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Featured Application: The investigated materials have great potential for integrated optoelectronic
devices. The possibility to integrate them into the same material as optical resonator and light guide
opens the door to the fabrication of highly compact devices.

Abstract: The formation of optical cavities in Li-doped ZnO nanostructures was investigated.
By means of the vapor-solid method, long micro- and nanostructures with a hexagonal cross-section
were grown. These morphologies were favorable for Fabry-Pérot and whispering gallery modes to
appear. A variety of structures with different sections was studied using p-photoluminescence in both
the transverse electric (TE) and transverse magnetic (TM) polarizations, showing well-pronounced
optical resonant modes. The results showed a dominance of whispering gallery modes that were
in good agreement with the calculated refractive index. The quality factor (Q) and finesse (F) were
estimated, which demonstrated the quality of Li:ZnO structures as optical cavities.
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1. Introduction

Zn0O is a well-known material with applications in very different fields from photonics to cosmetics.
A wide bandgap, relatively high refractive index, large exciton binding energy, and non-ohmic behavior
are behind many of these applications. A very good review about this material and its applications was
published by Ozgiir et al. [1]. In particular, the lasing capabilities at room temperature have received a
lot of attention in the last few years, with special attention being paid to hexagonal structures, rods,
plates, or nails at the micro- and nanoscale [2,3]. Resonant cavities play an important role in a variety of
devices, such as musical instruments or microwave generators; however, in the last few years, the need
for miniaturized devices has focused the attention on optical micro- and nanocavities. Dielectric
whispering gallery resonators are the focus of this application. Typically, they are microstructures with
disk, cylindrical, or spherical shape, in which the light circulates around the lateral walls, causing
multiple internal reflections. This effect usually leads to high Q factors, and consequently, low lasing
threshold powers. The wurtzite crystal structure offers unique properties for creating microcavities for
this purpose [2-7].

In elongated structures, such as the hexagonal rods obtained using ZnO, different resonant modes
may appear. The easiest is, of course, the Fabry-Pérot mode that is established along the structure
due to the reflection at both ends of the structure. However, although there are papers that report
the use of Fabry-Pérot modes for optical applications [8], these modes are not optimal for lasing or
resonant cavity applications due to the low reflectivity for normal incident light of the end facets.
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Much better conditions are obtained when the confinement is produced in the cross-section of the
structure. The resonant modes would then be established on the perimeter of the rod and propagate
along the structure. As shown in the scheme of Figure 1, in a hexagonal cavity, three types of optical
modes can be set, each with a different optical path, hence giving rise to different resonance conditions.
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Figure 1. Scheme of the different resonant optical modes that can be supported in a hexagonal cavity.

In most cases, the observed resonances are compatible with whispering gallery modes (WGM1)
and quasi-whispering-gallery modes (WGM2). The corresponding equations for the wavelength
position of the resonances, depending on the polarization (TM—transverse magnetic, TE—transverse
electric) and the optical mode, may be written as [5,9,10]:
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for WGM2, where N is the interference order, 1 the refractive index and 6,y is the optical path.

Previous work has shown wave-guiding behavior in Er- and Li-codoped ZnO that were assigned
to Fabry-Pérot and whispering gallery modes [11]. Then, we had a particular interest in investigating
the behavior of the Li-doped structures when no rare earth (RE) dopant is present. Furthermore,
some works have reported an improvement in microsphere optical resonant cavities with Li doping [12].
In this work, the evolution of the whispering gallery modes found at the cross-section of ZnO:Li
elongated structures was studied. It was found that not all the possible resonant cavities in these
structures had the same behavior. In this paper, the evolution and quality of the resonant peaks in
relation to the size and shape of the resonant cavity and to the reflectance efficiency of the facets are
described. It was shown that doing measurements that mapped the evolution of the optical resonant
modes along the length of the structure will helped to identify the regions with resonant cavities that
had better performance for applications such as lasing [2,3,13,14], sensors [12], immunosensors [15],
or optical filters [16-18].
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2. Materials and Methods

The micro- and nanostructures were grown using the vapour—solid method (VS). The initial
precursor material was composed of ZnS (90 wt%) (Sigma-Aldrich, 99.99% purity, Saint Louis, MO, USA)
and LiyO (10 wt%) (Alfa Aesar, 99.5% purity, Haverhill, MA, USA). The powders were homogenized by
milling them for 5 h at 180 rpm in a centrifugal ball mill (Retsch 5100, Haan, Germany) and compacted
to form disk-shaped samples. Then each sample was placed in a horizontal tubular furnace (C.H.E.S.A.
Microtest, Madrid, Spain) at 950 °C for 10 h under a constant N; flow.

