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Raman spectroscopy is employed to characterize structural and phonon properties of GaP/GaNP

core/shell nanowires (NWs) grown by molecular beam epitaxy on Si substrates. According to

polarization-dependent measurements performed on single NWs, the dominant Raman modes asso-

ciated with zone-center optical phonons obey selection rules in a zinc-blende lattice, confirming

high crystalline quality of the NWs. Two additional modes at 360 and 397 cm�1 that are specific to

the NW architecture are also detected in resonant Raman spectra and are attributed to defect-

activated scattering involving zone-edge transverse optical phonons and surface optical phonons,

respectively. It is concluded that the formation of the involved defect states are mainly promoted

during the NW growth with a high V/III ratio. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901446]

III-V semiconductor nanowires (NWs) are currently

attracting considerable attention as one of the most promising

architectures for a variety of nanoscale devices, including so-

lar cells, light-emitting diodes (LEDs), and photo-detec-

tors.1–4 Recent advances in growth techniques have made it

possible to vary chemical compositions either axially along

the NW’s length or radially, i.e., by growing surrounding

shells of different materials resulting in core/shell NW struc-

tures.5–7 The latter approach is very promising for fabrication

of photovoltaic devices, since it can improve the efficiency of

optical absorption and charge collection in vertically aligned

NW arrays.8 A promising material system attractive for appli-

cations in solar cells and light-emitting diodes is GaNxP1-x/

GaNyP1-y core/shell NWs.9–12 Incorporation of several per-

cent of nitrogen in gallium phosphide reduces its lattice con-

stant, thereby minimizing lattice mismatch with Si.13 Also, a

strong interaction between the N-related localized states and

the extended states of GaP modifies the band structure of the

forming alloy leading to an increased oscillator strength of

the band-to-band optical transitions14–16 and a splitting of the

conduction band states into two subbands.15,17 The former is

advantageous for utilizing this material in amber light emit-

ting diodes, whereas the latter makes GaNP an attractive ma-

terial for applications in innovative intermediate-band solar

cells with an anticipated high efficiency.18

Growth of NWs is often accompanied by polytypism and

formation of various point and planar defects, such as rota-

tional twinning planes and stacking faults, which can affect

functionality of electronic and photonic devices based on

NWs.19,20 An effective technique that allows non-destructive

characterization of electronic and structural properties of

nanoscale materials is micro-Raman spectroscopy. This tech-

nique has been applied to several III-V NW systems19–27 and

provided important information regarding crystalline struc-

ture, such as presence of staking disorder and formation of

alternating zinc-blende (ZB)/wurtzite (WZ) (ZB/WZ) poly-

types, strain as well as diameter modulations. The purpose of

this work is by using Raman spectroscopy to characterize

structural and phonon properties of recently developed

coaxial GaP/GaNP NWs that are currently unknown.

The investigated GaP/GaNP core/shell NWs were grown

by gas-source molecular beam epitaxy (GS MBE) on (111)-

oriented Si substrates using as a catalyst Ga droplets formed

on the substrate surface.9 As a reference, GaP NWs were also

studied. The latter were grown under the vapor-liquid-solid

(VLS) mechanism at substrate temperatures Tsub of

580–615 �C with a V/III flux ratio being varied from 1.5 to

6.9 for different samples. The same growth procedure was

used for the GaP core layer in the coaxial NW structures,

where the V/III ratio was kept at around 1.5. The GaNP shells

were fabricated via the step-mediated growth performed at

Tsub of 520 �C with a nitrogen plasma ignited. During the

shell growth, the V/III ratio was increased to 2.5. The nitro-

gen composition in the shell was estimated to be around 0.9%

from room-temperature photoluminescence data using the

band anti-crossing model. The detailed growth conditions can

be found in Ref. 9. The NWs are rather uniform in sizes and

have an axial length of about 2–2.5 lm, average diameters

ranging from 80 to 110 nm for the GaP NWs (depending on

the V/III ratio) and a typical diameter of approximately

220 nm for the GaP/GaNP core/shell NWs. They are predom-

inantly oriented along the [111] direction. According to high-

resolution transmission electron microscopy (HRTEM), both

GaP and GaP/GaNP core/shell NWs predominantly have the

ZB structure with a rather high density of random twins/

stacking faults perpendicular to the growth axis.12 The contri-

bution of the hexagonal WZ phase in a single NW was typi-

cally below 5% of the whole volume. For a comparison, a

750-nm-thick GaN0.009P0.991 epilayer grown by gas-source

a)Author to whom correspondence should be addressed. Electronic mail:

iribu@ifm.liu.se
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MBE on a (001)-oriented GaP substrate was also investi-

gated. Raman measurements were performed at room temper-

ature using a Horiba Jobin Yvon micro-Raman spectrometer

under excitation by the 325 nm line of a He-Cd laser or the

659 nm line of a solid-state laser. The measurements were

conducted in the back scattering geometry on the NW arrays

and individual NWs that were mechanically transferred onto

another Si substrate.

