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ed Al-doped ZnO tetrapodal 3D
networks: microstructure, Raman and detailed
temperature dependent photoluminescence
analysis†

Joana Rodrigues, *a Matthias Hoppe,b Nabiha Ben Sedrine, a Niklas Wolff, c

Viola Duppel,d Lorenz Kienle,c Rainer Adelung,b Yogendra K. Mishra, *e

Maria R. Correia a and Teresa Monteiro a

3D networks of Al-doped ZnO tetrapods decorated with ZnAl2O4 particles synthesised by the flame

transport method were investigated in detail using optical techniques combined with morphological/

structural characterisation. Low temperature photoluminescence (PL) measurements revealed spectra

dominated by near band edge (NBE) recombination in the UV region, together with broad visible bands

whose peak positions shift depending on the ZnO : Al mixing ratios. A close inspection of the NBE region

evidences the effective doping of the ZnO structures with Al, as corroborated by the broadening and

shift of its peak position towards the expected energy associated with the exciton bound to Al. Both

temperature and excitation density-dependent PL results pointed to an overlap of multiple optical

centres contributing to the broad visible band, with the peak position dependent on the Al content.

While in the reference sample the wavelength of the green band remained unchanged with temperature,

in the case of the composites, the deep level emission showed a blue shift with increasing temperature,

likely due to distinct thermal quenching of the overlapping emitting centres. This assumption was further

validated by the time-resolved PL data, which clearly exposed the presence of more than one optical

centre in this spectral region. PL excitation analysis demonstrated that the luminescence features of the

Al-doped ZnO/ZnAl2O4 composites revealed noticeable changes not only in deep level recombination,

but also in the material's bandgap when compared with the ZnO reference sample. At room

temperature, the ZnO reference sample exhibited free exciton resonance at �3.29 eV, whereas the peak

position for the Al-doped ZnO/ZnAl2O4 samples occurred at �3.38 eV due to the Burstein–Moss shift,

commonly observed in heavily doped semiconductors. Considering the energy shift observed and

assuming a parabolic conduction band, a carrier concentration of �1.82 �1019 cm�3 was estimated for

the Al-doped ZnO/ZnAl2O4 samples.
1 Introduction

Due to their importance in several technological elds, namely
photocatalysis, gas and bio-sensing applications, functionalised
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zinc oxide (ZnO) micro- and nanostructures constitute an
important topic in current worldwide research.1–13 The disrupted
lattice periodicity at ZnO micro- and nanosurfaces is known to
cause an increase in the surface state density, which constitutes
the main driving paths of sensing-based applications.3,14–19

Doping effects, thermal treatments under different atmospheres
and coverage of as-grown micro- and nano-ZnO surfaces with
continuous dielectric media are known to result in strong
modications in the electronic energy levels inside the bandgap
and band structure of the semiconductor oxide, with a notable
inuence on the optical and electrical material response.15,20–23 In
the case of ZnO, which has one of the largest free exciton binding
energy values (�60 meV23,24), a bandgap energy of�3.4 eV (at low
temperature23,25) and an exciton Bohr radius of �1.8 nm,23,26,27

surface-related inuence has been reported in several optical
studies, from cleaved bulk samples28 to low dimensional
This journal is © The Royal Society of Chemistry 2020
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structures.20,29–33 Additionally, decorating ZnO micro- and nano-
structures with other metal oxides is known to result in
numerous heterojunctions with enhanced properties, as in the
case of gas sensor applications.3,4,15,21,34,35 Despite the technolog-
ical relevance of such hybrid materials, the investigation of
fundamental optically active defects and their role in the
composite's properties is still scarce. In particular, contactless
spectroscopic measurements, such as steady state and transient
photoluminescence (PL), are powerful tools to investigate the
inuence of bulk and surface/interface defects in such complex
hybrid structures. Low temperature PL measurements are of
extreme relevance in characterisation of semiconductor mate-
rials, allowing, for instance, assessment of excitonic features,
which are known to dissociate near room temperature (RT) in
a wide number of semiconductors, as well as investigation of
defects related to radiative processes, carrier transport dynamics
and localised states in semiconductor materials.5,36 These
phenomena usually play an important role in the optical and
electrical performance of the nal devices; thus an adequate
understanding of their behaviour is mandatory. In the case of
ZnO, it is well established that high quality bulkmaterials usually
exhibit well-resolved free (FX) and donor-bound (D0X) exciton
recombination lines located in the high-energy spectral range,
near the band edge (NBE) of the material bandgap.5,23,25,37–39

Additionally, depending on the growth/synthesis method, visible
deep level recombination broad bands in the green, yellow,
orange and red spectral regions are commonly identied.24,40–47

Moreover, for Al-doped ZnO it is well recognised that a neutral
donor-bound exciton is responsible for the observed I6 lumines-
cence transition at ca. 3.36 eV, corresponding to a donor binding
energy of �52 meV.23 Furthermore, heavily Al-doped ZnO is
known to promote widening of the material bandgap which can
be well accounted by the Burstein–Moss and bandgap renorm-
alization effects.48–50 Recently, it was also pointed out that Al
doping led to an enhancement of the ratio between the ultraviolet
and the deep level emission in ZnO.51 On the other hand, by
decreasing the semiconductor dimensionality, with a subsequent
increase of the surface-to-volume ratio, new and modied spec-
tral features have been reported related to surface electronic
states. In particular, native defects at the ZnO surface may act as
binding sites for chemical species that are able to trap electron
and hole carriers, resulting in variations of the ZnO carriers'
concentration.11,29,30,32,52–55 For instance, excitons bound to surface
defects (SXs) due to adsorbed surface species have been reported
in the ultraviolet spectral region.56 Besides the ultraviolet region,
noticeable dissimilarities have also been observed in the broad
visible emission bands of ZnO micro- and nanostructures when
compared with their bulk counterparts.29,31,57–59 Even though the
deep level emission in nanostructured ZnO has been widely
scrutinised, there is still no consensus in the literature about the
main origin of the defect-related luminescence. Nevertheless,
native defects (Zni, VO, VZn, Oi) have been pointed out to assume
a preponderant role in explaining the characteristics of the broad
luminescence bands.24,29,60

