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Origin of radiative recombination and manifestations of localization effects
in GaAs/GaNAs core/shell nanowires
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Radiative carrier recombination processes in GaAs/GaNAs core/shell nanowires grown by

molecular beam epitaxy on a Si substrate are systematically investigated by employing micro-

photoluminescence (l-PL) and l-PL excitation (l-PLE) measurements complemented by

time-resolved PL spectroscopy. At low temperatures, alloy disorder is found to cause localization

of photo-excited carriers leading to predominance of optical transitions from localized excitons

(LE). Some of the local fluctuations in N composition are suggested to lead to strongly localized

three-dimensional confining potential equivalent to that for quantum dots, based on the observation

of sharp and discrete PL lines within the LE contour. The localization effects are found to have

minor influence on PL spectra at room temperature due to thermal activation of the localized

excitons to extended states. Under these conditions, photo-excited carrier lifetime is found to be

governed by non-radiative recombination via surface states which is somewhat suppressed upon N

incorporation. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905090]

III-V semiconductor nanowires (NWs), which provide

both an optical active medium and well-shaped cavity, have

been drawing enormous research interest as potential build-

ing blocks for a variety of optoelectronic devices including

solar cells, photo-detectors, and light-emitting devices.1,2

Thanks to advances in growth techniques, NWs can now be

fabricated not only from binary compounds but also ternary

alloys with desired alloy compositions and also with a pre-

ferred design (e.g., radial core/shell or axial heterostruc-

tures), which allows tailoring and engineering of material

properties at the nanoscale. Additionally, the NW growth

can be performed on foreign substrates which render the

possibility of integration of the NW-based optoelectronic

devices with the mature microelectronic technology based

on Si. Up to date, optical output from NWs has been demon-

strated over a wide spectral range from ultraviolet to

near-infrared.3–10 Intense research efforts are currently being

undertaken to push the emission towards longer wavelengths

of great significance in photovoltaics, medical diagnosis, and

for fibre-optic data/telecommunication.

Among the most promising materials for the aforemen-

tioned long-wavelength applications are Ga(In)NAs alloys,

which belong to the so-called dilute nitride semiconductors.

The substitution of a small amount of As atoms in Ga(In)As

by N atoms substantially modifies the band structure, giving

rise to a reduced bandgap energy due to the bandgap bowing

effect.11,12 Moreover, strong spin-dependent recombination

in these materials mediated by defects allows achieving a

record-high electron spin polarization of up to 43% at room

temperature (RT), which makes the Ga(In)NAs alloys an

ideal materials system for innovative spin filters, spin detec-

tors, amplifiers, and nuclear spin hyperpolarizers operational

at RT.13–16 Most recently, it was shown that GaNAs can be

grown not only in planar but also in NW architecture, i.e., as

a shell layer in GaAs/GaNAs core/shell structures.17,18 This

raises the prospect of combining advantages of this materials

system with those offered by the one-dimensional (1D) NW

architecture.

In the case of bulk Ga(In)NAs, alloying with N also

affects material quality. For example, Ga(In)NAs alloys ex-

hibit very strong fluctuations in the conduction band (CB)

edge due to alloy disorder since even a small change in the N

content [N] leads to a significant change of the bandgap

energy due to the large bandgap bowing.11,19 This influences

both transport and optical properties of the alloys and affects

performance of the related photonic devices. N incorporation

can also promote formation of various defects that act as

efficient recombination centers degrading internal quantum

efficiency of the dilute nitrides.20–22 Though these effects are

well understood for planar GaNAs-based structures, their

role in 1D NWs, which are grown under different growth

conditions as compared with the planar growth, remains

unknown. In this work, we clarify this important issue based

on systematic optical studies employing macro- and micro

(l) photoluminescence (PL) complemented by l-PL excita-

tion (l-PLE) and time-resolved PL measurements.

