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A B S T R A C T   

6-MeV electrons irradiation of a nearly lattice-matched P-rich GaPAsN-on-GaP epilayer, grown by molecular 
beam epitaxy, and subsequent rapid thermal annealing at 650 ◦C are found to induce much stronger photo
luminescence than what is observed for an identical as-grown sample annealed in similar conditions. At the same 
time, exciton localization at low temperatures decreased and alloys crystallinity improved as seen by power- 
dependent photoluminescence and Raman spectroscopy, respectively. These irradiation-related phenomena 
occurred without change in the alloy macroscopic composition as revealed by X-ray diffraction.   

1. Introduction 

Extensive studies have been conducted on dilute nitride III–V com
pounds (III–V–N alloys) due to their unique strong band gap bowing 
with a decrease in their lattice constant when nitrogen atoms are 
substituted for the group-V in a dilute regime. This has led to expecta
tions for their use in a wide variety of optical and electronic device 
applications on various substrates. For instance, GaP-rich GaPAsN 
quaternary alloys are essential candidates for light-emitting and light 
absorbing devices on Si substrates because of their near-lattice matching 
to Si and widely tunable bandgap range, enabling current matching 
conditions for successful integration in tandem cellon Si platform [1–3]. 
However, unintentional nitrogen-related point defects remain critical 
for the optical quality of III–V-N alloys, independent of growth tech
nique. In the case of GaPAsN alloys, post-growth rapid thermal 
annealing (RTA) is effective for improving optical properties but it does 
so at the expense of an undesired increase in the energy band gap [4], 
especially at elevated temperatures >700 ◦C, where the effect of 
annealing on PL enhancement is pronounced. For InGaAsN [5] and 

GaAsNBi [6] alloys, irradiation with 6–7 MeV electrons prior to RTA has 
been shown to augment the effect of RTA at 650 ◦C, thereby minimizing 
annealing-induced band gap enlargement. It was recently shown that 
irradiation with 380 keV protons or electrons followed by RTA at 920 ◦C 
leads to enhanced characteristics of a GaPAsN-on-Si solar cell [7]. It is 
interesting to note that the higher momentum of the protons appear to 
lead to greater improvements in solar cell performance in comparison to 
that induced by electrons accelerated with the same energy. Taken 
together, all these previous electron/proton irradiation treatments 
applied prior to annealing in dilute nitride quaternary alloys suggest an 
alternative route for enhancing the optical performance of GaPAsN/GaP 
alloys by employing irradiation with energetic 6 MeV electrons, and, 
hence, larger momentum than previously used, but at a lower annealing 
temperature of 650 ◦C in order to keep at bay the annealing-induced 
bandgap increase. Another advantage of lower annealing temperatures 
≤700 ◦C is avoiding the deterioration of the tunneling capabilities of the 
highly doped tunnel junctions of a tandem cell by the possible 
annealing-induced dopant interdiffusion across the junctions interfaces 
at elevated annealing temperatures. 
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2. Experimental details 

The GaP0.765As0.19N0.045 wafer investigated in this work was grown 
at 550 ◦C on a semi-insulating GaP (0 0 1) substrate using a molecular 
beam epitaxy (MBE) apparatus (EpiQuest RC2100WT). Following 
growth, 4 pieces of ~3 mm × 3 mm were cut from the same region of the 
wafer. After that, two pieces were irradiated with 6 MeV electrons to the 
1015 electrons/cm2 fluence. For both as-grown and electron-irradiated 
pieces, which we term “as-grown” and “e-irradiated” GaPAsN, RTA 
was performed for 1 min at 650 ◦C in dry nitrogen. For all samples, high 
resolution X-ray diffraction (HR-XRD) was performed using a Rigaku 
diffractometer. The HR-XRD spectra for all quaternary layers reveal 
(Fig. 1) similar positions and line-widths of the epilayer peaks, inde
pendent of electron irradiation and/or RTA, indicating minimal changes 
in the N mole fraction and overall crystalline quality [8]. 

For photoluminescence (PL), the samples were mounted inside a 
closed-cycle He cryostat and photo-excited with the 532 nm line of a 
YAG:Nd CW laser operating at 100 mW. The luminescence was collected 
in front surface configuration into a monochromator and detected by a 
thermoelectrically-cooled InGaAs photodetector. The PL spectra were 
not corrected by taking into account the spectral sensitivity of the set-up 
used. Raman measurements were performed in the back scattering ge
ometry at room temperature (RT) using a Horiba Jobin Yvon micro- 
Raman spectrometer under 632.8 nm excitation. 