For an initial content below 10 wt%, the resonances are less defined. In a previous work [19],
it was shown that the incorporation of Li in the growth process of the ZnO structures produces a
change in the morphology. It is for a Li,O starting content of 10 wt% when the best results in terms of
obtaining intense and defined optical resonant modes are found. Therefore, this study was focused on
the structures obtained starting with a 10 wt% of Li,O.

The optical resonances were measured by recording the photoluminescence signal coming
from different points of the nanostructures. The system used to perform the p-photoluminescence
(u-PL) measurements was a confocal microscope Horiba Jobin Yvon LABRAM-HR (HORIBA Jobin
Yvon, Villeneuve d’Ascq, France). A He-Cd laser was used to excite the sample with a wavelength
of 325 nm. The laser was focused onto the sample using an LMU-40X-NUV Thorlabs objective
(0.47 Numerical Aperture - NA), and the scattered light was also collected using the same objective.
The excitation and collection points on the sample were the same. The collected PL signal was analyzed
using a 600 lines/mm grating and recorded with an air-cooled charge-coupled device (CCD) camera.
For obtaining the pu-PL maps, a step size of 2 um was employed. The PL spectra were analyzed
using Labspec 5.0 software (France, Labspec version 5.0). All the measurements were done at room
temperature. Morphological images and thickness measurements were recorded using an FEI Inspect
(FEI Company, Eindhoven, Netherlands) scanning electron microscope (SEM) in secondary electron
(SE) mode operating at accelerating voltages of 15-20 keV.

3. Results and Discussion

Two main morphologies were studied, as shown in Figure 2. Figure 2a shows long tapered
rods that appeared to grow from a central ball. The rods had a hexagonal section ranging 1 to 2 pum,
tens of microns in length, and forming an angle of 90° to each other. The rods emerged from the
vertices of a central, almost square-shaped ball. X-ray microanalysis and X-ray diffraction showed
that these balls were formed of Li,SOy, constituting the only regions in which residual S could be
detected [19]. As shown in Figure 2b, the second morphology studied consisted of long tapered nails,
with a hexagonal cross-section size between 1 and 2 um and lengths around 100 um. The heads of the
nails were also hexagonal with varying cross-section sizes (2 to 5 um approximately) and around 1 pm
in height.

(a) (b)

Figure 2. SEM images of the structures with different morphologies: (a) long tapered rods growing
from a central ball and (b) a long tapered nail.
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Both kinds of structures showed interesting behavior as resonant cavities, which were formed
at the transversal section of the structure. Although the behaviors of both kinds of structures were
different, some common features are worthy of highlighting prior to a more detailed analysis. Changes
in the shape and size of the optical cavity produced a change in the position of the optical resonances;
then, rod tapering had a visible effect on the resonant behavior. An increase in the diameter led
to a shift of the resonant peak toward longer wavelengths and a decrease led to a shift toward
shorter wavelengths. On the other hand, the smaller the cavity, the sharper and more separated the
resonant modes.

Let us begin the analysis of the rods. Figure 3a shows one of these rods in detail, where two
regions with different cross-sections were clearly observed along the rod axis (Y-axis in the maps).
The zero of the length scale was placed at the point at which the size of the cross-section began to change
more rapidly to accommodate the second section of the rod (Figure 3a). Figure 3b—d shows how the
resonant maxima varied along the length of the structure. The position on the structure is represented
in the vertical axes of these graphs, following the scale indicated in Figure 3a. On the horizontal axis,
the wavelength of the PL spectra is represented, whereas the intensity is the intensity associated with
each wavelength for each point on the structure. These optical resonance maps were obtained for the
total PL signal (b) and both TE and TM polarizations (c and d, respectively). The TE polarization was
considered to be perpendicular to the c-axis of the structure, whereas the TM polarization was parallel
to the c-axis (see Figure 3a for reference).
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Figure 3. (a) SEM image of the selected rod, where the Y-axis scale used to perform the maps in (b,c)
is shown. The directions of the transverse electric (TE) and transverse magnetic (TM) polarizations
with respect to the c-axis of the structure are also indicated. (b,c) The maps of the evolution of the
p-PL emission along the Y-direction marked in (a): (b) total photoluminescence (PL) signal, (c) TE
polarization, and (d) TM polarization.