The studied zinc-blende (ZB) GaAs/GaNAs core/shell

NWs were grown16,17 on a (111) Si substrate by plasma-

assisted molecular beam epitaxy using Ga as a catalyst, with

[N] of 0.1% and 0.5%. For comparison, reference GaAs

NWs without the GaNAs shells were grown under identical

conditions as the GaAs cores in the core/shell structures. A

representative scanning electron microscopy image of the

GaAs/GaN0.005As0.995 NWs is shown in Fig. 1(a). The NWs

are rather uniform in sizes with an average length of

�4.5 lm, a diameter of 400(200) nm for the GaAs/GaNAs

core/shell (GaAs) NWs, and a well-defined hexagonal cross-

section (see the inset in Fig. 1(a)). For l-PL studies, the

nanowires were mechanically transferred onto another Si

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

iribu@ifm.liu.se
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substrate. The measurements were performed in a backscatter-

ing geometry using a 50� objective lens. A 440 nm solid-state

diode laser and a tunable Ti:Sapphire laser were used as exci-

tation sources. The latter was also employed for l-PLE meas-

urements. The PL signal was detected using a CCD camera

assembled with a grating monochromator. Time-resolved PL

measurements were carried out at RT by using as an excita-

tion source a Ti: Sapphire picosecond pulsed laser emitting at

740 nm, with a pulse repetition rate of 76 MHz. The transient

PL signal was recorded by a streak camera system.

Typical 5 K PL spectra measured from NW ensembles

are shown by three upper curves in Fig. 1(b). In the case of

the GaAs NWs, the PL emission peaks at �1.467 eV and

contains several weaker features at higher energies. Such

emission spectrum is typical for GaAs NWs with mixed ZB

and wurtzite WZ crystal structure and has been shown to

arise from excitonic transitions at the interfaces between the

WZ and ZB phases and at staking faults.23–26 Formation of

the GaNAs shell has several effects on the PL spectra. First,

the core emission is substantially quenched, likely due to its

absorption by the outer GaNAs shell with a lower bandgap

and excitation transfer from the core to the shell layer.

Second, the PL peak position shifts to lower energies with

increasing [N]. This indicates that the PL emission in the

core/shell NWs originates from the GaNAs shell with a

smaller bandgap. Additionally, the PL band becomes broad

and asymmetric, with a long tail at low energies. Such PL

lineshape is typical for GaNAs alloys19,27,28 and is character-

istic for radiative transitions of localized excitons (LE)

trapped within band tail states caused by fluctuations in [N].

To examine the distribution of localized states in indi-

vidual NW, we performed l-PL measurements on single

NWs. Representative PL spectra from four NWs are shown

in the lower part of Fig. 1(b) and are labeled as “1”–“4.” One

notices that (i) the PL spectra from individual NWs are

narrower than that measured from the NW ensemble; and

(ii) the PL peak position changes from wire to wire within

�20 meV. This point towards variations in [N] between

the wires, as will be further confirmed from temperature-

dependent l-PL and l-PLE measurements described

below. Moreover, one can see that the broad emission band

contains a number of rather sharp lines. These PL lines

can be attributed to recombination of excitons localized

within certain spatial regions of the NWs by compositional

disorder. Indeed, local fluctuations in [N] may create a three-

dimensional confinement acting as quantum dots (QD)29 that

are distributed along the NWs. Additionally, the sharp lines

can also stem from excitons trapped at stacking faults caused

by WZ/ZB polymorphism. We, however, believe that for the

studied GaNAs NWs the first localization mechanism domi-

nates. This is because the sharp PL lines within the broad LE

band can also be detected in l-PL spectra from the reference

GaNAs epilayer, though with a much higher density. They

can be resolved in the studied individual NWs due to a small

excitation volume determined by the excitation spot and the

NW thickness. We will therefore refer to these sharp lines as

the QD emissions.

The suggested origin of the PL emission as being due to

the LE recombination is further supported by temperature

dependent l-PL measurements. The results of these meas-

urements are depicted in Fig. 2(a) taking as example results

FIG. 1. (a) A schematic SEM image of the studied GaAs/GaNAs core/shell

NWs with [N]¼ 0.5%. (b) Representative PL spectra of the investigated

structures obtained at 5 K. The three top spectra were measured from ensem-

bles of GaAs NWs, GaAs/GaN0.001As0.999, and GaAs/GaN0.005As0.995 core/

shell NWs. The four lower spectra labeled as “1”–“4” are results from the

l-PL measurements performed on four single GaAs/GaN0.005As0.995 core/

shell NWs.