In Al-doped ZnO 3D tetrapodal networks decorated with
ZnAl2O4, like the ones reported here, besides the aforemen-
tioned processes, the optical PL response should also be
This journal is © The Royal Society of Chemistry 2020
inuenced by the role of the Al concentration in the ZnO host,
the spinel aluminate itself, and the micro- and nano-ZnAl2O4/
ZnO heterojunctions promoted during the synthesis procedure.
Thus, in-depth knowledge of the luminescence outcome of
decorated networks is fundamental for reliable and reproduc-
ible tuning of materials properties for a myriad of applications.
In this work, the optical properties of Al-doped ZnO 3D tetra-
podal networks decorated with ZnAl2O4 particles synthesised by
the ame transport method were investigated. The recombi-
nation processes on the Al-doped ZnAl2O4/ZnO structures are
compared with those on a reference sample composed only by
ZnO tetrapods. The modications in the optical properties are
discussed based on the changes induced by the composite
formation, as well as by the Al incorporation into the ZnO
lattice.
2 Experimental details
2.1 Materials' synthesis

Tetrapodal ZnO (ZnO-T) structures have been synthesised by the
ame transport synthesis (FTS) process developed at Kiel
University.61–63 Briey, a mixture of Zn microparticles (diameter
� 10 mm) and sacricial polyvinyl butyral (PVB) powder in a 1 : 2
weight ratio is burned in a muffle oven at 900 �C for 30 minutes
under normal environmental conditions. During burning, the
metallic Zn particles are converted into atomic vapour and, in
the presence of native oxygen, the growth of tetrapodal-shaped
ZnO micro- and nanostructures (in form of white powder) takes
place via a solid–vapour–solid growth process, as discussed in
previous reports.61–63 For doping and composite formation, an
aluminium based salt (aluminum acetate supplied by Sigma
Aldrich) was wet mixed in ethanol with the ZnO-T particles in
ZnO : Al ratios of 2 : 0; 2 : 0.5; 2 : 1 and 2 : 1.5, by weight. Aer
evaporation of the liquid, the organic residues were eliminated
by a heating step at 550 �C in a muffle oven. To improve
handling for further investigations, cylindrical tablets with
a radius of 5 mm and a height of 6 mmwere pressed to a density
of 1 g cm�3. These samples were subjected to an additional
heating procedure for 5 h at 1100 �C to increase their structural
integrity.
2.2 Materials' characterisation

The morphological investigations of the doped ZnO tetrapodal
structures were carried out using a Carl Zeiss scanning electron
microscope (SEM, 10 keV, 5 mA). The elemental composition
within the Al-doped ZnO network was investigated by energy-
dispersive X-ray (EDX) analysis with a SEM machine equipped
with a Si/Li detector (Noran, Vantage System). Additionally,
information about the morphology, crystal structure, crystal
orientation, interfaces and chemical composition was obtained
by transmission electron microscopy (TEM). Two microscopes
were used in this study: (1) a Philips CM 30 ST operating with
a LaB6 cathode at 300 kV and a spherical aberration coefficient
of CS ¼ 1.15 mm for structure determination by diffraction
experiments and high-resolution microscopy and (2) a FEI
Tecnai F30 (300 kV, EDAX detector system) for chemical
Nanoscale Adv., 2020, 2, 2114–2126 | 2115
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mapping in the scanning (S)TEM mode. Precession electron
diffraction (PED) experiments were performed by using
a NanoMEGAS precession spinning star interface adapted to the
TEM. By using PED, a more kinematic recording of the
diffraction pattern with increased reciprocal resolution can be
obtained.64 High-resolution (HR)TEM micrographs were recor-
ded on oriented crystals to achieve a direct view of the crystal
interface by tilting the specimen with a double tilt holder. EDX
in TEMmode and chemical mapping were conducted using the
Thermo Fisher, Noran System Seven on the Philips instrument
and the Si/Li detector (EDAX) system on the Tecnai F30
instrument.

The Al-doped ZnAl2O4/ZnO tetrapodal networks and the
reference sample (ZnO-T) were analysed by Raman spectros-
copy, steady-state PL and PL excitation (PLE) spectroscopy at
RT. Furthermore, excitation density-dependent and tempera-
ture-dependent (from 14 K to RT) PL studies were performed. In
the rst case, the samples were kept at RT and excited with the
325 nm (�3.81 eV) line of a cw He–Cd laser (power density I0 <
0.6 W cm�2), controlling the excitation density by using neutral
density lters. In the second case, the samples were placed in
a cold nger He cryostat and excited with the same He–Cd laser
line. The luminescence radiation was dispersed by a Spex 1704
monochromator (1 m, 1200 grooves per mm) and detected with
a cooled Hamamatsu R928 photomultiplier. RT PLE and energy-
dependent PL experiments were conducted in a Fluorolog-3
Horiba Scientic set-up with a double additive grating Gemini
180 monochromator (1200 grooves per mm and 2 � 180 mm)
for excitation and a triple grating iHR550 spectrometer for
emission (1200 grooves per mm and 550 mm). A 450 W Xe lamp
was used as the excitation source. The PLE was measured by
Fig. 1 Representative SEM images (left) and the corresponding EDX elem
ZnO : Al-salt fractions. (a) 2 : 0, (b) 2 : 0.5, (c) 2 : 1, and (d) 2 : 1.5. (e–g) SE
2 : 1.5 (ZnO : Al-salt) at increasing magnifications, where the formation
surface of tetrapods' arms is clearly seen.

