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In this letter, we report optical confinement in the near-UV range in Ga2O3 nanowires by distributed Bragg reflector 
(DBR) nanopatterned cavities. High-contrast DBRs, which act as the end mirrors of the cavities of the desired length, 
are designed and fabricated by Focused Ion Beam (FIB) etching. The resonant modes of the cavities are analyzed by 
micro-photoluminescence measurements, analytical models and simulations, which show very good agreement 
between each other. Experimental reflectivities up to 50% are obtained over the 350-410 nm region for the 
resonances in this wavelength range. Therefore, Ga2O3 nanowire optical cavities are shown as good candidates for 
single-material-based near-ultraviolet (near-UV) light emitters.

  

 

 Near-UV light emitters are required for applications such as solid-state lightning (SSL), communications, optical sensing or security features, among others [1-3]. So far, InGaN and AlGaN materials have been mainly used for these purposes and remarkable progress has been made, but the current devices exhibit low external quantum efficiencies at wavelengths below 365 nm [1]. Among the alternative near-UV emitting materials, β-Ga2O3 is of high interest.  The material’s low cost and high thermal stability, along with its high electric breakdown field, have made Ga2O3 worth of remarkable attention in the last years [4, 5]. Its ultra-wide band gap (4.8 eV) results in a wide transparency range and an intrinsic luminescence in the UV-blue range (2.8-3.6 eV) at room temperature [4, 6]. Until recently, the optical applications of Ga2O3 have mostly pivoted around the solar-blind photodetector market [7].  A reduction in the operational wavelength is desirable to develop small size, high-density stable photonic devices. These devices should require nanostructures as building blocks which are capable of withstanding high optical powers in order to achieve good performance.  In this sense, the potential applications in high power optics of Ga2O3 in the nanoscale have recently been demonstrated [8]. Therefore, it is interesting to further explore the use of Ga2O3 in nanophotonic applications, in particular in short-wavelength devices, owing to its intrinsic luminescence in this range.  In this work, near-UV optical cavities based on unintentionally doped (UID) Ga2O3 have been designed, fabricated and analyzed. The optical 

cavities have been realized by patterning distributed Bragg reflector (DBR) mirrors in the UID nanowires by Focused Ion Beam (FIB). This approach has recently been applied in Cr doped Ga2O3 optical microcavities in the red-NIR wavelength range (680 – 750 nm), in which the tunability in their resonant wavelengths was accomplished by means of a rational design of the DBR pattern [9, 10]. As UID Ga2O3 usually exhibits rather strong luminescence in shorter wavelength ranges (350 – 410 nm), we have made use of these techniques in order to obtain near-UV range optical nanocavities of Ga2O3 in the present work.  UID Ga2O3 nanostructures were synthesized in a single-step treatment at 900ºC during 6 hours under Ar flow of 0.8 l/min. A gallium oxide pellet was used as substrate and a metallic gallium bit was placed on top of the substrate as the source material. The furnace was not sealed for vacuum, which allowed for the oxidation of the metallic Ga. During the thermal treatment, long and taper-free Ga2O3 micro- and nanowires (NWs) were formed on top of the pellet via the vapor-solid mechanism, similarly to previous works [11]. The micro-Raman spectra of these NWs, obtained in a confocal microscope by excitation with a He-Cd laser (325 nm), show the characteristic peaks of the monoclinic (β phase) of Ga2O3 (Fig. S1).  By approximating with tweezers a bundle of the NWs from the pellet to the TEM grid, individual almost free-standing NWs were prepared for optical analysis, which avoided eventual optical losses from any contact between the NWs and the substrate [12]. To build the DBRs, predefined sets of periodic holes were carved in some 



selected NWs in a Focused Ion Beam (FIB) instrument (Helios 650) at 30 kV and 8 pA. Secondary Electron (SE) images of the structures were obtained in the FEI Helios 650 or the FEI Nova Nanolab 200. Micro-photoluminescence (µ-PL) characterization was performed in a custom-made setup (Horiba) confocal microscope by exciting with a Magellan diode-pumped Yb-doped fiber oscillator laser (Clark-MXR Inc.) with E = 4.8 eV (λ = 257 nm).  An ultra-broadband wire grid linear polarizer was used for polarized µ-PL measurements. Fig. 1(a) shows the general design of the DBR cavity. It is formed by patterning a set number (N) of periodic rectangular holes in the nanowire, thus defining an active region of length L between them. It should be noticed that the optical length of the cavity, which determines the Free Spectral Range (FSR) between two adjacent resonant peaks, can be selected in this fabrication procedure by carving the DBRs at the desired distance from each other. Fig. 1(b) is an SE image of a fabricated Ga2O3 DBR cavity (cavity 1) with N = 15 and L1 =12.0 µm. Fig. 1(c) is a higher magnification SE image of three periods of one of its DBRs. From these images, the dimensions of the NW and the DBRs were obtained.  Fig. 1(d) shows a different nanopatterned cavity (cavity 2) with a length of L2 = 12.4 µm and N=15 periods.  Table 1 presents a comparison of the parameters of both cavities, as measured from SE images. As shown in this table, both NWs do not have rectangular cross-sections. Rather, it is an irregular hexagon, with at < a, where at is the NW’s top facet while a is the total width of the NW (see Fig. S2). The DBRs in both cavities have been designed with the same periodicity (Λ = 280 nm), while there are slight variations in the NW and DBR hole dimensions. 
Table 1. Parameters of the DBR cavities 

