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Abstract: ZnO nano- and microstructures co-doped with Eu and Li with different nominal concen-
trations of Li were grown using a solid vapor method. Different morphologies were obtained de-
pending on the initial Li content in the precursors, varying from hexagonal rods which grow on the
pellet when no Li is added to ribbons to sword-like structures growing onto the alumina boat as the
Li amount increases. The changes in the energy of the crystallographic planes leading to variations
in the growth directions were responsible for these morphological differences, as Electron Backscat-
tered Diffraction analysis shows. The crystalline quality of the structures was investigated by X-ray
diffraction and Raman spectroscopy, showing that all the structures grow in the ZnO wurtzite
phase. The luminescence properties were also studied by means of both Cathodoluminescence (CL)
and Photoluminescence (PL). Although the typical ZnO luminescence bands centered at 3.2 and 2.4
eV could be observed in all cases, variations in their relative intensity and small shifts in the peak
position were found in the different samples. Furthermore, emissions related to intrashell transi-
tions of Eu®* ion were clearly visible. The good characteristics of the luminescent emissions and the
high refraction index open the door to the fabrication of optical resonant cavities that allow the
integration in optoelectronic devices. To study the optical cavity behavior of the grown structures,
p-PL investigations were performed. We demonstrated that the structures not only act as wave-
guides but also that Fabry—Perot optical resonant modes are established inside. Quality factors
around 1000 in the UV region were obtained, which indicates the possibility of using these struc-
tures in photonics applications.

Keywords: luminescence; ZnO; rare earth doping

1. Introduction

Although ZnO has been extensively studied for many years, recently, it has become
more relevant in the frame of different applications of high technological interest.

As it is well known, ZnO is a wide bandgap II-VI semiconductor (3.37 eV) with a
native concentration of donor defects that makes it conductive; hence it is one of the most
studied Transparent Conductive Oxides (TCO). In addition to the wide bandgap, the large
exciton binding energy (60 meV), the chemical stability and some properties associated
with the wurtzite structure (lack of a symmetrical center) make this material a perfect
candidate for a variety of applications in the field of optoelectronics, sensing, photocatal-
ysis or piezoelectricity [1-4]. In the nano- and microscale, an enhancement of the electro-
conductivity or a high specific area must be added, widening the scope for new applica-
tions [5-8]. On the other hand, when we move to the micro- and nanoscale, the morphol-
ogy of the structures plays a key role, and many of the properties of the material, for in-
stance, luminescent properties, are strongly dependent on morphology [8-10]. Behind the
morphology-dependent properties are the crystal structure and the surface and surface
defect structure derived from it. The most stable crystal structure for ZnO is hexagonal
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(2110)or (0110)

a: Rods/ Wires

wurtzite that may be described as alternating Zn? and O? planes stacked along the z-axis
in tetrahedral coordination. The highest surface energy corresponds to the (0001) basal
planes; then, the most common growth morphology is that of rods along the c-axis, which
minimizes the surface of the basal planes. However, different morphologies can be ob-
tained by several synthesis procedures, giving rise to different surface configurations and
hence different properties. As an example, in Figure 1, a scheme of the faces that may
appear in the most common morphologies is drawn [4,11-14].

(2110)or (0110) §

0001)Zn*?

c: Combs

b: Belts/Plates

Figure 1. Scheme of the most common faces that appear in the growth of ZnO.

The role of dopants in improving the properties of semiconductor materials is well
known; in fact, it is the primary route to modify and control them, either by the direct
supply of carriers or by the modification of the defect structure necessary to accommodate
the impurities. For instance, in our focus material, ZnO, the conductivity increases up to
10 orders of magnitude due to the presence of impurities and native defects. An important
drawback, however, is the difficulty of obtaining p-type ZnO due to self-compensation
mechanisms [15-19].