2116 | Nanoscale Adv., 2020, 2, 2114–2126
setting the monochromator in the maxima of the emission
bands and, aerwards, the excitation was scanned to higher
energies. RT time resolved spectroscopy (TRPL) spectra were
acquired with the same Fluorolog-3 system using a pulsed Xe
lamp (operating at up to 25 Hz) coupled to the same mono-
chromator and with excitation xed at 325 nm. The TRPL signal
was measured by setting a sample window of 10 ms, with 20 ms
of time per ash and a ash count of 100. Time delays aer ash
were varied between 0.05 and 10 ms.

The RT Raman spectra were obtained on a Horiba Jobin Yvon
HR800 spectrometer equipped with a 600 grooves per mm
grating, under the incidence of a 442 nm line from a cw He–Cd
laser (Kimmon IK Series). The experiments were conducted by
focusing the laser beam with an objective of�50 magnication.
3 Results and discussion
3.1 Morphological and structural analysis

Fig. 1 shows the typical SEM/EDX images of all Al-doped
(increasing concentration) ZnO 3D tetrapodal networks prepared
and investigated in the present work. As can be seen in the
pictures, the samples have different morphologies, with
predominance of tetrapodal micro- and nanostructures, even
though a large number of plate-like structures can also be
observed. In the case of the samples obtained from themixture of
the ZnO-T with the Al-based salt (Fig. 1(b)–(d)), the elemental
mapping investigations show that Al is quite randomly distrib-
uted through the whole surface of the samples, presenting some
Al-related agglomerates too, which are more noticeable in the
samples with a high ZnO : Al mixing ratio. Indeed, Fig. 1(e)–(g)
evidence that these agglomerates correspond to very small
ental maps (right) of the synthesised ZnAl2O4/ZnO networks at various
M images of the ZnAl2O4/ZnO composite with an initial mixing ratio of
of sharp wrinkled rings decorated with very small nanoparticles at the

This journal is © The Royal Society of Chemistry 2020
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nanoparticles decorating the surface of the ZnO-T arms. These
small nanoparticles correspond to a ZnAl2O4 crystalline phase, as
supported by the TEMmeasurements (Fig. 2). Their density at the
surface of the ZnO structures seems to increase with the ZnO : Al
ratio, as expected. Moreover, in this case, the tetrapods' branches
exhibit the formation of sharp wrinkled rings, which is mainly
due to a high temperature-induced surface stabilization mecha-
nism in the ame transport synthesis process. These results are
in line with the ones previously reported by M. Hoppe et al.34 for
similar samples. As in that case, the samples reported here
exhibit a fairly homogeneous distribution of ZnAl2O4 small
crystalline particles at the surface of the ZnO-T, which is partic-
ularly evident in the case of the sample prepared with a mixing
ratio of 2 : 1.5 (Fig. 1(g)). These particles display dimensions in
the range of 50–100 nm.

Nanostructure investigation of the nanocrystals decorating
the ZnO tetrapod arms was also performed by TEM in combi-
nation with nanoprobe chemical analysis and structural infor-
mation from electron diffraction experiments. Individual
nanocrystals sitting on one tetrapod arm are depicted in
Fig. 2(a) and (b) with different magnications, showing clear
interfaces. As was determined by TEM, the size of these nano-
crystals is typically in the range of 40–100 nm. Chemical anal-
ysis was carried out by collecting the element specic X-ray
photons excited by the electron–matter interaction. To map the
elemental distribution of nanocrystal clusters on the ZnO
Fig. 2 (a and b) TEM images corresponding to the ZnO : Al-salt sam
nanocrystals of ZnAl2O4. (c) HAADF image of the nanocrystals on th
components Zn, Al and O. (d) HRTEMmicrograph showing the edge-on v
(e) Corresponding PED pattern and (f) kinematic simulation of diffracted
those of ZnAl2O4 to [110] having shared (011�1) and (11�3) planes at the in
missing in the simulation.

This journal is © The Royal Society of Chemistry 2020
surface, EDX was performed in scanning TEM mode, demon-
strating that the nanocrystals are composed of Zn, Al and O in
considerable amounts (Fig. 2(c)). At the positions of pure ZnO
and pure nanocrystal clusters, EDX spectra were gathered and
quantied to the ratios of 1 : 1 (Zn and O) and 1 : 2 : 4 (Zn, Al
and O) (see Fig. S1†). Further, electron diffraction analysis
proved that the crystalline structure of these nanocrystals can
be described by the cubic spinel phase of ZnAl2O4 (space group:
Fd�3m).65 The orientation relationships between the ZnO
hexagonal lattice and the ZnAl2O4 cubic lattice were observed by
the combination of HRTEM and PED on individual ZnAl2O4

nanocrystals. When tilting the ZnO crystal to its [2�1�10] zone
axis, two distinct cases could be identied regarding the
attachment of the nanocrystal with its {111} planes being either
parallel or perpendicular to the (0001) facet of ZnO. The noise-
ltered HRTEM micrograph given in Fig. 2(d) shows the inter-
face of the ZnAl2O4 nanocrystal with its (�11�1) facet interfacing
with the ZnO (01�10) facet. The PED pattern (Fig. 2(e)) and the
superposition of the simulated kinematic diffracted intensity
pattern (Fig. 2(f)) reect this [2�1�10]k[110] orientation relation-
ship. The diamond marked diffraction maxima show the
superposition of diffracted intensities from both lattices cor-
responding to lattice planes (01�11) and (1�13) with similar lattice
constants, which tend to describe the interfacial planes. The
second orientation relationship when the ZnAl2O4 {111} facets
are grown on the (0001) facet of ZnO is described as [10�10]k
ple with a ratio of 2 : 1.5, showing the ZnO surface decorated with
e ZnO surface and the corresponding EDX elemental maps of the
iew of the boundary between the ZnO surface and the ZnAl2O4 crystal.
intensities. The crystal orientations of ZnO are indexed to [21�1�0] and
terface. Intensity in the PED pattern arising from double diffraction is