DBR cavity a 
(nm) 

at 
(nm) 

b (nm) L (µm) α (nm) γ (nm) 

Cavity 1 

Cavity 2 

500 

500 

220 

380 

640 

460 

12.0 

12.4 

130 

150 

200 

290 
a = NW width, at = NW top facet, b = NW depth, L = cavity length, α = 

DBR hole length, γ = DBR hole width. Both DBRs have the same 
periodicity: Λ = 280 nm. 

 

Figs. 2(a) and 2(b) show µ-PL spectra from cavities 1 and 2, respectively. They were obtained at the confocal microscope by the use of a custom design module analogous to [13], which allows to locate the excitation laser spot (~3 µm spatial FWHM, objective NA = 0.5) at the active region and the collection point at one of the DBRs, where the guided light is partially scattered (see inset in Fig. 2(b)). As expected [6], the luminescence of the Ga2O3 NWs is in the near-UV range. In cavity 1, Fig. 2(b), weak resonances appear in the unpolarised spectrum (Fig. S3), which are enhanced by placing the polarizer perpendicular to the NW axis. The axes are defined as follows: z is parallel to the NW length while x is perpendicular to the NW length and the optical axis, y [9].  The highest intensity and finest peaks of cavity 1 appear around 400 nm. In cavity 2, Fig. 2(b), very intense resonances are observed in the 370-400 nm range already without the need of a polarizer, and further well-resolved resonances appear for λ < 360 nm. It should be noted that µ-PL spectra collected on unpatterned NWs (i.e. NWs without DBRs) of the same sample did not show any resonances (Fig. S4).                      

 
Fig. 1. (a) Schematic of the parameters of the DBR cavity. (b) SE image of cavity 1. (c) Higher magnification image of a DBR of cavity 1, showing 3 periods. (d) SE image of cavity 2.   



  
Fig. 2. (a) µ-PL spectrum from DBR cavity 1, obtained with the polarizer placed parallel to the x-axis. The inset shows a magnified view of the resonances. (b) µ-PL spectrum from DBR cavity 2, recorded without a polarizer. The inset is an optical microscope image of the µ-PL emission of cavity 2, indicating the excitation point and the position of the DBR.  From the wavelength position of the resonances, the effective length (Leff) of the cavity can be obtained by using the longitudinal Fabry-Pérot resonance condition [Eq. (1)]:   eff

z

L l
k
π=                                     (1)   Here, l is an integer and kz represents the value of the wavevector component parallel to the wire axis. If kz is known for each peak, the longitudinal resonance condition [Eq. (1)] can be applied for each of the resonant peaks. However, to obtain the kz values, methods such as the analytical Marcatili expressions for dielectric rectangular waveguides [9, 14] must be employed. The validity of the Marcatili method for the present type of NWs was discussed in ref. [9]. Considering that the cross-sectional shape of cavity 2 is closer to a rectangle than that of cavity 1 we applied this method for the former. Consecutive l values were obtained for consecutive resonant peaks, and the value of Leff = 13.3 µm was obtained for cavity 2. This length exceeds the physical length (L) between both DBRs by 0.9 µm, which is attributed to the penetration depth of the resonant modes in the DBRs [15]. In the case of cavity 1, similar FSRs were obtained at 399-406 nm, which fits with the similar L of both DBR cavities.  The reflectivity of the DBRs that form the cavities can be extracted experimentally from the finesse (F) value of the resonant peaks. This parameter provides a useful indicator for the quality of the optical resonances in terms of optical losses. It is obtained from the division of 

the FSR between one resonant peak and its adjacent one (Δν) and the peak’s full width half maximum (FWHM, δν) [Eq. (2)]:                              F ν λ
δν δλ
Δ Δ=                  (2)  An example of the experimental finesse calculation from experimental µ-PL results is shown in Fig. 3(a), which displays a magnification of the spectrum in Fig. 2(b) (cavity 2), showing the resonances at 386.3 nm, 388.7 nm and 391.0 nm. The F values of the cavities range from 2.9 to 4.4. From these results, assuming that both DBRs have the same reflectivity (R), [Eq. (3)] was used to calculate the experimental value for R [16]:                               
1
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R