Among the different dopants used, rare-earth (RE) elements occupy a prominent po-
sition, and the number of studies of RE-doped ZnO-based systems with good luminescent
properties has increased considerably [8,20-23]. Although one major interest is in the tel-
ecom field, in particular for Er doping, the technological interest in RE doping goes further
beyond this field [21]. Rare-earth or lanthanides elements are those found between La and
YD in the periodic table. They are characterized by an electronic structure of the form
[Xe]4fr6s?, with a partially filled 4f shell shielded by the 5s25p¢ electrons. In lanthanide
ions, three basic types of optical transitions may occur: 4f-4f; 5d-4f and charge transfer
between the host and the dopant. The 4f-5d transitions are allowed and have short life-
times, in the order of nanoseconds; 5d orbitals are strongly affected by the crystal field
and polarizability of the host material, which allows easy tuning in the visible region by
changing some characteristics of the host [22]. The f orbitals are shielded by the 5s and 5p
and they are very insensitive to the environment, i.e., the crystal field, providing very
sharp transitions from UV to infrared. Contrary to the 4f-5d, the 4f-4f transitions are parity
forbidden, hence with much longer lifetimes, in the order of microseconds; however, in
proper hosts, the influence of the ligand field or non-centrosymmetric interactions may
lead to a relaxation of the parity rule, giving rise to sharp emission lines [24,25]. Since the
main field of application of lanthanide-doped oxides is luminescence, a major goal is the
enhancement of the intensity of the luminescence emission. There are two basic ap-
proaches to improving the luminescent properties of RE-doped materials. The first consist
of the use of a suitable sensitizer, a very effective radiation absorber that can transfer en-
ergy to the lanthanide ion. The second way is to modify the host lattice so that the transi-
tions at lanthanide ions are favored; commonly, Li* is used for this purpose [20,24,26].
Nevertheless, due to the mismatch between ionic radii (Zn2~0.74 A; and Eu*~0.94 A) and
charge unbalance (the most frequently used are the RE trivalent ions), effective doping of
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ZnO with rare elements is still challenging. In this regard, co-doping with alkali metals,
particularly Li, is a very good option [24,27-30].

In the current work, ZnO nano- and microstructures co-doped with Eu and Li were
obtained by a solid vapor method. To gain better information on the role of the Li ions as
co-dopants, the amount of Eu was kept constant, and Li precursor content was varied.
This allowed us to observe the evolution of the morphology and relate it to the lattice
deformation due to the incorporation of dopants and the consequent defect structure. The
amount and morphologies of structures obtained depend strongly on the initial lithium
content. XRD and Raman experiments were performed to assess the crystal structure, and
luminescence investigations were conducted to obtain information about the optical prop-
erties and local defect structure. Microphotoluminescence measurements (u-PL) showed
that the structures obtained support resonant modes and hence can be used as lightguides
and resonant cavities with good quality factors. The study of this kind of structure has
received much attention in recent years, and comprehensive reviews can be found in
works by Yang et al. [31] and Johnson et al. [32]. A good analysis of the influence of ge-
ometry on the establishment of the different resonant modes can also be found in work
by Dong et al. [33].

2. Experimental Method

The samples were prepared from a mixture of ZnS, Eu20Os and Li:O powders as pre-
cursors, with purities of 99.99, 99.99 and 99.5%, respectively. In all cases, the Eu20s was
maintained at 5 wt%, while the Li2O content was varied from 0 to 10 wt%. The notation of
the samples is provided in Table 1.

Table 1. Notation of the samples.

Sample ZnS Eu20s Li-O
Eu5 95 5 0
Eub_Lil 94 5 1
Eu5_Li5 90 5 5
Eu5_Li10 85 5 10

The powders were mixed and homogenized by ball milling (20 mm agate balls) for 5
h. The centrifugal ball mill was operated at 300 rpm. After the milling process, the pow-
ders were compacted under a compressive load of 2 T in the form of disk-shaped pellets
with a diameter of about 7 mm and a thickness of 2 mm. The samples were placed on an
alumina boat and inserted into the central (hottest) part of the quartz tube of a horizontal
furnace (CHESA). The pellets were then submitted to a thermal treatment at 950 °C for 10
h, under an Nz flux of 1.5 L/min. The experimental setup for vapor-solid growth has been
described elsewhere [9].