Nanoscale Adv., 2020, 2, 2114–2126 | 2117

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00730j


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
/2

1/
20

26
 9

:3
6:

44
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
[211],34 and is evidenced to match with orientation relation-
ships observed between GaN and MgAl2O4.66

Fig. 3 depicts the Raman spectra of all studied samples,
evidencing the typical vibrational modes of the ZnO hexag-
onal wurtzite structure that are active in Raman. According to
the group theory, the optical phonon modes at the rst Bril-
louin zone centre (G point) can be described by the irreduc-
ible representation Gopt ¼ A1 + E1 + 2E2 + 2B1, where the B1

modes are silent and the remaining ones are Raman active (A1

and E1 polar modes are also infrared active). These modes
were identied in the present spectra, as well as their over-
tones and combined ones.67 Moreover, acoustic overtones
and optical and acoustic phonon combinations were also
detected. The differences observed in the relative intensity of
the vibrational modes between the samples may arise from
polarization effects caused by the different orientations of the
ZnO structures regarding the incident wave vector of the laser
beam. It is worth mentioning that the samples were explored
Fig. 3 (a) RT Raman spectra of the Al-doped ZnAl2O4/ZnO tetrapodal
networks with increasing ZnO : Al ratios, obtained with 442 nm laser
line excitation. The spectra were shifted vertically for clarity. (b)
Enlarged view of the E2 (high) mode spectral region.

2118 | Nanoscale Adv., 2020, 2, 2114–2126
in different spots to evaluate their structural uniformity.
Probing the samples with a 442 nm laser line reveals the
presence of additional modes corresponding to the cubic
spinel ZnAl2O4 crystalline phase.

For the cubic spinel ZnAl2O4 phase, the predicted phonon
modes at the G point are G ¼ A1g + Eg + T1g + 3T2g + 2A2u + 2Eu +
4T1u + 2T2u, of which ve are Raman active, A1g, Eg, and 3T2g.34,68

In the samples reported here, we were able to clearly identify the
modes corresponding to Eg, at �420 cm�1 (see the enlarged
view in Fig. 3(b)), and one of the T2g modes, peaked at �663
cm�1, in accordance with the reported values 418 cm�1 for the
Eg mode and 659 cm�1 for T2g reported in the literature.68,69 In
previous work by M. Hoppe et al.,34 under the same excitation
conditions, the authors could also observe three low intensity
shoulders in the Raman spectra at 200, 518 and 653 cm�1,
attributed to the T2g vibrational modes. The Raman data agree
with the measured X-ray diffraction patterns found in the
literature,34 where the diffraction maxima were indexed to both
the zinc aluminate spinel and zinc oxide wurtzite structures.
3.2 Optical characterisation

Fig. 4 depicts the low temperature (14 K) PL spectra for all the
analysed samples obtained under UV excitation (325 nm laser
line, �3.81 eV). It is worth noting that this energy corresponds
to above bandgap excitation for ZnO and resonant excitation for
ZnAl2O4 (Eg � 3.8 eV).3,70 In all cases, the spectra are dominated
by visible broad bands, whose peak position is seen to vary with
the ZnO : Al ratio (Fig. 4(a)). Moreover, a well-dened NBE
recombination is clearly visible at such temperatures for all
samples, even for the ones with a higher Al content. Fig. 4(b)
displays the high-resolution spectra in this region. In the case of
the ZnO reference sample, transitions related to the FX and
(D0X were identied at �368.3 nm (3.367 eV) and �368.8 nm
(3.362 eV), respectively, as well as the two electron satellite (TES)
recombination at �373 nm (�3.324 eV). As mentioned in the
Introduction, D0X-related transitions (I lines) are commonly
observed in ZnO structures with different dimensionalities and
have been previously assigned to different impurities such as H
(I4), Al (I6), Ga (I8) and In (I9).23,71 In addition, Grabowska et al.56

also reported the presence of a SX recombination in this spec-
tral region, near 3.366 eV.

