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We studied the optical properties of metalorganic chemical vapour deposited (MOCVD) InGaN/GaN
multiple quantum wells (MQW) subjected to nitrogen (N) implantation and post-growth annealing
treatments. The optical characterization was carried out by means of temperature and excitation
density-dependent steady state photoluminescence (PL) spectroscopy, supplemented by room temperature
PL excitation (PLE) and PL lifetime (PLL) measurements. The as-grown and as-implanted samples were
found to exhibit a single green emission band attributed to localized excitons in the QW, although the N
implantation leads to a strong reduction of the PL intensity. The green band was found to be surprisingly
stable on annealing up to 14006C. A broad blue band dominates the low temperature PL after thermal
annealing in both samples. This band is more intense for the implanted sample, suggesting that defects
generated by N implantation, likely related to the diffusion/segregation of indium (In), have been optically
activated by the thermal treatment.

I
nGaN/GaNmulti-quantum wells (MQW), used in light emitting diodes (LEDs), are relevant to a broad range
of applications in communications, sensing and lighting. Even at low injection levels, longer-wavelength (e.g.
green) LEDs exhibit reduced internal quantum efficiency (IQE)1. Low IQE and a general drop of efficiency at

high injection currents are attributed to polarization-induced electric fields that lead to a reduction of the integral
overlap of electrons and holes wave functions (quantum confined Stark effect, QCSE) and losses due to the Auger
effect2. Both effects are especially strong in green LEDs due to their high InN content and InGaN resonance in the
band structure2,3. In order to avoid non-radiative processes, the promotion of the quantum well intermixing
(QWI) by using ion implantation and annealing was proposed3,4. The ion beam generates vacancies and inter-
stitials within a penetration depth controlled by the selected beam energy. Subsequent thermal annealing pro-
motes the recovery of lattice damage as well as defect diffusion through the structure. The expected change in the
shape of the QW should alter the band structure5. Theoretical studies suggest a strong increase in IQE for a quasi-
parabolic gradient of composition by interdiffusion of elements between the QW and the barrier layers3. For this
reason, the role of the ion implantation effects and heat treatments on the structural and optical properties of the
MQW should be thoroughly investigated.

In this work we analyse the effects of N implantation and annealing at high temperature and high pressure
(HTHP) on the optical properties of green-emitting InGaN/GaNMQW. The investigation is conducted by using
temperature dependent and excitation power dependent photoluminescence (PL), PL excitation (PLE) and decay
timesmeasurements. The changes in the optical spectra of the InGaN/GaNMQWstructurespromoted by thepost-
growth treatments will be analysed and discussed and models for the recombination processes will be established.

Experimental procedure
The samples used in this study were grown on c-plane oriented sapphire substrate by metal organic chemical
vapour deposition (MOCVD) as described elsewhere6. The InGaN/GaNMQWstructurewas grownon a 5 mm-thick
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GaN layer on (0001) sapphire substrate and capped by a 20 nm thick
GaN layer. The target structure consists of a ten-period MQW with
,2 nm InGaN QW and ,20 nm-thick GaN barriers. The average
InN content in the QW was determined to be 10% by Rutherford
Backscattering Spectrometry.
In this study we exposed four identical samples to different treat-

ments. One, the as-grown sample was kept as a reference of the virgin
material (hereafter labelled #as-grown). Two of the samples were
simultaneously implanted with N to a total fluence of 7 3 1013

cm22 using three different energies of 35, 80 and 160 keV aiming
to produce a homogeneous defect profile throughout the MQW
region. The implantation was carried out at room temperature
(RT) off the c-axis to avoid possible channelling effects. One
implanted sample was kept as a reference and labelled #as-imp.
After the implantations, we performed a HTHP annealing at
1400uC in a 1.1 GPa N2 atmosphere for 30 min on two samples:
one of the as-implanted (to produce #as-imp-HTHP) and one of
the as-grown (to produce #as-grown-HTHP). The conditions for
the annealing were chosen in light of previous optimizations on test
samples, where rapid thermal annealing up to 1000uC and HTHP
annealing at 1250uC did not show significant changes in the optical
properties (to be published elsewhere).
Steady state photoluminescence (PL) spectroscopy was performed

as a function of temperature (from 14 K to RT) using a cold fingerHe
cryostat. The 325 nm line of a cw He-Cd laser (power density I0 ,
0.6 W.cm22) was used as excitation source. The sample lumin-
escence was dispersed by a SPEX 1704 monochromator (1 m,
1200 gr.mm21) and detected by a cooled Hamamatsu R928 photo-
multiplier. Photoluminescence excitation (PLE) and PL spectra were

recorded at RT using a Fluorolog-3 Horiba Scientific modular appar-
atus with a double additive grating scanning monochromator (2 3

180 mm, 1200 gr.mm21) in the excitation channel and a triple grat-
ing iHR550 spectrograph (550 mm, 1200 gr.mm21) coupled to a
R928 Hamamatsu photomultiplier for emission. A 450 W Xe lamp
was used as excitation source. The measurements were carried out
using a front face acquisition mode, and the presented spectra were
corrected for the spectral responses of the optical components and
the Xe lamp. RT lifetimemeasurements were acquired with the same
Fluorolog-3 system using a NanoLED-370 (1.3 ns pulse duration) as
excitation source and the DataStation software for the data analysis.