The characterization of the samples was carried out using a variety of techniques.
Morphology was studied by Scanning Electron Microscopy (Secondary Electron mode,
SEM-SE), and images were recorded either in a Leica 440 SEM (Wetzlar, Germany) or FEI
Inspect SEM (Hillsboro, OR, USA). Cathodoluminescence (CL) spectra were recorded us-
ing an Hitachi 52500 SEM at room temperature with beam energy between 15 and 20 keV
using a HAMAMATSU PMA-11 (Hamamatsu, Japan) charge-coupled device camera.
Composition was assessed by X-ray microanalysis (EDS) performed with a Bruker AXS
Quantax system (Billerica, MA, USA) attached to a Leica 440 SEM. Electron Backscattered
Diffraction (EBSD) analysis was carried out using an FEI Inspect SEM equipped with a
Bruker Quantax e-Flash 1000 EBSD system. Optical spectroscopy measurements (micro-
photoluminescence (u-PL) and Raman) were performed at room temperature using an
Horiba Jobin Yvon LabRAM HR800 (Kyoto, Japan) confocal microscope with a He-Cd (Aex
=325 nm) or He-Ne (Aex=632.8 nm) laser as an excitation source, respectively. For pu-PL, a
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custom-designed module allowed us to separate excitation and collection points [34]. Fi-
nally, XRD measurements were performed using a Philips diffractometer using Cu Ka
radiation.

3. Results and Discussion

Let us first describe the morphology of the structures grown from the sample without
lithium used as reference. A very dense shell of structures grew onto the pellet that sim-
ultaneously acted as a source and substrate (Figure 2a). As shown in Figure 2b, the grown
structures were mainly in the form of wires or rods with a hexagonal cross-section with
diameters of a few hundred nanometers and lengths of several microns. In some cases,
bundles of comb-like structures (Figure 2c) also appeared. Due to the flux distribution at
the edges of the pellet, the structures were more regularly arranged, demonstrating co-
lumnar growth, with columns larger than the rods observed in the central part of the sam-
ple (Figure 2d).

Figure 2. SEM images of the different structures grown on the samples with no Li included: (a)
Compacted shell of structures, (b) hexagonal wires and rods, (c) bundles of comb-like structures
and (d) columnar growth observed in the rims of the pellets.

Beyond the differences in morphology, the influence of lithium doping was clear
even for the lowest Li content. When Li was present, the growth occurred mainly on the
alumina boat, and only for the lowest Li content did a few structures grow onto the pellet.
On the other hand, the density of grown structures was much lower in samples Eu5_Lil
and Eu5_Li10, and only for the intermediate Li content (Eu5_Li5) was a density of struc-
tures comparable to that of the samples without Li (Eu5) observed.
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As mentioned, in the Eu5-Lil sample, a few structures in the form of hexagonal rods
grew onto the pellet. They were smaller than those observed in the sample Eu5, with di-
ameters between 2 and 6 um and 10-20 pm in length, and did not show any preferred
orientation (Figure 3a). The structures grown onto the alumina boat or at the rims of the
pellets were mainly ribbons or sword-like, around 15 um wide, several hundred microns
long and a few microns thick (Figure 3b,c).

Figure 3. SEM images of the structures obtained on the sample with 1 wt% Li. (a) Hexagonal rods
grown on the pellet, (b,c) ribbons and sword-like structures grown both on the rims of the pellet
and on the alumina boat.

The Eu5_Li5 sample showed the highest density of structures among all the co-doped
samples. The structures, mainly in the form of ribbons, grew onto the alumina boat. As
shown in Figure 4, they have very large aspect ratios, with lateral dimensions in the range
of several tens of microns and several millimetres long. With a closer look, let us propose
a growth model in which the comb-like structures constitute the first step. The formation
of comb-like structures is related to different activities shown by the polar faces of ZnO.
The preferential growth would take place on the Zn terminated face, and then initially,
the prongs would develop from it (Figure 4b). Finally, the space between prongs would
progressively fill, forming the ribbons (Figure 4c).
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Figure 4. SEM images of the structures grown on the samples with 10 wt% Li. (a) Ribbons grown
onto the alumina boat, (b) Secondary prongs grown from the lateral faces of the comb-like structures
and (c) filling of the spaces between the ribbons to form the final ribbon morphology.

