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Abstract
Nanowires (NWs) based on ternaryGaAsP and quaternaryGaNAsP alloys are considered as very
promisingmaterials for optoelectronic applications, including inmulti-junction and intermediate
band solar cells. The efficiency of such devices is expected to be largely controlled by grown-in defects.
In this workwe use the optically detectedmagnetic resonance (ODMR) technique combinedwith
photoluminescencemeasurements to investigate the origin of point defects inGa(N)AsPNWs grown
bymolecular beam epitaxy on Si substrates.We identify gallium vacancies, which act as non-radiative
recombination centers, as common defects in ternary and quaternaryGa(N)AsPNWs. Furthermore,
we show that the presence ofN is not strictly necessary for, but promotes, the formation of gallium
vacancies in theseNWs.

1. Introduction

Recently, group III–Vnanowires (NWs) have attracted a growing interest as building blocks for optoelectronic
and photovoltaic applications [1–6]. Due to their one-dimensional geometry, theNWs can exhibit structural
[7, 8], electrical [9] and photonic properties [10–13] that are different from and are often superior to their bulk
and thin-film counterparts. For example, the absorptivity ofNWs can be increased substantially by tuning the
geometry of the array structures [11], which boosts efficiency ofNWsolar cells above that of planar devices and
allows to reducematerial consumption and costs.Moreover, due to relaxed lattice-match constraints, NWs can
be easily grown on foreign substrates. As a result, III–VNWswith superior optical properties can be integrated
intomature Si-based electronic architectures.

Among III–Vcompounds and related alloys, GaAsP is of particular interest. This is because the bandgap
energy of thismaterial can be tunedwithin the 1.4–2.3 eV range, attractive for using this alloy inmulti-junction
solar cells [5, 14, 15]. Further bandgap tunability can be achieved by alloyingGaAsPwith a few percent ofN as a
result of the giant bandgap bowing [16–18].Moreover, an anticrossing interaction between theN localized states
and the host states in dilute nitrides results in splitting of the conduction band into two sub-bands (E+ and E−)
[19, 20]. This splitting can be utilized in novel intermediate-band solar cells [21], where the E- states can be used
as a stepping stone for two-step two-photon transitions enabling absorption of low-energy photons, in addition
to the band-to-band absorption involving the E+ states. The highest efficiency of these devices is predicted [22]
when the total bandgap energy is 1.95 eV,makingGaNAsP attractive for applications in not onlymulti-junction
but also intermediate-band solar cells [16, 17].

The efficiency of solar cells, as well as other optoelectronic devices, is strongly affected by non-radiative
recombination (NRR), which introduces an additional loss of photo-created carriers and deteriorates extraction
efficiency of the photo-generated carriers. InGaAs(P)- and InP-basedNWs, the commonly discussed causes of
NRR centers include structural defects [9, 23–27], such as twin boundaries and stacking faults, as well as surface
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states [5, 28] that become significant because of a large surface-to-volume ratio. Recently we have shown [29–31]
thatNRRprocesses inNWs can also be related to the presence of point defects that are formed in bulk regions of
theNWs, unrelated to the surface. Such defects will likely controlNRRprocesses in optimizedNWstructures
that are free from structural defects and have a passivated surface. ThoughNRR via point defects was also
suggested inGa(N)AsPNWs [26], their chemical origin remains unknown. In this workwe investigate the origin
of point defects inGa(N)AsPNWs and their role in carrier recombination by using the optically detected
magnetic resonance (ODMR) technique in combinationwith photoluminescence (PL)measurements.