Results and Discussion
As-grown sample. Figure 1 (a) shows the RT PL and PLE spectra at
RT and the visual appearance (in inset) of the as-grown InGaN/GaN
MQW sample under He-Cd excitation at 14 K. The green band (GB)
emission peak position, near 2.3 eV, was found to be slightly
dependent on the measured spot, likely due to indium nitride
compositional heterogeneities in the alloy and/or well width
fluctuations7–9. The full width at half maximum of the GB PL at
RT (,180 meV) is in agreement with those reported for similar
structures6. The PLE spectrum indicates that GB emission may be
achieved by pumping the samples both above and below the GaN
bandgap; a wide excitation band with an onset at,2.5 eV precedes a
steep increase at the GaN absorption edge. Pumping the ternary alloy
directly, with excitation below the GaN band edge reproduces the
emission band nearly exactly, suggesting that the lower energy
excitation band corresponds to local MQW–related absorption.
The broadening of the excitation band quantifies the spatial com-
position fluctuations in the InGaN/GaN structure10,11. The PL broad
emission correlated with compositional and well width fluctuations
identified by transmission electronmicroscopy in theMQWsamples
(to be published elsewhere) agrees well with the localized excitons
model for the recombination processes.
We also analysed the RT GB emission kinetics by exciting below

GaN bandgap, to probe the carrier dynamics of the QW emission at
different energies (Figure 1). Rather than to a single exponential
decay, typical for un-localized excitons, the experimental PL decays
were best fitted to a stretched exponential model (I0 exp(2t/t)b),
where t corresponds to the mean decay time, and b to the dispersion
factor (0 , b , 1). The stretched exponential decay behaviour is
often encountered in systems with disorder and is considered to be a
result of diffusion of excited carriers12–15. Some of the best-fit PL
decay lifetimes t and b values are summarized in Table 1.
The PL lifetimes twere found to be within the typical range for the

decay of localized excitons in InGaN/GaN MQW structures16,17. In

Figure 1 | RT normalized PL (obtained under 3.8 eV and 3.1 eV
excitations) and PLE spectra (monitored at 2.1 eV; 590 nm) to the unit
peak height of the #as-grown sample. Inset: photograph of the low

temperature emission. Energy dependent PL decay measurements

obtained with 3.36 eV (lexc 5 370 nm) nanoLED pulsed excitation.

Table 1 | Best-fit PL decay lifetimes t and b values using the
stretched exponential model

Photon Energy (eV) t (ns) b

2.34 0.40 6 0.14 0.242 6 0.001
2.29 3.60 6 0.14 0.309 6 0.002
2.25 9.03 6 0.18 0.347 6 0.001
2.21 16.64 6 0.21 0.376 6 0.001
2.19 19.50 6 0.30 0.387 6 0.001
2.17 15.30 6 0.31 0.360 6 0.001
2.14 15.00 6 0.41 0.345 6 0.002

Table 2 | Activation energies and pre-exponential factors obtained
from the temperature dependence of the Green and Blue bands by
using a classical model (eq. (1))

Green band (GB , 2.3 eV)

Ea1 (meV) C1 Ea2 (meV) C2

#as-grown 5.3 6 0.9 1.8 6 0.4 43.5 6 6.6 23.8 6 7.3
#as-imp --- --- 33.2 6 3.0 10.3 6 2.2
#as-grown-HTHP 7.2 6 0.9 1.5 6 0.3 62.9 6 7.6 81 6 33
#as-imp-HTHP 5.7 6 0.9 1.1 6 0.3 29.3 6 0.2 36.5 6 4.8

Blue band (BB , 2.7 eV)

#as-grown --- --- --- ---
#as-imp --- --- --- ---
#as-grown-HTHP 8.4 6 1.1 1.7 6 0.4 55.3 6 5.0 139 6 45
#as-imp-HTHP 5.1 6 1.2 0.8 6 0.3 35.3 6 2.8 60 6 13
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addition, the PL decay times, t, are found to depend on the emission
detection energy, and they are constant through the lower half of the
band, consistent with the existence of a 2Dmobility edge18. A value of
b lower than 1 is related to the increase of spatial separation of
electrons and holes, temporarily suppressing radiative recombina-
tion. As we approach the maximum of the emission band, b seems to
increase, indicating that the emission comes from more strongly
localized states. The physical reasons for that could be the excitation
of carriers from localized to extended states, multiple trapping-
detrapping or hopping between localized states13.
The intensity of the green band decreases with increasing temper-

ature between 14 K and RT. This thermal quenching is well fitted to a
classical model with two nonradiative competitive channels19