Finally, in the Eu5_Li10 samples, the growth was much scarcer and occurred on the
alumina boat. The structures were less regular, ribbons, swords and wires, sometimes in-
terlinked, and with dimensions of a few tens of microns (width) and hundreds of microns
in length, as shown in Figure 5a. In some cases, small plates, very well oriented with re-
spect to the crystallographic directions, are observed in Figure 5b. As drawn in part c of
this figure, this suggests a growth modelsuch as that described in Figure 1 (middle).

Figure 5. SEM images of the structures grown on the samples with 10%wt. Li. (a) panoramic view
of the diversity of morphologies obtained in this case, (b) oriented small plates and (c) scheme of
the growth model suggested.

To further investigate the crystalline orientations of the structures, Electron Backscat-
tered Diffraction (EBSD) was performed in one of the combs, which showed secondary
growth in one of its lateral faces (Figure 6). Part a of the figure shows the SEM image of
the selected structure, which was isolated and deposited on a silicon wafer; the orientation
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of the detector is indicated by the X, Y and Z axes drawn in the lower right corner. Figure
6b show the orientation map on the Z-axis. As can be seen, both the comb and the second-
ary prone are in the same orientation. From the color legend shown in Figure 6c, this ori-
entation corresponds to [110] directions indicating that the growth is producing a face
orientation as schemed in Figure 1c; the growth axis changes between the comb and the
prone due to the different reactivity of the lateral faces exposed.

¢ Zinc oxide

[001]

[110]

[210]

Figure 6. EBSD analysis of the growth orientations of a comb-like structure. (a) Secondary electron
image of a comb-like structure with secondary growth of a prone, the directions of the detector are
fixed in the lower right corner, (b) Orientation map taken along the Z axis and (c) color legend used
in the EBSD map.

Compositional analysis of the structures was performed by EDX in the SEM. Alt-
hough the percentage of dopants incorporated into the structures cannot be determined
because Li is not detectable by the technique, EDX spectra recorded on the structures show
the presence of Eu peaks. Furthermore, the compositional maps (Figure 7) also show that
the Eu is homogeneously distributed throughout the structures.

Figure 7. (a) SE image of a comb-like structure grown on the samples with 5 wt% of Li, and (b)
corresponding EDX map of the distribution of Eu along the structure.

XRD measurements were performed on the structures grown in all samples. Figure
8 show the pattern obtained from the structures grown on the sample with 5 wt%. Li; as
can be seen, all the diffraction peaks can be identified as the wurtzite phase of ZnO (JCPDS
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00-036-1451), indicating the good crystallinity of the grown structures. No significant
shifts in the positions of the reflections were observed when the Li content changed.
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Figure 8. XRD pattern obtained from the structures grown on the sample with 5 wt% Li. The peaks
with higher intensity are labeled. All the diffraction peaks correspond to reflections of the ZnO
wurtzite structure (JCPDS 00-036-1451).

Raman spectroscopy measurements show the most characteristic peaks of ZnO. In
Figure 9, the Raman spectra from isolated rod-like structures, normalized to the 438 cm™!
peak, are shown. The observed peaks correspond to the Ezow and E:tigh of the wurtzite
structure (98 and 438 cm™, respectively), although they are shifted with respect to the po-
sition in undoped ZnO [35]. To show this shift more clearly, a zoom of the 438 cm™! is
shown in Figure 9b. Upon Eu doping, the peaks shift towards lower frequencies, which
corresponds to the incorporation of a heavier atom. When Li is introduced, the peak
moves back towards higher frequencies, although the original position of ZnO is not
reached. In the spectra, a peak at 320 cm™ corresponding to A1 mode (E;ligh — EXW) isalso
visible [35]. To study isolated structures, they are scratched from the pellet and deposited
onto a Si substrate; the peak at 300 cm™ corresponds to the silicon substrate [36].