FIG. 2. (a) Temperature dependent PL spectra measured from the single

NW “4.” The solid and dashed arrows mark the peak positions of the LE and

FE PL components, respectively. The dotted lines illustrate T-dependence of

spectral positions of several sharp PL lines within the LE contour. (b) The

peak position of the LE (the open symbols) and FE (the solid symbols) PL

bands measured as a function of temperature from the NW “2” (the circles)

and NW “4” (the squares). The dotted lines are expected T-dependences of

the GaNAs bandgap energy based on the BAC model for the alloys with

[N]¼ 0.5% (the upper curve) and 0.56% (the lower curve). The stars denote

the energies of the sharp PL lines as indicated by the dotted lines in (a).
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from the NW “4.” With increasing temperature (T), the

peak position of the overall PL band (labelled as “LE” in

Fig. 2(a)) undergoes a red shift, as marked by the solid

arrow. Above 85 K, an additional PL band appears at the

high energy side of the PL spectra (labelled as “FE” in

Fig. 2(a)) and gains its intensity with rising T. The peak

position of the FE band also shifts to lower energies with

increasing T (shown by the dashed arrow in Fig. 2(a)), but

with a slower rate as compared with the LE emission. As a

result, temperature dependences of the PL maximum posi-

tion exhibit an apparent “S-shape” dependence, as can also

be seen from Fig. 2(b), where peak positions of the LE and

FE transitions for the NWs “2” (dots) and “4” (squares) are

shown. This “S-shape” T-dependence is typical for LE tran-

sitions and is common in dilute nitrides.19,27,28 Thermally

activated escape of excitons from the localized states,

which starts from the shallowest localization potential, will

cause a strong red shift of the LE band with increasing T.

We note, however, that this strong shift is not expected for

individual PL lines that contribute to the LE emission as

each of them represents the radiative transition within a

particular localization potential leading to the exciton con-

finement. The spectral positions of each QD emission

should then reflect a T-induced shift of the bandgap energy

of the specific region, which is rather weak for T< 80 K.

This is indeed observed experimentally—see Fig. 2(a),

where the spectral positions of several QD emissions are

indicated by the dotted lines. They are also shown by the

stars in Fig. 2(b). At higher T, complete thermal depopula-

tion of the localized states will lead to the activation of

radiative recombination from free excitons/carriers giving

rise to the FE PL component. The weaker T-induced shift

of this emission will follow the T-induced reduction of the

GaNAs bandgap energy Eg
GaNAs.

According to previous studies of planar dilute

nitrides,30,31 the thermal variation of the bandgap energy in

these materials can be accurately modeled within the frame-

work of the so-called band-anticrossing-model (BAC)11,12

that predicts a slow-down of the Eg(T) dependence with

increasing [N] so that

EGaNAs
g Tð Þ ¼ 1

2

�
EGaAs

g Tð Þ þ EN

� �

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EGaAs
g Tð Þ � EN

� �2
þ 4xC2

NM

r �
: (1)

Here, Eg
GaAs(T) is the T-dependent bandgap of GaAs,

EN¼ 1.65 eV is the energy of the localized N level relative to

the valence band edge that is assumed to be T-independent,

and x is the N fraction. CNM is the coupling parameter that

is equal to 2.5 eV for GaAs.30 By fitting measured

T-dependences of the FE PL maximum position using Eq. (1),

we can estimate N compositions in the individual NWs. The

corresponding fitting results are shown by the dotted lines in

Fig. 2(b) and yield [N]¼ 0.50% (0.56%) for the NW “2”

(“4”). We note that the obtained values are close to the highest

and the lowest [N] in the studied NWs, which shows that the

variation in the N content between the wires is rather small,

i.e., within 0.07%.

Further information about overall homogeneity of the

GaNAs alloy within the individual NW can be obtained

from l-PLE measurements. Shown in Figure 3 are l-PLE

spectra of the NW “2” detected at Edet¼ 1.355 eV (the solid

line) and 1.302 eV (the dashed line), respectively. For easy

reference, we also show the PL spectrum (the dotted line)

of this NW where Edet used for the PLE measurements are

indicated by the vertical lines. One notices that the PL in-

tensity is practically constant for excitation energies Eexc

above 1.42 eV but rapidly decreases for lower Eexc.