3. Results and discussion 

In Fig. 2 are presented the RT and low temperature (LT) PL spectra of 
the as-grown and e-irradiated samples before and after the RTA stage. 
All the PL spectra are broad presenting tails at both short (high) and, 
especially, long (low) wavelengths (energies) sides. Very small blue
shifts 4–9 nm (10–25 meV) have also been measured for the PL spectra 
with the decrease in the samples temperature within the investigated 
(6–300 K) range. The PL shapes appear to be nearly similar for as-grown 
and both RTA and e-irradiated samples, suggesting that the main radi
ative channels have not been affected neither by the electrons irradia
tion, at the energy and fluence used, nor by the employed RTA 
treatment, performed at only 100 ◦C higher than the alloy growth 
temperature to minimize the annealing-induced blueshift, as it has been 
observed. All these PL observations can be mainly accounted for by 
considering that the conduction band edge (CBE) states of the investi
gated P-rich GaPAsN alloy, with a N content slightly larger than 3% and 
a relatively small amount of As ≈ 20%, are formed as an „amalgam
ation” of the nitrogen-perturbed states of the host alloy (P-rich GaPAs) 
and the nitrogen-containing localized (pinned) cluster states, including 

mainly pair, triplet and quadruplet states, appearing inside the bandgap 
[9]. Thus the alloy emission is broad, composed of several possible 
radiative recombination channels, having tails on both sides, especially 
on the long (high) wavelengths (energy) side corresponding to the 
deepest localized states. The pinned states confer the mixed CBE a strong 
localization character, explaining the good stability of the emission with 
temperature variation. The N-containing clusters are thought to be 
thermally stable at temperatures below 700 ◦C, explaining in part the 
negligible change in the PL shape with the RTA at 650 ◦C. If the PLs 
shapes and spectral positions are only marginally affected by the 
e-irradiation and/or RTA, their PL intensities appear instead to be 
noticeably affected. Thus, PL intensities of the e-irradiated GaPAsN 
sample is less than that of the corresponding as-grown sample, revealing 
introduction of non-radiative defects or a change in the properties of the 
already existing ones by the electrons irradiation [5,6,10]. The only 12% 
deterioration of RT PL observed in the GaPAsN sample suggests a higher 
radiation hardness of this alloy compared to the InGaAsN [5] and 
GaAsNBi [6] ones where large decrease (more than 50 %) in PLs were 
previously observed after similar exposure with electrons. Despite the 
initial PL deterioration, the electron irradiation has induced a remark
able enhancement in PL intensity upon annealing. Notably, the PL in
tensity of the annealed e-irradiated sample became more than 1.6 and 
2.4 more intense at RT and LTs, respectively, than that of their corre
sponding annealed as-grown sample, indicating that the electron irra
diation promotes a more efficient removal of the non-radiative defects 
upon annealing. This PL enhancement upon annealing promoted by 
electron irradiation in our GaP0.765As0.19N0.045 material and in previ
ously investigated GaInNAs [5] and GaAsBiN [6] alloys suggest that 
electrons irradiation followed by RTA is a useful technique for healing 
the poor optical quality of other (quina)quaternary members of dilute 
nitrides family such as (In)GaAsNSb, especially at higher N contents ≥5 
% necessary to get a lower 0.8 eV bandgap and below [11]. One can also 
notice, this irradiation-promoted PL intensity enhancement occurred at 
RT without a spectral shift, whereas only 4 nm blue shift was seen at LT 
upon annealing between the e-irradiated and as-grown samples. 

Fig. 3 shows the variation of the peak intensity I(T) of the PL with 

Fig. 1. High-resolution X-rays diffraction (HR-XRD) curves from the as-grown 
and e-irradiated GaP0.765As0.19N0.045/GaP samples recorded before and after 
rapid thermal annealing (RTA) at 650 ◦C for 1 min. 

