 mechanism.10–12 During VLS growth, gas-phase adatoms impinge on, or diffuse toward, liquid-phase metal nanoparticles 关typically Au, but also Ga 共Ref. 13兲 and Cu 共Ref.
14兲兴 resulting in a metal-semiconductor alloy. Supersaturation of the Au alloy leads to island nucleation at a
triple-phase-point,15 proceeded by solid-phase semiconductor epilayer formation at the interface between the liquid alloy seed and the underlying substrate. VLS growth is continued, and, thus, a NW is grown, as long as sufficiently high
supersaturation conditions are sustained.
Optoelectronic device applications based on the employment of III-V NWs as the active medium have recently been
demonstrated, including lasers,16 photovoltaic cells,17 and
single photon sources.18 Nonetheless, integration of NWbased applications within mainstream markets is hindered by
numerous fundamental roadblocks, one of which involves a
more complete understanding of the role of surface passivation and confinement effects.
a兲
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In this work, we report on the structural and optical
properties of GaP/GaAsP core-shell NWs grown according
to the VLS mechanism. We show that radial and axial layers
are distinctly self-arranged within a single segment of a ternary semiconductor NW, resulting in increased P incorporation near the center of the NW. The effect of this compositional variance and the influence of a passivating GaP shell
on the optically active GaAsP regions are investigated
through Raman scattering, photoluminescence 共PL兲, and
magneto-PL 共M-PL兲 spectroscopy.
II. EXPERIMENTAL DETAILS

NWs were grown on 共111兲-oriented n-type Si substrates.
Pregrowth surface processing of the Si substrates was initiated with a 20 min ultraviolet ozone treatment and subsequent wet-etching of the surface oxide in a 10:1 diluted buffered HF solution. Seeds for the NW growth were achieved
by electron-beam evaporation of Au with thickness of 10 or
40 Å as measured by a quartz crystal monitor. All substrates
were stored under high vacuum 共10−8 Torr兲 to inhibit surface contamination until transfer to the growth chamber.
NW growth was performed in a gas source MBE 共GSMBE兲 system, where group III monomers were supplied
from a heated solid elemental effusion cell and group V
dimers from a hydride gas cracker operating at 950 ° C. The
P2 flux was initiated at 350 ° C as the substrate temperature
was ramped from room temperature to the NW growth temperature. Upon stabilization at the growth temperature, the
As2 flux was initiated. At the substrate temperature of
520 ° C, growth was initiated by opening the shutter of the
Ga effusion cell, 60 s after the initiation of the As2 flux.
Three NW samples of different sizes and structures were
grown and investigated in the current study, henceforth referred to as samples A, B, and C. Details of the NW growth
are provided in Table I. Sample A NWs were grown using a
10 Å Au film and composed of a single segment of
GaAs1−xPx, with an As/P flux ratio adjusted to yield a nominal composition of x = 0.4, based on previous calibrations of
thin films grown on GaAs 共100兲 substrates. The growth duration of sample A NWs was 30 min. Sample B NWs were
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TABLE I. Description and dimensions of NW samples A–C.
NW sample

Au film thickness
共Å兲

Growth sequence

NW height
共m兲

NW FWHL diameter
共nm兲

A

10

30 min GaAsP

3.75

53

B

10

30 min GaAsP
+10 min GaP

5.50

96

C

40

30 min GaAsP

3.50

101

grown in an identical manner to that of sample A with the
addition of a single, stoichiometric GaP segment, grown for a
duration of 10 min, and serving as a passivation layer to the
GaAsP core. Thus, the sample B NWs were grown to inherently contain GaAsP/GaP core-shell heterostructures. Sample
C NWs were grown under identical conditions as sample A
except a 40 Å Au film was employed in sample C rather than
the 10 Å Au film used in sample A. All growths were conducted at a V/III flux ratio of 1.5. The group III effusion cell
temperature was stabilized to yield a nominal planar growth
rate of 1 m h−1. The growths were terminated by closing
the shutter of the Ga effusion cell, and the sample was gradually cooled down from the growth temperature under a P2
overpressure. Pictorial representation of the three NW
samples based on our structural analysis is shown in Fig. 1 as
will be discussed further below.
Structural and compositional analysis of the NW
samples was performed after growth. A JEOL JSM-7000
scanning electron microscope 共SEM兲 was employed in the
cross-sectional analysis of as-grown NW samples, particularly in the determination of average NW heights. Single NW
specimens, ultrasonically removed in solution from the Si
substrates and deposited on holey carbon-coated copper
grids, were examined with a Philips CM12 transmission
electron microscope 共TEM兲. In addition, compositional