Fig. 1(a) presents Raman spectra from the GaP and GaP/

GaNP NW arrays measured under the 325 nm excitation. For

all investigated structures, the spectra contain the transverse

(TO) and longitudinal (LO) phonon modes due to the zone-

center (C) optical phonons in ZB GaP.28 The formation of

the GaNP shell leads to the appearance of an additional

Raman peak at around 500 cm�1 (labelled as LO2 in Fig.

1(a)). This mode was previously detected in GaNP epilayers

and attributed to Ga-N bond vibrations in the GaNP alloy

that shows a bimodal behavior.28 Its observation in the stud-

ied core/shell structures provides an independent proof for

the formation of the GaNP shell. In the core/shell structures,

a change of excitation wavelength (kexc) to 659 nm leads to

enhancement of several additional Raman modes at �360,

387, and 397 cm�1 (Fig. 1(b)). The mode at 387 cm�1 (la-

beled as X) is also observed in the Raman spectra of the

GaNP epilayer (the dotted curve in Fig. 1(b)), in accordance

with previous findings.28,29 Its energy is very close to the LO

phonon energy at the X-point of the Brillouin zone of GaP.30

The activation of this forbidden mode can be explained by

relaxation of the momentum conservation rules as a result of

breaking of translational symmetry by incorporation of

nitrogen. As to the 360 cm�1 (labeled as TO*) and 397 cm�1

(labeled as SO) Raman peaks, they are not detected from the

GaNP epilayers, which implies that these modes become

active only in the NW structures. From Fig. 1(b), it is

obvious that both 360 and 397 cm�1 modes in the GaP/GaNP

core/shell structures stem from the GaNP shell, not from the

GaP core, as they could not be detected from the reference

GaP NWs grown with the same V/III ratio (1.5) as the GaP

core. This activation could be either directly related to the

presence of nitrogen or caused by variation of growth condi-

tions, e.g., an increased V/III ratio of 2.5, utilized during the

growth of the GaNP shell. To clarify this issue, we have

studied Raman properties of GaP NWs grown with a compa-

rable V/III ratio of 2.7 but without N incorporation—see Fig.

1(b). Obviously, this change in the growth conditions also

results in the appearance of two Raman peaks located at the

low energy side of the TO and LO modes. Their intensity

increases with increasing V/III ratio, as shown in the inset in

Fig. 1(b) taking as an example the 397 cm�1 mode.

The reasons for the appearance of the additional Raman

modes in the NWs can be twofold. First of all, increasing

surface-to-volume ratio in the NW structures allows crystalli-

zation of III-V materials in the WZ phase which has a lower

surface energy than ZB.31 With respect to ZB, the WZ crystal

structure should lead to activation of two additional optical

phonon modes (E2
h and B1

h) at the C point of the Brillouin

zone that stem from the L-point optical phonons in ZB.23,25

This is a consequence of the back folding of the phonon dis-

persion due to doubling of the unit cell length in the [111]

direction. Since the Raman active phonons in ZB have A1,

E1, and E2 symmetry, only the E2
h mode is Raman active and

should be located at the low energy side of the TO mode,

based on phonon dispersion. The appearance of a Raman

band at the low-energy side of the TO mode was previously

observed in III-V NWs with WZ inclusions.23,32,33 The

energy position of the TO* peak in our samples is indeed

very close to the energy of the TO(L) phonons in GaP,34

which makes this explanation plausible. Alternatively, addi-

tional modes could be activated due to breaking of transla-

tional symmetry caused by formation of either planar (e.g.,

twinning planes and mixed WZ/ZB segments) or point

defects that relaxes Raman selection rules. In this case, ener-

gies of the activated modes will be determined by the phonon

density of states, which has a maximum at around 356 cm�1

in bulk GaP,34 i.e., again in the vicinity of the TO* peak.

The aforementioned two alternatives could be distin-

guished by analyzing polarization properties of the Raman

modes, which are expected to obey selection rules only for

unperturbed WZ and ZB lattices, i.e., within the first sce-

nario. Given that all Raman modes are allowed in the back-

scattering geometry from the NW arrays, polarization-

dependent Raman measurements were performed on a single

NW. Since the investigated NWs exhibit a hexagonal cross-

section with the NW axis along the [111] direction, the top

flat facet of the {1�10} family will be perpendicular to the

incident light. The coordinate system is then chosen accord-

ing to the NW geometry with the x axis along the [1�10]

direction of the incident light, while y ([11�2]) and z ([111])

are the in-plane axes that are perpendicular and parallel to

the NW axis, respectively—see the inset in Fig. 2(a). The

FIG. 1. Raman spectra measured from the GaP NW and the GaP/GaNP NW

(the solid curves) arrays, as well as from the reference GaNP epilayer (the

green dotted curve) using kexc of 325 nm (a) and 659 nm (b), respectively.