Fig. 2. Photoluminescence (PL) recorded before and after rapid thermal 
annealing (RTA) from the as-grown (continuous lines) and e-irradiated (dash- 
dotted lines) at (a) room temperature (RT) and (b) low temperature (LT). 
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inverse of absolute temperature 1/T from the as-grown and e-irradiated 
GaPAsN samples before and upon annealing. The I(T) values can be very 
well described by the following expression I(T) = I(0)/[1+c1exp(-E1/ 
kBT) + c2exp(-E2/kBT) + c3exp(-E3/kBT)] (1), which can be interpreted 
in terms of three thermally activated loss (non-radiative) processes with 
the activation energies E1,E2 and E3, with the prefactors c1,c2 and c3 
measuring the efficiency of the corresponding loss mechanisms 1, 2 and 
3, respectively [6,12]. We ascribe the observed three loss processes to 
thermally activated transfers of carriers to nonradiative recombination 
centres, in this image the prefactors ci, i = 1,3, being related to the 
density of the nonradiative centres i. In Table 1 we give E1, E2, E3, c1, c2 
and c3 as the best fits to the experimental I(T). The E1, E2 and E3 are not 
much affected by annealing as well as irradiation and annealing, indi
cating that the same processes take place in both the as-grown and 
e-irradiated samples. The low-T and intermediate-T prefactors c1 and c2 
are also somewhat less influenced by annealing with or without the prior 
irradiation step. Instead, the high-T prefactor c3 is clearly smaller for the 
annealed e-irradiated sample compared to the only annealed one, indi
cating a reduction of the high-temperature loss mechanism for PL, 
beneficial for the alloys use in devices operating at higher temperatures. 
The low and intermediate temperatures loss (non-radiative) channels 

are likely related to carriers trapping at the N-induced localized states 
and/or alloy disorder caused by N incorporation fluctuations [13] As for 
the high-T loss mechanism with the averaged E3 of 61 ± 7 meV, it could 
be one of the three holes traps with activation energies in the 0.06–0.07 
eV range found by DLTS in as-grown and annealed GaPAsN alloys, 
synthesized by MBE [14]. It could also be ascribed to the non-radiative 
PL loss mechanism with around 50 meV, derived, as in our case, from the 
dependence of PL intensity versus temperature in MBE-grown P-rich 
GaPAsN alloys [15]. 

In Fig. 4 are presented LT PL spectra collected upon annealing at 
different excitation powers ranging from 100 mW down to 100 μW and 
10 μW for the as-grown and e-irradiated samples, respectively, the 
luminescence efficiency improvement of the irradiated sample 
compared to the as-grown one allowing the PL signal acquisition at one 
magnitude lower excitation power. The PL systematically blue shifted 
[16] as the excitation power increased and this is associated with exci
tons localization which usually occurs in dilute nitrides alloys due to 
energy potential fluctuations, mainly created by the presence of nitro
gen. This fluctuating potential creates a tail of the density of states 
(DOS), mainly at the conduction band edges, which traps excitons at 
very low temperatures before they recombine. The value of the PL shift 
with excitation power is lower in the e-irradiated sample (4 nm) with 
respect to the as-grown one (6 nm), despite it was evaluated over one 
decade larger range. This suggests that the magnitude of potential Fig. 3. Arrhenius plots of photoluminescence (PL) peak intensity from the as- 

grown (up-pointing triangles) and e-irradiated (down-pointing triangles) 
measured before and after rapid thermal annealing (RTA). The solid curves are 
the best fits of Eq. (1) to the experimental points, yielding the activation en
ergies E1, E2 and E3 together with the prefactors c1, c2 and c3 given in Table 1. 

Table 1 
Activation energies and prefactors obtained by the best fit of Eq. (1) to the 
experimental photoluminescence intensities as a function of inverse 
temperature.  

Samples E1 

(meV) 
c1 

(arb. 
u.) 

E2 

(meV) 
c2 

(arb. 
u.) 

E3 

(meV) 
c3 (arb. 
u.) 