When the maps for all polarization conditions were compared, it was inferred that the total PL
signal could be decomposed into the two polarizations (TE and TM), and for both, optical resonant
modes could be detected. That is, we could use the TE and TM polarized signals to discriminate the
different resonant peaks and apply the formulas mentioned in the introduction. It was also seen that
the evolution of the optical modes along the structure was the same for all the polarization conditions,
although the positions of the peaks were slightly different for the TM and TE polarizations, as will be
seen later. As it has been said before, the positions of the resonant maxima will change depending on
the size of the optical cavity section.

In all the polarization conditions, the maps show three different regions, labeled (i) to (iii) in
Figure 3b—d. The first region (i) corresponds to the thickest part of the rod, close to the central ball.
In this region, the resonant peaks shifted toward longer wavelengths (in the map, moving from —60 um
toward —30 pum), that is, this section of the structure increased smoothly in size. In order to analyze
the resonant peaks in this region, the spectra recorded at the middle point (—40 pm) were selected
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and are shown in Figure 4a. The length side “a” of the cavity at this point, measured using an SEM
image, was 1.34 pm. It can be seen in the spectra of Figure 4a that both the TE and TM polarizations

presented optical resonant modes and the positions of the TM peaks were slightly shifted toward
shorter wavelengths.

(a) 25,000 (b)
Total PL signal 7501 = = T™
—TM 1 = s e TE
20,000 ——TE e .
2 2 6501 .
= E/ L ] [ ]
§ 15,000 = 600+ o
P £ 550 "
5= o) e
@ i o e
%:’ 10,000 § $56:] _.:..
— L ] [ ]
450 e
5000 "a s
400 4 ®ee
, : . , 350 : r ; .
400 500 600 700 800 15 20 25 30 35 40 45
Wavelength (nm) N
(c) (d) . ) i
5500 N=25 N=24 N=23 v (um)
. = n(T™M) 6000 _J/—\'/\-/—»/L,_M .
2254 * n(TE) a0 ; : !
% 4 6000 A A '
3 2.20 ~ 4000 v : h -42 pm
-5 e £ 2000+ — . — . —
Q2 2154 o 3 : ' H
= = S 6000 . A
s . 2 4000 : / ! -40 um
< 2101 LS Z 2000 ! ; — : —
o~ oy s ) ' '
on = . T
£ 6000 ! ]
2.05 1 os . 4000 -\J‘.\/_\)/‘:\—A_/’.\-R pm
°ta, 2000 — . — ; —
2004 °q : "y e mom ® ] ' '
‘ tee 0 ¢ ° 6000 \ ' :
T T T T T T T T 4000 : ' - -36 um
350 400 450 500 550 600 650 700 750 2000 = : — : :
520 530 540 550 560 570

Wavelength (nm)

Wavelength (nm)

Figure 4. Analysis of the whispering gallery modes observed in region (i) of the structure in Figure 3a.
The length side “a” of the cavity was 1.34 um at the selected point. (a) pu-PL spectra for all the
polarization conditions. (b) Interference order N of the peaks observed in the spectra of part (a).
(c) Refractive index estimated from the wavelength position of the resonant peaks. (d) Variation of the

order N wavelength position as a function of the position along the structure, i.e., as a function of the
size of the cavity).

Let us try to understand what type of optical resonant modes were established in this cavity. As it
was described in the introduction, three types of resonant modes can appear: Fabry-Pérot modes,
whispering gallery modes (WGM1), and quasi-whispering gallery modes (WGM2). The two types
of whispering gallery modes are more favorable, as the confinement of the light is based on the total
internal reflection (TIR). For ZnO, with an initial estimation of the refractive index around 2 in the
visible range, the critical angle for the TIR is:

air

0, = arcsin( " ) = 30°.
Nzno

The incident angle for the quasi-WG modes was 30° (WGM2 in Figure 1), which is quite close to
the condition for TIR. Then, the most favorable conditions for the optical confinement were found
for the WG modes (WGML1 in Figure 1, angle of incidence of 60°). Furthermore, the WG optical path
(Lo = 6.96 um) fits well with the separation of the resonant peaks observed in Figure 4a. Less intense

©)
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modes that are marked with an asterisk were associated with the quasi-WG modes (incidence of 30°,
less confinement due to TIR, and broader peaks).