(b)

Pure ZnO Pure ZnO 7\
0% Li (a) 0% Li /
1% Li 1% Li /

5% Li

5% Li

—10% Li

Intensity (arb. units)
Intensity (arb. units)

T T T T
T
300 410 420 430 440 450 460

200
Raman shift (cm™) Raman shift (cm™)

Figure 9. (a) Raman spectra recorded on individual rod-like structures grown on the different sam-
ples, (b) zoom-in of the EzMsh Raman mode (438 cm™) showing the shift of the frequency as the Li
content varies. Spectrum from pure ZnO is also shown for comparison.
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Cathodoluminescence (CL) spectra were recorded from isolated structures as well as
from the pellet. To isolate the structures, we scratched them from the surface and depos-
ited them onto a piece of graphite tape. The spectra from the pellet were recorded in areas
in which no growth occurred. The results are shown in Figure 10. Part a of the figure show
the normalized spectra recorded on structures. The spectrum is, in general, typical of ZnO
with two clear bands, the first around 3.1 eV, which corresponds to the band edge, and
the second wide and with the maximum around 2.4 eV, which corresponds to the band of
deep centers. The origin of these emissions is still under revision due to the complex char-
acter of the band. The main native defects in ZnO are oxygen and zinc vacancies (Vo and
Vzn) and their different charge states; oxygen and zinc interstitials (Oi, Zni) and zinc antis-
ites (Ozn) [21,23,37-41]. However, there are significant differences between the spectra
taken in each sample. The first remark is that the emission of the band edge can hardly be
seen in the structures of the sample without Li (Eu5) (black line); in this spectrum, the
highest intensity corresponds to the deep level band [20]. Some narrow emissions that
correspond to intraionic transitions of the Eu®* centered on 2.02, 1.96 and 1.75 eV (612, 628
and 707 nm, respectively), can be clearly observed, overlapping with the deep level band
[23,26,42,43]. The first two lines correspond to the multiplet 5Do — 7F2, and the third one
corresponds to the transition 5Do — 7Fs. On the other hand, by adding Li to the samples,
the relative intensity of the bands changes completely, becoming the most intense emis-
sion of the band edge. The lines of the Eu are no longer clearly seen (the 612 nm is seen in
the sample with less Li) although a shoulder is observed around the same energy values
that could correspond to the emission of the ion that it is not completely resolved. On the
other hand, the position of the band edge emission shifts slightly between the samples,
has the maximum at 3.04 eV for the sample with less Li (red line), at 3.13 eV for the sample
with intermediate content (green line) and at 3.11 eV for the sample with the highest
amount of Li (blue line). As with other dopants, there are several emissions involved in
the band whose relative weight causes the maximum to shift slightly [9]. In fact, in the
sample with the lowest Li content (red line), the asymmetry of the band that has a wide
tail in the low energy zone is clearly observed. Regarding the spectra made on the surface
of the pellet once the structures have been removed (Figure 10b), it should be noted that
in all of them, several sets of narrow emission lines that correspond to the multiplets of
the Eu’* that were seen in the spectra made on the structures, although in this case more
lines are seen and better resolved. There are more differences between the spectra. In the
sample without Li (black line), there are no additional emissions to those mentioned in
the Eu. However, after adding Li, more emissions are observed. In the sample with the
lowest Li content (red line), Eu emissions overlap with a broadband whose maximum is
2.45 eV and which could correspond to the green band of the ZnO. On the contrary, in the
two samples with more Li (green and blue lines), this band is not observed. In its place
appears an intense emission around 3.6 [44], which could be due to the band-band emis-
sion of the ZnS that is used as a precursor and that remains in the pellet, and also another
little intense band around 3.1 eV that could be due to the presence of a little ZnO existing
in the pellet that has been formed during the thermal treatment.
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Figure 10. CL spectra performed at room temperature on (a) individual structures grown on the
different samples and (b) the surface of the pellet after the thermal treatments.