I Tð Þ~

I0: 1zC1: exp {EA1=kB T{14ð Þð ÞzC2: exp {EA2=kB T{14ð Þð Þ½ �{1
,

ð1Þ

where I0 is the intensity at 14 K, C1,2 temperature independent effec-
tive degeneracies, kB the Boltzmann constant and T the absolute
temperature. The best fit to the experimental data yields activation
energies of EA1 5 5.3 6 0.9 meV and EA2 5 43.5 6 6.6 meV with
pre-exponential factors of C1 5 1.8 6 0.4 and C2 5 23.8 6 7.3,
respectively, as shown in Table 2 for the #as-grown sample. The
two activation energies describing the thermal quenching of the
MQW GB emission correspond to delocalization of excitons from

Figure 2 | (a) Normalized PL spectra to the unit peak height for the #as-grown, #as-grown-HTHP, #as-imp and #as-imp-HTHP samples at 14 K and RT

obtained with 3.8 eV excitation. The spectra are vertically shifted for clarity. PL spectra of the samples obtained at 14 K (b) and RT (c) under 3.8 eV

excitation showing the variation of the PL intensity with the implantation and annealing post-growth treatments. (d) RT normalized PLE spectra

(monitored at PL peak maxima) to the unit peak height of the #as-grown, #as-grown-HTHP, and #as-imp-HTHP samples.
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potential fluctuations and thermal excitation from confined ener-
getic states to the continuum, respectively, as previously reported19.

Effects of post-growth treatments.Figure 2 (a) compares normalized
PL spectra at 14 K and RT for all 4 samples, #as-grown, #as-imp, #as-
grown-HTHP and #as-imp-HTHP. The as-grown and as-implanted
samples exhibit a singleMQWGBemission; after annealing, however,
both show the presence of an additional blue band (BB). The GB is

clearly affected by N implantation and thermal annealing treatments.
Indeed, after N implantation, a strong reduction of the 2.3 eV GB
intensity is observed (Figures 2b) and 2c)). However, if we compare
the GB observed for the #as-grown and #as-imp samples, no changes
are seen in the peak position or the spectral shape. This indicates that
the damage induced by the N implantation decreases the MQW
luminescence without promoting new optically active defects. In
contrast, HTHP thermal annealing generates new optically active

Figure 3 | Temperature dependent PL spectra obtained with a 3.8 eV photon excitation for samples: (a) #as-imp; (b) #as-grown-HTHP; (c) #as-imp-

HTHP. (d) and (e) integrated intensity dependence of the green and blue bands as a function of 1/T. Full lines correspond to the best-fit to the

experimental data according to eq. 1 using the parameters summarized in Table 2.
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centres in both cases: an unstructured BB appears with peak around
2.7–2.8 eV in the #as-grown-HTHP and #as-imp-HTHP samples. In
addition, a significant change is observed for theMQWGB emission.
For the #as-grown- HTHP sample, the GB emission peak blue-shifts
by about 100 meV, compared to the #as-grown sample, this might be
related to indium interdiffusion to the GaN barrier region. GB
recombination in the #as-imp-HTHP sample appears almost totally
suppressed; in any case the fate of the GB is obscured by the rise of a
new band, labelled RB in Figures 2a) and 2c). The preferential
excitation pathways of the optical GB and BB were identified via RT
PLE as shown in Figure 2d). The spectra were monitored at PL peak
maxima550 nm, 525 nmand450 nm, and439 nmfor the #as-grown,
#as-grown-HTHP, and #as-imp-HTHP samples, respectively. Due to
the high damage of the #as-imp sample, no RT PLE signal could be
recorded. In all the cases the GB andBB could be excited via above and
below the GaN bandgap. However the blue shift observed on the onset
of absorption indicates that a decrease of the indium nitride content
upon annealing might have taken place.
Temperature-dependent PL spectra of the bands observed in the