analysis was performed in various positions along the NW
length by embedding NWs in an epoxy resin 共vinyl cyclohexene dioxide兲19 cured at 70 ° C, followed by the removal
of lateral lamellae with average thicknesses of roughly 80–
100 nm, using an ultramicrotomy procedure, at a slicing
angle of approximately 5°. Lamellae were subsequently
placed on TEM grids and sputter coated with a thin film of
carbon 共roughly 5 nm兲 to further reduce superficial electronbeam-induced damage. The lamellae were examined by high
angle annular dark field 共HAADF兲 characterization and energy dispersive x-ray spectrometry 共EDXS兲 using a JEOL
2010F high-resolution TEM.
Raman scattering, PL, and M-PL were performed to
study the lattice vibrations and electron excitations of
samples A–C. The investigation of the lattice vibrations
共phonons兲 by Raman scattering allowed a structural characterization of the NWs, while PL provided information about
the electronic structure of the NWs. Raman scattering was
collected from the surface of the samples at a temperature
T = 10 K in the backscattering configuration with an Instruments S.A. T64000 triple grating spectrometer supplied with
a liquid nitrogen-cooled charge coupled device detector. The
PL measurements were carried out at T = 1.6 K with an
Ocean Optics Inc. HR2000 high-resolution spectrometer in
an Oxford Instruments optical cryostat with a superconducting magnet with magnetic field of 10 T oriented parallel to
the NWs. The 5145 Å line of an Ar+ laser was used for
excitation in Raman and PL measurements.
III. RESULTS AND DISCUSSION
A. Electron microscopy analysis

FIG. 1. Pictorial representation of sample A, B, and C NW structures. The
NWs are not drawn to scale. White and light gray segments represent Asrich and P-rich GaAsP layers, respectively. The dark gray segment of the
sample B NW signifies the GaP layer. Dotted boxes, labeled 1, 2, and 3,
correspond to the regions of interest on the ultramicrotomed lamellae presented in Figs. 4 and 5. The striped segments at the NW tips represent the
Au seed nanoparticles.

The average NW heights were determined in crosssectional SEM images by measuring the distance between
the planar surface and the top of the Au seeds at the NW tips.
Representative cross-sectional SEM images of all NW
samples are shown in Fig. 2. The NW heights were measured
to be approximately 3.75, 5.5, and 3.5 m for samples A, B,
and C NWs, respectively. The SEM images revealed that the
NWs were tapered near their tips, while also exhibiting reverse tapering near their bases, as shown in the inset of Fig.
2共b兲 and depicted in Fig. 1共b兲. Therefore, the diameters of
NWs was quantified via their average full width at half
length 共FWHL兲 as measured in TEM from a population of
100 sonicated NWs per sample. The average FWHLs of the
NWs were determined to be 53⫾ 11 nm for sample A,
96⫾ 9 nm for sample B, and 101⫾ 20 nm for sample C
NWs. Figure 3 shows a comparison of the normalized
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FIG. 4. 共Color online兲 HAADF image showing the cross-section of a single
sample B NW near its base 共corresponding to box 1 in Fig. 1兲. EDXS
linescans, representative of elemental Ga 共green兲, As 共blue兲, and P 共red兲, are
superimposed. The decrease in the As profile and increase in P profile observed near the center corresponds to the region of dark contrast, and demonstrates the presence of a P-rich region near the NW center. The scale bar
represents a 20 nm length.