Moreover, the cut-off of the measured PLE spectra depends

on the detection energy, and is shifted to lower energies

with decreasing Edet. Since PLE spectra are mainly deter-

mined by optical absorption transition between extended

states, these changes in the PLE cut-off energy should be

related to variations of the N composition within the NW
either in radial or axial directions. By linearly extrapolating

the dependence of the squared PL intensity (IPL) as a func-

tion of Eexc, see the inset in Fig. 3, the local Eg
GaNAs within

the NW can be estimated to vary between 1.388 eV and

1.394 eV. From Eq. (1), this corresponds to the variation of

[N] within 0.04%. This indicates that the broadening of the

GaNAs-related PL is caused not only by alloy disorder re-

sponsible for the formation of band tail states but also by

long-range variations in [N] affecting energies of the

extended states. The long-range variations in [N] also lead

to the appearance of two PL components within the LE

emission that can be seen in the PL spectra of some of the

wires (e.g., wire “2”) and become broader in the PL spectra

of the NW ensemble, as a result of statistical averaging

between the wires–see Fig. 1(b). From Fig. 1(b), this effect

becomes less severe for the GaAs/GaN0.001As0.999 NWs, as

a reduced N composition is also expected to lead to a

reduced magnitude in the long-range composition varia-

tions. We note that this effect is not specific for the NW

growth but is equally present in planar GaNAs.

FIG. 3. l-PLE spectra measured from the NW “2” at the detection energies

of 1.352 eV (the solid line, blue) and 1.313 eV (the dashed line, red), respec-

tively. The inset shows the dependence of the squared PL intensity (IPL) as a

function of the excitation energy Eexc used to extrapolate the GaNAs

bandgap energy (solid green lines). The PL spectrum of this NW is shown

by the dotted line (green), where the detection energies used for the PLE

measurements are indicated by the vertical lines.
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From Fig. 2(a), it is also obvious that a T increase causes

an overall quenching of the PL emission due to activation of

competing non-radiative recombination (NRR) that limits

photo-excited carrier lifetime and degrades internal quantum

efficiency of the NWs. This NRR can be either surface-related

or caused by bulk defects acting as NRR centers. The former

is known to be enhanced in nanostructures due to a large

surface-to-volume ratio and is particularly severe in the GaAs

NWs where surface passivation by either an outer shell32–34 or

treatments with sulfide-based chemicals35,36 were utilized to

improve their internal quantum efficiency. On the other hand,

dilute nitrides are known to suffer from NRR via defects in

the bulk promoted by the presence of N.20–22,37 Importance of

these processes for the studied NWs was evaluated from time-

resolved PL measurements. Representative RT time decays

of the integrated PL intensity from the studied NWs are

shown in Fig. 4. For comparison, also shown is the PL decay

from the reference GaN0.005As0.995 epilayer. For all the struc-

tures, the PL decay is nearly single exponential with a decay

time ranging from 4 ps in GaAs NWs to 8 ps in the GaAs/

GaN0.005As0.995 NWs and to 12 ps in the GaN0.005As0.995 epi-

layer. The obtained decay times are governed by NRR proc-

esses as they are substantially shorter than the radiative

lifetime in GaAs, i.e., around 6 ns at 5 K in bulk GaAs

(Ref. 38) and is even longer at RT. The observed shorter life-

time in the GaNAs NWs as compared with that in the planar

GaNAs epilayer with the same [N] can be attributed to the

contribution of the surface recombination. Most unexpectedly,

the surface recombination seems to become less severe upon

N incorporation, as the PL decay in NWs slows down with

increasing [N]–see Fig. 4. This effect is opposite to that

observed in GaNP-based NWs.39 Though the exact mecha-

nism for the observed slow down is still unknown, a possible

cause could be a N-induced modification of the surface states

that are responsible for NRR at/near the surfaces of the stud-

ied GaNAs NWs. Such a reduction in surface recombination

could, therefore, be beneficial for future applications of the

GaNAs alloys in nano-scale light emitters.

In summary, we have investigated effects of alloying

with nitrogen on the optical properties of the GaAs/GaNAs

core-shell NWs. We have shown that the low temperature

PL emission in these structures is dominated by recombina-

tion of excitons trapped by alloy disorder. Some of these

local regions are suggested to act as quantum dots, based on

the observation of sharp and discrete PL lines within the LE

contour in l-PL spectra from individual NWs. Good overall

uniformity of the N content between different NWs and also

within a single NW is also concluded based on temperature-

dependent l-PL and l-PLE measurements performed on

individual NWs. Localization effects are found to have

minor influence on the RT PL spectra due to thermal activa-

tion of the localized excitons to extended states. Under these

conditions, carrier lifetime is found to be governed by non-

radiative recombination via surface states, which interest-

ingly is somewhat suppressed upon N incorporation.
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