#as-imp (green only), #as-grown-HTHP and #as-imp-HTHP sam-
ples (green and blue), are presented in Figures 3 (a), (b) and (c),
respectively. The temperature dependences for the #as-grown, #as-
imp and #as-grown-HTHP samples reveal no significant peak shifts,
but a general tendency of intensity decrease with increasing temper-
ature is observed for all the bands. Thermally activated nonradiative
pathways are well described by the activation energies presented in
Table 2 derived from fitting equation (1) to the experimental data.
Although the best fits were achieved considering two activation ener-
gies with similar values for the #as-grown and #as-grown-HTHP
samples, a single activation energy yields a good fit for the #as-imp
sample (Figures 3 (d) and (e) for GB and BB, respectively). In the
latter case, where a higher defect concentration with respect to the
#as-grown sample is expected due to implantation damage, the
absence of the small activation energy is related to distinct carrier
de-trapping mechanisms for the localized excitons, yielding a PL
thermal quenching assisted via different relaxation processes.
The appearance after HTHP annealing of a blue band, actually the

dominant recombination in the #as-imp-HTHP sample, (Figure 3c)),
deserves to be exploredmore deeply. Blue bands have been extensively
studied in unintentionally and intentionally doped GaN20. In the case
of non-intentionally doped GaN layers, such as those involved in our
MQW samples, a 2.9 eV blue luminescence has been reported20–22.
This luminescence behaves like the one of a donor-acceptor pair
(DAP) at low temperatures, transforming to a free-to-bound (e-A)
recombination at temperatures above,100 K21. Moreover the emis-
sion band exhibits a full width at half maximum (FWHM) of
,400 meV, decay times in the microsecond range, and a lumin-
escence thermal quenching for temperatures above 200 K with an
activation energy of 380 meV21,22. As shown in Figure 3, the BB iden-
tified in the present MQW structures has a narrower FWHM, a ther-
mal quenching described by two relatively small activation energies
(Table 2) and shows a RT lifetime shorter than 1 ns, since no mea-
surable signal could be collected by using the current experimental
set-up. These evidences clearly indicate that the BB in the studied
samples behaves very differently from that previously reported in
undoped GaN layers20–22 both as a function of temperature
(Figure 3) and excitation density (Figure 4). Furthermore, the PLE
monitored at the BB band have shown unequivocally the changes on
the onset of the absorption,well below theGaNnear band edge,which
ismuchmore consistent with the hypothesis to relate the observed BB
emission to defects in the InGaN active layers or InGaN/GaN inter-
face regions, specifically InN-poor regions as identified by TEM after
HTHP annealing (to be published elsewhere). In order to identify a
recombination model for the luminescence bands in our samples,
further PL studies were realized as a function of excitation density,
as presented in Figure 4. No power-dependent shift of either band

Figure 4 | Integrated PL intensity dependence on the excitation intensity
for the green band in the #as-grown sample (a), and green (b) and blue (c)
in the post growth treated samples. Full lines correspond to the best fits of
the experimental data according with a power law dependence (IaPm).
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maximum was observed, discounting any recombination model
involving DAP transitions. As a function of the excitation density,
the PL intensity can be well fitted to a power law over three decades of
excitation density, IaPmwith an exponent close to unity (Figures 4 (a),
(b) and (c)). T. Schmidt et al. reported a PL power dependence well
described by an exponent m between 1, m, 2 for free and bound
excitons23. A deviation of the power law was observed for higher
decades, namely when saturation effects occur23. As shown in
Figure 4 (a), at high excitation densities, the green band intensity
for the #as-grown sample saturates as a consequence of the limiting
radiative decay process. On the contrary, the sameGB power depend-
ence analysis for the #as-imp and #as-grown-HTHP samples do not
exhibit such saturation. Furthermore, a similar linear behavior was
found for the blue bands for both the #as-grown-HTHP and the #as-
imp-HTHP samples, supporting a recombination model where the
defects generated by post-growth treatments, such as those related
with In redistribution24, are able to localize excitons.

Conclusions
As-grown green emitting InGaN/GaNMQWwere implanted withN
ions and subjected to HTHP thermal annealing. A strong reduction
of the QWgreen band PL intensity occurs upon implantation but the
emission from the localized excitons is still observed without any
change of the spectral shape or peak position. Nevertheless, the ana-
lysis of thermal stability of the green luminescence in the implanted
sample shows that distinct nonradiative competitive channels occur
for the as-grown and as-implanted samples, likely due to the influ-
ence of additional defects generated by the implantation. In this
sample, the emission was well described by a single activation energy
for the nonradiative processes, while in the as-grown sample two
activation energies were necessary for the description of the lumin-
escence de-excitation pathways. The dependence of the green band
PL intensity on the excitation density exhibits a different behaviour
in the as-grown and as-implanted samples. In particular, saturation
effects were found to occur in the as-grown MQW structure with
higher crystalline quality. Thermal annealing treatments at HTHP
generates unstructured broad blue bands, also of excitonic nature, as
suggested by the temperature and excitation density dependence of
the luminescence intensity, likely to be related to the redistribution of
In. Concerning implantation assisted QWI, it was not possible to
recover the QW GB emission after implantation by thermal anneal-
ing suggesting that lower fluences should be employed to keep
implantation damage low.
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