FIG. 2. Cross-sectional SEM images of as-grown NW samples 共a兲 A, 共b兲 B,
and 共c兲 C. The highlighted region and inset in 共b兲 further illustrates the
reverse tapering phenomenon, due to shadowing effects. All scale bars represent a 1 m length.

FWHL distributions for each NW sample, fit to a Gaussian
distribution, wherein the above uncertainty values represent
one standard deviation. The above results are summarized in
Table I.
The larger diameter of sample B compared to sample A
NWs is attributed to the presence of the passivating GaP
shell in sample B but not A. In contrast, the disparity between average FWHL values observed for samples A and
sample C NWs is the consequence of the thicker Au film
employed in the growth of sample C NWs. The thicker Au

FIG. 3. FWHL NW diameters of samples A, B, and C, fit to a Gaussian
distribution. The profiles represent sample sets of 100 single NWs.

film results in larger Au nanoparticles upon annealing. The
length of NWs is inversely proportional to the Au seed particle diameter due to a simple material conservation
principle.11,20 Larger Au nanoparticles therefore result in the
growth of thicker, yet shorter, structures.
We previously reported the ternary alloy composition of
NWs, grown under identical conditions as the present study,
to be GaAs0.67P0.33 along the longitudinal center of the NW,
based on a cylindrical approximation technique involving
EDXS mapping and HAADF imaging of individual NWs.2
In this study, a more accurate determination of the structure
and composition of the NWs were achieved by examining
lamellae cut from the sample B NWs. Sections removed
from the NW bases, midsection, and tips 共represented in Fig.
1 as boxes 1, 2, and 3, respectively兲 were probed in EDXS
experiments to determine the elemental distributions across
the NW diameter at various lengths along the NW. Figure 4
shows a HAADF image of a lamella removed from the base
region of a sample B NW 共box 1 in Fig. 1兲 with superimposed EDXS linescans, indicative of the elemental concentrations of Ga 共green兲, As 共blue兲, and P 共red兲. While the
elemental counts of Ga are observed to be constant across the
NW diameter, the As and P counts, in contrast, are noted to
deviate from a homogenous profile within the center. In the
NW center, the elemental concentration of As atoms declines, whereas the concentration of P atoms rises. Thus, a
P-rich region is evident near the radial center of the GaAsP
NW. EDXS mapping in several NWs indicated a region with
composition of GaAs0.56P0.44 near the NW center 共depicted
as the gray region in Fig. 1兲 with a surrounding composition
of GaAs0.68P0.32 共depicted as the white region in Fig. 1兲. The
GaP passivating layer was notably absent from the base of
the NWs which can be explained by shadowing effects 关see
also the inset of Fig. 2共b兲兴. The GaP shell is initiated after the
GaAsP segment is completed. At this point, the NWs have
already reached a certain critical height where shadowing
from neighboring NWs could limit the direct impingement
near each NW base.7,21 As a result, the GaP shell is absent
near the base of the NWs as depicted in Fig. 1.
Next, a cross-sectional segment removed from the central region of a sample B NW 共box 2 in Fig. 1兲 was examined
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FIG. 5. 共Color online兲 Cross-sectional HAADF image and superimposed
EDXS linescans showing elemental counts of Ga 共green兲, As 共blue兲, and P
共red兲, obtained from the axial midsection of a single sample B NW 共corresponding to box 2 in Fig. 1兲. A passivating GaP shell is seen as an outer disk
of dark contrast. A central spot of dark contrast shows the location of a small
P-rich region near the NW center, which is unresolved by the EDXS linescan. The scale bar represents a 20 nm length.