2.Methods

The investigatedNWarrays were grown on (111) Si substrates by usingGa-droplet catalyzed gas-source
molecular beam epitaxy (MBE). The investigated structures include: (i) uniformGaAsPNWswith P
compositions [P] of 24% and 36%; (ii) uniformGaNAsPNWswith [N]=0.14% and [P]=24%; and
(iii)GaAsP/GaNAsP core/shell NWstructures with [N]=1.2% and [P]=24%. The growth of the uniform
NWs and theGaAsP core in the core/shell structures was performed via the vapor-liquid-solidmode at 620 °C
and 590 °C, respectively, whereas the growth temperaturewas lowered down to 500 °Cduring the vapor-solid
growth of theGaNAsP shell. TheV/III incorporation ratio during theNWgrowthwas 2.Using the core/shell
designwas required to increase the nitrogen content inGaNAsP. Full details on the growth conditions can be
found in [32]. Typical scanning electronmicroscopy (SEM) images of the fabricatedGaAsP, GaNAsP and
GaAsP/GaNAsPNWarrays are shown infigures 1(a)–(c), respectively. Information on the dimensions of the
NWs can be found in table 1. Apparently, amajority of theNWs are oriented along the direction normal to the
substrate surface, i.e. following the Si [111] crystal orientation. Some of them, however, are randomly tilted from
the [111] direction by up to 20° and a fewNWswere toppled over. This distribution in theNWorientationwas
taken into account in the analysis of theODMR signals using the Easyspin software package [33].

The PL spectrawere acquired at 4 K, using a cw 532-nm solid state laser for excitation and a Si charged-
coupled device (CCD) attached to a single gratingmonochromator for detection. TheODMRmeasurements

Figure 1. SEM images of the uniformGaAsP (a), GaNAsP (b) andGaAsP/GaNAsP core/shell (c)NWarrays. The insets in (a)–(c)
depictmagnified images of singleNWs from a side view or top view. The scale bars are 2 μm. (d)PL spectra acquired from the studied
structures, where the correspondingNWstructures are illustrated in the insets. The higher-energy PL band in theGaAsP/GaNAsP
core/shell structurewith the highestN content corresponds to the core emission.

Table 1.Average dimensions of the investigatedNWs
determined by SEM.

Diameter (nm) Length (μm)

GaAsPNWs 70 2.4

GaNAsPNWs 120 1.7

GaAsP/GaNAsP 250 (total) 1.7

c/sNWs 70 (core)
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were performed at 4 K atmicrowave frequencies of∼9.4 GHz (X-band) and∼34 GHz (Q-band)with adjustable
microwave powers. The 532-nm solid-state laser or a tunable Ti:sapphire cw laser operating at 740 nmwere used
as excitation sources. TheODMR signals were detected using a Si detector asmicrowave-induced changes of the
PL intensity within the spectral range of 650–1000 nm. By using this spectral range, which is beyond the spectral
range of light emissions fromSi, we can safely exclude any possible contribution from the substrate to the
detectedODMR signals.

3. Results and discussion

Figure 1(d) demonstrates changes in the near-band-edge PL emission from the investigatedNWsupon P andN
incorporation. According to our previous studies [18], the detected emission is dominated by recombination of
localized excitons formed by long-range alloyfluctuations and its high energy cut-off corresponds to the alloy
bandgap (Eg). Theweak low-energy PL band in theGaAsPNWswith [P]=36% is likely related to a defect/
residual contaminant of unknown origin. Decreasing the P content in the ternaryGaAsP structures from36%
(the dark blue curve) to 24% (the light blue curve) leads to the expected redshift of the emission photon energy.
Introducing nitrogen in the alloy, while keeping the P content constant at 24%, further drastically reduces the
bandgap of theNWsdue to the giant bandgap bowing effect common for dilute nitride alloys [34]. In the alloy
with 1.2%N (the orange curve) the bandgap shifts to 1.5 eV, i.e. bymore than 300 meV fromEg of the parental
GaAsP (∼1.8 eV), highlighting the high tunability of the bandgap in dilute nitrides. The PL broadening in the
N-containingNWs is caused byfluctuations in theN content, which translates in large changes of the bandgap
energy due the giant bowing effect. Increasingmeasurement temperature caused a significant decrease in the PL
intensity (by about 3 orders ofmagnitude between 4 K and 300 K), indicative for strongNRR in the
studiedNWs.