Contrary to recently published results,51 in the present case,
a decrease in the relative intensity of the UV emission (when
compared to the visible one) is observed with increasing
ZnO : Al mixing ratios. Moreover, there is a broadening of the
emission line associated with the D0X transitions, accompanied
by a slight shi of its peak position towards lower energies
(longer wavelengths), specially noted in the case of the 2 : 1.5
sample. Such behaviour indicates the effective incorporation of
the Al ions into the ZnO lattice. The observed broadening is
likely due to an increase in the contribution of the neutral
exciton bound to Al (I6 line) to the overlapped D0X transitions.
Indeed, for the 2 : 1.5 sample, the peak position of the D0X
transition is peaked at �3.36 eV, which corresponds to the ex-
pected position for the transition associated with the recombi-
nation of the I6 line.23,71
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Low temperature PL spectra obtained under 325 nm laser
excitation for Al-doped ZnAl2O4/ZnO structures (a) in the UV-Vis
range and (b) with high resolution in the NBE region.
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Regarding the visible spectral region, green luminescence
(GL) was detected for the reference sample (peaking at �533
nm/�2.33 eV), exhibiting a structured shape due to two vibri-
onic progression assisted by a�72meV LO phonon60,72 and with
a full width at half maximum (FWHM) close to �0.5 eV. In the
case of ZnO, the nature of the green emission (far more
common and studied than the yellow or orange-red ones) has
been widely discussed and associated with several types of
defects. Host external impurities, as in the case of Cu,43,44 are
frequently associated with the structured green emission
(seen at low temperature, as in the case of the present refer-
ence sample), while native defects such as oxygen vacancies,
ZnO antisites, transitions among interstitials and vacancy-
related defects involving Zn species, as well surface related
defects, are typically correlated with structureless green
emission.24,31,54 The proposed nature of these defects is
strongly dependent on the production/synthesis methods
and even bands peaking at the same energy position and with
similar spectral shapes may be ascribed to different
origins.24,60 Moreover, proper assignment to a specic defect
This journal is © The Royal Society of Chemistry 2020
is further complicated by the presence of multiple contribu-
tions overlapped in the same spectral range, making it rather
difficult to assess the origin of each emission.31,73 Neverthe-
less, compelling evidence that linked structured GL to Cu-
related impurities has been presented by Dingle and other
authors.24,43,44,60,74,75 According to Garces et al.,44 Cu impuri-
ties can be responsible for two distinct mechanisms giving
rise to GL, depending on the Cu charge state. In their work,
two different GL bands were observed: one unstructured band
peaked near 2.48 eV (�500 nm), arising in the as-grown
samples (with Cu+ present), and another peaking at �2.43 eV
(�510 nm) with the characteristic vibronic structure reported
by Dingle43 and present in thermally annealed samples (with
Cu2+). The charge state of the copper ions was assessed by
electron paramagnetic resonance (EPR) measurements.
Thus, the structured GL accounts for Cu2+-related emission.
It is important to stress that even very low impurity/defect
concentrations (trace impurities) can be accounted for
emissions observed in PL measurements due to the highly
sensitive character of the technique. In fact, Dahan et al.76

observed this structured GL band in high-quality uninten-
tionally doped ZnO crystals where copper contents as low as
10–250 ppm were found. Therefore, such trace impurities
may also be present in the ZnO-T reported here, leading to the
green luminescence features observed on the reference
sample. Nevertheless, the possible presence of other centres
contributing to this GL should not be neglected. For instance,
if the cavity periodicity is at the same scale as the dimensions
of the structures, this can also lead to the modulation of the
PL emission band, due to light internally reected, which,
under resonance conditions, lead to whispering gallery mode
(WGM) resonances.77,78 In fact, Reimer et al.62 discussed the
structure observed in the green luminescence displayed by
their samples on the basis of the WGM in micro-nano-
structured ZnO optical resonators.

This structured GL band is lost upon Al-doping and the
corresponding formation of ZnAl2O4/ZnO heterostructures.
Although the related centre may remain optically active, other
optical centres that are introduced during mixture with the
Al-based salt, and subsequent thermal treatment to dope/
form the composite structures, dominate the overall emis-
sion. With the introduction of the Al-based salt, the deep level
emission shis to longer wavelengths (Fig. 4(a)). However,
this shi does not show a correlation with the amount of the
Al-based precursor. At low temperature, the band observed
for the 2 : 0.5 sample peaks at �672 nm (�1.84 eV), while for
2 : 1 and 2 : 1.5 samples, the maxima are placed at �635 nm
(�1.92 eV) and �680 nm (�1.82 eV), respectively. As will be
further discussed, this lack of trend in the shi of the peak
position with the ZnO : Al ratio is justied by the presence of
multiple recombination channels in the present samples,
whose contributions are sample-dependent, not relying solely
on the Al content. For the Al-doped ZnO/ZnAl2O4 structures,
several effects may account for the luminescence outcome,
namely the ZnO phase, the ZnAl2O4 one, Al-doping of the ZnO
structures, the formation of the composite and the resultant
ZnO/ZnAl2O4 interface, the increase in the surface-to-volume
Nanoscale Adv., 2020, 2, 2114–2126 | 2119
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ratio due to the formation of the wrinkled rings (as observed
in the SEM images), the existence of additional chemical
species adsorbed at the surface of the structures promoted by
the Al-based salt or the interaction between defects already
present and the newly-introduced ones. In fact, if these new
defects are more effective in capturing photogenerated
carriers, their recombination will occur mainly from those
defect levels, rather than from the ones originally present in
the ZnO-T samples. By increasing the surface area of the
structures, the inuence of their surface on the optical
properties could increase and become predominant over
bulk-related phenomena, being dependent on how point
defects are closely located to the material's surface and how
will they interact with the surrounding environment.79

The orange-red luminescence that becomes dominant in the
Al-doped ZnAl2O4/ZnO structures has been attributed to defects
connected with excess oxygen, particularly with oxygen inter-
stitial defects,29,31 or even to surface defects or interstitial zinc
and zinc vacancies.11,29,53,79–83 Previous studies on ZnO structures
prepared by the hydrothermal method11,84 suggested the asso-
ciation of the orange-red band observed in those cases with
defects present on the surface of the crystals. This hypothesis
was raised since PL degradation occurred upon increasing
photon illumination, also being dependent on the atmosphere
in which the measurements were conducted (air vs. vacuum).
On the other hand, Djurǐsić et al.,29,31 reported that the weak
orange-red emission detected in ZnO nanoneedles produced by
thermal evaporation was reduced aer annealing in argon and
enhanced by annealing in air, thus pointing to defects related
with excess oxygen as a possible origin for this recombination.
Additionally, the Zn vacancy (VZn) has been suggested as
a dominant compensating acceptors in n-type ZnO. This is
consistent with the results of rst-principles calculations that
indicate VZn as a deep acceptor, with the lowest formation
energy among all native defects in n-type ZnO.42,85,86 According
to the studies performed by Wang et al.,42 the VZn