The spectra are normalized to the intensity of the TO mode and are shifted

vertically for clarity. The inset in (b) shows intensity of the SO mode, nor-

malized to that of the TO mode, as a function of the V/III ratio utilized dur-

ing the NW growth.
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results from the polarization-dependent measurements are

summarized in Figs. 2(a) and 2(b), which show Raman spec-

tra obtained under four main polarization configurations and

azimuthal dependences of the most pronounced Raman

modes, respectively. The dominant TO mode is found to

have the highest intensity in the x(z,z)�x and x(y,y)�x polariza-

tions, consistent with the Raman selection rules for ZB.23

The somewhat weaker intensity of this mode in the x(y,y)�x
configuration could be attributed to the so-called antenna

effect,35,36 which may cause a suppression in the electric

field of the electromagnetic waves of the light inside the

nanowire when the field direction is perpendicular to its axis.

(We note, however, that the antenna effect is not expected to

be very pronounced in the studied wires due to the relatively

large NW diameter d� kexc/4.) The observed TO polariza-

tion behaviour implies that the studied NWs have a good

crystalline quality so that the Raman selection rules are gen-

erally obeyed. On the other hand, the LO mode is forbidden

in the backscattering geometry from {1�10} surfaces. This

mode is clearly visible in our structures, though weak, and is

practically isotropic in polarization—see Fig. 2(b). A proba-

ble reason for the appearance of this mode is micro faceting

of the NW surface in regions with a high density of twin

planes, which results in its termination by {111} facets37 for

which the LO mode is allowed. This formation of micro fac-

ets in the investigated NWs was confirmed from the per-

formed TEM measurements.12 As to the TO* mode, it has

the highest intensity in the x(z,z)�x configuration, i.e., it does

not follow the selection rules for WZ.23 Moreover, a

comparison of the Raman spectra presented in Figs. 1(a) and

1(b) shows that the mode is enhanced under the 659 nm exci-

tation, i.e., likely exhibiting a resonant behavior with respect

to the excitation wavelength. The resonant enhancement of

the Raman scattering efficiency occurs when the scattering

process involves a real state, e.g., a defect-related state. We

therefore suggest that this mode in the investigated NWs

does not stem from the WZ regions, but it could represent

defect-mediated scattering involving zone-edge TO phonons.

We also note that the spectral position of this mode shifts to

lower energies by 1–3 cm�1 with increasing the V/III ratio,

which may indicate that it is influenced by defect density.

Let us now discuss the origin of the Raman peak that

appears at 397 cm�1, seen in Fig. 1(b) on the low energy side

of the LO mode under kexc¼ 659 nm. The most pronounced

feature of this mode is its sensitivity to the dielectric constant

of an external medium em that is in contact with the NWs.

Fig. 3 presents the Raman spectra collected from the GaP/

GaNP (a) and GaP (b) NW arrays in air (em¼ 1) and sub-

merged in dichloromethane (em¼ 2). Apparently, the spectral

position of the 397 cm�1 mode (labelled as SO in Fig. 3)

downshifts with increasing the dielectric constant of the sur-

rounding media, whereas the positions of the other modes

remain constant. This behaviour is typical for the so-called

surface optical (SO) phonons21,38–40 that can be activated by

breakdown of translational symmetry at surfaces. The wave-

vector of the corresponding perturbing potential could be

FIG. 2. (a) Raman spectra of a single GaP/GaNP NW measured in the speci-

fied polarization configurations. The spectra are vertically offset, for clarity.

The inset shows an SEM image of the GaP/GaNP NW transferred onto a Si

substrate, with a scale bar of 200 nm. The set of reference axes x, y, and z is

indicated in the image. (b) Azimuthal dependences of the Raman modes.

Intensities of the 360 cm�1 mode were determined by de-convoluting the

measured spectra assuming a Lorentzian line shape for each individual

Raman peak. The red filled circles and the blue open squares represent inten-

sities of the Raman components that are polarized parallel and perpendicular

to the NW axis, respectively.