Then, Equations (1) and (2) were used to analyze the peaks of TM and TE polarizations, respectively.
However, the refractive index that appears in these equations is also a function of the wavelength.
In our case, for ZnO, we used the formula reported by Bond for bulk material [20]:

0.8796812

7 030002 " 0.00711A2, (6)

n* = 2.81418 +
in order to have an initial value of the refractive index as a function of the wavelength. Then, performing
the calculations as described, for example, in [5], the interference order N (Figure 4b) and an estimation
of the refractive index n (Figure 4c) can be obtained for the wavelength position of the resonant modes
and the calculated optical path.

As has been mentioned, the change in the size of the optical cavity produced a change in the
position of the optical resonances. This is shown in part d of Figure 4, where the spectra obtained
at points located at different positions of the rod showed a slight shift toward longer wavelengths,
indicating that there was a small increase of the cross-section size as the distance from the start of the
structure (i.e., the ball) became longer. This information is clearly visible in the maps of Figure 3b—d,
i.e., the displacement of the same order N along the structure was related to a change in the cross-section
or in the size of the resonant cavity. Then, stronger changes in the size of the cavity were observed as
discontinuities in the optical resonant modes’ evolution maps.

In region (ii), which is what we called the transition region (Figure 5a), the modes associated with
the quasi-WG were more intense and better defined than in the first region, blurring the resonances
associated with WGM1 (Figure 5b). This could be related to the roughness of the structure in this
region, as can be seen in the SEM image of Figure 5a. The larger roughness caused both changes
in the thickness and reflection angle, favoring the confinement of the quasi-WG. Then, in the TM
and TE spectra, there were two sets of peaks, making it difficult to distinguish between the WG and
the quasi-WG modes. Furthermore, the dispersion of the optical path length gave rise to a shift
and/or broadening of the resonance peaks that, as can be appreciated in Figure 5b, were not so well
separated [21]. Consequently, in this region, no accurate calculation of the order of the resonance or
the refractive index was possible.
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Figure 5. (a) SEM image and (b) p-PL spectra for all the polarization conditions of the transition region.
The polarized spectra show how the modes associated with the quasi-WG were more prominent.

The third region (iii) corresponds to the thinner part of the rod (Figure 6a). It had a hexagonal
cross-section that tapered down toward the end of the rod. As can be seen in Figure 6, the thinner the
rod (i.e., the smaller the size of the cavity), the sharper and more separated the resonant peaks.
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Compared to the observations in the first region (i), in this region (iii) of the rod, the difference
between the positions of a given resonance order for both polarizations was larger (see the spectra in
Figure 6b) due to the smaller cross-section. The peaks were also sharper than in region (i). We have
already mentioned the possible influence of the roughness when describing the transition region (ii).
It is likely that the roughness was also behind these differences. Similar calculations were performed
with spectra at the selected point (with a side length “a” of 0.72 um), and the order N and refractive
index were obtained (Figure 6¢,d, respectively). It can be seen that the obtained values of the refractive
index were quite similar to those calculated for region (i).
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Figure 6. Analysis of the whispering gallery modes in region (iii). The measured length side “a”
measured in the (a) SEM images was 0.72 pm. (b) p-PL spectra for all the polarization conditions,
(c) interference order N of the peaks observed in the spectra, and (d) estimation of the refractive index
from the wavelength that virtually overlapped for both polarizations.

The second kind of morphology investigated shows more variations in the optical modes observed
along the length of the structure (Figure 7). As described above, it consisted of long nails, typically
with a variable cross-section and a hexagonal head. Figure 7a shows a general view of one of these
nails, where the different cross-section sizes along the nail are clearly seen.

However, in the optical resonances map (Figure 7b), the situation was a little bit more complicated.
Thanks to this map, regions where some defects were inside the structure that were not visible in the
SEM image could be identified, where these were affecting the performance of the optical cavities.
For example, in the middle of region (ii), and in region (iii), there was a discontinuity in the map,
indicating that at those points, no optical resonant modes were established. Then, we could conclude
that the optical resonant map was useful for identifying not only changes in the size of the cavity but
also points where some kinds of defects were reducing the performance of the optical cavity.