� defect acts as
a deep acceptor and it is responsible for the red emission (near
�1.6 eV). Unlike many reports in the literature, these authors
claim that such a defect does not participate in green emission.
The formation of this defect is more favourable under oxygen-
rich conditions,79,87 which connects well with the mentioned
assumptions by Djurǐsić et al.29,31 Moreover, positron annihila-
tion spectroscopy measurements performed by Zubiaga et al.88

demonstrated that the VZn related defects are mostly located
near the surface of ZnO and hence provide a higher contribu-
tion to the emission when the surface area is increased.
Furthermore, being at the surface may result in a more
noticeable inuence by the measurements conditions, as re-
ported in reference.11,84

Finally, the yellow emission has been previously attributed
to the presence of adsorbates at the surface of ZnO, namely
OH groups resulting from synthesis processes.29,31,54 Djurišić
et al.29 observed that the yellow band redshied with
increasing annealing temperature, being replaced by the
orange-red one, thus conrming its assignment to the pres-
ence of hydroxyl groups or Zn(OH)2 species. OH groups can
also occur aer prolonged storage of the samples in air, being
2120 | Nanoscale Adv., 2020, 2, 2114–2126
affected by the distinctive water adsorption properties of
different surfaces of the ZnO crystal.29,31 If such groups are
formed during the processing steps with the Al-base salt, they
may also contribute to the broad luminescence band.
Nevertheless, as stated above, one should bear in mind that
all the above discussed hypotheses are sample-dependent
and can vary to a great extend depending on the synthesis/
growth methods, although some of these explanations seem
to agree well with the observation reported here.

Previously studied ZnO : Al samples produced by the same
FTS approach and then mixed with Al by a different route (fol-
lowed by subsequent thermal annealing in air in a furnace at
1150 �C for 5 h 3) showed similar PL features as the ones
detected here (also with the formation of a secondary ZnAl2O4

phase). In that work, the PL spectra of the ZnO : Al samples were
seen to be strongly dependent on the excitation spot, revealing
two different emission bands, one peaked in the green and
other in the orange-red spectral regions, depending on the
probed area. These results indicated that the optically active
defects were inhomogeneously distributed in the 3D network,
which differs from the case reported here where similar spectra
were obtained independently on the probed spot, suggesting
a higher uniformity of the ZnAl2O4/ZnO distribution. Indeed,
the orange-red luminescence (peaked at �1.95 eV) observed in
that work resembles the one recorded for 2 : 0.5 and 2 : 1.5
samples, with a similar spectral shape and peak position. On
the other hand, the GL of the previous ZnO : Al samples
matches well the one identied for the reference ZnO-T sample.
In addition, Wang et al.89 also reported a red shi of the visible
band from 518 nm (�2.39 eV) to 565 nm (�2.19 eV) with the
increase of Al doping concentrations from 0 to 2.0 at% in
samples prepared by sol–gel and annealed at 850 �C. The
authors attributed this shi to competition between VO

+ and
Oi

�, since when Al replaces Zn, excess oxygen is introduced at
interstitial sites, with its concentration increasing with the Al
doping. As mentioned above, interstitial oxygen is frequently
associated with the presence of orange-red luminescence; thus
by promoting the formation of such defects this band becomes
more predominant, shiing the overall peak position towards
longer wavelengths.

While ZnO broad visible bands are widely studied and re-
ported, the luminescence features of ZnAl2O4 are signicantly
less studied, hampering a proper comparison with the litera-
ture. Even so, it is reasonable to assume that similar defects as
the ones highlighted above may be present in this semi-
conductor, giving rise to luminescence bands in similar spectral
regions. Previous reports on similar composites and doped
ZnAl2O4 samples70,90,91 point to the fact that their luminescence
properties are strongly dependent on the size of the produced
structures, uniform distribution of the secondary phase and/or
dopants, morphologies and preparation methods. Motloung
et al.90 also observed the presence of both green and orange
luminescence features in ZnAl2O4/ZnO samples prepared via
the citrate sol–gel method. According to these authors, both
bands can be ascribed to intra bandgap defects in both semi-
conductors, namely vacancies, interstitial defects or even anti-
sites, which makes it rather difficult to identify the material
This journal is © The Royal Society of Chemistry 2020
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(and defects) for which the optical recombination takes place.
Thus, taking all this information into account, the most likely
explanation for the PL results presented here is that the overall
luminescence should be the result of the contributions from
both semiconductors and their interface. The large bandwidth
veried for all the Al-doped ZnO/ZnAl2O4 samples is most
probably a result from a myriad of defect-related recombina-
tions that include the ones considered here, as well as other
unknown origins.