PL spectra were also developed in the structures both exciting with the UV laser and
with the red. Let us start by describing the results obtained under excitation with the red
laser (Figure 11a). In these conditions, we did not excite the luminescence of the ZnO, but
it is possible to excite emissions from the Eu. The spectra were performed on clusters of
various structures because the signal from a single structure was not very large. In all
cases, emission lines were observed that may correspond to intraionic emissions of the
Eu®; however, there were significant differences between the spectra taken in the struc-
tures to which Li was not added and those of the structures that did have Li. In the first
case (black line), three sets of lines were observed, an emission in 1.8 eV (687 nm), a double
in 1.79 and 1.784 eV (692 and 694 nm) in which the emission of greater intensity was the
one with the highest energy and a multiplet with emissions in 1.765, 1.755, 1.752, 1.749
and 1.745 eV (702, 706, 708, 709 and 711 nm). The last multiplet was already observed in
the CL spectra and corresponded to the transitions Do — “Fs; however, the emission at 1.8
eV and the multiplet, not observed in CL spectra, would correspond to the transitions Do
— 7Fa. When introducing the Li in the structures, the emissions of the multiplet disap-
peared completely, and we only observed the lines of the double that we mentioned pre-
viously peaked at 1.79 and 1.784 eV (692 and 694 nm). In addition, in this case, the relative
intensities of both emissions were the opposite of the previous case; the component of
lower energy was more intense. Finally, a small band at 1.794 eV (691 nm) can be seen in
the spectra taken on the structures of 5 and 10% Li that was not seen in the other cases.

(@)

0% Li,0
1% Li,0
5% Li,0

—10 % Li,O

Aexe= 633nM (b) hexe= 325nm

0% Li,0
1% Li,0
5% Li,0
——10%Li,0

Normalized PL Intensity (arb. units)

1.70 1.72 1.74

e
T
1.76 1.78 1.80 1.82 1.84 1.50 250 2.|50 3.60 3.50
Photon Energy (eV) Photon Energy (eV)

Figure 11. PL spectra performed at room temperature on individual structures grown on the differ-
ent samples using a laser with (a) A = 633 nm and (b) A = 325 nm as excitation sources.
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In the case of spectra made by excitation with the UV laser, most of the time, what is
observed is a large number of modulations, both in the emission of the band edge and in
the band of defects when it appears. By selecting any of the spectra in which the modula-
tions are not so pronounced, differences can be observed, especially in the emission of the
band edge (Figure 11b). In the spectrum taken on structures in which there is no Li (black
line), two emissions in that range centered on 3.12 and 3.25 eV can be clearly seen. In this
case, the most intense emission corresponds to the component of lower energy. In addi-
tion, the relative intensity of the band edge emission is less than the band defects that are
clearly observed. By adding Li (red, green and blue lines), the overall relative intensity of
the band edge increases and, if we look at the two components that are resolved, it can be
clearly seen that the component of 3.25 eV increases while that of 3.12 eV decreases until
it is almost not resolved in the sample with the highest content in Li (blue line); it may be
masked by the existence of modulations in that area.

Figure 12 show a summary of the electronic levels involved in the transitions men-
tioned above [21,23,45,46].

CONDUCTION BAND

l l Free exciton
| - 0.08eV___0.06eV
7n. 4 0.22ev 5
' e capture 0.05ev t 2 —
ex-Zn; l surface trap|
2.06eV sD.
2.46eV 5 GGV E'E AR >
5D
L6peV 2.82eV 2.20eV =
> 2.24eV D |
() 2.28eV 5 65
~ WL
m | 3daeV on g 3.06eV RS 1 K H B
™ ™
i 2.84eV RS 08
Mo e ol 3.30eV NN L
o] g 23 O MO O & Eu*3
L o @e I -
3 Vo Unknown o NN N
1.09eV zizseV acceptor ¥ F,
osev | % Pert " ]
Vo | 1esev | Tt Vo 0.80eV g |
0.30eV I l 0A4£)ev iSoa I hl* capture l 7F;F£ - w

VALENCE BAND

Figure 12. Scheme of the different electronic levels involved in the luminescence transitions of ZnO
and Eu’.