as shown in Fig. 5. Here, EDXS measurements indicated a
homogenous composition of GaAs0.68P0.32 in close agreement with our previous cylindrical approximation method.2
Although no notable variation in the As/P ratio could be
spatially resolved by EDXS, a centrally localized region of
dark contrast was resolved in the HAADF image, associated
with the presence of a small P-enriched inner region within
the GaAsP layer. Toward the circumference, the dramatic
decrease in As counts and sharp increase in P counts is characteristic of the presence of the passivating GaP layer, which
is also evident by the darker contrast along the NW circumference.
Similar EDXS scans obtained from the tips of sample B
NWs 共not shown兲 demonstrated a GaAsP core diameter reduction and an increase in the thickness of the GaP shell as
depicted by box 3 in Fig. 1. Previous investigations into the
nature of MBE-grown core-multishell NW heterostructures,
involving the same material samples, has led us to conclude
that the aforementioned effect is a result of the tapered or
“pencil-shaped” morphology of NWs grown under similar
conditions as depicted in Fig. 1.2,22 EDXS mapping indicated
a homogeneous composition of GaAs0.68P0.32 in this tip region of the NW, identical to the composition of the NW
midsection and outer regions of the NW base.
Based on the above EDXS analysis, P-enrichment occurs
in the center of the base region of the NWs with a composition of approximately GaAs0.56P0.44. A composition of
GaAs0.68P0.32 was measured throughout other regions of the
NW. Initially, the main contribution to NW growth is adatom
impingement on the substrate surrounding each NW, followed by adatom diffusion to the Au particle resulting in
axial NW growth or direct nucleation on the NW sidewalls
resulting in radial growth. A previous thermodynamic model
for the incorporation of group V species in InGaAsP films
during GS-MBE growth23 indicated the preferential incorporation of As compared to P, suggesting a longer diffusion
length before incorporation of P2 compared to As2 on the
substrate surface. Therefore, the species with longer diffusion length 共P2兲 would be expected to contribute more to
axial growth of the NW that would lead to P-enrichment of
the NW center as we observed, as compared to the species
with shorter diffusion length 共As2兲 that would contribute
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FIG. 6. Raman spectra of the samples A, B, and C measured at T = 10 K.
The spectra have been shifted vertically for clarity.

more to radial growth of the NW. When the NW becomes
sufficiently long, the contribution to axial growth due to adatom diffusion from the substrate diminishes and the main
contribution to NW growth then changes to direct impingement near the Au seed particle at the top of the NW. In this
case, differences in As2 and P2 diffusion on the NW sidewalls and the Au seed particle may become less significant,
which limits the P-enrichment near the base of the NWs.
B. Raman scattering analysis

Raman spectra of samples A–C are shown in Fig. 6. The
GaAs-like and GaP-like transverse optical 共TO兲 and longitudinal optical 共LO兲 phonons were clearly observed in the
single segment GaAsP NWs 共samples A and C兲. Moreover,
considerable Raman scattering was observed in the single
segment NWs 共samples A and C兲 in the interval between the
TO and LO GaP-like phonons. Such Raman scattering was
not found in the encapsulated NW 共sample B兲 where the
surface was passivated. Therefore, it is likely due to the surface modes present in the NWs with open surfaces.24,25 The
GaP
GaAs
relative frequency positions 共LO
, LO
兲 and integral intenGaP
GaAs
sities 共ILO , ILO 兲 of the GaP-like and GaAs-like LO
phonons in samples A and C allow a determination of the P
concentration of the GaAs1−xPx alloy according to the
formulas26
GaP
LO
共x兲 = 350.1 + 72.2x − 20.0x2 ,

共1兲

GaAs
LO
共x兲 = 291.1 − 25.5x,

共2兲

x=

GaP
ILO
GaP
GaAs
ILO
+ ILO

.

共3兲

The frequencies and the integral intensities of the GaPlike and GaAs-like LO phonons were obtained from fits of
the experimental Raman spectra by Gaussian lines. The integral intensities yield x ⬇ 0.48, while the positions of the
GaAs-like and GaP-like LO phonon frequencies 共interpolated to room temperature兲 give x ⬇ 0.43 and x ⬇ 0.42, respectively. In comparison, a composition x ⬇ 0.44 was obtained from EDXS analysis for the center of the NW base
and x ⬇ 0.32 elsewhere. Raman cannot distinguish between
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FIG. 7. 共Color online兲 PL spectra of the samples A, B, and C measured at
T = 1.6 K. Insets show the comparisons between the PL measured close to
the peak positions without the magnetic field 共black lines兲 and in the magnetic field B = 10 T 共red lines兲. The dashed lines show two contributions to
the PL emission in sample B.