Temperature-dependent PL studies were conducted in
order to get a better insight regarding the mechanisms
involved in the luminescence processes. The spectra for each
sample are shown in Fig. 5. In all cases, a strong reduction in
the overall luminescence intensity is observed with increasing
temperatures. This reduction is more pronounced in the case
of the reference sample, with the RT intensity corresponding
to only �15% of the intensity measured at 14 K (decrease of
�85%), while decreases of 30%, 28% and 31% were found for
Al-doped ZnO/ZnAl2O4 samples with ZnO : Al ratios of 2 : 0.5,
2 : 1 and 2 : 1.5, respectively, comparing the same range of
temperatures. Nevertheless, the most interesting fact was the
shi of the PL peak position to shorter wavelengths (higher
energies) with increasing temperatures veried for the Al-
Fig. 5 Temperature-dependent PL spectra obtained under 325 nm laser e
and samples with different ZnO : Al ratios (b) 2 : 0.5, (c) 2 : 1 and (d) 2 : 1

This journal is © The Royal Society of Chemistry 2020
doped ZnO/ZnAl2O4 structures. While the reference sample
maintained the GL visible band maximum unchanged in the
analysed temperature range, the samples with ZnAl2O4

exhibited a blueshi. Values of about 27 nm (�80 meV), 19 nm
(�60 meV) and 36 nm (�100 meV) were obtained with
increasing ZnO : Al ratios. Both 2 : 0.5 and 2 : 1.5 samples
present an orange-red band peaking at �638 nm (�1.94 eV),
while the 2 : 1 sample exhibits a band centred in the yellow
spectral region at �595 nm (�2.08 eV). The reference sample
maintained the green luminescence with a maximum at �535
nm (�2.33 eV). The blueshi observed for the Al-doped
composites is likely accounted by the presence of multiple
optically active defects contributing to the detected emission,
as discussed in other studies.3,15 With increasing temperature,
the relative intensity of the transitions associated with these
defect centres changes, leading to a shi in the position of the
band maxima.

The presence of more than one recombination channel
contributing to the broad visible band of the Al-doped ZnO/
ZnAl2O4 composites was corroborated by the effect of the exci-
tation density (at RT). These measurements were carried out by
applying neutral density lters to the laser line excitation. Fig. 6
depicts the results obtained for 2 : 1 and 2 : 1.5 samples. Even
xcitation for the Al-doped ZnO/ZnAl2O4 samples: (a) reference sample
.5.

Nanoscale Adv., 2020, 2, 2114–2126 | 2121
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Fig. 6 RT power-dependent PL spectra for the Al-doped ZnO/
ZnAl2O4 samples with ZnO : Al ratios of (a) 2 : 1 and (b) 2 : 1.5.
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though only a slight shi of the peak position of the visible
band was observed, this shi was towards higher energies when
the excitation density decreased. A shi of the peak position
towards higher energies would be expected with increasing
power when centres of DAP nature are involved in the lumi-
nescence features. When this type of centre is examined under
low excitation densities, typically only a fraction of the donors
and acceptors is excited. As the excitation density increases, all
the donors and acceptors become excited (saturation condi-
tion), leading to an additional contribution from the closer
pairs to the recombination spectra92,93 and a blue shi of the
DAP emission peak is observed. Yet, the opposite is observed in
the present case, which suggests a different origin for this shi
and corroborates our previous assumption regarding the exis-
tence of multiple recombination channels contributing to the
broad luminescence.

To acquire a better understanding on the phenomena
involved in the visible band luminescence and to further
conrm the presence of the different recombination chan-
nels, RT time-resolved measurements were carried out, as
2122 | Nanoscale Adv., 2020, 2, 2114–2126
demonstrated in Fig. 7. It is important to take into account
that at such temperatures some of the contributions may no
longer be assessed due to thermal dissociation of the emit-
ting defects. Thus, only the contributions that remain at RT
could be evaluated. In all cases, the spectra were recorded
under 325 nm excitation for increasing time delays. For the
Al-doped ZnO/ZnAl2O4 samples, increasing the delay aer
ash, and thus reducing the components with faster decays,
reveal the presence of a slower additional band in the red
spectral region, whose predominance increases with the
increasing Al content. Indeed, aer 1 ms it becomes the
dominant emission for the 2 : 1.5 sample, suggesting that the
presence of the defects that originate this red emission are
enhanced by the presence of a higher concentration of
ZnAl2O4 at the surface of the Al-doped ZnO tetrapodal
network. In the case of the reference sample, the red emis-
sion appears to overlap with the green component, even aer
1 ms of delay aer ash, indicating a much lower concen-
tration of this defect. For this sample, the overall emission
becomes broader with increasing time delays due to the
strong reduction of the faster green component, whose
intensity is reduced by about 3 orders of magnitude aer
a delay of 1 ms. Considering the 2 : 0.5 sample, identication
of the presence of at least 2 components was clearly observed
with the increasing delays. It is seen that the yellow/orange
component (peaked at �620 nm/�2 eV) disappears aer �1
ms, while the red (�720 nm/�1.71 eV) one is still present
until �3 ms, evidencing a longer lifetime. In the case of 2 : 1
and 2 : 1.5 samples, two bands are present in the green/
yellow and red spectral regions, with an additional shoulder
at �630–640 nm, which becomes more evident in the case of
the 2 : 1.5 sample. For the latter, the yellow emission (with
maximum intensity at �560 nm/�2.21 eV) almost vanishes
aer 1 ms, while the red component (�725 nm/�1.71 eV) is
still visible until �10 ms.