Let us now provide a deeper description of the optical resonances observed in the regions marked
in Figure 7. Region (i) corresponds to the hexagonal head. The cross-section was quite uneven, both in
shape and size, as observed in the close-up image shown in Figure 8a. At the beginning of this head,
the optical resonances were hardly defined, although the spectra recorded at this initial point showed
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some modulation of the signal that could be related to the Fabry-Pérot modes established along the
length of the structure. The blurred resonance map was the result of the superposition of the different
resonant modes established in this cavity. It was only when the spectra were recorded at the end part
of the head when the whispering gallery modes associated with a hexagonal section could be observed
(Figure 8b). However, the resonant peaks were broader than at other regions of the nail (see the map
in Figure 7b). A similar situation was seen in the last region considered, corresponding to the tip of
the nail (Figure 8c,d). In region (iv), the size of the cross-section decreased rapidly toward the tip;
therefore, the resonance peaks were less sharp and defined.
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Figure 7. (a) SEM image of a long nail ending in a hexagonal head with the Y-axis scale used to record
the p-PL map in (b). The pu-PL map shows the variation along the stem of the nail in terms of the
intensity and wavelength shifts.
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Figure 8. SEM micrograph and p-PL spectra for all polarization modes for the hexagonal head in
region (i) (a,b) and the tip of the nail in region (iv) (c,d). The resonance modes were broader than other
regions due to the rapid changes in the cross-section length, blurring the peaks.
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Region (ii) had an almost constant hexagonal cross-section, although the initial part had a slight
increase in the size of the cross-section, as can be seen in the map of Figure 7b. Figure 9a shows the
detail of this region, where the hexagonal faceting is visible. Correspondingly, the resonances were
extremely well defined, as shown in the spectra in Figure 9b, especially at the last part of this region
where the section was almost constant and at the point that is located at Y = —20 um in the map of
Figure 7b. This point had the highest intensity in the map and corresponded to the nicest resonances
observed all along the structure (Figure 9b). As has already been described, the order N (Figure 9c)
was determined using Equations (1) and (2), while using Equation (6) to find the starting values for the
refractive index. The final estimated values for the refractive index are shown in Figure 9d. The values
were quite similar to those reported for the previous rod (Figures 4 and 6), although the shape of the
curve of the dispersion relation was a little bit different. The refractive indexes of the TE and TM modes
virtually overlapped. The absent change in the section size seemed to favor the resonance conditions.
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Figure 9. Analysis of the whispering gallery modes in region (ii) of the nail. The side length “a”
measured in the (a) SEM images was 1.04 pm. (b) p-PL spectra for all the polarization conditions,
(c) interference order N of the peaks observed in the spectra, and (d) estimation of refractive index from
the wavelength, which virtually overlapped for both polarizations.

Toward the center (Figure 10a) in region (iii), the size of the cross-section was again practically
constant and the resonances were very well defined (Figure 10b), but the intensity was lower than in
the case shown in Figure 9b. This section of the nail was thicker, allowing us to appreciate a second set
of resonant peaks, shown in Figure 10c, that would correspond to the Fabry-Pérot modes established
along the length of the structure. However, we expected less accuracy than in the calculation of
Figure 9d, as the peaks were slightly broader and there was the contribution of a second set of
Fabry-Pérot resonances.

Then, by performing the optical resonances maps and by selecting and studying the p-PL spectra
at the good points, we were able to identify the best resonant cavities that were present for both
structures. For the rod, the best cavity was the one presented in Figure 6, whereas for the nail, it was
the one presented in Figure 9. These two cavities had the fact that they were found in a constant
cross-section region in common. Then, their performance factors, Q and F, were calculated in order to
compare both cavities.
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Figure 10. Analysis of the whispering gallery modes in region (iii). The measured length side “a”
measured in the (a) SEM images was 1.39 um. (b) u-PL spectra for all the polarization conditions and
spectra (c) shows a detailed second set of resonant peaks from the Fabry-Pérot modes. (d) Interference
order N of the peaks observed in the spectra. (e) Estimation of the refractive index from the wavelength.
Due to the thicker section in this structure, the calculated refractive indexes were less accurate, showing
a higher difference for both polarizations.