contributions from different parts of the NW. Instead, the
Raman lines will consist of the weighted average contributions of the entire NW. In addition, compositional determination by Raman is complicated by scattering effects within
the NWs.27
The Raman data obtained in the encapsulated NWs
共sample B兲 clearly demonstrate the effect of the core-shell
misfit accommodation. The GaP-like LO phonon line is considerably blueshifted with respect to the corresponding lines
in the single segment NWs 共samples A and C兲. Moreover, the
LO phonon line of the GaP shell is redshifted with respect to
the frequency of the bulk GaP LO phonon 共404 cm−1兲. This
is a manifestation of the stressed GaAsP core and the tensile
GaP shell, which is expected from the difference in corresponding lattice constants.
C. Photoluminescence analysis

The PL spectra of the NWs are depicted in Fig. 7. The
single segment NWs 共samples A and C兲 emitted narrow PL
lines with peak positions near 1.8 eV. The slightly different
PL peak positions of samples A and C 共a difference of about
6 meV兲 is likely caused by the effects of spatial confinement.
The TEM analysis indicated an average NW diameter
共FWHL兲 of 53 nm for sample A and 101 nm for sample C
共see Table I and Fig. 3兲. The large diameter of the sample C
NWs does not result in a significant quantization of the electron energy. However, for sample A, a confinement energy of
about 1.5 meV was calculated by the envelope function approximation using the parameters from Ref. 28. The difference between the experiment 共6 meV兲 and the calculation
共1.5 meV兲 may be explained by assuming a smaller effective
“electronic” diameter of sample A, caused by spatial confinement due to surface depletion, as discussed further below.
The effects of the spatial confinement were further measured by magneto-PL measurements. The magnetic field
does not influence the electron energy when the NW diameter DNW ⬍ LB, where LB = 冑ប / eB is the magnetic length. In
the magnetic field of B = 10 T the magnetic length is about
10 nm. In such a magnetic field one expects a blueshift in the

J. Appl. Phys. 106, 124306 共2009兲

PL measured in the GaAs1−xPx NW samples of about 7 meV
共calculated as the energy shift in the lowest Landau level兲.
The PL peak intensities in the magnetic field B = 10 T are
compared with the PL intensities measured without the field
in the insets of Fig. 7. Only a very small 共about 1 meV兲
blueshift was found in sample A with the nominal diameter
of 53 nm. An absence of the anticipated blueshift in sample
A indicates a considerably smaller effective electronic diameter, which results in determination of the electron energy
mainly due to spatial confinement. Larger blueshifts in the
PL lines 共about 3 meV兲 measured in the magnetic field of 10
T were observed in samples B and C indicating less spatial
confinement compared to sample A. When the magnetic
length is much larger than the effective electronic NW diameter 共LB ⬎ DNW兲 the electron energy is completely determined by the NW size quantization. In such a case no variation in the PL energy with the magnetic field is expected. In
the opposite limit 共LB ⬍ DNW兲 the magnetic field is responsible for the electron energy quantization. In the bulk GaAsP,
in the magnetic field B = 10 T 共LB ⬇ 10 nm兲, the magnetic
field induced PL blueshift of about 7 meV is expected. In
samples B and C we measured the blueshifts of 3 meV,
which means that in these samples the magnetic field considerably influences the electron energy, which, together with
the spatial confinement, determines the electron energy. Accordingly, DNW is on the order of but somewhat larger than
LB ⬇ 10 nm in samples B and C. In sample A, a much
smaller shift was observed 共about 1 meV兲 in the magnetic
field. Hence, the effective NW diameter, Deff ⬍ LB ⬇ 10 nm
in sample A, which is consistent with the previously presented zero-field blueshift in the PL peak position of sample
A compared to C.
The most striking effect is the significant redshift and the
substantial increase in intensity of the PL found in the encapsulated core-shell sample B compared to A and C. A similar
increase in the PL intensity was found in the core-shell
InGaP/GaAs NWs in Ref. 29. The increase in PL emission
upon encapsulation of the NWs is due to passivation of the
surface states which cause nonradiative recombination of the
excited electrons. Another striking observation is the redshift
in the PL in the passivated NWs of sample B, while a blueshift is expected due to the shell strain.29
The Franz–Keldysh effect,30,31 caused by the built-in
surface electric field and observed recently in InP,32 also cannot explain our observed redshift in the PL emission. Passivation of surface states responsible for the built-in electric
field eliminates the effect of the surface band bending.
Therefore, a blueshift in the PL emission, opposite our observed redshift, is expected in the encapsulated NWs.
Based on the extensive structural analysis of the NWs
presented earlier, a model is developed to account for the
observed modification of the PL emission. We suppose that
the P-enrichment of the central GaAsP segment found
through the EDXS analysis plays a crucial role in the detected redshift in the PL emission. The model radial distribution of the electron potential assumed in the passivated
sample B is shown in Fig. 8. The P-enrichment of the central
part of the core-shell GaAsP/GaP NWs causes the radial gradient of the electron gap energy shown in Fig. 8共a兲. Electrons
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sion from the bottom, core segment of the NWs that remained unpassivated due to the shadowing effect. The strong
PL line is due to the core/shell upper segment as discussed
above.
IV. CONCLUSIONS