Finally, considering the data provided by the previous
measurements, the preferential excitation pathways for the
present samples were assessed via PLE, as depicted in Fig. 8.
The RT PLE spectra were acquired by monitoring the PL
emission at the maximum of the broad band for each sample.
Again, clear differences are observed between the reference
sample and the Al-doped ZnO/ZnAl2O4 (Fig. 8(a)). In the rst
case, the energy position for the excitation associated with the
exciton is peaked at �377 nm (�3.29 eV), while this value
shis towards higher energies in the presence of ZnAl2O4

particles (�3.38 eV), corresponding to a blue shi of �90 meV
(better seen in Fig. 8(b)). Besides, an increase in the full width
at half maximum of the line also occurs. It is interesting to
note that the same energy shi was measured for all Al-doped
samples. Additionally, when the excitation spectra are moni-
tored at longer wavelengths of the broad bands (�630 nm), an
increase in the band tail states (states at lower energies than
the ZnO bandgap) is observed, indicating that below bandgap
population pathways occur. The PL/PLE results obtained for
the present set of samples are similar with the ones found for
the previous ZnO : Al samples produced by FTS in which the
additional phase of ZnAl2O4 was also present.3
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 RT TRPL spectra obtained after 325 nm pulsed excitation for increasing delay times (time window of 10 ms) for (a) the reference sample,
and Al-doped ZnO/ZnAl2O4 samples with different ZnO : Al ratios (b) 2 : 0.5, (c) 2 : 1 and (d) 2 : 1.5. Inset: normalised time-resolved spectra for 2
different delays, 0.05ms and 1ms, and the steady-state spectrum, evidencing a change in the spectral shapewith increasing delay after flash. The
small signal depression denoted with an asterisk corresponds to the blaze of the detection grating.
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The �3.38 eV energy value measured for the Al-doped ZnO/
ZnAl2O4 samples does not correspond to the value expected for
the bandgap energy of the additional ZnAl2O4 phase (Eg � 3.8
eV 3,70). Instead, the observed energy shi (DEg � 90 meV)
should be related to the Burstein–Moss effect, which is
commonly observed in heavily doped semiconductors.48,50,94

In n-type semiconductors, this effect occurs when the elec-
trons occupy shallow donor states spread into the conduction
band, raising the Fermi level above its minimum. Since the
Pauli principle is still obeyed, optical transitions can only occur
for higher photon energies to assure the vertical transitions
from the valence band to above the Fermi level, which is located
inside the conduction band. Thus, a blue-shi of the optical
bandgap of the material is observed.48,50 The energy bandgap
broadening (DEg-MB) is related to the carrier (electron) concen-
tration (ne) and, in the parabolic band approximation, it can be
described by the following expression:48–50

DEg�MB ¼ h2

8m*

�
3

p

�2
3

n
2
3
e; (1)
This journal is © The Royal Society of Chemistry 2020
where h corresponds to Planck's constant andm* is the electron
effective mass in the conduction band of the semiconductor.

For ZnO, the reported effective mass for electrons is 0.28 m0,
where m0 corresponds to the electron mass at rest.50 Consid-
ering the energy shi measured in the present Al-doped
samples, and assuming that the Burstein–Moss effect is the only
phenomenon ruling the bandgap shi, the carrier concentra-
tion was estimated and a value of �1.82 �1019 cm�3 was ob-
tained. Since the same energy shi was observed for all the Al-
doped samples, it is fair to assume that the carrier concentra-
tion is analogous in all of them. The estimated value for the
carrier concentration is in line with that in previous reports for
Al-doped samples48–50 where the shi in the bandgap energy was
seen to correlate well with the measured carrier concentration
by only taking into account the Burstein–Moss effect.

Besides the shi in the bandgap energy, Fig. 8(b) also
evidences the mirror-like shape of the RT NBE emission when
compared with the PLE spectra for both reference and 2 : 1.5
samples. Moreover, in the case of the ZnO reference sample, the
difference between the maxima of the PLE and PL spectra (at
Nanoscale Adv., 2020, 2, 2114–2126 | 2123
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Fig. 8 (a) PL/PLE normalised intensity spectra for all analysed samples.
(b) Enlarged view of normalised PL/PLE spectra in the high-energy
region for the reference and 2 : 1.5 samples. 14 K and RT PL spectra are
displayed for comparison.
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RT) agrees well with the value expected for the exciton binding
energy (�60 meV).
4 Conclusions

Al-doped ZnO samples decorated with ZnAl2O4 nanoparticles
were produced by mixing ZnO tetrapods grown by ame trans-
port synthesis with an Al-based salt. Al-doping was conrmed by
the broadening and shi of the peak position of the NBE
recombination at low temperature. For the sample prepared
with the highest mixing-ratio (2 : 1.5), the NBE is peaked at
�3.36 eV, which is in good agreement with the position ex-
pected for the exciton bound to Al (I6 line). Additionally, the
peak position of the visible luminescence band shied towards
longer wavelengths (lower energy) with the Al-doping and
composite formation. These bands arose from overlapping of
multiple recombination channels that may originate from ZnO,
ZnAl2O4 and/or from the interface between the two materials.
This assumption was conrmed by temperature-dependent PL
studies, where a blueshi of the broad band with increasing
2124 | Nanoscale Adv., 2020, 2, 2114–2126
temperature was identied in the Al-doped ZnO samples
decorated with ZnAl2O4, while for the reference sample the
bandmaximum remained unchanged. A different density of the
defect centres in each sample, and thus different contributions
to the overall visible band with the temperature increase, is the
most probable explanation for such behaviour. Moreover, the
time-resolved measurements unambiguously revealed the exis-
tence of more than one emitting centre overlapped under the
broad band observed under steady-state PL conditions, indi-
cating that the broad emission band exhibited distinct spectral
components. Upon monitoring all Al-doped samples at the
maximum of the visible PL band, PLE spectra revealed a high-
energy shi of �90 meV of the bandgap when compared with
the ZnO reference sample. This shi was associated with the
Burstein–Moss effect that occurs in heavily doped semi-
conductors. Considering the parabolic band approximation and
that this effect is the only one ruling the measured shi, a value
of �1.82 �1019 cm�3 was estimated for the carrier concentra-
tion of the doped ZnO samples.
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