The quality factor, Q, and the finesse, F, can be calculated using the following equations:

where I stands for the full-width at the half maximum (FWHM) of the peak at A.

_/\max
Q= tuE,

AL
F==

@)

®)

The FWHM was calculated by means of a Lorentzian fitting of the peaks at each A in the TM mode
(the set of resonant peaks that are generally more intense [6,22]). This value allowed for estimating Q

and F (Table 1).

Table 1. Calculated quality (Q) factor and finesse (F) for each wavelength in the cross and the nail
structures. In order to compare the results from the different types of structures, data were centered at

515 nm, which was a common peak.

Cross—Cavity of Figure 6

Nail—Cavity of Figure 9

Wavelength (nm) Q Factor F Wavelength (nm) Q Factor F
648.353 98.91 4.17
620.998 97.23 3.88
673.26 182.37 13.59 596.248 133.40 5.15
623.08 230.02 15.39 573.21 177.34 6.51
581.4 198.95 12.07 552.167 227.87 7.96
546.12 212.29 11.75 532.888 229.21 7.49
515.9 22428 11.17 515.485 283.90 8.75
490.21 214.94 9.73 499.593 494.94 14.45
468.02 159.80 6.49 485.004 589.00 16.20
471.665 624.54 16.14
459.472 671.14 16.44
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In the case of the cavity of the cross, a clear trend could not be observed in the values of Q and F
with the wavelength. However, in the case of the cavity of the nail, an increase in the Q factor and F
was observed as the wavelength increased. This behavior could be associated with the increase in the
refractive index with the wavelength. The Q factors obtained were in agreement with those reported in
the literature for ZnO hexagonal cavities [2,23], although there is still some space for improvement [24].

A third relevant parameter to characterize a resonant cavity is the reflectivity R of the faces
between which the resonant mode is established. In the case of a regular polygonal cavity, as was our
case for the WGM, the reflectivity was related to the quality factor via the expression [25]:

DR% 2
Q= M sin<%, )
27\(1 —R?) m

where 7 is the refractive index, m the number of polygon facets (for our case 6), D the diameter of the
circle circumscribing the polygon, and R the reflectivity. The results of these calculations using the Q
factors obtained (Table 1) are shown in Table 2.

Table 2. Calculated reflectivities for both types of cavities.

Cross—Cavity of Figure 6 Nail—Cavity of Figure 9

Wavelength (nm) R Wavelength (nm) R
648.353 0.85
620.998 0.84
673.26 0.84 596.248 0.87
623.08 0.86 573.21 0.90
581.4 0.83 552.167 0.92
546.12 0.83 532.888 0.91
515.9 0.83 515.485 0.93
490.21 0.81 499.593 0.96
468.02 0.75 485.004 0.96
471.665 0.96
459.472 0.96

To compare the results obtained from both types of structures, we chose the values at 515 nm
since both types of structures presented a resonant peak at this wavelength. The comparison showed
better results in the nail structure, where the reflectivity was close to the total reflection condition
(100%). In fact, in the nail, the shorter the wavelength, the larger the reflectivity, reaching values of
96%. The Q and F values were also better for the nail structure, although at the chosen wavelength,
the finesse was larger for the crossed-rods structures and the finesse values increased rapidly for the
shorter wavelengths in the nails. In addition, for the nail cavity, the Q factors were above 300 for
wavelengths shorter than 500 nm. This condition indicated that the cavity can work as a sensor and an
optical filter for those wavelengths, as described in [26].

4. Conclusions

In this study, the evolution of the optical resonant modes established in the hexagonal cross-sections
of ZnO:Li structures was investigated. The incorporation of Li in the growth process improved the
quality of the optical cavities and produced structure morphologies that were suitable to confine the
light in the cross-section. It was shown that the optical resonant maps were useful to identify not
only changes in the size of the cavity but also points where some kinds of defects inside the structures
(not visible in the SEM images) can reduce the performance of the optical cavity. Thanks to this map,
the best optical cavities were identified, which were typically located in regions of the structure with a
constant cross-section size. The calculation of the Q factor and F showed that the quality of the optical
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cavity found in the good region of the nail-type structure was suitable for applications such as sensors
and optical filters.
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