FIG. 3. Raman spectra of the GaP/GaNP NWs (a) and the GaP NWs grown

with a V/III ratio of 5.5 (b) measured in two media with different dielectric

constants em: air (the red solid curve) and dichloromethane (the blue dotted

curve). (c) The calculated dispersion curves of the SO mode for the GaP/

GaNP and the GaP NWs in two different media. The symbols indicate the

experimental values of the SO phonon frequencies detected from the GaP

(the squares) and the GaP/GaNP NWs (the circles). The dashed green lines

and arrow are guides to the eye.
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determined based on an analysis of SO dispersion. Following

the formalism discussed in Ref. 38, the dispersion relation

xSOðqÞ in NWs with a hexagonal cross-section can be

approximated by that of an infinitely long cylindrical wire.

For the phonons with wave vectors q� x=c, the SO disper-

sion is given by

x2
SO ¼ x2

TO þ
~x2

p

e1 þ emf xð Þ : (1)

Here, x ¼ qr, xTO is the TO phonon frequency, ~xp is the

screened ion plasma frequency given by x2
LO ¼ x2

TO þ
~x2

p

e1
, e1

is the high-frequency dielectric constant of the material, r is

the NW radius, f ðxÞ ¼ ðI0ðxÞK1ðxÞÞ= ðI1ðxÞK0ðxÞÞ with IjðxÞ
and KjðxÞ being the Bessel functions. In Fig. 3(c), we plot the

xSOðqrÞ dispersion for em¼ 1 (the red solid curve) and em¼ 2

(the blue dotted curve) taking e1¼ 9.075, ~xp¼ 502.28 cm�1,

xLO¼ 401.8 cm�1, and xTO¼ 365.5 cm�1. The SO frequen-

cies experimentally obtained in the GaP/GaNP NWs (the

circles) and GaP NWs (the squares) in two dielectric media

yield qSOr¼ 6.1 or qSO ¼ 0:055 nm� 1 (with r� 110 nm) and

qSOr¼ 2.1 or qSO ¼ 0.053 nm�1 (with r� 40 nm), respec-

tively. The wavelength kSO ¼ 2p=qSO corresponding to the

perturbation of the surface potential can then be estimated as

being �115 nm. Several mechanisms were proposed21,39,40 to

explain the SO activation in NWs, including surface rough-

ness, saw tooth faceting on the NW sidewall, or a diameter

modulation along the NW length on the scale of kSO. None of

these mechanisms, however, seem to be relevant to the stud-

ied structures. Indeed, according to our previous SEM and

TEM studies,12 the NWs are uniform in diameter and show

faceting on the scale of 5 nm, which is by far smaller than the

experimentally determined kSO. Instead, the momentum of

the activated mode could correspond to the momentum trans-

ferred to the NW upon back scattering of the excitation light,

i.e., q ¼ 4p
ffiffi

e
p

kexc
¼ 0:060 nm�1 which is very close to the deter-

mined value of qSO. Taking into account that the intensity of

the SO mode is significantly enhanced under the 659 nm exci-

tation, we suggest that its activation is again a result of reso-

nant Raman scattering via defect states, possibly from point

or structural defects located in the vicinity to the NW surfaces.

The formation of these defects is not related to the presence

of nitrogen, however, but it is facilitated when the NW growth

is performed with high V/III ratios, based on the observed

enhancement of the SO mode under such growth conditions

(see the inset in Fig. 1(b)).

In conclusion, we have carried out detailed Raman

measurements on the GaP NWs and GaP/GaNP core/shell

NWs grown by molecular beam epitaxy on Si (111) sub-

strates. The Raman scattering peaks related to the GaP-like

LO and TO phonon modes are found to dominate the

320–420 cm�1 spectral range. The growth of the GaNP shell

leads to the emergence of the LO2 mode at around 500 cm�1

due to the Ga-N bond vibrations in GaP, which provides the

evidence for N incorporation in the GaNP shell. The

polarization-dependent Raman measurements performed on

single NWs indicate that the TO Raman modes obey the

selection rules in ZB, confirming high crystalline quality of

the NWs. Two additional bands at 360 and 397 cm�1 were

also detected in the resonant Raman spectra, which could be

attributed to the scattering involving the zone-edge TO pho-

nons and a surface mode, respectively. The characteristic

wavelength of the perturbation of the surface potential that

activated the Raman scattering process is also determined as

being 115 nm. Based on our previous TEM studies,12 the cal-

culated value does not correlate with neither diameter modu-

lation nor surface roughness. The activation of these phonon

modes is, therefore, tentatively attributed to resonant Raman

scattering via defect states, e.g., due to point defects or struc-

tural defects located in the vicinity to the NW surfaces.

Based on the performed comparison between the GaP and

the GaP/GaNP NWs, the formation of these defects is con-

cluded to be affected by the growth conditions (specifically

the V/III ratio) and is not directly related to the presence of

nitrogen.
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