FIG. 8. Sketch of the radial distribution of the electron gap in the core-shell
GaAsP/GaP 共a兲 and in the single segment GaAsP 共b兲 NWs. The electron
transitions active in the PL are shown by the vertical arrows.

are confined in the narrow ranges of the NWs close to the
GaAsP/GaP interface. This circular range occupied by the
electrons is responsible for the PL emission. The band bending due to surface states of the single segment GaAsP
共samples A and C兲 produces the built-in electric field, which
depletes the electron states and shifts the range where the
electrons are confined to the inner part of the NW with the
larger gap 共higher P content in the center of the NW base兲.
The corresponding radial gap variation is depicted in Fig.
8共b兲. Therefore, the energy of the core-shell NWs decreases
as compared to the single segment NWs. This model also
accounts for the smaller effective electronic diameters of the
NWs mentioned above.
The surface depletion effects can be estimated using the
well-known relation for a semi-infinite slab
qDs = 冑2oNs ,

共4兲

where Ds is the surface charge density,  is the dielectric
constant, o is the vacuum permittivity 共8.85
⫻ 10−12 F cm−1兲, N is the doping level, and s is the surface
potential 共surface band bending兲. We assume an unintentional n-type doping level in the NW identical to that determined by Hall effect measurements in nominally undoped
thin films 共n-type with N ⬃ 1015 cm−3兲.  is taken as 12.53,
which is the dielectric constant of the GaAs0.56P0.44 shell,
calculated as the compositional weighted average of the
GaAs and GaP dielectric constants. The band bending due to
the compositional difference between the center and edge of
the GaAsP segment is approximated as the PL peak energy
difference of 30 meV between samples B and C. Using Eq.
共4兲, a potential due to surface states may exceed the band
bending due to composition if Ds ⬎ 2 ⫻ 1011 cm−2.
Finally, a somewhat broader and asymmetrical PL line
was observed in sample B as compared to samples A and C.
The fit of the PL line using Gaussian profiles clearly demonstrates the presence of two distinct lines: a weak one centered
at the energy 1.8 eV and a stronger one at 1.76 eV. The weak
PL line probably has the same origin as the PL emission
from samples A and C, namely, this is caused by the emis-

An extensive analysis consisting of structural and spectroscopic experimental techniques was performed in GaAsP
NWs. The radial variation in the P composition detected
through EDXS mapping measurements was shown to drastically influence the PL emission. The combined effects of the
radial P distribution and of the built-in electric field cause the
different locations of the PL active ranges in areas with different bandgaps. This results in the considerable change in
the PL emission energy.
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