as-grown 4.5 ±
0.3 

0.9 ±
0.2 

19.4 ±
0.8 

22.9 
± 2.6 

61.3 ±
7.2 

2992.6 
± 124.1 GaPAsN 

e-irradiated 
GaPAsN 

5.1 ±
0.6 

1.5 ±
0.1 

20.1 ±
3.4 

33.7 
± 3.6 

62.1 ±
5.4 

3521.4 
± 150.4 

as-grown þ
RTA GaPAsN 

4.4 ±
0.4 

0.7 ±
0.3 

19.8 ±
4.1 

12.7 
± 0.9 

60.2 ±
4.5 

2212.7 
± 166.3 

e-irradiated þ
RTA GaPAsN 

5.4 ±
0.5 

0.6 ±
0.2 

19.1 ±
2.6 

11.9 
± 1.7 

58.8 ±
5.1 

1661.4 
± 142.7  

Fig. 4. Excitation power dependence of photoluminescence (PL) spectra 
collected after rapid thermal annealing (RTA) from (a) as-grown and (b) e- 
irradiated samples. The dashed lines through the PL peak intensities are drawn 
to guide an eye. In the insets are shown the dependence of peak intensity versus 
the excitation power of PLs in logarithmic scale. Also shown are the linear fits 
(continuous lines) to the experimental data and their slopes (α). 
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fluctuations, and, hence, their capability of trapping excitons at low 
temperatures, reduced upon annealing in the e-irradiated GaPAsN alloy 
compared to the as-grown one. In other words, irradiation helped 
remove effectively potential energy fluctuations upon annealing. The 
e-irradiation-promoted decrease in the localization of low-temperature 
PL excitons is also supported by the plot in logarithmic scale of the PL 
peak intensity (I) versus excitation power (P) for the two annealed 
samples, shown in the insets of Fig. 4(a) and (b). The experimental 
points were very well fit with a linear function whose slope α = d(logI)/d 
(logP) was found 0.87 and 0.93 for the annealed as-grown and e-irra
diated samples, respectively. Not shown here, α slopes of 0.82 and 0.81 
were measured before RTA in the 100 μW - 100 mW range from the 
as-grown and e-irradiated samples, respectively, suggesting that the 
irradiation did not affect the dynamics of PL at low temperatures. The 
subunity α values at low temperatures seen in our dilute nitride material 
is indicative of excitons localization, as previously observed in quater
nary GaInNAs alloys [16], where α around 0.7 were extracted from 
excitation power dependent PL at 10 K and linked to the existence of 
N-related alloys potential fluctuations. The increase in the α slopes upon 
RTA to values approaching 1, which is in theory expected for free ex
citons [17] points towards a reduction of degree of excitons localization 
and, hence, towards a decrease of the alloy potential fluctuations. 
Noticeably, the larger irradiation-promoted enhancement of the α value 
approaching 1 encountered upon RTA in the e-irradiated sample 
compared to the as-grown one suggests an irradiation-promoted more 
efficient decrease of the alloy potential fluctuations upon RTA. This 
translates into a more effective reduction of the bandgap energy tail, 
decreasing thus its capability of trapping excitons at low temperatures. 
This could explain the small PL blue shift upon annealing observed at 
low temperatures only in the e-irradiated sample [18]. 

Fig. 5 shows Raman scattering spectra in the 345-415 cm−1 range of 
the as-grown and e-irradiated GaPAsN before and after annealing. The 
curves are dominated by a strong GaP-like longitudinal-optic (LO) 
mode, labeled LO1, and a weaker transverse-optic (TO) mode, labeled 
TO1. The spectra contain an additional band, labeled X, situated at 
around 386 cm−1. This mode was previously reported in Raman spectra 
of GaAsP alloys [19,20] and also observed in GaPN layers [21] or in the 
shell of the GaP/GaPN nanowires (NWs) [22]. Its energy is very close to 

the LO phonon energy at the X-point of the Brillouin zone of GaP. Even 
though the exact origin of this mode is not known, its appearance in the 
disordered GaP-based alloys implies that it is likely activated by the 
compositional disorder, which can be further enhanced or induced by 
nitrogen incorporation. This alloy inhomogeneity leads to activation of 
this forbidden mode by the relaxation of the momentum conservation 
rules by breaking the translational symmetry. At the low-energy side of 
the LO1 mode, one can also notice another additional Raman feature, 
labeled Y. For the as-grown and annealed samples, this feature embraces 
the form of a shoulder on the left side of the LO1 mode but then it evolves 
as a distinctive peak at 399 cm−1 after the electron irradiation of the 
as-grown sample. Little is also known about the nature of this Raman 
feature, a mode at 397 cm−1 being previously found in GaN/GaPN NWs 
and tentatively attributed to resonant Raman scattering via defect states 
located in the vicinity of the NW surfaces [22]. The enhancement of this 
mode upon electrons irradiation, which generates new point defects or 
affects the existing ones, also hints towards the involvement of defects, 
whose localization might be close to the quaternary alloy surface. As 
shown in the inset of Fig. 5, the relative intensities of the additional 
Raman modes X and Y compared to the intensity of the dominant LO1 
mode increase upon electron irradiation and then decrease after thermal 
annealing and it does so more for the irradiated sample compared to the 
non irradiated one, suggesting an electron irradiation-promoted dimi
nution on annealing of the mechanisms generating these modes, whose 
presence in the Raman spectrum are tentatively associated with alloy 
imperfections. As for the origin of the X and Y bands, it is worth 
mentioning that none of the bands was observed in the Raman spectrum 
of the GaP substrate used to grow the quaternary alloy. Instead, the X 
Raman band appeared whereas the Y band remained still absent in a 
GaPN/GaP sample with less 2.2% N grown in similar conditions as the 
investigated GaPAsN sample. These indicate that the X band is mainly 
connected with the presence of N into GaP whereas the appearance of 
the Y band involves the additional As incorporation into the GaPN alloy. 