To gain an understanding on how theAs/P ratio and alloyingwithN affects the formation of point defects
responsible forNRR and to single out their possible chemical origin, we performedODMRexperiments. This
technique not only provides chemical identity of the defects but also allows to single out their role in carrier
recombination processes [35]. TheODMR spectrawere analyzed by using the following spinHamiltonian:

( )m= + BgS SAI 1B

HereμB is the Bohrmagneton,B is an externalmagnetic field, S represents the effective electron spin operator, I
the effective nuclear spin operator and g andA denote the electron g-tensor and hyperfine (hf) tensor,
respectively. The Zeeman interaction is described by the first term in equation (1), while the second term
describes the hyperfine interaction.

Figure 2 depicts theODMR signals of the sameNWs as shown infigure 1. All theODMR spectra contain a
broad signal displaying a negative intensity, whichmeans that accelerated recombination via defects under
magnetic resonance conditions leads to a decrease of themonitored near-band-edge emission by reducing a
number of photo-generated carriers available for recombination processes. This, in turn, provides the evidence
that the involved defects are involved in a recombination process that competes with themonitored radiative
recombination, i.e. acts asNRR centers [35]. Following equation (1), the broadening of theODMR spectra could
be caused by two reasons. Thefirst possibility is that it reflects contributions of several overlapping signals
stemming fromdifferent defects with an electron spin of S=1/2, but slightly different g-values (as described by
thefirst term in equation (1)). Alternatively, itmay be caused be the hyperfine interaction between the electron
and nuclear spins of the same defect (represented by the second term in equation (1)). To distinguishwhich
possibility is the cause of theODMR signal broadening, we performedODMRexperiments at different
microwave frequencies keeping inmind that the broadening induced by different defects with different g-factors
should scale with themicrowave frequencywhereas the hf-induced broadening does not. These experiments
revealed that the spectrameasured at bothX- andQ-band exhibit the same linewidth and signal shape (the solid
colored curves infigures 2(a) and (b)), proving that the broadening of theODMR signal is determined by the hf
interaction. From the best fit to the experimental data, the following spinHamiltonian parameters can be
obtained: S=1/2, I=3/2, g║=1.98, g⊥=2.08, A║=280×10−4 cm−1 andA⊥=130×10−4 cm−1. The
analysis can also satisfactorily describe themeasured angular dependences of theODMR signal. (The parallel
and perpendicular orientations are givenwith respect to the crystallographic [111] axis). The simulatedODMR
spectra using these parameters are shownby the solid black curves infigure 2. In the simulations, we considered
randomorientations of some of theNWswith tilting angles up to 20° from the vertical [111] direction, as
revealed by SEM shown infigures 1(a) and (b). This was done by averaging the simulatedODMR spectra over all
possibleNWorientations, which resulted in broadening andmerging of theODMR signals.

Judging from the deduced spin-Hamiltonian parameters, the signal can be assigned to a gallium vacancy
(VGa)with a hyperfine interaction between an unpaired electron spin S=½and an 75As nucleus with a nuclear
spin I=3/2 and 100%natural abundance, stemming from theGa vacancy having neighboring As atoms. This
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defect was observed previously in electron irradiatedGaAs bulk crystals [36] andGaNAsNWs [29, 30]. It is
interesting to note that in the studiedNWswith [P] up to 36% the closest neighbors of the defect could include P
and/or As atoms.However, themeasuredODMR spectra can only be simulated assuming that the detectedVGa

have only As atoms in its immediate surrounding. This is because the spin-Hamiltonian parameters of the defect
are known to be very sensitive to its local structure. For example, if theVGawould be solely surrounded by P
atoms instead of As atoms, the g-value would be isotropic with g=2.016 (see the supporting information is
available online at stacks.iop.org/NANOX/1/020022/mmedia formore details) [37]. Sincewithin the
experimental accuracywe cannot observe theODMR signal of VGa surrounded by P atoms, i.e. itmust be at least
20 timesweaker than theODMR signal of VGa surrounded byAs (see supporting information), we can conclude
that the formation of gallium vacancies is favorable under As-rich local surrounding, in spite of the considerable
P content in the alloys.Moreover, the defect should reside in the volume region of the nanowire, as a defect close
to the surface would otherwise lead to a significant re-distribution of electronwavefunction and, thus,
modifications of the spin-Hamiltonian parameters.