π=
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                            (3)  As R depends on the incident wavelength, F and R values vary throughout the emission range. Moderate R values were obtained for the DBRs, ranging from 38% to 44% in cavity 1 and from 41% to 49% in cavity 2. These values are notably higher than the expected reflectivity of Ga2O3 wires due to refractive index difference between the NW end and the surrounding air, which is around 10% for normal incidence [9]. Therefore, the patterned DBRs in both cavities indeed act as partial reflecting mirrors, with an improved reflectivity over the wire ends in the selected wavelength ranges. To further assess the optical properties of both DBR cavities, simulations with the commercial OptiFDTD software were carried out. The experimentally determined dimensions, the dispersive refractive index of β-Ga2O3 [17] and the actual cross-section of each NW, as well as the SEM parameters of the 15-hole FIB-etched DBR were implemented in each of the two simulations. Fig. 3(b) shows the design for the FDTD simulation for cavity 2. A Gaussian modulated continuous wave centered at 370 nm wavelength was set to propagate just before the DBR. Two detection planes were placed before and after the DBR in order to obtain the reflected and transmitted power, respectively. The reflection and transmission spectra for DBR cavities 1 and 2 are shown in Figs. 3(c) and 3(d) in lines colored blue or black (reflection, respectively) and red (transmission). The experimental R results are included in the graphs in purple. It must be noted that test simulations were also performed taking into account possible variations of the refractive index due to anisotropy [18] and showed almost identical results. In cavity 1, the simulated reflectivity maximum in the emission range for x-polarization (blue line) is R = 45%, which matches with the highest experimental reflectivity. However, the simulated Rmax is located around 413-414 nm, which seems to be slightly red-shifted, about 10 nm, with respect to the highest R experimental peak, as indicated in Fig. 3(c).  This difference, along with the lower quality of the experimental resonances in the rest of the emission range of this cavity, might be due to structural defects in the cavity or to possible differences between the real cross-section of the wire and the modelled one.  In cavity 2 (Fig. 3(d)), very good agreement is found between the simulated and the experimental results. In this case, both show higher reflectivities with respect to cavity 1 in the whole emission range, reaching values up to almost 50% in several wavelength intervals, from the near-UV (~350 nm) to the violet (~400 nm). Both the simulations and the experimental results indicate the possibility of tuning the highest reflectivity range by modifying the NW dimensions or the DBR parameters. 
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The results also show room for improvement. In cavity 2, the simulated transmission (T) of the DBRs is lower than 10% while R, both simulated and experimental, is at best around 50%. Therefore, as R + T + S = 1, more than 40% of the power is expected to be lost due to scattering (S) at the DBRs. Therefore, alternative DBR designs such as higher number of incompletely milled holes [19] or tapered designs [20] would be necessary in order to reduce the scattering at the DBRs and further improve the optical quality and the tunability of the Ga2O3 UV-emitting DBR nanopatterned cavities.  

  
Fig. 3. (a) Experimental finesse (F) and reflectivity (R) results from the 389 nm µ-PL peak in cavity 2. (b) Top view of the FDTD-designed cavity 2. An incident Gaussian modulated continuous wave (in red) was placed just before the DBR and detection planes, D.PR and D.PT, were placed before and after the DBR, respectively. A similar design was made for cavity 1. (c) Comparison of the FDTD-simulated reflected power spectrum in x-polarization (blue) and experimental R results (purple) for cavity 1. (d) Comparison of the FDTD-simulated reflected power spectrum (black) and the experimental R results (purple). Simulated transmitted (T) power through the DBR is shown in dashed red. In summary, we have achieved the design, fabrication and characterization of Ga2O3 optical cavities in the near-UV range (350 -410 

nm) with rather good performance by virtue of suitable DBR patterning. Experimental µ-PL resonant modes have been obtained on two FIB-fabricated nanopatterned cavities due to reflection at the limiting DBRs, as confirmed by analytical calculations. Very good agreement of the experimental and the simulated performance of the cavities has been observed, with reflectivities ranging from 38% to 50% in the emission range of the NWs. The results pave the way for highly stable well-defined Ga2O3 UV photonic devices in the micro- and nanoscale. 
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