It has been shown that a large amount of nitrogen incorporates into 
off-substitutional sites in MOCVD-grown GaPN, especially at larger ni
trogen concentrations ≈4%, generating point defects, such as nitrogen 
interstitials, vacancies and nitrogen defect complexes composed of 
multiple nitrogen atoms [23]. This scenario is expected to also occur 
when growing P-rich GaPAsN alloys with large N contents >4 % by 
MBE, taking additionally into account that the growth of GaPAsN is 
accomplished in MBE at much lower temperatures than normally used to 
synthetize it by MOCVD. These N-related defects could act as 
non-radiative and/or scattering centres for carriers, explaining the 
drastic decrease in luminescence efficiency and broadening of the 
emission linewidth usually seen not only in GaPAsN but also in all dilute 
nitrides alloys compared to their N-free parent matrixes. At the same 
time, these N-containing defects, notably, N–P and N–N pairs at the 
group V site [24], (N–P)V and (N–N)V, respectively, generating localized 
cluster states and compositional disorder, lead to potential fluctuations 
of the alloy energy bands edges and/or local distortions of the GaPAsN 
lattice reflected in considerable localization of excitons at low temper
atures and the appearance of otherwise forbidden Raman bands. Thus, 
the removal and/or structural transformation upon annealing of these 
N-containing point defects leads to an enhancement in PL, by elimi
nating their associated deep levels [9], and an improvement in crystal
linity, without a noticeable change in the alloy composition. 

The previously observed PL enhancement in quaternary GaAsNBi [6] 
alloys after 6-MeV electrons irradiation followed by RTA, clearly linked 
to the nitrogen presence in the alloys, and the recently seen N-related 
improvement in P-rich GaPAsN solar cell performance after 0.3 MeV 
proton irradiation followed by RTA [7] suggest that the found PL in
tensity improvement in our 6-MeV-electrons-irradiated GaPAsN alloy 
upon annealing is also linked to its native N-related nonradiative de
fects. The way this irradiation-promoted efficient removal on annealing 
of the N-linked defects occurs is most likely by a vacancy mediated 
mechanism of annihilation on annealing of these defects, as previously 

Fig. 5. Raman spectra of the as-grown (continuous lines) and e-irradiated 
(dash-dotted lines) GaPAsN/GaP samples normalized to the intensity of the LO1 
band taken before and after rapid thermal annealing (RTA) using the 632.8 nm 
laser line. In the inset are shown the ratios of the peak intensities of X and Y 
bands with respect to the intensity of LO1 band measured before (up-pointing 
triangles) and after (down-pointing triangles) the RTA. 
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shown in the 0.3 MeV proton-irradiated P-rich GaPAsN solar cells [24], 
knowing the 6-MeV electrons also creates vacancies throughout the 
entire GaPAsN layer according to the Stopping and Range of Ions in 
Matter formalism [25]. 

4. Conclusions 

In summary, irradiation with 6 MeV electrons to the fluence of 1015 

electrons/cm2 was found to deteriorate the photoluminescence of a 
GaP0.765As0.19N0.045 epilayer grown on GaP by molecular beam epitaxy. 
When rapid thermally annealed at 650 ◦C for 1 min a remarkable 
enhancement in PL intensity was resulted in which was much larger than 
the enhancement in intensity seen in the corresponding as-grown sample 
annealed in the same conditions. At the same time, the degree of exci
tons localization at low temperatures decreased, suggesting a reduction 
of the alloy potential fluctuations, and the alloy crystallinity improved, 
as inferred from the Raman spectroscopy. The observed irradiation- 
induces changes in PL upon thermal treatment occurred without 
change in the alloy macroscopic composition, as revealed by X-ray 
diffraction measurements. 
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