We shall nowdetermine if the presence ofN in theNWs influences the formation of theVGa center.
Figure 3(a) depicts ODMR spectra from theGaNAsP core/shell NWswith 1.2%Nand 24%P content by
monitoring exclusively the PL band from the core emission (the red curve) and the shell emission (the black
curve).

The spectra weremeasured under laser excitation at 540 nm, i.e. under the conditionswhen all regions of the
structure can be excited. It is obvious that the intensity of theODMR signal is significantly higher when detecting
theGaNAsP emission, which suggests that the concentration of theGa vacancies is substantially higher in
GaNAsP. To confirm this result, we performed additional ODMRexperiments under laser excitation at 740 nm,
which only selectively excited theGaNAsP shell with the bandgap of 1.5 eV but not theGaAsP core. The
observation of the sameODMR signal under such conditions, seefigure 3(b), provides a further proof that the
VGaODMR signal predominantly stems from theGaNAsP shell. The obtained result suggests that the formation
of the gallium vacancies is promoted by the presence ofN, though the lower growth temperature used during the
growth of theGaNAsP shell could also somewhat enhance the defect formation. This is consistent with the
previous experimental studies reporting an enhancedVGa formation upon alloyingwithN inGaNAsNWs [28]
andGaNAs [38, 39] epilayers, as well as with the results offirst-principles calculations, which have concluded
that the formation of VGa becomesmore energetically favorable in the presence ofN [40].

It is interesting to note that in the past gallium vacancies in bulk and thinfilms ofGaAs andGaPweremainly
detected either after irradiation by energetic particles [36, 37, 41, 42] or in highly-doped n-typematerials [43]. In
undoped planar structures, the defect formationwas found to be significantly enhanced in the presence of
nitrogen in dilute III-N-V alloys [38–40]. Our results show that even thoughN incorporation promotes theVGa

formation in theNWstructures, the defects also readily form inN-freeGaAsP andGaAs [30] grown byMBE
This can be attributed to different growth conditions of theNWs as compared to bulk and thin films. Similar

Figure 2.X-band (a) andQ-band (b)ODMR spectrameasured under the 532-nm excitation from the uniformGaAs0.64P0.36 (the blue
curve), GaAs0.76P0.24 (the light blue curves), GaAs0.76P0.24 with 0.14%N (the pink curves)NWs andGaAsP/GaNAsP core/shell
structures with 1.2%Nand 24%P (the orange curves). All spectra are normalized to the samemaximum intensity. The simulated
ODMR spectra using the spin-Hamiltonian parameters of theVGa surrounded byAs atoms, as described in the text, are depicted by
the solid black curves.

4

Nano Express 1 (2020) 020022 J E Stehr et al

http://stacks.iop.org/NANOX/1/020022/mmedia


behaviorwas also observed in ZnOwhere certain defects were found to be exclusively formed inNWs but not in
bulk or thinfilms [31].

4. Conclusion

In summary, we have employed PL andODMR spectroscopies to study defect formation in theMBE-grown
Ga(N)AsPNWs.Gallium vacancies are found to be the common grown-in defects in theNWs grown in both
vapor-liquid-solid and vapor-solidmodes. Based on the similarity of the deduced spin-Hamiltonian parameters
with the knownparameters of VGa in bulkGaAs, the defect is concluded to be formed in volume regions of the
NWand is favored under As-rich local surrounding. It acts as an efficientNRR center competingwith radiative
recombination in the alloys. Ourfinding, therefore, calls for future efforts in developing strategies to suppress
the defect formation during the growth, crucial for applications ofGa(N)AsPNWs in novel optoelectronic
devices.
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