As we have mentioned, the appearance of modulations was clear in almost all the
structures investigated of all the samples containing Li. For the reference sample without
Li, the structures were smaller (both in length and diameter), and it was not possible to
measure individual structures in which the effect was appreciated. Figure 13 show two
examples of structures acting as optical resonators; part a corresponds to a tape-like struc-
ture in the sample with 5% Li20O, and in part b, a rectangular plate of the sample with 10%
Li2O can be observed. In both cases, there are very clear modulations in the area of the
lower energy band edge. In the images of p-PL, the behavior as light guides of both struc-
tures is also observed.
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Figure 13. u-PL images and spectra recorded on individual structures grown on a sample with 5
wt% Li. In part (a), the selected structure is tape-like and part (b) a plate. In both cases, modulations
are clearly observed in the near-band edge emissions. The images also show that the structures act
as waveguides.

Due to the high refractive index of ZnO (nzno = 2) with respect to that of the surround-
ing medium (nair = 1) and the cross-section geometry of the structures, the light can be
confined inside by internal reflections. The light beams travel the same optical path within
the cavity, producing interference between successive beams. This interference pattern is
reflected in the form of modulations in the photoluminescence spectrum, as observed in
the spectra of Figure 13. To further assess the origin of these modulations, calculations
were performed for the structure and spectra are shown in part a of the figure. In this case,
the cross-section is a rectangle which allows two types of resonant modes, Fabry—Perot
(FP) or Whispering Gallery (WG). However, for this particular structure, since some of the
angles are well below the critical angle for internal reflection, which is around 30°, the WG
modes cannot be established, and FP modes are more likely to occur. For an FP cavity, the
length of the optical path (do) can be calculated as:

}\‘2
O,

AL =

where 7 is the material refractive index, A is the wavelength and AA is the separation be-
tween resonant modes. This calculation gives an optical path length of 36 pum for our case,
in agreement with the lateral dimension of the structure measured from the optical image.
The quality factor (Q) and finesse (F) of the cavity can also be calculated (Table 2). The
results are very promising, with a Q value of 1022 for a wavelength of 384 nm, which
indicates that these structures can be used in photonics applications in the UV range. The
incorporation of Li into the structures improves their crystallinity and shape regularity
which drastically enhances their behavior as optical resonators, as already reported in
previous works [28-30].

Table 2. Calculation of the quality factor (Q) and finesse (F) for the structure shown in Figure 13a.

Wavelength (nm) Quality Factor (Q) Fineness (F)
384.5 1022.88 3.09
385.66 959.78 3.26
386.97 860.70 3.16
388.39 788.93 3.39
390.06 723.67 3.41
391.9 663.90 3.47
393.95 602.74 3.44

396.2 555.52 3.53




Appl. Sci. 2022, 12, 6948 13 of 15

4. Conclusions

In this work, we demonstrated the influence of Li co-doping on the morphology and
optical properties of the ZnO:Eu nano and microstructures. By varying the co-dopant
amount, we were able to observe the different positions that Li ions can occupy and their
effect on the defect structure. On the other hand, the incorporation of Li considerably im-
proves the behavior of the structures as optical resonant cavities compared to the struc-
tures that only contain Eu.

A large variety of nano- and microstructures of ZnO co-doped with Eu and Li were
obtained by a vapor solid growth method. The changes in the energies of the crystallo-
graphic and, thus, in the growth directions due to the incorporation of the dopants lead
to different morphologies depending on the initial Li content. While hexagonal rods
which grow on the pellets were obtained in the samples where no Li was added, ribbons,
sword-like and comb-like structures were more likely to appear as the Li amount in-
creases. In some cases, secondary growths on the lateral faces of the comb-like structures
were observed. The EBSD analysis performed in this type of structure confirmed that the
growth direction changes between the plate and the prongs. XRD patterns and Raman
spectroscopy indicated that the structures have good crystalline quality and grow in the
ZnO wurtzite phase. Luminescence investigations showde both the well-known UV and
green emission bands of ZnO; however, differences in the relative intensity as well as in
the peak position were observed due to changes in the concentration of defects related to
variations in the incorporation of dopants within the structures. In addition, emission
lines associated with Eu® intrashell transitions were detected in all samples, although dif-
ferences in the levels involved were observed between the samples with or without Li.
Finally, the waveguiding behavior and the establishment of FP optical resonant modes
inside the structures were demonstrated. Quality factors around 1000 in the UV region
were calculated, which opens the possibility of using these structures in photonic nano-
and microdevices.
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